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ABSTRACT 
 

DISRUPTION OF THE FAK-AKT1 INTERACTION: USING FAK-DERIVED 
INTERVENTIONS TO INHIBIT PRESSURE-STIMULATED CELL ADHESION 

 
By 

 
Bixi Zeng 

 
 Pressure-stimulated cell adhesion contributes to the iatrogenic spread of cancer 

by increasing the likelihood of attachment of dislodged neoplastic cells. Central to the 

pressure-adhesion pathway is the interaction between focal adhesion kinase (FAK) and 

protein kinase B alpha, also known as Akt1. Akt1 binds and phosphorylates FAK at 

three serine sites (S517, 601, 695) to drive pressure-stimulated cell adhesion. Because 

both FAK and Akt1 are kinases, interventions targeting the interaction between the two 

without disturbing their kinase activity would seem worthwhile. Here I tested various 

peptidyl and small-molecule inhibitors of Akt1 derived from FAK and examined how they 

altered the FAK-Akt1 interaction. 

 

 The FAK-derived peptide inhibitors were developed by serially truncating FAK 

and testing the ability of these fragments to bind Akt1 using pull-down assays. I 

identified a 7-residue peptide that disrupted the FAK-Akt1 interaction. In vitro, the 7-

residue peptide was able to inhibit both pressure-stimulated FAK phosphorylation and 

the subsequent pressure-stimulated adhesion of colorectal adenocarcinoma cells to 

collagen matrices. In vivo, the same peptide prevented pressure-stimulated cell 

adhesion to murine surgical wounds and increase tumor-free survival times. 

 



 FAK-derived small-molecule inhibitor candidates were identified using 

computational screening. The 7-residue peptide was used as a query against a virtual 

library of 10,639,555 drug-like molecules. TanimotoCombo scoring, which considers 

volumetric and chemical similarity, was used to assess the overlays. The top results 

were tested for their ability to disrupt the FAK-Akt1 interaction. The small-molecule 

inhibitor designated as ZINC31501681 was able to prevent FAK pull-down of Akt1, as 

well as pressure-stimulated FAK phosphorylation and cell adhesion. These results 

render further studies of both ZINC31501681 and other leads generated by the virtual 

screen promising with the ultimate goal being the development of a therapeutic 

intervention for the iatrogenic spread of colorectal carcinoma.
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1.1 Cancer Metastasis 

 The study of cancer encompasses a large body of diseases that are often unique 

in their deviations from normalcy. Despite the varying pathologies, the “hallmarks of 

cancer,” as defined by Hanahan and Weinberg, distills the body of knowledge 

surrounding oncogenic progression into six fundamental components (Hanahan, 

Douglas, Weinberg 2000). The first five of these hallmarks focus on a singular issue: the 

growth potential of the cancer cell. Cancer cells promote their own growth, ignore 

signals that arrest growth, evade apoptosis, divide indefinitely, and stimulate 

angiogenesis to sustain their growth. These characteristics are reflected in the public 

perception of cancer as being uncontrolled and immortal. However, as critics have 

noted, these traits are shared with benign tumors, so it falls upon the sixth hallmark to 

truly underscore the erosive potential of the disease: the ability to invade surrounding 

tissue and spread to distant sites. Ultimately, it is this tendency that gives the disease its 

lethality.  Benign tumors, and to some extent slow growing primary malignant tumors, 

may require little treatment or may be successfully treated with pharmacological and 

surgical interventions. Such a tumor is in a sense self-limiting or progresses slowly 

enough to allow the body to compensate for its presence. Conversely, upwards of 90% 

of solid tumor-associated deaths are attributed to cancer metastasis and the damage 

caused by the creation of secondary tumors (Gupta and Massagué 2006). 

 

 The “invasion-metastasis cascade” is a term given to the collective steps cancer 

cells undergo to create metastases. Initially, these cells detach from the primary tumor 

and migrate through the local extracellular matrix to invade the adjacent tissue. A 
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population of these invasive cells are able to enter nearby vascular or lymphatic vessels 

and gain access to other regions of the anatomy. Those that survive the journey may be 

deposited at secondary sites any distance from the primary tumor.  Then the steps 

repeat in reverse as the cells exit the circulatory system and form metastatic foci. In 

murine models, only 0.01% of melonoma cells injected into the circulation completed 

this portion of the process (Fidler 1970). From the surviving population of cells, a small 

subset will proliferate in the new environment and create clinically significant 

metastases (Luzzi et al. 1998). While every step in the cascade poses an obstacle 

towards secondary tumor formation, the low collective probability of metastatic spread is 

overcome by the sheer number of inciting incidents. A one gram tumor can release one 

million cells into the circulation per day, thus reconciling the low rate of success with the 

high rate of mortality (Butler and Gullino 1975). 

 

 In normal pathology, the number of tumor cells entering the circulation limits the 

progression of the metastatic process. Cells capable of proliferating at distant locations 

may never get the opportunity if they are unable to detach from the primary tumor. 

Therefore, tumor cells indiscriminately introduced into the circulation could command a 

metastatic advantage over those forced to enter independently. Such artificial 

dissemination is seen in the cell shedding caused by surgical manipulation (Nishizaki et 

al. 1990). Surgical resection is the most common form of intervention among early stage 

tumors (Miller et al. 2016). However, the number of tumor cells in circulation increases 

dramatically during oncologic surgery, and they are readily recovered from the surgical 

site following these procedures (Allardyce, Morreau, and Bagshaw 1997; Yamaguchi et 
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al. 2000; Hayashi et al. 1999). Dislodging tumor cells in such a manner may lower the 

threshold for metastasis and contribute to surgical wound recurrence. It is difficult to 

determine the origins of the metastatic lesions found at or near a surgical site. 

Nevertheless, the presence of intraoperative circulating tumor cells is indeed associated 

with increased rates of tumor relapse (Weitz et al. 2000; Patel et al. 2002; Koch et al. 

2005). 

 

 The complications caused by perioperative tumor dissemination are further 

compounded by the phenomenon of pressure-induced cell adhesion, which is especially 

pertinent in the context of laparoscopic-assisted resections (Thamilselvan and Basson 

2004). In laparoscopic-assisted resections, the peritoneal cavity is often insufflated with 

carbon dioxide gas to a pressure of 15 mmHg to provide room to operate (all pressures 

referenced are presented as gauge pressures, which is the additional pressure in a 

system relative to the 760 mmHg of atmospheric pressure) (Dregelid and Svendsen 

1988). 15 mmHg increased extracellular pressure stimulates cell adhesion in breast 

cancer, squamous cell carcinoma, and sarcoma cells (Downey et al. 2006; Conway et 

al. 2006; Perry, Wang, and Basson 2010). Such a modest increase in pressure also 

promotes the adhesion of colon cancer cells to collagen substrates, endothelial 

monolayers and murine surgical wounds (Basson et al. 2000; David H Craig, 

Haimovich, and Basson 2007). In murine models, the implantation of tumor cells, which 

had been exposed to 15 mmHg increased extracellular pressure, significantly reduced 

tumor-free survival relative to mice that received tumor cells that had been kept at 

ambient pressure (David H. Craig et al. 2008). In the clinical setting, 0.2% - 1% of 
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curative laparoscopic-assisted resections of colon cancer show verifiable signs of 

wound recurrence, and many more develop signs that are consistent with peritoneal 

spreading (Bonjer et al. 2007; Turnbull 1970).  

  

1.2 Mechanotransduction 

 The ability of a physical force to affect cell behavior is neither unique to pressure 

nor limited to augmenting adhesion. Within an organism, the basic mechanical forces of 

compression and tension are generated by the anatomy as a part of normal cell 

functions. At the cellular level, single cells are constantly being compressed by adjacent 

cells or stretched through their intercellular attachments or connections to the 

extracellular matrix. Cells exposed to bulk fluid flow, such as those associated with the 

gastrointestinal, vascular or lymphatic systems, experience the additional force of shear 

stress. Cyclic strain is produced by the vessels themselves as they expand and contract 

with each heartbeat. Cyclic strain also drives the gut motility needed for digestion and is 

generated through the act of walking. A combination of hydrostatic and hydraulic 

pressures produces 5-10 mmHg in the portal vein and 90-120 mmHg in arteries. In 

tumors growing against constrictive stroma, average interstitial fluid pressures of 15-38 

mmHg have been measured in breast carcinomas, metastatic melanomas, colorectal 

carcinomas, and head and neck carcinomas; this is within the context of an average 

interstitial fluid pressure of 2 mmHg in the surrounding normal tissue (Jain, Boucher, 

and Wolmark 1992; Madara et al. 1993; Leunig et al. 1992). These mechanical stimuli 

influence both physiological and pathological cellular behaviors. Shear stress induces 

cell adhesion in platelets and motility in corneal epithelial cells (Huynh et al. 2017; 
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Molladavoodi et al. 2017). Cyclic strain promotes epithelial wound closure and 

modulates directional alignment in osteoblasts (Zhang et al. 2006; Buckley et al. 1988). 

Extracellular pressure stimulates phagocytosis in macrophages and maturation in 

dendritic cells (Shiratsuchi and Basson 2004) ; Craig, Shiratsuchi, and Basson 2009). 

With respect to pathology, mechanical stretch has been shown to elicit hypertrophic 

responses in cardiac myocytes, pressure-induced wall stress contributes to the 

formation of atherosclerotic lesions, and increased extracellular pressure stimulates 

proliferation in colon, breast, and prostate cancer cells (Sadoshima and Izumo 1997; 

Thubrikar and Robicsek 1995; Basson et al. 2015). The connection between physical 

forces and cellular responses also extends beyond mammalian organisms. Change in 

the gravity vector induces cytoplasmic calcium flux in Arabidopsis seedlings to help 

reorient the plant (Tatsumi et al. 2014). Alternatively, microgravity cultivation doubles the 

concentration of the quorum-sensing molecule N-acylhomoserine lactone in 

Rhodospirillium rubrum, which is a candidate organism for food and oxygen production 

in long-term space travel (Mastroleo et al. 2013). Overall, the broadness of these 

observations suggests that the ability to sense and respond to physical stimuli may be 

as pervasive as the stimuli itself. 

 

 In order to detect these external physical forces, Ingber et al. proposed a concept 

called cellular tensegrity (Ingber, Wang, and Stamenović 2014). Named after the 

architectural term by R. Buckminster Fuller, tensegrity describes a structure that 

achieves its internal stability through the use of encompassing tensile forces (Motro 

2003). While most structures are built by layering materials held together through 
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compressive forces, tensegrity stabilizes structures through a balance between 

compression-bearing struts and tensile cables. These self-contained sources of push 

and pull are arranged so that the compressive struts act as anchors for the tension 

producing cables, which in turn affix the struts to permanent positions in space relative 

to one another. Biologically, this creates a system that maximizes mechanical stability 

while using a minimal amount of materials. In Ingber's model of cellular tensegrity, 

microtubules play the part of the compression-bearing struts. They are formed through 

the polymerization of α- and β-tubulin dimers and become stiff, cylindrical structures. 

Filamentous actin makes up the tension-generating cables, which associate with myosin 

motor proteins to create stress fibers. This process generates tension within the stress 

fibers and pulls the cytoskeleton into a tensegritous structure that is always stressed but 

always stable. This constant state of isometric tension that the cytoarchitecture is in also 

allows the cell to immediately respond to mechanical stimuli. In such a prestressed 

structure, changes to any one component will be sensed across the system by all 

connected components in the manner of a collapsing house of cards. However, a house 

of cards can only transmit information from the bottom up, because it is held together by 

parallel compressive forces aligned by gravity, i.e., removing the top card does not 

affect the bottom ones. On the other hand, a structure stabilized by tensegrity, such as a 

cell in suspension, is stressed in every direction and will collapse inward regardless of 

the component removed. The coupling of this architecture with kinases and signaling 

molecules creates the concept of mechanotransduction: the transformation of physical 

forces into biochemical signals (D. E. Ingber 2006). 
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 Mechanotransduction operates in a manner similar to receptor-ligand or ion 

channel based signaling. However, by virtue of their intangible nature, physical forces 

are not constrained by membranes and thus can initiate signaling cascades from both 

within and without the cell. While receptor-ligand signaling begins at the surface 

receptors and progresses, pressure-induced adhesion begins within the cell and flows 

outwards: the increase in extracellular pressure changes the cytoarchitecture to initiate 

a cascade that ultimately modulates the affinity of integrins at the cell surface 

(Thamilselvan and Basson 2004). Within the cell, a dual, mechanosensitive signaling 

pathway involving the cytoskeleton, paxillin or Src and phosphatidylinositol 3-kinase 

(PI3K) converges at FAK and Akt1 as it progresses outwardly towards the cell surface to 

ultimately increase β1-integrin affinity and avidity (Basson 2008; Craig, Shiratsuchi, and 

Basson 2009; Craig et al. 2008). Specifically, this pathway phosphorylates threonines 

788 and 789 within the cytoplasmic tail of the β1-integrin to induce conformational 

changes that expose its extracellular matrix binding domain (Craig et al. 2009). 

Consequently, pressure stimulation could effectively lower the ligand threshold required 

for integrin-mediated cell adhesion. Indeed, suspended colon cancer cells exhibit 

increased adhesiveness to collagen I and endothelial cells after exposure to 15 mmHg 

extracellular pressure for 30 minutes. Therefore, it is worth pursuing treatments that 

mitigate the metastatic advantages that tumor cells experience from pressurization. 

 

1.3 Pressure-stimulated Adhesion and FAK and Akt1 

 The central roles FAK and Akt1 play in pressure-induced adhesion make them 

tempting pharmacologic targets. However, FAK and Akt1 influence a variety of cell 



 

9 

functions, which limits the utility of drugs that inhibit their catalytic activities. Classically, 

FAK activation is the result of surface integrin engagement, which places FAK near the 

top of several signaling cascades that transmit information from the external 

environment to actors within the cell (Parsons 2003). FAK associates with Cas and Src 

to promote the focal adhesion turnover required in cell migration, and it is also required 

in the cooperative signaling pathway that exists between integrins and growth factors, 

which controls cell cycle progression and proliferation through the MEK-ERK axis 

(Parsons 2003; Klinghoffer et al. 1999). Indeed, FAK signaling is required for cell 

survival in many adherent cells, and its absence triggers anoikis (Walsh et al. 2003). Akt 

also contributes to a range of cell processes such as cell proliferation and survival. Akt, 

classically, has a complex activation mechanism that involves PIP3-mediated 

membrane translocation and phosphorylation by both PDK1 and mTORC2. Upon 

activation, Akt loses its membrane restrictions and gains a high degree of intracellular 

mobility, which is directed in part by isoform preference (Toker and Marmiroli 2014). 

While Akt isoforms have a limited capability to compensate for one another, they also 

exhibit an assortment of unique functions (Toker and Marmiroli 2014). In murine 

knockout models, Akt1 has been proven to be responsible for overall growth, Akt2 

required for proper insulin signaling, and the loss of Akt3 manifested in a decrease in 

brain size (Chen et al. 2001; Cho et al. 2001; Tschopp 2005). The non-specific inhibition 

of such wide reaching elements may produce unintended effects and limit their 

feasibility as drug targets.  
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 Pressure-induced cell adhesion can be successfully deterred through 

pharmacological blockade with colchicine, which disrupts the signaling pathway by 

inhibiting actin polymerization; this form of intervention significantly increases tumor-free 

survival in animal models (Craig et al. 2008). But, as with FAK and Akt1, targeting 

common intracellular elements can cause non-specific toxicity, and here, the dose of 

colchicine required is not feasible for human use (Craig et al. 2008). Several 

pharmacological approaches exist to reduce cancer cell adhesion by targeting the 

expression or activity of the proteins involved. Some of these drugs perturb the integrin-

cytoskeleton interface and weaken cell-matrix interactions by decreasing the expression 

of focal adhesions proteins such as talin (M. Y. Wu et al. 2015). Others interrupt 

receptor-ligand signaling, such as the pro-adhesion hepatocyte growth factor and c-

MET, by targeting the ATP binding site on the receptor kinases (Moran-Jones, Brown, 

and Samimi 2015). However, the effectiveness of those treatments is limited due to 

unwanted side effects. Weakened cell-matrix interactions can affect all bound cells, 

ATP-competitive kinase inhibitors can block unintended targets, and global FAK or Akt1 

inhibition can lead to difficulties striking a balance between efficacy and toxicity (Liu et 

al. 2008; Liu et al. 2007). These problems make clear the advantages of producing 

treatments that are more selective, which can be achieved by targeting the processes 

that enhance cancer cell adhesiveness instead of cell adhesion on the whole. 

 

 Brief pressurization of suspended cells facilitates association between FAK and 

Akt1 within the cells. After 30 minutes of exposure of colon cancer cells to 15 mmHg 

elevated extracellular pressure, FAK immunoprecipitated from colon cancer cell lysate 
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co-immunoprecipitates an increased amount of Akt1 when compared to unpressurized 

controls (Wang and Basson 2011). As a consequence of this association, the following 

sites are phosphorylated: Akt1 serine 473 (S473), FAK tyrosine 397 (Y397), and FAK 

serine 517/601/695 (S517/601/695); the first two are classical activation sites while the 

third event occurs across three novel serine phosphorylation sites on FAK. Akt1 is 

activated by S473 phosphorylation in a manner that is dependent on catalytically active 

FAK (S. Wang and Basson 2011; Thamilselvan, Craig, and Basson 2007). In a 

reciprocal fashion, FAK is activated by Y397 phosphorylation in a manner that is 

blocked by Akt inhibitor IV (S. Wang and Basson 2011). Interestingly enough, despite 

their mutual dependence, neither Akt1 nor FAK can directly phosphorylate the other at 

their respective activation sites. This is because Akt1 only phosphorylates serines and 

threonines while FAK only phosphorylates tyrosines. However, the third event bridges 

this gap and directly ties Akt1 to FAK. The three sites on FAK, S517/601/695, all contain 

consensus sequences for the catalytic domain of Akt1, and they are all phosphorylated 

in an Akt1-dependent manner upon pressurization. These phosphorylated serines are 

required for pressure-induced FAK Y397 phosphorylation, and all of the phosphorylation 

sites mentioned above are required for pressure-induced adhesion to occur; under 

ambient conditions, these processes still occur after loss of S517/601/695 (S. Wang and 

Basson 2011). Taken together, these data support a model of mechanotransduction that 

involves direct FAK-Akt1 binding; we may thus target this interaction to selectively inhibit 

pressure-induced adhesion. 
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1.4 The Structure and Function of FAK 

 The FAK molecule is composed of three domains, the N-terminal erythrocyte 

band four.1-ezrin-radixin-moesin (FERM) domain (residues 35-362), the central kinase 

domain (residues 416-676), and the C-terminal focal adhesion targeting (FAT) domain 

(residues 677-1025) (Parsons 2003). The FERM domain serves as an anchor between 

membrane and cytoskeletal components and plays a key role in directing FAK activity 

(Parsons 2003). The kinase domain is composed of N- and C-lobes with the active site 

situated in between the two. Additionally, it is noteworthy that the FAK kinase domain 

undergoes a very small conformational change as it transitions between active and 

inactive states; therefore, it is thought that FAK activity is controlled through active site 

occlusion (Lietha et al. 2007). The C-terminal FAT domain, as the name implies, targets 

FAK to focal adhesions and is required for integrin-mediated FAK signaling (Thomas et 

al. 1999). Of these three sections, data from our lab shows that FAK-Akt1 binding can 

occur in the absence of both the FAK kinase and C-terminal FAT domains with the 

highest Akt1 affinity dependent on the first 126 amino acids of the FERM domain 

(Basson, Zeng, and Wang 2017). 

 

 The FERM domain itself is composed of three lobes named F1 (residues 35-

130), F2 (residues 131-255), and F3 (residues 256-362). (Fig. 1) The F2 lobe binds the 

C-lobe of the kinase domain folding the entire FERM domain over the kinase to inhibit 

FAK catalytic activity by means of active site denial (Lietha et al. 2007). In this manner, 

the F2 lobe regulates FAK activity and has indeed been implicated in FAK activation 

specifically following cell adhesion (Ceccarelli et al. 2006). The F3 lobe contains a site 
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that, while unavailable in the autoinhibited conformation of FAK, displays homology to a 

region of the talin FERM domain responsible for binding β integrins (Ceccarelli et al. 

2006). On the other hand, the F1 lobe has been relatively silent in the FAK activation 

discussion. However, it is promising that our data implicates the F1 and not the better 

characterized F2 and F3 lobes, because this coincides with the “inside-out” dynamics of 

the pressure-adhesion pathway. Unlike the F2 lobe, we believe that the F1 plays a role 

in Akt1-dependent FAK activation specifically in suspended cells prior to adhesion. 

Likewise with the F3 lobe, which depends on FAK activation to bind β integrins, 

pressure itself induces FAK activation upstream of β1- integrin association 

(Thamilselvan, Craig, and Basson 2007). Therefore, a pathway in which Akt1 binds the 

F3 domain to facilitate β integrin interactions either before or while simultaneously 

activating FAK would be redundant.  

 

 

 

 

 

 

 

Figure 1. A model of the FAK molecule 
This cartoon shows the FAK FERM, kinase, and FAT domains. The FERM domain is 
further divided into its F1, 2 and 3 lobes; the kinase-binding site on the FERM domain, 
and its counterpart in the kinase domain, are also shown. The four phosphorylation sites 
are Tyr397, Ser517/601/695. Tyr397 is associate with canonical FAK activation, and the 
three serine sites are implicated in pressure-stimulated FAK activation. 
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 There exist structural characteristics within the F1 lobe that provides the potential 

to affect FAK activation, which is predicated on Y397 phosphorylation. The Y397 

autophosphorylation site resides on a linker segment connecting the FERM F3 lobe to 

the N-lobe of the kinase domain, and this segment binds to a groove within the F1 

domain (Lietha et al. 2007). Furthermore, distant changes in the F1 lobe, such as the 

mutation of lysine 38 which does not interact with the linker segment, can promote Y397 

phosphorylation possibly through FERM-linker binding destabilization (Cohen and Guan 

2005). Serial truncations of F1 lobe revealed a span of 33 amino acids, designated 

NT1-2-2 (aa. 94-126), to be both necessary and sufficient to pull down Akt1 from Caco2 

cell lysate (Basson, Zeng, and Wang 2017). These findings led us to explore the 

secondary structure of NT1-2-2 to identify the residues responsible for interacting with 

Akt1. Using structural analysis and truncations of this fragment of human FAK as our 

starting point, we dissected the FAK-Akt1 interaction to define a short FAK-derived 

peptide that interrupts said interaction and demonstrated that this peptide inhibits cancer 

cell adhesion in vitro and in vivo and improves survival in a murine model of wound 

recurrence. 
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CHAPTER 2 

Binding domains of FAK and Akt1 
 

The following papers are the work of Dr. Shouye Wang and myself. The papers were 

authored by me and the experiments were performed by Dr. Wang. They are included 

here to provide a more detailed background behind how we came to discover the 

regions of FAK and Akt1 implicated in their binding. The findings in this chapter have 

been previously published: 

 

Marc D. Basson, Bixi Zeng, and Shouye Wang (2015). Akt1 binds focal adhesion 
kinase via the Akt1 kinase domain independently of the pleckstrin homology domain. J 
Physiol Pharmacol, 66(5):701-9. 
 
Marc D. Basson, Bixi Zeng, and Shouye Wang (2017). The C-terminal region of the 
FAK F1 domain binds Akt1 and inhibits pressure-induced cell adhesion. J Physiol 
Pharmacol, 68(3):375-383. 
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2.1 Akt1 binds FAK via the Akt1 Kinase Domain Independently of the Pleckstrin 
Homology Domain 
 
Marc D. Basson, Bixi Zeng, and Shouye Wang (2015). Akt1 binds focal adhesion 
kinase via the Akt1 kinase domain independently of the pleckstrin homology domain. J 
Physiol Pharmacol, 66(5):701-9. 
 

2.1a Introduction 

 Cancer metastasis requires adhesion to a new substrate by cancer cells that 

have traveled from the primary tumor to the metastatic site. Circulating tumor cells 

increase dramatically during oncologic surgery while tumor cells are also easily 

recovered from the peritoneal cavity after colon cancer resection (Weitz et al. 2000; 

Choy et al. 1996; Uchikura et al. 2002; Hayashi et al. 1999; Yamaguchi et al. 2000; 

Summy et al. 2003; Allardyce et al. 1996). It is not possible to quantitate the impact of 

surgical intervention upon tumor dissemination, since new metastases cannot be 

distinguished from pre-existing metastases that were simply too small to detect.  

However, laparoscopic surgery is associated with a 1.14% increase in wound 

recurrence, which is the appearance of tumor growth along surgical wounds, when 

compared to laparotomy (Walker et al. 2012). Additionally, murine models show that 

tumor dissemination remains a concern for the oncologic surgeon, and designing a drug 

to block tumor cell adhesion would seem a worthwhile goal. Forces such as pressure 

and shear are present in the circulation due to hemodynamic forces and in the surgical 

environment due to laparoscopic insufflation pressures, tumor manipulation, and 

irrigation forces.  Modest (15 mmHg) increases in extracellular pressure activate a 

signal cascade within cancer cells that ultimately results in phosphorylation of the 

cytoplasmic tail of the beta 1 integrin subunit, propagating a conformational change that 
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opens the extracellular matrix binding domain of beta 1 integrin heterodimers and 

increases cancer cell adhesiveness (Basson 2008; Craig et al. 2009). Other physical 

forces, such as shear force have similar effects (Thamilselvan et al. 2008). This 

pathway can be targeted either pharmacologically or by more specific molecular 

techniques to block this increase in adhesion and substantially increase tumor free 

survival in animal models (Craig et al. 2008; Craig, Downey, and Basson 2008). 

However, blocking common intracellular signals leads also to non-specific toxicity, as 

these signals are likely to regulate other important aspects of the organism’s biology. 

Indeed, the dose of colchicine used in previous pharmacologic blockade studies of 

pressure stimulated cancer adhesion is too high for human therapy (Craig, Downey, and 

Basson 2008). Blocking a less common element of the signal pathway that regulates 

cancer cell adhesiveness would seem more likely to be tolerated by a patient. 

 

 Promising candidates for pharmacologic targeting are the non-receptor tyrosine 

kinase focal adhesion kinase (FAK) and the serine/threonine kinase Akt. Both FAK and 

Akt play important roles in normal cell physiology, and both kinases are activated and/or 

overexpressed in a variety of cancers (Yoon et al. 2015; Clark et al. 2014). Classically, 

FAK activation is the result of surface integrin engagement, which places FAK near the 

top of several signaling cascades that work to transmit information from the external 

environment to actors within the cell (Parsons et al. 2003). FAK associates with Cas and 

Src to promote the focal adhesion turnover required in cell migration, and it is also 

required in the cooperative signaling pathway that exists between integrins and growth 

factors, which controls cell cycle progression and proliferation through the MEK-ERK 
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axis (Parsons et al. 2003; Klinghoffer et al. 1999). Indeed, FAK signaling is required for 

cell survival in many adherent cells, and its absence triggers anoikis (Walsh et al. 2003). 

However, FAK also participates in a range of physical force-mediated signaling events.  

For instance, repetitive deformation of adherent intestinal epithelial monolayers flexes 

the cytoskeleton and modulates cell proliferation, motility, and differentiation via FAK in 

a manner that varies with matrix substratum and integrin-binding (Han et al. 1998; 

Zhang et al. 2006; Li et al. 2001; Zhang, Li, and Sanders 2003). Conversely, increases 

in extracellular pressure can stimulate cancer cell adhesiveness by increasing FAK 

activation before the cell’s integrins have engaged with the matrix (Craig et al. 2007). 

Interestingly, similarly increased extracellular pressure stimulates phagocytic cells to 

increase their phagocytic ability via a decrease in FAK activation (Shiratsuchi and 

Basson 2004; Shiratsuchi and Basson 2005). 

 

 Akt also contributes to a range of cell processes such as cell proliferation and 

survival. Akt classically has a complex activation scheme that involves PIP3-mediated 

membrane translocation and phosphorylation by both PDK1 and mTORC2. Upon 

activation, Akt loses its membrane restrictions and enjoys a high degree of intracellular 

mobility, which is directed in part by isoform preference (Toker et al. 2014). While Akt 

isoforms have a limited capability to compensate for one another, they also exhibit an 

assortment of unique functions (Toker et al. 2014) In murine knockout models, Akt1 

proved to be responsible for overall growth, Akt2 was required for proper insulin 

signaling, and the loss of Akt3 manifested in a decrease in brain size (Chen et al. 2001; 

Cho et al. 2001; Tschopp et al. 2005). In the context of cancer, unregulated FAK and Akt 
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activity have been repeatedly implicated in the machinations of tumors. However, as 

previously mentioned, the non-specific inhibition of such wide-reaching cellular 

elements may prove to be inextricably tied to unintended toxicities that limit their 

feasibility as drug targets. 

 

 While it may not be prudent to base treatments off of global kinase blockade, a 

viable option could be the inhibition of unique interactions exhibited by these kinases. 

FAK and Akt have been tied to numerous processes that are initiated by physical forces. 

Pressure-mediated macrophage phagocytosis progresses through a mechanism that 

inhibits FAK but activated Akt2 (Shiratsuchi and Basson 2004; Shiratsuchi and Basson 

2007). In Caco-2 colon cancer cells, both cyclic strain-mediated migration and 

proliferation require the activation of FAK and Akt (Gayer et al. 2009; Gayer, Chaturvedi, 

Wang, and Craig 2009). Similarly, pressure-mediated Caco-2 adhesion also requires 

FAK and Akt activation (Wang and Basson 2011). We have previously delineated a 

novel interaction between Focal Adhesion Kinase (FAK) and Akt1 that is required for 

pressure to stimulate cancer cell adhesion.  While FAK is normally considered to act at 

the focal adhesion complex, there are much larger pools of FAK within the cytosol, and 

there is a constant equilibrium between the two (Le Devedec et al. 2018). The signals 

activated by increases in extracellular pressure in cancer cells in suspension cause Akt-

1 to bind to FAK in the cytosol and phosphorylate FAK at three previously 

uncharacterized serines (Wang and Basson 2011). This interaction is required for 

subsequent FAK tyrosine 397 autophosphorylation, activation, and translocation to the 

focal adhesion complex where it further influences integrin binding strength (Wang and 
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Basson 2011). Although it is not known how this specific FAK-Akt1 interaction responds 

to variations in the magnitude and duration of extracellular pressure, at the cellular level, 

increases in adhesion have been observed over a range of pressures (10-30 mmHg) 

and can be elicited equally well by exposures of 1 minute as by those lasting 30 minutes 

(Craig et al. 2009; Basson et al. 2000).  The increase in adhesiveness engendered by 

increased pressure persists for at least 30 minutes after the higher pressure has been 

returned to baseline (Craig et sl 2009). 

 

 Direct interaction between Akt-1 and FAK has not been identified outside of 

pressure-stimulated cell adhesion suggesting that blocking the Akt-1-FAK interaction 

might be less toxic than blocking all FAK activity.  Indeed, even with regard to physical 

force effects, the mitogenic effects of pressure in adherent cancer cells are completely 

independent of the PI-3-Kinase-Akt axis while the effects of repetitive deformation on 

Caco-2 colon cancer cell proliferation require Akt-2, not Akt-1 (Gayer, Chaturvedi, Wang, 

Alston 2009; Walsh et al. 2004). Previous studies using chimeras made by splicing 

different domains of Akt-1 and Akt-2 have suggested that the specificity of this 

interaction for FAK activation might rest in the PH-domain and hinge region of Akt-1 

(Wang and Basson 2008). We therefore now sought to further characterize the site on 

Akt which binds to FAK as a preliminary to attempting to design a drug to block this 

interaction.  Serial truncations of Akt-1 were constructed and tested for their ability to 

bind to FAK. 
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2.1b Materials and Methods 

Materials 

 Caco-2 colon cancer cells were cultured according to American Type Culture 

Collection (ATCC, Rockville, MD) recommendations. We obtained Lipofectamine 2000 

and other transfection supplies from Invitrogen (Carlsbad, CA), Glutathione Sepharose 

4B beads from GE Life Sciences (Pittsburg, PA), Akt1 and GST antibodies from Cell 

Signaling Technology (Beverly, MA), anti-hemagglutinin (HA, clone 12CA5)  monoclonal 

antibodies from Roche Applied Science (Indianapolis, IN). pCMV-HA vector was 

obtained from Clontech (Mountain View, CA). pcDNA3 myr HA Akt1 was provided by Dr. 

Paula Herman (Dana Farber Cancer Institute) through Addgene (Cambridge, MA). 

pcDNA3 HA-FAK was generated as previously described (Wang and Basson  2011). 

pGEX GST-Akt1 and its truncations were a generous gift from Dr. Chi Bun Chan (Emory 

University School of Medicine). All primers were purchased from Integrated DNA 

Technologies (Coralville, IA). QIAquick Gel Extraction, QIAprep spin Miniprep, QIAquick 

PCR purification and QIAfilter Plasmid Maxi kits were purchased from Qiagen (Valencia, 

CA). 

 

Generation of Constructs 

 Mammalian expression vectors pCMV-HA-Akt1 and its truncations were 

constructed via PCR by introducing 5’EcoR I and 3’Kpn I cut sites into a pcDNA3 myr 

HA Akt1 template. Products were then subcloned into the EcoR I/Kpn I double digested 

pCMV-HA cassette to get pCMV-HA-Akt. A similar protocol was used to generate pGEX-

4T-1 GST FAK-NT and pGEX-4T-1 GST FAK-NT1 from pcDNA3 HA-FAK. 



 

36 

Transfections 

 Caco-2 cells were plated on p100 dishes at 30–35% confluence one day prior to 

transfection. Briefly, the constructed plasmids or empty plasmid were transfected into 

Caco-2 cells at final concentrations of 2 μg/ml plasmid and 5 μg/ml Lipofectamine 2000. 

Five hours after transfection, the medium was replaced with 15 ml pre-warmed Caco-2 

media without antibiotics. Forty eight hours after DNA transfection, the cells were lysed 

for pull-down assays. 

 

Glutathione S-transferase Pull-down 

 Glutathione Sepharose 4B beads were blocked with 1% bovine serum albumin 

for 1hr at room temperature and washed before being conjugated with recombinant 

GST-tagged proteins under similar conditions. Conjugated beads were incubated with 

lysate from transfected cells overnight at 4°C. The beads were washed to remove the 

unbound proteins. Bound proteins were eluted by addition of loading buffer with sodium 

dodecyl sulfate (SDS) and heating at 95°C for 5 min in preparation for western analysis. 

 

Western Blotting 

 Western blots were performed as previously described [38]. Eluate from the pull-

downs were resolved by SDS-polyacrylamide gel electrophoresis and transferred to 

Hybond ECL nitrocellulose membrane (Amersham Pharmacia Biotech, Piscataway, NJ). 

Membranes were blotted with specific antibodies directed against either their wild-type 

structures or recombinant tags with the appropriate secondary antibody coupled to 

horseradish peroxidase. Bands were detected with enhanced chemiluminescence 
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(Amersham) and analyzed with a Kodak Image Station 440CF (Perkin Elmer, Boston, 

MA). 

 

Akt1 Structural Analysis 

 Structures were obtained from the Protein Data Bank (http://www.rcsb.org): 

3CQW (active Akt1 with ATP-competitive inhibitor bound kinase) and 3O96 (cytoplasmic 

PH domain of Akt1) (Lippa et al. 2008; Wu et al. 2010). Structures were analyzed using 

Pymol from DeLano Scientific (San Carlos, CA).  

 

Statistical analysis 

 Results were compared by Student’s unpaired t-test and considered statistically 

significant when p< 0.05. All experiments were done independently at least three times 

unless indicated otherwise. All data are expressed as mean ± SEM. 

 

2.1c Results 

The FAK (NT1) Region is Sufficient to Bind Akt1 

 The wild-type full-length FAK molecule was truncated at its band 4.1, ezrin, 

radixin, and moesin (FERM) domain to discern its necessity for Akt1 binding. These 

truncations created two shortened FAK molecules. NT (residues 1-415) consisted of 

only the FERM domain, and NT1 (residues 1-126) contained the F1 subdomain of the 

FERM domain (Figure 2.1A). Each of these truncations was able to bind Akt1 (Figure 

2.1B. One of four representative blots). 
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Akt1 Binds FAK (NT1) Independently of the Pleckstrin Homology Domain and 

Hinge Region 

 Akt1 truncations were generated to determine the role of the pleckstrin homology 

domain (residues 1-106) and the hinge region (residues 107-147) in binding FAK. These 

initial serial truncations began with the (N)-terminal half of the PH domain, extended 
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Figure 2.1. The FAK (NT1) region binds Akt1 
Recombinant GST-FAK truncations NT (residues 1-415) and NT1 (residues 1-126) 
(shown in A) were conjugated to Glutathione Sepharose 4B beads and used to pull 
down recombinant HA-Akt1. All four truncations were able to pull down Akt1 (B, N=4 
similarly). In each lane, the GST blot shows the presence of the FAK truncations (top 
band), the detached GST tags (bottom band), and protein degradation products (middle 
bands). 
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to include the (N)-terminal half of the hinge region, and ended with the complete 

deletion of both domains (Figure 2.2A). The endpoints of these truncations were chosen 

to either disrupt the natural folding of the PH and hinge domains (HA-Akt1Δ1-66, HA-

Akt1Δ1-125, respectively) or to remove them outright (HA-Akt1Δ1-147). GST-FAK 

(NT1), which is a FAK truncation consisting of the first 126 amino acids from its (N)-

terminal, was used as bait to bind the Akt1 truncations. Both the most conservative (HA-

Akt1Δ1-147) and least conservative (HA-Akt1Δ1-66) Akt1 truncations were pulled down 

well by the GST-FAK (NT1) coated beads (Figure 2.2B, N=2). However, the 

intermediate truncation (HA-Akt1Δ1-125) was not detectably bound to the GST-FAK 

(NT1) coated beads (Figure 2.2B, N=2). 

 

A 

 

 

 

 

 

 

 
Figure 2.2. Akt1 / FAK (NT1) binding does not require the pleckstrin homology 
domain and hinge region 
(A) A delineation of the constructs generated from the original Akt-1 structure. The Akt1 
pleckstrin homology domain spans residues 1-106 and the hinge region residues 107-
147. Akt1 truncations were generated lacking both the entire PH domain and hinge 
region (Δ1-147); all of the PH domain and the (N)-terminal half of the hinge region (Δ1-
125); and only the (N)-terminal half of the PH domain (Δ1-66). (B) Glutathione 
Sepharose 4B beads were coated with GST-FAK(NT1) to pull down HA-Akt1 truncations  
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Figure 2.2 (cont'd) 
 
obtained from lysate of transfect Caco-2 cells.  Appreciable amounts of HA-Akt1, HA-
Akt1Δ1-147, and HA-Akt1Δ1-66 were all pulled down by the GST-NT1 coated beads. 
However, HA-Akt1Δ1-125 was not detectable (N=2 similarly).  
 
 
B 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Akt1 Kinase Domain is Required to Bind FAK 

 Further Akt1 truncations were generated to determine the role of the kinase 

domain (residues 149-408) and the (C)-terminal regulatory domain (residues 409-480) 

in binding FAK. Construct 1 consisted of only the (C)-terminal regulatory domain. 

Constructs 2 and 3 consisted of the (C) and (N)-terminal halves of the Akt1 molecule, 

respectively. Construct 4 consisted of only the kinase domain (Figure 2.3A). All 

constructs were fused to GST at the (N)-terminus and were used to pull down 

endogenous wild type FAK from Caco-2 cell lysate. Construct 3 demonstrated an affinity 

for FAK that was significantly greater than that of the wild-type full-length Akt1 (Figure 

2.3B, N=4; p<0.05). This is consistent with our data showing the full-length PH and 
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hinge domains to permit Akt1/FAK binding. Construct 2 and construct 4 each displayed 

an ability to bind FAK similar to that of full-length Akt1 (Figure 2.3B, N=4). Construct 1, 

however, which consisted of only the (C)-terminal regulatory domain, demonstrated a 

significantly lower affinity for FAK (Figure 2.3B, N=6; p<0.05). 

 

A 

 

 

 

 

 

 

 
 
 
 
Figure 2.3. Akt1 / FAK binding requires the Akt1 kinase domain 
(A) The Akt1 pleckstrin homology domain and hinge region span residues 1-147; the 
kinase domain spans residues 149-408; and the (C)-terminal regulatory domain spans 
residues 409-480. GST-fused constructs were generated with truncations targeting 
these domains in their entirety. Construct 1 is a deletion of the PH/hinge domain and the 
kinase domain. Construct 2 is a deletion of the PH/hinge domain and the (N)-terminal 
half of the kinase domain. Construct 3 is a deletion of the (C)-terminal half of the kinase 
domain and the (C)-terminal regulatory domain. Construct 4 is a deletion of the 
PH/hinge domain and the (C)-terminal regulatory domain. (B) Akt1 constructs were 
conjugated to Glutathione Sepharose 4B beads and incubated with lysate from 
transfected Caco-2 cells; and subsequent westerns were blotted for HA-FAK. Akt1 
constructs 2 and 4 showed affinities for HA-FAK similar to that of wild-type full-length 
Akt1 (N=4) while construct 3 pulled down significantly more FAK than the wild-type Akt1 
(N=4; p<0.05). Compared to the wild-type Akt1, construct 1 demonstrated significantly 
lower affinity for FAK (N=6; p<0.05). 
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Figure 2.3 (cont'd) 
 
B 

 
 
 

 

2.1d Discussion 

 We have previously delineated an intricate intracellular signal pathway activated 

by extracellular forces such as pressure and shear stress up-regulate integrin binding 
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affinity and metastatic potential in cancer cells (Basson 2008; Craig et al. 2009; 

Thamilselvan et al. 2004). While many of the elements of this pathway are common 

signaling elements, one novel aspect of the pathway is the binding of Akt1 to FAK and 

subsequent serine phosphorylation of FAK by Akt1, which seems required for pressure-

stimulated FAK activation in this setting.  This unusual interaction seems a promising 

target for manipulation to inhibit metastasis since FAK activation in response to other 

stimuli has not been found to require Akt-binding. In this manuscript, we used serial 

truncations to show that the interaction between Akt1 and FAK is independent of the 

Akt1 pleckstrin-homology (PH) domain and hinge region. Domain-directed truncations 

further demonstrate that the Akt1 kinase domain alone is sufficient to pull down FAK. 

Taken together with our previous studies of Akt1/Akt2 chimeras, these results would be 

consistent with a model in which the Akt isoforms to bind FAK through their homologous 

catalytic domain with an affinity which is modulated by their varying PH, hinge, and (C)-

terminal regulatory domains. 

 

 We have previously described a relationship between Akt1 and FAK wherein 

pressure-induced membrane translocation of Akt1 and its activation by Ser473 

phosphorylation is indirectly dependent upon FAK (FAK itself is a tyrosine kinase and so 

could not be directly responsible for Akt1 Ser473 phosphorylation (Wang and Basson 

2008). This translocation of Akt1 and its phosphorylation at S473 occur in response to a 

15 mmHg increase in extracellular pressure and requires the presence of both 

activatable FAK and the specific PH and hinge regions of the Akt1 isoform (Wang and 

Basson 2008). While the PH domains of the Akt isoforms share a similar functionality of 
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binding phospholipids, their unique identities contribute to isoform-specific functions 

ranging from the promotion of cell growth and migration to the inhibition of apoptosis in 

response to shear stress (Brazil et al. 2001; Heron et al. 2006; Zhou et al. 2006; 

Dimmeler et al. 1998). The membrane translocation and activation responses of Akt1 to 

pressure can be transferred to Akt2-like chimeric molecules that contain the Akt1 PH 

and hinge regions (Wang and Basson 2008). 

 

 In contrast to what might have been expected from those previous studies, we 

show here that FAK binds to Akt1 even when the Akt1 PH and hinge regions are 

deleted. Omitting either only the (N)-terminal half of the PH domain or the entire PH and 

hinge regions did not affect the ability of Akt1 to bind FAK fragments (GST-FAK (NT1)). 

Both the truncation missing the (N)-terminal half of the PH domain (HA-Akt1Δ1-66) and 

the truncation with completely deleted PH and hinge regions (HA-Akt1Δ1-147) bound 

FAK strongly. However, the partial hinge region truncation HA-Akt1Δ1-125 was unable 

to bind FAK (NT1). Akt1 activity can be strongly suppressed by allosteric inhibitors 

acting through PH domain conformational changes. Crystal structures show these 

inhibitors locking the PH domain into the kinase domain to prevent both Akt1 activation 

and membrane translocation, and highlight the inhibitory potential of a disrupted PH 

domain (Wu et al. 2010). Thus, one model consistent with these results would postulate 

that FAK binds to Akt outside the PH and hinge regions but that the PH domain can 

interfere with access by FAK to the kinase domain depending upon the conformation of 

the PH domain and hinge region. This would explain why the PH and hinge region 

confer specificity on Akt1 to permit its interaction with FAK even though they are not 
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directly involved in FAK binding. The deviation from the wild-type structure engendered 

by the inactivating HA-Akt1Δ1-125 deletion could then disrupt intermolecular 

interactions more effectively than the full length Akt1 PH and hinge region.  

 

 In reciprocal binding experiments using FAK as bait, the FAK (NT1) fragment 

proved to be sufficient to pull down Akt1. The FERM domain is responsible for FAK’s 

ability to bind a variety of proteins and seemed a suitable candidate for mediating FAK-

Akt1 interaction (Frame et al. 2010). The FERM domain consists of three subdomains 

F1, F2 and F3. The F2 and F3 subdomain resemble acyl-CoA binding proteins and PH 

domains, respectively (Pearson et al. 2000). No region of Akt1 proposes to be a good 

binding target for an acyl-CoA binding protein, and while PH-PH interactions do exist, 

they are highly specific as the PH domains from even related isoforms of Akt fail to bind 

(Datta et al. 1995). The F1 subdomain, however, displays structural similarities to 

ubiquitin (Pearson et al. 2000). Not only is this ubiquitin-like fold found in several 

unrelated proteins, which makes it a good contender in the context of protein-protein 

interactions, Akt1 also plays a role in several ubiquitylation pathways (Lin et al. 2002; 

Yang et al. 2010).  

 

 Indeed, our second series of Akt1 truncations instead demonstrated the Akt1 

kinase domain alone to be sufficient to bind wild-type FAK. Domain-directed truncations 

of Akt1 consistently showed strong FAK binding to be dependent on the presence of 

some portion of the kinase domain. Truncations lacking either the (N) or (C)-terminal 

half of the Akt1 kinase domain (constructs 2, 3) were able to pull down wild type FAK 



 

46 

equally, if not more strongly, than the full Akt1 kinase domain by itself (construct 4). The 

only truncation in this series that lost FAK-binding affinity was construct 1, which 

consisted of only the (C)-terminal regulatory domain. Taken along with the PH and hinge 

domain truncation data, these results point to the kinase domain as the key region 

needed to allow for FAK binding, and suggests that there may be at least two separate 

sites in the Akt1 kinase domain, one in the C terminal segment and one in the N 

terminal segment, that each interact with and bind FAK. A model of the Akt1 surface 

structure shows the area where the PH domain and (N) and (C)-terminal halves of the 

kinase domain meet (Figure 2.4). In light of the ability of either half of the kinase domain 

to bind FAK, and our previous data showing the PH domain to confer FAK specificity 

amongst Akt isoforms, this region of Akt1 presents a promising target for disrupting FAK-

specific binding. 

 

 There are several global FAK inhibitors undergoing trials, but they share the 

distinct disadvantage of targeting FAK catalytic activity indiscriminately. In doing so they 

either also inhibit other kinases with some structural similarity or have profound 

downstream consequences because of global FAK inhibition. Inhibitors such as TAE226 

also inhibit IGFR-1, MAPK, and Akt activity while PF-228 inhibits only motility and not 

cell growth or viability (Liu et al. 2007; Slack-Davis et al. 2007). The promising FAK 

inhibitor Y15 decreased FAK Y397 autophosphorylation, cancer cell viability, and colony 

formation, and in mice xenograft in vivo models, intraperitoneal Y15 (30mg/kg) blocked 

tumor growth of colon, pancreatic, and breast cancer (Heffler et al. 2013; Hochwald et 

al. 2009; Golubovskaya et al. 2008). However, toxicity studies conducted in mice 
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showed intraperitoneal Y15 at 45 mg/kg to be lethal with mortality associated with 

peritonitis (Golubovskaya et al. 2014). In addition to exhibiting a narrow range of safe 

effectiveness, intraperitoneal Y15 at 30 mg/kg only reaches plasma concentrations of 

110 nM whereas in vitro inhibition of cell viability of colon, pancreatic, and breast cancer 

 
 
A 
 
 
 
 
 
 
 
 
 
 
B       C 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4. The Akt1 molecule 
A diagram of the domains of Akt1 (A), a cartoon model of its secondary structures (B), 
and a filled model showing its surface features (C) were created in Pymol from the 
Protein Data Bank files 3CQW (active Akt1 with  ATP-competitive inhibitor bound 
kinase) and 3O96 (cytoplasmic PH domain of Akt1). 
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requires concentrations of at 1, 10, and 50 µM, respectively (Heffler et al. 2013; 

Hochwald et al. 2009; Golubovskaya et al. 2008). The off-target effects of current FAK 

inhibitors and the general toxicity that arises from such non-specificity highlight the 

potential desirability of a therapeutic intervention that not only specifically targets FAK 

but even more specifically inhibits only certain deleterious aspects of FAK signaling in 

cancer cells. 

 

 From the Akt side of the issue, a similar outcome develops from the complete 

inhibition of the Akt1 kinase. Similar to the case with FAK, global Akt1 blockade also 

affects other signaling pathways. Not only are the general mechanics of cell-survival 

affected, which may be compensated for by parallel signaling cascades, but more 

specific response processes are also compromised. As a pro-anabolic kinase, Akt is 

well-known for its ability to rescue cells from detachment-induced apoptosis (Toker et al. 

2017). In the context of mechanical forces, Akt has also been shown to be an upstream 

regulator of a process that combats disuse-atrophy of skeletal muscles, which is a 

central issue in the micrgravitational environment of space medicine but can also be 

applied to the challenges seen in rehabilitation medicine (Gwag et al. 2015). Outside of 

the non-specificity issue, current Akt inhibitors undergoing clinical trials are already 

showing deleterious effects when used in combination with well-established anti-

neoplastic agents (Galvez-Peralta et al. 2014). Both novel anti-neoplastic drugs (such 

as the DNA intercalating agents tospyrquin and tosind) and conventional ones (such as 

the topoisomerase inhibitors camptothecin and etoposide) depend on DNA synthesis to 

achieve efficacy. Akt inhibition, on the other hand, fundamentally antagonizes these 
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therapies by causing a decrease in cell proliferation and thus active DNA replication 

(Tonton et al. 2013; Galvez-Peralta et al. 2014). The inability to use general Akt 

inhibitors in chemotherapeutic cocktails limits their usefulness and this problem can be 

avoided by designing drugs that target its inter-protein interactions and not its catalytic 

activity. 

 

 Our previous studies suggest that Akt-FAK interaction may therefore be a 

desirable target for the inhibition of this prometastatic-pathway, since Akt-FAK 

interaction could conceivably be blocked, and the force-activated signals that stimulate 

cancer cell adhesiveness inhibited, without altering many other activities of either FAK 

or Akt. This would require a precise understanding of the mechanism by which FAK and 

Akt interact. Coupling this knowledge with protein-model based drug discovery 

techniques, one could conceivably generate treatments aimed at blocking, competing 

with, or destabilizing the Akt-FAK interaction. To maximize the efficacy of these drugs, 

more studies are needed to delineate how Akt and FAK behave after force activation. 

For instance, the pressure-mediated adhesion returns to baseline by 60 minutes after 

extracellular pressure has returned to ambient, whereas pressure-mediated β1-integrin 

T788/9 phosphorylation is only measurably increased for 30 minutes, perhaps because 

the kinetics of the adhesion assay are slower and thus more sensitive to the adhesion 

that has occurred before the phosphorylation events receded (Craig et al. 2007). Our 

present results represent an initial step in this direction, focusing attention on the Akt 

kinase domain. Further studies to delineate more precisely the two specific FAK binding 
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sites we now postulate within this domain may ultimately lay the groundwork for the 

design of a specific therapeutic to block this pathway and inhibit metastasis. 

 

 In a broader context, 90% of cancer deaths are attributed not to the original 

tumor but to cancer metastases (Sporn et al. 1996). Central to metastatic development 

are processes of intravasation, extravasation, and implantation all of which require cell 

adhesion. Such adhesion could be modulated by pressurization from within the initial 

tumor environment itself (which range from 15-38 mmHg across a variety of tumors), 

pressures within the circulation (5-10 mmHg in venous and 90-120 mmHg in arterial 

circulation) or shear stresses within the same environment, or by iatrogenic 

manipulation such as the peritoneal insufflation in laparoscopic-assisted surgeries that 

generates 15 mmHg pressures, shear stress from peritoneal irrigation, or even direct 

surgical tumor manipulation (Thamilselvan et al. 2004; Less et al. 1992; Curti et al. 

1993; Gutmann et al. 1992). Force-activated increased adhesiveness appears common 

to a variety of malignant cell types, including colon cancers, squamous head and neck 

cancers, breast cancers, and even sarcomas (Basson et al. 2000; Conway et al. 2006; 

Downey et al. 2006; Perry et al. 2010). By targeting pressure-mediated adhesion 

through Akt-FAK interaction we target an element shared across cancer pathology that 

seems less likely to be important in other biology since this Akt-FAK interaction has not 

previously been described. The ramifications of such an interaction may not be limited 

to adhesion and may in fact be far reaching. Indeed, FAK and Akt2 have been 

implicated in pressure-induced phagocytosis, and we have previously described in LPS-

stimulated monocytes an inhibitory effect of pressure on the generation of IL-6 and 
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other inflammatory markers (Shiratsuchi and Basson 2005; Shiratsuchi and Basson 

2007; Chaturvedi et al. 2011). In the setting of colorectal cancer, serum levels of IL-6 are 

also significantly elevated (Malicki et al. 2009). Connections like these not only broaden 

our view of the effects of mechanical forces on cell pathology and physiology, but also 

provide us with leads. Monocyte IL-6 synthesis can be countered by treatment with 

statins and such inhibition extends to colorectal cancer as well, which gives us a 

candidate pathway to study and possibly target (Malicki et al. 2009). Thus, it seems 

possible that in the future better understanding of this interaction will permit us to inhibit 

metastasis with a drug better tolerated than conventional cytotoxics, blocking this 

pathway with less systemic toxicity and facilitating longer term survival of patients with 

unresectable malignancy. 
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2.2 The C-terminal region of the FAK F1 domain binds Akt1 and inhibits pressure-

induced cell adhesion 

Marc D. Basson, Bixi Zeng, and Shouye Wang (2017). The C-terminal region of the 
FAK F1 domain binds Akt1 and inhibits pressure-induced cell adhesion. J Physiol 
Pharmacol, 68(3):375-383. 
 

 

2.2a Introduction 

 The metastatic spread of cancer from a primary tumor initially develops through 

an interplay between the dissemination and successful implantation of viable tumor 

cells. While a primary tumor of 1 cm in size is able to shed one million cells into 

circulation per day (Fidler et al. 2005), another important contributor is the release of 

tumor cells by physical manipulation during surgical interventions. Such iatrogenic 

dissemination not only dislodges tumor cells into the surgical site (Sugarbaker et al. 

1999; Allardyce et al. 1996) but also substantially increases the number of circulating 

tumor cells (Weitz et al. 2000; Choy et al. 1996; Uchikura et al. 2002; Yamaguchi et al. 

2000; Hayashi et al. 1999). How many of these iatrogenically dispersed tumor cells 

subsequently develop into metastatic growths is obscured by the population of existing, 

but undetectable, established metastases. However, up to 1% of curative cancer 

resections show verifiable signs of wound recurrence and many more develop signs 

consistent with peritoneal spreading (Nelson et al. 2004; Turnbull et al. 1967; Basson, 

Yu, and Herden 2000). 

 

 Physical forces such as pressure (Shiratsuchi and Basson 2004; Thubrikar and 

Robcsek 1995; Basson et al. 2015) and shear stress (Huynh et al. 2016; Thamilselvan 
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et al. 2004) have profound effects on cancer cell biology and are ubiquitous in the tumor 

environment.  The increased pressure and shear stress within the circulatory system are 

well known.  In the perioperative setting, tumor manipulation by the surgeon and 

surgical site irrigation subject tumor cells to pressure and shear stress, while 

laparoscopic surgery itself generally increases intraperitoneal pressure by 15 mmHg in 

order to create working space for surgery (O’Rourke and Kodali 2006; Daskalakis et al. 

2009; Newdecker et al. 2002). Even relatively brief exposure to such pressures can 

trigger (Thamilselvan and Basson 2005; Craig, Haimovich, and Basson 2007) an 

intracellular signal cascade that increases the adhesive potential of suspended colon 

cancer (Basson 2008), breast cancer (Basson et al. 2015; Less et al. 1992), squamous 

cell carcinoma (Gutmann et al. 1992; Conway et al. 2006) and sarcoma cells (Perry, 

Wang, and Basson 2010). Although most such studies have focused on in vitro 

adhesion to purified matrix proteins such as collagen I (Basson et al. 2000; 

Thamilselvan, Craig, and Basson 2007), adhesion is also increased to more 

physiologically relevant substrates like endothelial cells (Thamilselvan and Basson 

2004; van Zyp et al. 2006), and murine surgical wounds (van der Voort et al. 2005; 

Craig et al. 2008; Craig, Downey, and Basson 2008), and adversely impacts survival in 

mouse models (Craig, Downey, and Basson 2008). Parallel mechanosensitive pathways 

involving either the cytoskeleton and paxillin or Src and phosphatidylinositol 3-kinase 

(PI3K) detect the pressure stimulus (Basson 2008). These signaling pathways converge 

at an interaction between FAK and Akt1 in which Akt1 phosphorylates FAK at serines 

517/601/695 to facilitate FAK activation at tyrosine 397 (Wang and Basson 2011). With 

FAK activation, the consequent increases in β1-integrin affinity and avidity reduce the 
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ligand threshold required for integrin-mediated cell adhesion thus providing a metastatic 

advantage for pressure-stimulated cells (Thamilselvan, Craig, and Basson 2007). 

 

 Integrin profiles are intimately tied to tumor metastasis. While the presence of 

specific integrins may direct the location of metastatic progression, as is the case with 

β3 and bone metastases in breast cancer (Pecheur et al. 2002), changes in integrin 

affinity and avidity dictate changes in cell adhesion. Additionally, decreased expression 

of β1 integrins is associated with the transition from epithelial to mesenchymal 

phenotypes that precedes the loss of cell adhesiveness necessary for pathological 

metastatic dissemination; the reverse process is initiated by the re-expression of these 

integrins as disseminated tumor cells adhere to distant organ parenchyma to create 

secondary tumors (Neal et al. 2011; Wang and Manning et al. 2002).  

 

 Under normal cell physiology, FAK and Akt influence essential cell functions, such 

as migration (Walsh et al. 2008; Gayer et al. 2009), survival, and protection against 

anokis (Walsh et al. 2003) (a mode of cell death to which cancer cells seem somewhat 

more resistant), which limits the utility of drugs that inhibit their catalytic abilities. 

However, the dearth of FAK-Akt binding outside the context of mechanical signaling 

(Wang and Basson 2011; Craig, Gayer, and Schaubert 2009) led us to seek to 

specifically target FAK-Akt interaction in order to prevent FAK activation without 

compromising alternative activities of either FAK or Akt1. The binding site for FAK on 

Akt1 seems quite large encompassing the kinase domain but not the Pleckstrin–

homology or hinge regions (Basson et al. 2015). In the current investigation, we sought 
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to determine whether the converse binding site for Akt1 on FAK might be smaller and 

thus more amenable to future modeling and/or manipulation. Serial truncations isolated 

a relatively short 33 amino acid subdomain of FAK that is sufficient for Akt1 binding. 

 

2.2b Materials and Methods 

Materials 

 Human Caco-2 and murine CT-26 colon cancer cells were cultured according to 

American Type Culture Collection (Rockville, MD) recommendations. We obtained 

Lipofectamine 2000 and other transfection supplies from Invitrogen (Carlsbad, CA), 

Glutathione Sepharose 4B beads from GE Life Sciences (Pittsburg, PA), and Akt1 and 

GST antibodies from Cell Signaling Technology (Beverly, MA). All primers were 

purchased from Integrated DNA Technologies (Coralville, IA). QIAquick Gel Extraction, 

QIAprep spin Miniprep, QIAquick PCR purification and QIAfilter Plasmid Maxi kits were 

purchased from Qiagen (Valencia, CA). 

 

Generation of Constructs 

 Mammalian expression vectors pGEX-4T-1 glutathione S-transferase (GST)-FAK-

NT1 and its truncations were constructed via PCR of an HA-FAK(WT) plasmid template 

and introduced into the bacterial expression vector pGEX-4T1 (GE Healthcare, Munich, 

Germany) through 5’EcoRI and 3'XhoI cut sites. GST-Akt1 was generated by the same 

manner using a pcDNA3-myr-HA-Akt1 template (Addgene, Cambridge, MA). The HA-

FAK(WT) itself, as well as the HA-FRNK (tagged at the COOH terminal), were gifts from 

Dr. David Schlaepfer. A similar protocol was used to generate the GFP-FAK-NT1 
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transient expression vector from the pEGFP-C1 vector Clontech (Mountain View, CA). 

Inducible GFP-FAK-NT1 expression was achieved using the pL6N2-RHS3H/ZF2-PL 

vector provided by the ARGENT regulated transcription retrovirus kit (now iDimerize 

inducible heterodimer system from Takara, Mountain View, CA). 

 

Transfections 

 Caco-2 cells were plated on p100 dishes at 30–35% confluence one day prior to 

transfection. The constructed or empty plasmids were transfected into Caco-2 cells at 

final concentrations of 2 μg/ml plasmid and 5 μg/ml Lipofectamine 2000. Five hours 

after transfection, the medium was replaced with 15 ml pre-warmed Caco-2 media 

without antibiotics. Forty eight hours after DNA transfection, the cells were trypsinized 

for adhesion or pull-down experiments. 

 

Inducible Expression 

 A stable CT-26 cell line was generated per ARIAD-ARGENT protocols and GFP-

FAK-NT1 expression was induced using 50 nM of the provided non-immunosuppressive 

rapalog, AP21967 with an equal volume of ethanol used as the control vehicle. Forty 

eight hours after induction, the cells were trypsinized for adhesion experiments. 

 

Glutathione S-transferase Pull-down 

 Glutathione-Sepharose 4B beads (15 μl) were washed twice in ice-cold PBS and 

resuspended in 400 μl PBS. Bacterial lysate containing GST-Akt1, GST-FAK-NT1 

(truncations), or GST proteins (gift of Dr. J. Chen) were then added in excess and 
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incubated with the beads for 1 h. Glutathione-Sepharose 4B beads coupled to GST-

Akt1, GST-FAK (truncations), or GST were then washed twice with PBS by centrifuge 

for 5 min at 500 g and incubated with nontransfected or transfected Caco-2 cell lysates 

(600–800 μg protein) overnight at 4°C. Transfected Caco-2 cells received plasmids 

encoding HA-WT-FAK or HA-FRNK. Nontransfected and transfected Caco-2 cell lysates 

were prepared in cell lysis buffer lysis buffer [50 mM Tris (pH 7.4), 150 mM NaCl, 1% 

Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 1 mM 

phenylmethylsulfonyl fluoride, 1 mM Na3VO4, 50 mM NaF, 10 mM sodium 

pyrophosphate, 2 mg/ml aprotinin, and 2 mg/ml leupeptin (pH 7.4)]. Following 

incubation, beads were washed twice with lysis buffer without SDS and protease 

inhibitors. Proteins were eluted with Laemmli SDS sample dilution buffer, separated by 

10% SDS-PAGE, and immunoblotted with GST, Akt1 (Cell Signaling Technology, 

Danvers, MA), or HA monoclonal antibodies (Covance, Chantilly, VA).  

 

Western Blotting 

 Western blots were performed as previously described (Thamilselvan and 

Bassonb 2004). Eluate from the pull-downs were resolved by SDS-polyacrylamide gel 

electrophoresis and transferred to Hybond ECL nitrocellulose membrane (Amersham 

Pharmacia Biotech, Piscataway, NJ). Membranes were blotted with specific antibodies 

directed against either their wild-type structures or recombinant tags with the 

appropriate secondary antibody coupled to horseradish peroxidase. Bands were 

detected with enhanced chemiluminescence (Amersham) and analyzed with a Kodak 
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Image Station 440CF (Perkin Elmer, Boston, MA). All exposures were within the linear 

range. 

 

Pressure Regulation 

 Experimental pressure conditions were controlled using an airtight box with inlet 

and outlet valves, thumb screws, a pressure gauge and an O-ring for an airtight seal as 

previously described in detail (Basson et al. 2000; van der Voort et al. 2005). The box 

was prewarmed to 37°C for 1 hour to minimize temperature fluctuations experienced by 

the cells. The gas used for pressurization was a filtered 5% CO2/95% air mixture 

consistent with the atmosphere in which the cells were routinely cultured. The 

temperature was maintained within ±2°C and the pressure within ±1.5 mmHg. Partial 

pressures of O2 and CO2 and pH do not change appreciably during pressurization 

(Basson et al. 2000). Cells were plated as for adhesion assays described below, and 

the six well plates were then placed into the prewarmed pressure box which was rapidly 

repressurized and monitored throughout the experiment with adjustment of the pressure 

if required. The pressure box was maintained in an incubator at 37oC, and control cells, 

incubated at ambient pressure, were maintained in the same incubator.  Pressure was 

maintained throughout the adhesion experiment, which lasted 30 minutes. 

 

Cell Adhesion Studies 

 100,000 Caco-2 or CT-26 cells were seeded to collagen I coated 6-well plates 

under ambient or increased pressure conditions for 30 minutes. Non-adherent cells 

were washed away, and the remainder fixed with 0.01 M NaIO4, 0.75 M lysine, 0.0375 
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M sodium phosphate buffer, pH 7.4, and 2% paraformaldehyde on ice for 1 hour. The 

adherent cells were counted microscopically in at least 20 random high power fields per 

well under a fluorescent microscope. 

 

FAK1 Structural Analysis 

 Structures were obtained from the Protein Data Bank (http://www.rcsb.org): 2AL6 

(Ceccarelli et al. 2006). Structures were analyzed using Pymol from DeLano Scientific 

(San Carlos, CA).  

 

Statistical analysis 

 Results were compared by Student’s unpaired t-test and considered statistically 

significant when p< 0.05. All experiments were done independently at least three times 

unless indicated otherwise. All data are expressed as mean ± SEM. 

 

2.2c Results 

FRNK is not the primary binding site by which FAK binds to Akt1 in suspended 

Caco-2 cells 

 FRNK (FAK-related non-kinase, 67 kDa) is a segment from the COOH-terminal 

region of the FAK molecule, the C-terminal Focal Adhesion Targeting domain, which 

functions as an endogenous FAK inhibitor by competitively binding to focal contacts 

while lacking catalytic capability (Sieg et al. 1999). We transfected either HA-tagged wild 

type FAK or HA-tagged FRNK plasmids into Caco-2 cells, and incubated the resulting 

cell lysate with Sepharose beads conjugated to GST-Akt1 before Western blotting for 
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HA. Passage over the GST-Akt1 column enriched the resulting eluate for HA-

conjugated wild type FAK while the amount of HA-conjugated FRNK was markedly 

reduced by this procedure. (Figure 2.5, 1 of 2 similar) 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 2.5. FRNK alone is not sufficient to bind Akt1 
Pull-down assays used GST or GST-Akt1 (prey, bottom blot) to bind HA-FRNK or HA-
WT-FAK (bait, top blot) found in the cell lysate of transiently transfected Caco-2 cells. 
Caco-2 cells expressing HA-FRNK control showed low levels of GST-Akt1 pull-down 
relative to those expressing HA-WT-FAK (One of two similar). Lysate from cells 
transfected with HA-WT-FAK or HA-FRNK were used as references. 
 
 

Transient expression of FAK-NT1 inhibits pressure-induced adhesion 

 In contrast, previous preliminary observations suggested that the F1 lobe of FAK 

(herein referred to as the NT1 region) of wild-type FAK was sufficient to pull down Akt1 
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(Basson et al. 2015). To test whether this interaction of NT1 with Akt1 might have 

biological effects, we evaluated the effect of overexpressing NT1 in Caco-2 cells on the 

adhesive response to increased extracellular pressure, which requires FAK-Akt1 

interaction (Thamilselvan and Basson 2004; Wang and Basson 2011). Caco2 cells 

transiently expressing the GFP-FAK-NT1 construct were therefore exposed to ambient 

or 15 mmHg increased pressure for 30 minutes. Pressure-induced adhesion was 

inhibited in the cells expressing GFP-FAK-NT1 but not in those expressing the control 

GFP alone (Fig. 2.6). Interestingly, the basal levels of adhesion were also reduced in the 

GFP-FAK-NT1 population.  

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 2.6. Transient expression of FAK-NT1 inhibits pressure-induced adhesion 
Caco-2 cells transiently expressing the GFP control demonstrated increased cell 
adhesion after exposure to 15 mmHg pressure. Transient expression of GFP-FAK-NT1 
blocked pressure-induced cell adhesion. Decreases in basal levels of cell adhesion 
were also seen in the cells expressing GFP-FAK-NT1 (N=6; *p<0.05 vs the ambient 
GFP control). 
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Inducible expression of FAK-NT1 inhibits pressure-induced adhesion 

 To establish the generalizability of this phenomenon, we constructed a stable 

murine CT26 colon cancer line which expressed GFP-FAK-NT1 on induction with 

rapalog, along with a control cell line which only expressed GFP on induction. 

Expression of the GFP-FAK-NT1 construct in CT26 cells was induced 48 hours prior to 

exposure to ambient or 15 mmHg increased pressure for 30 minutes. Inducing 

expression of the GFP-FAK-NT1 construct prevented the stimulation of cell adhesion by 

increased pressure.  In contrast, cells in which only GFP was inducibly expressed did 

display increased adhesion in response to increased extracellular pressure. (Fig. 2.7). 

Basal levels of adhesion were reduced in the GFP-FAK-NT1 population. 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.7. Inducible expression of FAK-NT1 inhibits pressure-induced adhesion 
As with the transient expression model, CT-26 cells inducibly expressing the GFP 
control showed increased cell adhesion after exposure to 15 mmHg pressure. Inducible 
expression of GFP-FAK-NT1 blocked pressure-induced cell adhesion, however it did 
cause a larger decrease in basal cell adhesion (N=6; *p<0.05 vs the ambient control). 
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The FAK-NT1-2-2 region is sufficient to bind Akt1 

 Because the NT1 region of FAK is still quite large, we further truncated FAK-NT1 

in an attempt to specify the region responsible for Akt1 binding. Five truncations were 

generated: NT1 (residues 1-126), NT1-1 (residues 1-60), NT1-2 (residues 61-126), 

NT1-1-2-1 (residues 61-93), and NT1-2-2 (residues 94-126) (Figure 2.8A). The 

truncations that contained the 33 amino acids found in the NT1-2-2 truncation (NT1, 

NT1-2, and NT1-2-2) were able to pull down more significantly more Akt1 than the 

constructs that did not (GST, NT1-1, and NT1-2-1) (Figure 2.8B, C; p<0.05). 

 

A 

 

 

 

 

 

 

 
 
Figure 2.8. Akt1 / FAK binding requires the Akt1 kinase domain 
(A) Recombinant GST-FAK truncations NT1 (residues 1-126), NT1-1 (residues 1-60), 
NT1-2 (residues 61-126), NT1-1-2-1 (residues 61-93), and NT1-2-2 (residues 94-126) 
were generated to test their ability to pull down Akt1. (B, C) All truncations containing 
the NT1-2-2 region (NT1, NT1-2, and NT1-2-2) pulled down Akt1. The constructs that 
did not (GST, NT1-1, and NT1-2-1) pulled down a significantly smaller amount (N=4; 
*p<0.05 vs GST control; #p<0.05 vs GST-NT1-1; ^p<0.05 vs GST-NT1-2-1). 
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Figure 2.8 (cont'd) 
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2.2d Discussion 

 Extracellular forces like pressure and shear stress increase the binding affinity of 

surface integrins effectively decreasing the ligand threshold required for cell adhesion 

(Thamilselvan et al. 2004; Basson 2008; Craig, Gayer, and Schaubert 2009). Pressure 

stimulation provides dislodged tumor cells with such a metastatic advantage through a 

mechanism that involves elements such as FAK, Akt1, and Src. Common signaling 

components, these kinases are well-defined pharmacologic targets but also essential to 

normal cell physiology. However, the relationship between FAK and Akt1 presents an 

opportunity to interfere with this protein-protein interaction without compromising other 

catalytic potentials of these kinases. A previous preliminary study suggested that the 

FAK F1 lobe can by itself associate with Akt1 (Basson et al. 2015). Here we 

demonstrate that overexpression of this FAK domain can itself inhibit pressure-induced 

adhesion. While the F1 lobe itself is still quite large, serial truncations demonstrated that 

the interaction between FAK and Akt1 depends upon a 33 amino acid region in the C-

terminal of the FAK F1 lobe. These findings support the possibility of using therapeutics 

modeled after this much smaller region of FAK to disrupt the pressure signaling 

pathway. 

 

 In our model, 15mmHg increased extracellular pressure is achieved through the  

isothermic injection of a filtered 5% CO2/95% air mixture into airtight boxes; 

pressurization occurs at 37°C for 30 min. While CO2 was our gas of choice for its wide 

use in laparoscopic surgery, it should be noted that the exact effect of the type of gas is 

still debated: some groups show CO2 to produce less cell adhesion when compared to 
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nitrogen and helium (Tan et al. 2005) and others show no difference (Ludemann et al. 

2003). Ma and colleagues reported that pure CO2 pressurization, particularly at high 

pressures, actually decreases both the expression of adhesion molecules and the 

adhesive and invasive potential of colon cancer cells (Ma et al. 2009).  Our results here 

and in vivo (Craig, Owen, and Conway 2008), as well as those of others (Zhang et al. 

2009) differ from the report by MA and colleagues. High pressure pure carbon dioxide 

gassing of cell suspensions with limited buffering capacity tends to be associated with 

substantial acidosis (Wildbrett et al. 2003), which is itself very toxic and may thus have 

effects beyond the signaling events studied here. The addition of the 95% room air has 

the added benefit of matching the atmosphere within most cell incubators which helps 

us focus on the impact of just the mechanical forces at work. Previous work from our 

laboratory has demonstrated that pressure stimulates adhesion even when the 

experiment is done in a pure nitrogen atmosphere (Basson et al. 2000). 

 

 Pressure-stimulated adhesion can be blocked and indeed survival improved in 

murine tumor models using either colchicine (Craig, Owen, and Conway 2008) or siRNA 

to alpha-actinin-1 (Craig, Downey, and Basson 2008) to interrupt cytoskeletal 

mechanotransduction, but the concentration of colchicine required to achieve these 

effects is substantially higher than that acceptable in humans, while molecular 

modification by siRNA techniques would be challenging in the clinical setting.  Inhibitors 

that target FAK and Akt1 directly can also prevent pressure-stimulated adhesion in vitro 

(Thamilselvan et al. 2007; Craig, Downey, and Basson 2008; Craig, Gayer, and 

Schaubert 2009).  However, these important kinases have diverse cell functions and 
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blocking either can produce substantial side effects.  For instance, FAK inhibitors such 

as Y15 may cause peritonitis with fatal complications (Golubovskaya et al. 2015, 

Galvez-Peralta et al. 2014). Direct Akt1 blockade reduces cell proliferation in a way that 

diminishes the effect of chemotherapeutic agents reliant on DNA replication (Galvez-

Peralta et al. 2014). Furthermore, agents that act upstream of these kinases may 

manifest varied, bordering unpredictable, consequences. In the case of Akt, the 

triterpene Celastrol decreases osteosarcoma invasion through inhibition of the PI3K/Akt 

pathway (Galvez-Peralta et al. 2014; Yu et al. 2016) yet it promotes myofibril 

hypertrophy by activating the Akt1/ERK1/2 pathway (Gwag et al. 2015). Such examples 

emphasize the benefit of targeting specific protein interactions over general function. 

 

 Mechanical forces recruit FAK and Akt1 to one another to stimulate cancer cell 

adhesion, an interaction not common among previously described signal pathways. This 

force-activated FAK-Akt1 interaction is therefore an enticing target because it may have 

less side effects. While the apparent novelty of this FAK-AKT1 interaction may reflect 

the limits of our knowledge about these kinases, preventing this specific interaction 

seems highly likely to have less off-target effects than the global consequences of 

blocking all catalytic functions of either kinase. We now show that such an interaction 

can be blocked by the expression of FAK fragments modeled after key components 

involved in the binding of these two kinases. 

 

 The FAK molecule is functionally divided into the N-terminal erythrocyte band 

four.1-ezrin-radixin-moesin (FERM) domain (residues 35-362), the central kinase 
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domain (residues 416-676), and the C-terminal focal adhesion targeting (FAT) domain 

(residues 677-1025) (Parsons et al. 2003). The FERM domain both connects 

components of the cell membrane to the cytoskeleton and regulates FAK activity 

(Parsons et al. 2003). The FERM domain is further divided into three lobes: F1 

(residues 35-130), F2 (residues 131-255), and F3 (residues 256-362) (Fig. 2.9). The F2 

lobe regulates FAK catalytic activity by binding the kinase domain and folding the FERM 

over it to physically occlude the active site (Lietha et al. 2007). The F3 lobe exhibits 

homology with regions of other FERM domains that bind the cytoplasmic tails of β 

integrins and ICAM-2 when activated (Ceccarelli et al. 2006). Compared to the rest of 

the FERM domain, less is known about the function of the F1 lobe. However, we have 

consistently shown, before with the F1 lobe in its entirety and here with the FAK NT1-2-

2 region (residues 94-126), that the FAK F1 lobe is involved in Akt1 binding (Basson et 

al. 2015). Furthermore, while the activation site of FAK (tyrosine 397) is outside this 

region, changes to the residues within the F1 lobe, which do not physically contact 

tyrosine 397, are yet capable of triggering FAK activation (Ceccarelli et al. 2006). Such 

an allosteric activation may reconcile the importance of the F1 lobe with the Akt1-

dependent FAK activation seen with pressure stimulation. Additionally, the specificity of 

this relationship is demonstrated by the inability of HA-FRNK (FAK-related non-kinase) 

to binds Akt1. This is noteworthy as FRNK is an established FAK truncation consisting 

of only the FAK C-terminal FAT domain and is often used for its ability to bind, but not 

phosphorylate, FAK targets (Sieg et al. 1999). Specifically, FRNK binds to focal 

adhesion complexes. This further coincides with our findings that pressure induces 

FAK-Akt1 association in suspended cells which have yet to form focal adhesion 
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complexes (Perry et al. 2010). Under this lens, we better understand the involvement of 

the F1 lobe in the FAK-Akt1 interaction. 

 

 The expression of the FAK-NT1 region successfully inhibited the stimulatory 

effect of pressure on cell adhesion in two different cell lines, using transient or stable 

inducible overexpression. This is consistent with previous observations showing binding 

between the NT1 region of FAK and Akt1 (Basson et al. 2015) as well as with the 

postulated necessity of FAK-Akt1 interactions for pressure-induced adhesion to occur 

(Wang and Basson 2011). Taken together, these observations in two different model 

systems strongly support the conclusion that FAK interacts with Akt1 in response to 

pressure stimulation via the FAK-NT1 region. Transient or induced overexpression of 

the GFP-FAK-NT1 plasmid in Caco-2 cells also decreased basal cell adhesion 

suggesting some tonic activity of this force-activated pathway even in the absence of 

increased pressure stimulation. However, FAK-NT1 is 126 amino acids in length.  Such 

a large protein would be challenging either to dose pharmacologically or to mimic with 

small molecule analogs. A parallel set of studies examining Akt1 truncations was not 

able to narrow the Akt1 binding site for FAK down to a single small domain. The FAK 

binding site on Akt1 seems to span across the entirety of the Akt1 kinase domain as 

both N- and C- terminal based truncations of the region were equally capable of pulling 

down FAK (Basson et al. 2015). By contrast, our serial truncation studies of FAK were 

able to narrow down the region on FAK required for Akt1 binding to the 33 amino acid 

sequence in the FAK-NT1-2-2 truncation. Indeed, the FAK-NT1-2-2 region contains a 

segment that is surface accessible and may be responsible for orchestrating the Akt1 
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binding we observe through these pull-down assays (Figure 2.9). About one quarter the 

size of the larger FAK-NT1, this smaller subdomain may prove much easier to model or 

manipulate and may be an important target for future study. 

 

 Ninety percent of cancer deaths are attributed not to the original tumor but to 

metastatic growths (Sporn et al. 1996). Such metastasis requires many steps but one 

key step is the adhesion of disseminated or circulating tumor cells to a remote 

substrate.  Exposure to increased extracellular pressure initiates changes that decrease 

cell motility and thus migratory potential (Kovalenko et al. 2012). At least some of the 

effect of pressure on cell motility may be its influence on β1 integrin subunit 

phosphorylation and thus cell adhesiveness (Flanigan et al. 2009). When this occurs in 

cancer cells after dissemination, the net effect may be to promote new tumor formation 

through the establishment of cell-cell and cell-matrix adhesions (Neal et al. 2011). 

 

 It is noteworthy in this regard that physical forces activate a very different 

pathway in cancer cells that are already adherent (Basson, Zeng, and Downey 2015; 

Walsh et al. 2004; Downet et al. 2011), so that the same stimuli that promote the 

adhesiveness of circulating cells would not be expected to prevent the motility and 

invasion of tumor cells within a primary tumor.  The force-activated pro-adhesive 

pathway targeted here has been observed in malignant cell types including colon 

cancers (Basson et al. 2000), squamous head and neck cancers (Conway et al. 2006), 

breast cancers (Downey et al. 2006), and even sarcomas (Perry et al. 2010). Thus, 

inhibiting this pro-metastatic signal cascade might have substantial benefits for reducing 
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perioperative tumor dissemination and even longer term metastasis from unresectable 

tumors.  Our results here raise the possibility that this pathway might be inhibited by 

interfering with FAK-Akt1 binding, in a fashion that may bypass the off-target effects 

common to currently available therapeutics.  

 

A       B 

 

 

 

 

 

 

 

 

 
 
 
Figure 2.9. Models of the FAK molecule 
Cartoon (A) and surface (B) depictions of the crystal structure of the FAK FERM domain 
containing the F1 (blue/purple/cyan), F2 (orange), and F3 (green) lobes (PDB code: 
2AL6). The NT1-2-2 segment (blue) and its surface accessible region (cyan) are 
contained within the F1 lobe. 
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CHAPTER 3 

Inhibition of pressure-activated cancer cell adhesion by FAK-derived peptides 

 

 

The findings in this chapter have been previously published: 

Bixi Zeng, Dinesh Devadoss, Shouye Wang, Emilie Vomhof-DeKrey, Leslie A. Kuhn, 

Marc D. Basson (2017). Inhibition of pressure-activated cancer cell adhesion by FAK-

derived peptides. Oncotarget, 8(58):98051-98067. 
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3.1 Introduction 

Disseminated tumor cells are pivotal in cancer metastasis. A one centimeter 

tumor sheds one million cells into the circulation daily (Fidler et al. 2005). Surgery may 

facilitate metastasis. Viable tumor cells (Umpleby et al. 1984) can frequently be 

recovered from the peritoneum (Allardyce et al. 1996) or portal or systemic circulation 

during colon cancer resections (Yamaguchi et al. 2000; Hayashi et al. 1999). Although it 

is difficult to distinguish undetected preoperative metastases from metastases arising 

from tumor cells dislodged by surgical manipulation, 0.2-0.5% of potentially curative 

surgical resections are marred by surgical wound recurrence (Nelson et al. 2004). Many 

more patients develop peritoneal dissemination or circulatory metastasis. 15% 

recurrence is seen in endometrial cancer, and a laparoscopic surgery is associated with 

1.14% more wound recurrence than laparotomy (Walker et al. 2012). Since most cancer 

patients die of metastasis, not primary tumors, inhibition of metastasis is highly 

desirable. Perioperative tumor dissemination can turn curative cancer resections into a 

metastatic fatalities. 

 

Exposing suspended colon cancer cells to 15 mmHg increased pressure 

promotes cell adhesion to collagen (Thamilselvan et al. 2007), endothelial monolayers, 

and murine surgical wounds (Craig, Owe, and Conway 2008; Craig et al. 2007). 

Pressure also activates adhesiveness in breast cancer (Downey et al. 2006), squamous 

cell carcinoma (Conway et al. 2006) and sarcoma cells (Perry et al. 2010). Activating 

this pathway potentiates peritoneal dissemination directly impacting survival in animal 

models (Craig, Owen, and Conway 2008; Downey et al. 2006). Shear similarly activates 
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cancer cell adhesion (Thamilselvan et al. 2007; Thamilselvan et al. 2004). 

 

Disseminated tumor cells encounter such forces in various milieus. Circulatory 

pressures range from 5-10 mmHg in the portal vein to 90-120 mmHg in systemic 

arteries. (Pressures are referenced as gauge pressure, the excess beyond the 760 

mmHg atmospheric pressure.) Tumors growing against constrictive stroma exhibit 

average 15-38 mmHg interstitial fluid pressures (Curti et al. 1993). Surgical tumor 

manipulation generates pressures of 1500 mmHg (Dregelid et al.1988) while irrigation 

causes shear. Laparoscopic insufflation elevates intra-abdominal pressure by 15 mmHg 

throughout surgery. Mechanical stimuli, such as pressure (Shiratsuchi and Basson 

2004; Thubrikar and Robicsek 1995; Basson et al. 2015), shear (Thamilselvan et al.  

2004; Huynh et al. 2016), and strain (Zhang et al. 2006; Sadoshima et al. 1997), 

influence physiological and pathological biology. 

 

Pressure and shear activate dual mechanosensitive signaling pathways involving 

the cytoskeleton and paxillin or Src and phosphatidylinositol 3-kinase (PI3K) 

respectively (Basson 2008). These converge at FAK and Akt1, wherein Akt1 

phosphorylates FAK at serines-517/601/695 facilitating FAK activation (Wang and 

Basson 2011). This increases β1-integrin affinity and avidity, lowers the ligand threshold 

required for integrin-mediated cell adhesion, and facilitates tumor dissemination 

(Thamilselvan et al. 2007). This signal pathway occurs in suspended cells. Adherent 

cancer cells, with a different cytoskeletal configuration, respond to increased pressure 

via a different pathway that triggers proliferation (Walsh et al. 2004). Because Akt 
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binding to FAK is uncommon in described signal pathways, we sought to prevent FAK 

activation by targeting this interaction, sparing conventional FAK-activating stimuli, and 

to inhibit this pathway in a more specific manner than typical FAK inhibitors. 

 

The FAK molecule is divided into the N-terminal erythrocyte band four.1-ezrin-

radixin-moesin (FERM) (residues 35-362), the kinase (residues 416-676), and the C-

terminal focal adhesion targeting (FAT) (residues 677-1025) domains (Parsons 2003). 

The FERM domain provides an interface between membrane and cytoskeletal 

components and directs FAK activity (Parsons 2003). The conformation of the kinase 

domain exhibits little change in transition between active and inactive states and is 

therefore thought to be controlled through active site occlusion (Lietha et al. 2007). The 

FAT domain targets FAK to focal adhesions and is required for integrin-mediated FAK 

signaling (Thomas et al. 1999). We have previously shown that FAK-Akt1 binding 

requires neither the FAK kinase nor FAT domains; the highest Akt1 affinity depends on 

FERM domain residues 1-126 (Zeng et al. 2015; Basson et al. 2015). Using structural 

analysis and truncations of this fragment of human FAK as our starting point, we 

dissected the FAK-Akt1 interaction to define a short FAK-derived peptide that interrupts 

said interaction and demonstrated that this peptide inhibits cancer cell adhesion in vitro 

and in vivo and improves survival in a murine model of wound recurrence. 15 mmHg 

increased extracellular pressure was the prototypical force stimulus and wound 

adhesion the prototypical model for perioperative cancer cell metastasis. 
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3.2 Materials and Methods 

Structure-based design of peptidyl epitopes to compete with FAK for binding Akt1 

 The crystal structure of human FAK (PDB 2AL6) and preliminary data showing 

Akt1 pulldown by a truncated 33 amino acid segment of the F1 lobe of FAK designated 

NT1-2-2 (Zeng et al. 2015) suggested that the NT1-2-2 region of FAK binds Akt1 

through a short helical secondary structure accessible from the protein surface. The 33-

residue peptide, NT1-2-2 (residues 94-126, EVHWVH....WKYELRI) includes the second 

and fourth strands from a small β sheet in FAK (labelled β4 and β5 in Figure 3.1D, 

based on their order in the sequence of PDB 2AL6 (Ceccarelli et al. 2006). This peptide 

does not include the third strand, which is needed for β-sheet integrity, so NT1-2-2 

cannot mimic an intact β-sheet. However, the NT1-2-2 peptide does immunoprecipitate 

Akt1 (Figure 3.1A). This suggests that the structurally self-determinate helical region in 

the NT1-2-2 peptide is the epitope involved in Akt1 binding, formed by the α2 helix plus 

a single turn of helix formed by residues 116-118 (PPE) (Figure 3.7). Because 

hydrophobic interactions are important in protein-protein interfaces, we designed 

peptide variants centered on the hydrophobic C-terminal end of α2, followed by the PPE 

motif: LAHPPEE (residues 113-117). Consideration of statistical amino acid preferences 

to occur in α helices, β sheets and reverse (β) turns was augmented by Sequery and 

SSA analysis (Craig et al. 1998; Prevelige et al. 1989) of the preferred 3D 

conformations of tetrapeptide sequences in this region (e.g., LAHP, AHPP, HPPE, etc.) 

across a representative set of 4300 non-homologous structures in the Protein Data 

Bank. We designed mutants of FAK (shown as the LAHPPEE sequence for simplicity) 

or free peptides for competition with FAK as follows: 
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 L113A: AAHPPEE  - Enhanced α helical preference 

 P116N: LAHNPEE  - Similar α helical, β turn preference in the PPE region, 

increased polarity 

 P116C: LAHCPEE - Structurally labile, greater hydrophobicity 

 P116G: LAHGPEE - Stronger turn preference, greater flexibility, less 

hydrophobicity 

 P117K: LAHPKEE - Structurally labile, enhanced polarity 

 P117S: LAHPSEE - More structurally labile and polar 

 Triple mutant L113A, P116N, P117K: AAHNKEE - Enhanced helicity and polarity 

 Triple mutant L113A, P116C, P117G: AAHCGEE - More structurally labile and 

hydrophobic 

 Triple mutant: L113A, P116A, P117A: AAHAAEE - More helical and hydrophobic 

 

Generation and expression of GST fusion proteins 

 Bacterial expression vector pGEX-4T1 (GE Healthcare, Munich, Germany) was 

used as a template to generate mutated and truncated human FAK as GST (Glutathione 

S-transferase) fusion proteins connected by a 12 residue linker. Point mutations (L113A, 

P116C, P116G, P116N, P117K, and P116S) and triple mutants (L113A/P116N/P117K, 

L113A/P116C/P117G, L113A/P116A/P117A) were generated using the Quick Change II 

XL Site-Directed Mutagenesis kit (Agilent Technologies, (Santa Clara, CA). Truncations 

were generated through PCR using forward and reverse primers to direct truncation 

(Table 1). PCR products were introduced into the pGEX-4T1 template between 5' EcoRI 

and 3'XhoI sites. Plasmids were purified via MiniPrep (QIAGEN, Valencia, CA) before 
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sequencing. BL21 competent E. coli (New England Biolabs, Ipswich, MA) were 

transformed with appropriate plasmids, and IPTG-induced. 

 

Table 1: PCR forward primers for FAK truncations 
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Glutathione S-transferase pull-down 

 Glutathione-Sepharose-4B beads (30 μl) (GE Healthcare Life Science, 

Pittsburgh, PA) were conjugated with GST (expressed protein from a 250 μl bacterial 

pellet per 30 μl of beads) or recombinant GST-tagged (expressed protein from a 3 ml 

bacterial pellet per 30 μl of beads) (24) and incubated with lysate from 2x107 Caco-2 or 

SW620 cells (1500 μg protein) or purified Akt1 (0.35 μg) (Origene, Rockville, MD) 

overnight at 4°C. Similar incubation for two hours at 4°C was performed with FAK-

derived peptides (95% purity by HPLC) (Peptide 2.0, Chantilly, VA) reconstituted in 

sterile water and mixed with conjugated beads and cell lysate for a final concentration of 

160mM before overnight Akt1 incubation. Bound protein was eluted for western analysis 

(Wang and Basson 2011). 

 

Adenovirus vector construction and production 

 cDNA coding a seven amino acid segment from the F1 lobe of FAK (FAK-Helix, 

a.a. 113-119 LAHPPEE) and a scrambled version of this sequence (FAK-HelixScr, 

HPELAPE) were cloned in-frame into the MCS region of separate pShuttle-CMV vectors 

(Agilent, Santa Clara, CA) using forward primers that added 5'-NotI and reverse primers 

that added 3'-HindIII restriction sites (FAK-Helix forward, 5'-

CCGTCGACGCGGCCGCATGCTTGCTCACCCACCAGAGGAGTAA-3' | FAK-Helix 

reverse, 5'-TCTTATCTAGAAGCTTTTACTCCTCTGGTGGGTGAGCAAGCAT-3') (FAK-

HelixScr forward, 5'-

CCGTCGACGCGGCCGCATGCACCCAGAGCTTGCTCCAGAGTAA-3' | FAK-HelixScr 

reverse, 5'-TCTTATCTAGAAGCTTTTACTCTGGAGCAAGCTCTGGGTGCAT-3'). The 



 

89 

PCR did not use template DNA as forward and reverse primers collectively spanned the 

entire product. Recombinants were generated per manufacturer's protocols (AdEasy, 

Agilent, Santa Clara, CA), selected using kanamycin resistance, confirmed by 

sequencing, amplified in XL10-gold ultracompetent cells, purified, PacI-linearized, and 

transfected into HEK293 cells to produce adenoviral vectors coding for FAK-Helix (Ad-

FAK-Helix) and the FAK-HelixScr (Ad-FAK-HelixScr). Viral particles were expanded and 

collected per manufacturer's protocols, and passed through a Fast-Trap Adenovirus 

Purification and Concentration kit (EMD Millipore, Darmstadt, Germany) before reading 

OD at 260nm. Viral titer was calculated as one A260 unit to 1012 viral particles with a 

50:1 ratio of particles to infectious particles via agarose overlay per manufacturer's 

protocols (not shown). 

 

Pressure regulation 

 Pressure was controlled using an airtight apparatus previously described, 

pressurized with filtered 5% CO2/95%, and maintaining temperature, pressure, pO2, 

pCO2, and pH (Basson et al. 2000). 

 

Cell adhesion studies 

 SW620 colorectal adenocarcinoma cells (ATCC, Manassas, VA) at 90% 

confluence were split 1:4 two days previously to achieve 50-60% confluence on the day 

of adhesion assay. SW620 cells were trypsinized, plated randomly at 5x104 cells/well, 

and allowed to adhere to collagen-I-coated plates for 30 minutes at 37°C under ambient 

or 15mmHg increased pressure (Basson et al. 2000). After 30 minutes, non-adherent 
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cells were washed away with warm PBS. Ambient and pressure-treated plates were 

encoded to prevent treatment identification during washing. Adherent cells were 

incubated for 1 hour at 37°C with CellTiter 96 Aqueous One Solution Reagent 

(Promega, Madison, WI), and absorbance measured at 490nm with an Epoch plate 

reader (Biotek, Winooski, VT). For adenoviral experiments, SW620 cells were grown to 

90% confluence in a T25 flask (Corning, Corning, NY) before viral infection (13x 103 

vp/cell) for 1 hour before replacing infection media with growth media. After 24 hours, 

infected SW620s were replated in new T25 flasks at a 1:4 ratio. At 72 hours, adhesion 

was assayed as above.  Cells were used within ten passages and authenticated by 

ATCC. 

 

Phosphorylation 

 SW620 cells were transfected with Ad-FAK-Helix or Ad-FAK-HelixScr for 72 

hours, trypsinized, and exposed to ambient or 15mmHg increased pressure for 30 

minutes at 37°C in growth media in 48 well plates pacificated with 1% heat-inactivated 

BSA in PBS (to prevent adhesion). SW620 cells allowed to adhere to collagen-I-coated 

plates for 30 minutes at 37°C were positive controls. Cells were lysed for western 

analysis. 

 

Cell proliferation 

 SW620 colorectal adenocarcinoma cells were seeded at 104 cells/well on 96 well 

plates, recovered at 37°C for 12 hours, allowed 24 hours for proliferation, and counted 

using CellTiter 96 Aqueous One Solution Reagent as above. In adenoviral studies, 
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SW620 cells were transfected with Ad-FAK-Helix or Ad-FAK-HelixScr 60 hours before 

plating on 96 well plates. For nonsurvival wound adhesion studies, cells were dyed with 

10μM Tag-it Violet proliferation and cell tracking dye (BioLegend, San Diego, Ca), or 

equivalent amounts of DMSO vehicle. 

 

FAK-Akt1 coimmunoprecipitation  

 Coimmunoprecipitations were performed as previously (Craig et al. 2007) using 

mouse monoclonal antibodies to Akt1 (CST, Beverly, MA) and HA (Convance, Berkley, 

CA).  

 

Transfections 

SW620 cells were transfected using Lipofectamine 2000 reagent (ThermoFisher, 

Waltham, MA) and HA-FAK(WT) plasmid (from Dr. JL Guan). Cells were grown in T75 

flasks until 80% confluent, replated into 6 well plates at 80% confluence, and 

transfected 12 hours later per manufacturer's protocols. 

 

Western Blotting 

 Protein concentrations were determined by bicinchoninic acid (BCA) protein 

assay (Pierce, Rockford, IL). Eluate from GST pull-downs or collected cell lysates was 

resolved by SDS-PAGE and transferred to Hybond P 0.45 PVDF blotting membrane 

(Amersham Life Science, Arlington Heights, IL). Membranes were blocked for 1 hour at 

room temperature with Odyssey TBS Blocking Buffer (Amersham Life Science, Arlington 

Heights, IL) and blotted overnight at 4°C with antibodies against FAK (#3285), Phospho-
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FAK Tyr397 (#3283), Akt1 (#2967), Phospho-Akt1 Ser473 (#9271), GSK-3β (#9315), 

Phospho-GSK-3β Ser9 (#9315), or the GST tag (#2624) (CST, Beverly, MA). 

Membranes were visualized by the infrared fluorescent IRDye system (LI-COR 

Biosciences, Lincoln, NE) and analyzed on an Odyssey scanner (LI-COR Biosciences, 

Lincoln, NE) within the linear range. Results were normalized to the appropriate GST 

tag, GAPDH, or total protein (for phosphorylated proteins) and relative to associated 

ambient controls unless stated otherwise.   

  

Akt1 frequently appears in published Western blots (Ko et al. 2016; Wu et al. 

2017; Datta et al. 1997; Li et al. 1999) as a doublet. The reason for this is not entirely 

clear, but may represent altered phosphorylation states or other post-translational 

modifications of the molecule yet to be clarified. The cell line studied and its phenotype 

in the experiment in question, the amount of protein loaded and concentration of 

primary and secondary antibody, the percentage of the SDS-PAGE used to resolve the 

proteins, and numerous other factors may influence this.  The densitometric data 

presented here considers Akt1 as the sum of the intensity of each of the two doublets 

per lane.  

 

Wound implantation 

 SW620 colorectal adenocarcinoma cells were transfected with Ad-FAK-Helix or 

Ad-FAK-HelixScr. After 72 hours, cells for nonsurvival studies were trypsinized and dyed 

with 10μM Tag-it Violet (BioLegend, San Diego, Ca) per manufacturer's protocols; 

survival studies used undyed cells. Cells were incubated for 30 minutes at 37°C under 
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ambient or 15mmHg increased pressure in a 48 well plate pacificated with 1% heat 

inactivated BSA in PBS to prevent adhesion to the plate. These cells were then 

collected and washed in warm PBS. In nonsurvival studies, 1 cm groin incisions were 

made bilaterally in 6-7 week old 22.9-24.2 gram male BALB/cAnNHsd mice (Envigo, 

Haslett, MI) anesthetized i.p. with ketamine (100mg/kg), xylazine (10mg/kg), and 

acepromazine (3mg/kg). In survival studies, a single 1 cm groin incision was made in 6-

7 week old 22.9-24.2 gram male athymic nude- Foxn1nu mice (Envigo, Haslett, MI) 

anesthetized with continuous inspired 1-2% IsoFlo (Abbott Laboratories, North Chicago, 

IL) in oxygen.  A 50 μl suspension ambient or increased pressure of 5x105 cells was 

randomly applied to the wounds. After 30 minutes, the fluid was aspirated and the 

wounds were washed with warm phosphate buffered saline six times to remove 

nonadherent cells. In nonsurvival studies, the mice were euthanized following wound 

irrigation, and wounds were excised to quantify tumor adhesion by fluorescence-

activated cell sorting (FACS). The excised wound tissue was mechanically (paired 

scissors) and then enzymatically (3 ml/sample collagenase incubation for 1hour at 37°C 

with agitation) disaggregated before passage through a cell strainer and 20 minute room 

temperature incubation in BioLegend fixation buffer (BioLegend, San Diego, Ca). Fixed 

cells were resuspended in PBS with 5%FBS and Tag-IT dye. Fluorescence and cellular 

auto-fluorescence were detected using a LSR flow cytometer (BD Biosciences, San 

Jose, CA) with a filter for Pacific Blue (ex/em 410/455). In survival studies, the wounds 

were instead closed and followed as described (Craig, Own, and Conway 2008). Animal 

studies were sized to yield 95% confidence with 80% power and approved by the 

Institutional Animal Care and Use Committee of the University of North Dakota. 
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Statistics 

Data are expressed as mean±SEM. Results were compared by Student's 

unpaired t-test and log-rank test as appropriate seeking 95% confidence. In vivo studies 

were analyzed by Mantel-Haenszel testing. Assays were within linear ranges.  

 

3.3 Results 

GST-FAK fusion proteins pull-down purified and endogenous Akt1, is modulated 

by mutations, and persists in NT1-2-2 truncations  

 Based on Western blots comparing band intensity of 0.001-0.05 micro gram/lane 

of purified Akt1 against the band intensity of 40 or 80 micro gram/lane of cell lysate (not 

shown), we used 0.3 μg of purified Akt1 in pull-down assays to approximate the Akt1 in 

1,500 μg of whole cell lysate, the lysate from 1x107 SW620 cells previously used in 

similar pull-down assays. GST-FAK-NT1-conjugated Sepharose beads pulled down 

Akt1 after overnight incubation with either cell lysate or purified Akt1 (Fig. 3.1A), 

suggesting that FAK and Akt1 bind directly without intermediary or scaffolding proteins. 

  

We examined the role of a short helical secondary structure (LAHPPEE) using 

mutated variants of FAK-NT1 (Fig. 3.1B). FAK-NT1 is a larger truncation of FAK 

encompassing the NT1-2-2 region of interest; it is sufficient to pull down Akt1 and was 

chosen as a conservative platform that could support the native folding of the NT1-2-2 

region in our mutation assays (Basson et al. 2015). Of the nine mutants studied, Akt1 

binding affinity was significantly different from that of the wild-type F1 lobe for 

FAK(P117S) and (L113A/P116C/P117G) (Fig. 3.1B,C). FAK(P117S) was designed to 
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increase short helix rigidity and lowered Akt1 pull-down (p < 0.005, N=11).  

A 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.1.  Interaction of Akt1 with FAK truncations 
(Fig. 3.1A) GST-FAK-NT1 conjugated beads pulled down purified Akt1 (N=3). The 
western blot shows the amount of Akt1 (prey, 60 kDa) signal relative to the amount of 
GST-FAK-NT1 (bait, estimated 35 kDa) signal. (Fig. 3.1B) The western blot shows the 
amount of Akt1 (prey) signal relative to the amount of GST-FAK-NT1 or FAK mutant 
(bait) signal (representative blot). (Fig. 3.1C) Densitometric data was analyzed as the 
percentage of Akt1 signal over GST fusion protein signal, which was then normalized to 
the wild-type NT1. (n=8-19, * p<0.005 vs. the GST-FAK NT1 wild-type). (Fig. 3.1D) The 
amino acid sequence of the NT1-2-2 peptide with the corresponding secondary 
structures are shown; the β-helices are shown in green, the α-helix in gray, and the 
short helix in cyan. The cartoon representations of the secondary structures present in 
each truncation correspond to the constructs found in the table to the left. (Fig. 3.1E) 
The western blot shows the amount of Akt1 (prey) signal relative to the amount of 
GST/GST-FAK truncation (bait) signal. The low molecular weight of the truncations 
impedes the differentiation between GST-FAK truncations and unbound GST tags. (Fig. 
3.1F) Densitometric data was analyzed as the percentage of Akt1 signal over GST 
fusion protein signal and then normalized to the Akt1 pulldown from the NT1-2-2  
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Figure 3.1 (cont'd) 

construct. All truncations pulled down significantly more Akt1 than did the GST control (n 
= 6, * p < 0.05 vs. GST). Western blots were probed for Akt1 (top) and GST (bottom). A 
marker (M) and the amount of Akt1 signal produced by 40 μg of SW620 whole cell 
lysate control were used as a references. 
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Figure 3.1 (cont'd) 
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Figure 3.1 (cont'd) 
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Conversely, the triple mutant FAK(L113A/P116C/P117G) aimed to destabilize the region 

and consequently increased Akt1 pull-down (p < 0.005, N=14) (Fig. 3.1C). Single 

mutants with increased helicity, FAK(L113A), or altered short helix hydrophobicity, 

FAK(P116N), (P116C), (P116G), and (P117K), did not change Akt1 pull-down. The triple 

mutants FAK(L113A/P116N/P117K) and FAK(L113A/P116A/P117A) that increased 

helicity did not significantly change Akt1 pull down. Altogether, FAK NT1 pull-down of 

Akt1 is altered by point mutations to this short helical region. 

  

To investigate the importance of individual subdomain structures within NT1-2-2 

in FAK-Akt1 binding, we generated four variants that successively excluded secondary 

structures in the N- and C-terminal of the short helical segment while preserving the 
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short helix itself (Fig. 3.1D). We challenged these truncated versions of NT1-2-2 by Akt1 

pull-down. We observed some non-specific GST-binding of Akt1, but NT1-2-2 pulled 

down much more. Truncation did not interfere with the Akt1-binding of the larger 

sequence (Fig. 3.1E). 

 

NT1-2-2 derived peptides inhibit FAK pull-down of Akt1 

 To minimize the effect of non-specific binding to GST, we next used the larger 

FAK-NT1 (relative to GST) as bait and assessed the effects of the NT1-2-2 FAK 

truncations as interfering peptides. The wild-type 33 amino acid peptide (Pep-FAK-NT1-

2-2) reduced binding between GST-FAK-NT1 and Akt1.  A scrambled 33 amino acid 

control peptide containing the same amino acids in a different order.   (Pep-FAK-NT1-2-

2Scr) did not (Fig. 3.2A, B). We subsequently used full length GST-FAK as bait to 

further validate the ability of the interfering peptide to block Akt1 interaction with the 

entire FAK molecule. Because the seven amino acid sequence from the short helix 

(LAHPPEE) seemed sufficient for Akt1 binding in figure 3.1E above, we focused on this 

seven amino acid sequence and mutants thereof. Bacterial production of GST and GST-

FAK is not equal despite being under the control of identical promoters. In Figure 3.2C, 

lane 2 used GST alone as the bait protein and produced a large, low weight band while 

samples that used GST-FAK as bait (lanes 3-8) show multiple bands, which may be the 

breakdown products of the original GST-FAK construct. We matched the GST in all 

lanes to provide a conservative negative control. Despite the relatively higher amount of 

GST bait protein over GST-FAK, all GST-FAK constructs pulled down significantly more 

Akt1 than the GST alone. Wild-type LAHPPEE and mutant (LAHPSEE and AAHCGEE) 



 

100 

versions of the FAK peptide reduced Akt1 pulldown by human wild type GST-FAK in the 

presence of vehicle alone  
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Figure 3.2. Truncated FAK mutants modulate pull down of Akt1 
(Fig. 3.2A, B) Treatment with the wild-type 33 amino acid peptide (Pep-FAK-NT1-2-2) 
reduced the amount of Akt1 pulled down by GST-FAK-NT1 vs. vehicle; the scrambled 
peptide (Pep-FAK-NT1-2-2Scr) did not have any effect (n = 4, * p < 0.05 vs. vehicle-
treated GST-FAK-NT1). (Fig. 3.2C) Studies parallel to those in Figure 3.2B, but which 
used GST-FAK as bait and interfering peptides 7 amino acids in length, showed 
decreased Akt1 pulldown with the addition of wild type or mutant FAK peptides. (Fig 
3.2C)The GST probed western (bottom) shows more bands as the full-length GST-FAK 
(150 kDa) yields more break down products. (Fig. 3.2D) Incubation with the wild-type 
(LAHPPEE) or mutant (LAHPSEE and AAHCGEE) peptides reduced Akt1 pulldown 
compared to the vehicle. No such effect was seen after incubation with the scrambled 
(HPELAPE) or β-strand (WKYELRI) control (n = 12-14, * p < 0.05 vs. vehicle treated 
GST-FAK). All peptides were used at a concentration of 160 μM. Ribbon (Fig. 3.2E) and 
surface (Fig. 3.2F) depictions of the crystal structure of the FAK FERM domain  
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Figure 3.2 (cont'd) 

containing the F1 (magenta, green, cyan and blue), F2 (orange), and F3 (yellow) lobes 
(PDB entry 2AL6 (30)), rendered by PyMOL (v. 1.8.2.2; Schrodinger LLC, NY). (Fig. 
3.2G) Close-up of the FAK NT1-2-2 peptide region based on the crystal structure of 
chicken FAK, which is highly similar in sequence. Relative to (Fig. 3.2E) and (Fig. 3.2F), 
the view in panel (Fig. 3.2G) is rotated by 180° about the z-axis (perpendicular to the 
plane of the page), to better view the LAHPPEE epitope (residues 113-117). All 
renderings of the NT1-2-2 segment show secondary-structures β4 and β5 in green, α2 
in cyan, and the short PPE helix in dark blue. 
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Figure 3.2 (cont'd) 
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Figure 3.2 (cont'd) 
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(Fig. 3.2C, D). Neither a scrambled version of the short helix (HPELAPE) nor a peptide 

derived from the β-strand secondary structure C-terminal adjacent to the short helix 

(WKYELRI) interfered with pulldown. The location of the LAHPPEE peptide within the 
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FAK molecule is shown in ribbon (Fig. 3.2E) and surface (Fig. 3.2F) renderings of the 

crystal structure of the FAK FERM domain (PDB entry 2AL6 (30)). The NT1-2-2 

segment is located mostly on the surface of the F1 domain (magenta, green, cyan and 

blue) and is colored as shown in Fig. 4.1D, with β4 and β5 in green, α2 in cyan, and the 

short PPE helix in dark blue. A magnified version of the FAK NT1-2-2 peptide region 

(Fig. 3.2G) shows the β4 and β5 in green, α2 in gray (left), and the LAHPPEE short 

helix in dark blue (upper left). 

 

Both pressure-induced phosphorylation of FAK, but not Akt1 or GSK-3β, and 

pressure-induced HA-FAK, Akt1 coimmunoprecipitation are inhibited in SW620 

infected with adenovirus expressing FAK-derived peptides 

 We created adenoviral vectors to deliver the wild type sequence LAHPPEE (Ad-

FAK-Helix) or the scrambled HPELAPE (Ad-FAK-HelixScr) into intact human SW620 

colon cancer cells and assessed pressure-induced signaling. 15mmHg increased 

pressure stimulated FAK Tyr397 phosphorylation (145±10%) in cells infected with the 

scrambled Ad-FAK-HelixScr control vs. cells at ambient pressure (Fig. 3.3A, B). In 

contrast, pressure did not stimulate FAK Tyr397 phosphorylation in cells infected with 

Ad-FAK-Helix, overexpressing the native FAK-derived seven amino acid sequence. 

Pressure-induced FAK and Akt1 phosphorylation is initiated by cytoskeletal 

mechanosensing in suspended cells (Thamilselvan et al. 2007) independent of 

traditional adhesion-induced signaling, which begins with surface integrin binding and 

progresses inward activating associated proteins. Adhesion to collagen I induced FAK 

Tyr397 phosphorylation in both Ad-FAK-HelixScr and Ad-FAK-Helix infected cells 
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similarly (Fig. 3.3B), suggesting the specificity of the effect of LAHPPEE in inhibiting 

FAK-Akt1 interaction. Because pressure stimulates Akt1 Ser473 phosphorylation and 

Akt1 activation before Akt1 phosphorylates FAK (Wang and Basson 2011), we predicted 

that LAHPPEE would not interfere with other aspects of Akt1 signaling. Neither virus 

inhibited pressure-induced Akt1 Ser473 phosphorylation (consistent with the model that 

Akt1 activation by pressure occurs upstream of Akt1-FAK interaction) or adhesion-

induced Akt1 Ser473 phosphorylation (Fig. 3.3C). We examined phosphorylation 
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Figure 3.3. 7-Residue FAK peptide inhibits pressure-stimulated phosphorylation 
(Fig. 3.3A) Lysate from Ad-FAK-HelixScr and Ad-FAK-Helix infected cells exposed to 
ambient (A) or 15 mmHg (P) while in suspension, or allowed to adhere to collagen I 
(Adh) were probed for phospho- (top) and total (bottom) FAK, Akt1, and GSK3B. Blots  
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Figure 3.3 (cont'd) 

were cut at the level of 75 kD, and the higher weight bands were incubated with 
pFAK/FAK (125 kDa) antibodies while the lower weight bands received pAkt1/Akt1 (60 
kDa) and pGSK3B/GSK3B (46 kDa) probes. (Fig. 3.3B) In suspended cells, pFAK 
increased following 15 mmHg exposure vs. exposure to ambient atmosphere in Ad-
FAK-HelixScr, but not Ad-FAK-Helix, infected cells. In contrast, adhesion increased FAK 
phosphorylation over suspended cells at ambient pressure in both Ad-FAK-HelixScr and 
Ad-FAK-Helix infected cells. (n = 4-8, * p < 0.05 vs. ambient Ad-FAK-HelixScr, # p < 
0.05 vs. 15 mmHg Ad-FAK-HelixScr) (Fig. 3.3C) Both Ad-FAK-HelixScr and Ad-FAK-
Helix virus infected cells exhibited increased Akt1 phosphorylation after exposure to 15 
mmHg pressure as well as after adhesion. (n = 4-8, * p < 0.05 vs. ambient Ad-FAK-
HelixScr, # p < 0.05 vs. 15 mmHg Ad-FAK-HelixScr) (Fig. 3.3D) GSK-3β 
phosphorylation also increased in both the virus treated cells in response to adhesion; 
however, in pressure treated groups, GSK-3β phosphorylation decreased in the Ad-
FAK-HelixScr but not the Ad-FAK-Helix virus treated cells (n = 4-8, * p < 0.05 vs. 
ambient Ad-FAK-HelixScr). (Fig. 3.3E) HA/HA-FAK coimmunoprecipitated Akt1 (top) to 
produce a western signal which was normalized to the respective amount of FAK signal 
(bottom). The samples are grouped by viral infection, uninfected (Control), Ad-FAK-
HelixScr, or Ad-FAK-Helix, and then subdivided by exposure to ambient (A) or 15 mmHg 
pressure (P). All cells were transfected with HA-FAK except the HA-Ctrl cells which 
were transfected with a plasmid expressing the HA tag alone. A marker (M) and 40 μg of 
SW620 whole cell lysate were used as a references for Akt1 and FAK. (Fig. 3.3F) 
Exposure to pressure increased Akt1 coimmunoprecipitation in control SW620 cells or 
cells infected with Ad-FAK-HelixScr. Pressure did not increase Akt1 
coimmunoprecipitation in SW620 cells infected with Ad-FAK-Helix (n = 6, * p < 0.05 vs. 
ambient pressure, # p < 0.05 vs. 15 mmHg Ad-FAK-HelixScr). 
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Figure 3.3 (cont'd) 
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Figure 3.3 (cont'd) 
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of the Akt target protein GSK-3β after adhesion to further evaluate the potential for 

peptide overexpression to modulate Akt1 downstream signaling. Cell adhesion 

stimulated GSK-3β Ser9 phosphorylation similarly in Ad-FAK-HelixScr-infected and Ad-
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FAK-Helix infected cells (Fig. 3.3D). Interestingly, pressure had an unanticipated 

inhibitory effect on GSK-3β phosphorylation. 

  

We have previously demonstrated that pressure stimulates FAK-Akt1 interaction 

in intact SW620 cells, transfected with HA-FAK before immunoprecipitation with anti-HA 

to amplify the signal produced by basal FAK-Akt1 interaction (Thamilselvan et al. 2007; 

Wang and Basson 2011). We now performed parallel studies to validate our in vitro 

findings in intact cells, using adenoviral infection to introduce FAK-derived peptides (Fig. 

3.3E). Consistent with published observations (Wang and Basson 2011), pressure 

increased co-precipitating Akt1 from uninfected SW620 cells vs. cells at ambient 

atmospheric pressure. Infection with Ad-FAK-Helix blocked this effect. Ad-FAK-HelixScr 

did not (Fig. 3.3F). Due the size of the FAK-derived peptide as well as the region of FAK 

from which it was derived, Western blots using FAK antibody probes are unable to 

detect the presence of our peptide. However, q-RT-PCR analysis of the helical and 

scrambled peptide messages suggested similar expression in infected cells (not 

shown). 

 

FAK-derived peptide overexpression prevents pressure-induced SW620 cell 

adhesion but does not affect proliferation 

 We hypothesized that peptide overexpression would similarly inhibit pressure-

stimulated adhesion, the downstream consequence of pressure-activated FAK 

phosphorylation. Equal numbers of virus-treated cells were seeded onto collagen-I-

coated plates under ambient or increased pressure for 30 minutes. The plates were 
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washed in blinded fashion to remove nonadherent cells. The remaining adherent cells 

were quantified by MTS assay. Pressure-induced adhesion was inhibited by Ad-FAK-

Helix infection but not by Ad-FAK-HelixScr (Fig. 3.4A). Increased pressure stimulates 

cancer cell proliferation by a different mechanism (Craig et al. 2007; Basson et al. 2015;   
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Figure 3.4. A FAK-derived peptide blocks pressure stimulation of adhesion but 
not pressure stimulation of proliferation 
(Fig. 3.4A) Exposure to elevated pressure increased adhesion by SW620 cells infected 
with the Ad-FAK-HelixScr virus vs. ambient pressure. Adhesion by cells infected with the 
Ad-FAK-Helix virus did not change in response to increased pressure and was not 
different at ambient pressure from the adhesion of cells infected with Ad-FAK-HelixScr 
at ambient pressure. (n = 8, * p < 0.05 vs. the paired ambient pressure group, # p < 0.05 
vs. 15 mmHg Ad-FAK-HelixScr). (Fig. 3.4B) In adherent cells, exposure to increased 
pressure stimulated cell proliferation in control (uninfected), Ad-FAK-HelixScr infected, 
and Ad-FAK-Helix infected SW620 cells (n = 4, * p < 0.05 vs. the paired ambient 
pressure group). 
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Figure 3.4 (cont'd) 
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Walsh et al. 2004). We examined the effect of Ad-FAK-Helix on ambient and pressure-

stimulated SW620 proliferation to determine whether observed changes in FAK 

signaling and adhesion might reflect non-specific disruption of cell physiology. Neither 

proliferation at ambient pressure nor the mitogenic effect of increased pressure was 

affected by either Ad-FAK-HelixScr or Ad-FAK-Helix. (Fig. 3.4B). 

 

Infection with adenovirus expressing FAK-derived peptides inhibits pressure-

stimulated wound-implantation 

 Since physiologic tissues are more complex than purified matrix proteins, we 

investigated SW620 cell adhesion to surgical wounds in BALB/c mice. SW620 cells 

infected with either Ad-FAK-HelixScr or Ad-FAK-Helix were labeled with Tag-it Violet 



 

112 

dye, exposed to ambient or 15 mmHg increased pressure for 30 minutes in suspension 

and seeded into standardized murine surgical wounds. After 30 minutes, copious 

irrigation removed non-adherent cells as in surgical settings. After sacrifice and wound  

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 3.5. A FAK-derived peptide blocks pressure stimulation of adhesion of 
cancer cells to murine surgical wounds 
Tag-it-labeled, Ad-FAK-HelixScr virus treated cells displayed increased wound 
implantation under elevated pressure conditions, after assay by complete excision of the 
wound and flow cytometric quantitation of labelled cells in wound tissues. Treatment 
with the Ad-FAK-Helix blocked this effect (n = 14, * p < 0.05 vs. the paired ambient 
pressure group, # p < 0.05 vs. 15 mmHg Ad-FAK-HelixScr). 
 

excision, adherent SW620 cells were distinguished from mouse tissue by fluorescence-

activated cell sorting (FACS) for the Tag-it Violet dye. The dye was non-toxic and did not 

alter proliferation (not shown). Pressure activation increased Ad-FAK-HelixScr-infected 

cell implantation into wound tissue. Ad-FAK-Helix infection blocked this effect (Fig. 3.5). 
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Infection with adenovirus expressing FAK-derived peptide reduces subsequent 

murine tumor development by pre-exposure of implanted tumor cells to elevated 

pressure 

 We next investigated whether such differences in cell adhesion alter tumor 

development. Using similar methodology, suspended cells from each of four conditions 

(ambient or increased pressure, infected with Ad-FAK-HelixScr or Ad-FAK-Helix) were 

relabeled to blind the surgical investigator and seeded into surgical wounds in mice. 

After 30 minutes, the wounds were washed six times with warm PBS and closed. The 

mice were observed for 90 days during which tumors were assessed as palpable or 

non-palpable (Fig. 3.6A) and palpable tumors were measured to provide objective data 

(Fig. 3.6B). Mice were euthanized at a 500 mg tumor burden per veterinary 

recommendations. In the mice implanted with Ad-FAK-HelixScr cells, 52% from the 

ambient pressure group eventually developed palpable tumors, with an average tumor-

free survival time of 27 days, and a mean 500 mg tumor-burden by 58 days. In the mice 

that received pressure-activated Ad-FAK-HelixScr cells, 68% developed palpable 

tumors. Average tumor-free survival and time to maximum tumor burden decreased to 

24 and 50 days, respectively. Log-rank analysis of both the time to palpable tumor and 

time to 500 mg tumor burden curves demonstrated statistically significant effects of 

pressure pre-activation in mice that received Ad-FAK-HelixScr cells (p < 0.05, N=83). In 

contrast, pressure pre-activation did not worsen survival in mice that received Ad-FAK-

Helix cells. The mean average tumor-free survival remained at 27 days for mice 

receiving Ad-FAK-Helix cells previously exposed to either ambient or increased 

pressure.  Indeed, the time till maximum tumor burden increased from 52 days in the 
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ambient pressure group to 55 days in the increased pressure group (p < 0.05, N=83) 

and the percentage of palpable tumors decreased (but not statistically significantly) from 

60% in the ambient group to 46% in the increased pressure group. 

 

A 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6. Effects of transient expression of a FAK-derived peptide on 
subsequent tumor development in a model of surgical wound occurrence 
Murine tumor development and tumor-free survival were evaluated after exposing 
standardized surgical wounds to SW620 tumor cell suspensions for 30 minutes and 
then irrigating copiously before wound closure. Before implantation, the cells were 
infected with Ad-FAK-HelixScr or Ad-FAK-Helix and exposed to ambient pressure or 15  
mmHg increased pressure. (Fig. 3.6A, B) The Kaplan-Meier graphs document palpable 
tumor development and population survival (as represented by the absence of tumors 
500 mg in mass) over time. The data were analyzed by Mantel-Haenszel testing. * 
indicates p < 0.05 vs Ad-FAK-HelixScr infected ambient pressure control. 
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Figure 3.6 (cont’d) 
 
B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

3.4 Discussion 

Physical forces evoke signaling responses across diverse cells by different 

mechanisms. The potentiation of adhesion in suspended cancer cells by a force-

activated pathway represents a target for inhibiting metastasis, and the uncommon FAK-

Akt1 interaction essential for this pathway seems an attractive target because blocking it 

may not affect other FAK signaling. Our results demonstrate that Akt1 interacts with FAK 

directly without an intermediary protein, likely via a short helix on the surface of the FAK 

F1 lobe, and that this FAK-Akt1 interaction can be blocked by peptides derived from 

said F1 lobe. Indeed, adenoviral delivery of this peptide into intact cancer cells blocks 

both pressure-activated signaling and consequent increases in cell adhesion without 

interfering with other aspects of FAK or Akt1 signaling. Finally, while adenoviral peptide 
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delivery may not be a practical therapeutic modality, our findings suggest that 

interventions using or mimicking the FAK-derived peptide may translate to in vivo 

models and increase tumor-free survival by mitigating pressure-stimulated tumor 

adhesion. 

 

FAK-Akt1 signaling has recently been described in several contexts with respect 

to malignancy. FAK (Leng et al. 2016) and Akt1 (Riggio et al. 2017) are important 

kinases in a common pathway in cancer cells, and increased extracellular pressure 

induces Akt1 to phosphorylate FAK at serines 517/601/695 and threonine 600 (Wang 

and Basson 2011). The GST-FAK pull-down of Akt1 from cell lysate and of purified Akt1, 

as well as co-precipitation of FAK and Akt1 from intact cells suggests a direct interaction 

between FAK and Akt1 independent of scaffolding proteins. Considered with our 

previous data characterizing FAK as a substrate of Akt1, this pull-down data provides 

the impetus behind our efforts to identify the region of FAK responsible for binding Akt1 

(Wang and Basson 2011). Successive truncations revealed a seven residue sequence 

(residues 113-119 LAHPPEE) containing a short helix on the surface of the F1 lobe of 

the FAK FERM domain that was capable of pulling down Akt1. Furthermore, mutations 

in this region proved sufficient to alter Akt1 affinity. To address the size discrepancy 

between the GST tag and our shorter truncations, we reproduced the pull-down studies 

between wild-type GST-FAK and Akt1 with the addition of peptides modeled after the 

FAK short helix. The ability of this region to inhibit GST-FAK pull-down of Akt1 as an 

interfering peptide is consistent with its ability to bind Akt1 as a bait protein. The 

specificity of this interference is suggested by the inability to produce such effects using 
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either a scrambled version of this short helix or a FAK-derived β-strand, the secondary 

structure found COOH-terminally adjacent to the short helix in the wild-type FAK 

sequence. 

 

Pressure requires FAK-Akt1 interaction to stimulate FAK tyrosine-397 

autophosphorylation and activation (Wang and Basson 2011). The FAK F1 lobe appears 

sufficient to bind Akt1 (Basson et al. 2015). The FERM domain includes three lobes: F1 

(residues 35-130), F2 (residues 131-255), and F3 (residues 256-362) (Fig. 3.2E, F). The 

F2 lobe binds the kinase domain to fold the entire FERM domain over the kinase, 

inhibiting FAK catalytic activity by active site denial (Lietha et al. 2007). The F3 lobe 

contains a site homologous to other FERM domains that, upon activation, binds 

cytoplasmic tails of β-integrins and ICAM-2 (Ceccarelli et al. 2006). It is interesting that 

the F1 lobe mediates FAK-Akt1 interaction, not the better characterized F2 and F3 

lobes, because the F2 lobe regulates FAK activation following cell adhesion (Ceccarelli 

et al. 2006), while pressure activates FAK in suspended cells before adhesion 

(Thamilselvan and Basson 2004). Similarly, the potential protein interaction site of the 

F3 lobe is occluded in inactivated FAK, precluding it from participating in pressure-

induced FAK-Akt1 interactions that cause FAK autophosphorylation (Thamilselvan et al. 

2007). Changes to F1 lobe residues that do not physically contact tyrosine-397 can 

activate FAK (Ceccarelli et al. 2006). Mutation of lysine-38, which is topographically 

distant from tyrosine-397 in crystal structures, may promote tyrosine-397 

phosphorylation by destabilizing the FERM-linker interaction (Cohen et al. 2005). These 
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data support a model in which the FAK-Akt1 interaction alters the F1 lobe to 

autophosphorylate tyrosine-397. 

 

Consistent with the effects of pharmacologic Akt blockade (Thamilselvan et al. 

2007; Wang and Basson 2001), adenoviral delivery of the short helix peptide blocked 

pressure-induced FAK tyrosine-397 phosphorylation and FAK-Akt1 

coimmunoprecipitation. However, this short helix peptide interrupted FAK-Akt1 

interaction while preserving Akt1 kinase activity and downstream GSK phosphorylation. 

Together with the decrease in pressure-induced FAK-Akt1 association and FAK 

activation, these observations suggest that the short helix peptide interferes with Akt1 

binding to FAK, not Akt1’s catalytic competence. We noted incidentally that pressure 

itself reduced levels of pGSK-3β Ser9 compared to the ambient pressure control.  The 

cause and significance of this is outside the scope of the present study. However, 

metastatic dissemination is increasingly viewed through a lens of epithelial to 

mesenchymal and mesenchymal to epithelial transitions (EMT/MET), which has been 

reported to involve GSK-3β. Active GSK-3β phosphorylates the transcription factor 

Snail, marking Snail for degradation, and allowing the cell to express epithelial traits. 

Phosphorylated GSK-3β is inactive and unable to cause the degradation of Snail so that 

Snail is then free to drive the expression of the mesenchymal traits that allow the cell to 

migrate, invade, and survive anoikis (PMID:16940750, PMID:25124796). Thus, the 

pressure-stimulated decrease in pGSK-3β that we observed may then correspond to an 

increase in GSK-3β activity and the subsequent expression of epithelial markers such 

as E-cadherin which forms cell-cell adhesions (PMID:23900729). The ability of the short 
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helix peptide to block the pressure-induced inhibition of pGSK-3β could be attributed to 

the available pool of Akt1 generated by decreased FAK-Akt1 interactions. While the 

expression of mesenchymal traits aids tumor cells in the process of dissemination, the 

reexpression of epithelial markers may facilitate the subsequent attachment of 

disseminated tumor cells to surrounding organ parenchyma as they form secondary 

tumors. Further studies may examine how increased extracellular pressure interacts 

with this process. 

  

As for the molecular data, the inhibition of pressure-induced cell adhesion by the 

short helix peptide was consistent with previous work using less specific pharmacologic 

agents (Thamilselvan et al. 2007; Craig, Owen, and Conway 2008, Wang and Basson 

2011). Little difference was seen between the basal levels of ambient pressure cell 

adhesion to collagen I or murine surgical wounds in the groups that received the wild-

type short helix peptide and those that received its scrambled control, but Ad-FAK-Helix 

prevented the stimulation of adhesion by pressure. Indeed, in the tumor progression 

model, treatment with the virally delivered peptide not only prevented the reduction of 

tumor-free survival by pressure but increased tumor-free survival in the mice implanted 

with Ad-FAK-Helix-infected SW620 cells activated with increased pressure compared to 

those preincubated only at ambient pressure. We previously observed a similar trend 

when blocking the pressure pathway with a high dose of colchicine (Craig, Owen, and 

Conway 2008). This possible reversal raises the possibilities of a minor 

counterregulatory pathway that awaits exploration. 
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Viral toxicity seems unlikely to explain our findings. Control cells were similarly 

infected, and Ad-FAK-Helix-infected adherent SW620 cells continued basal proliferation 

and responded to increased pressure with increased proliferation, similar to uninfected 

cancer cells (Basson et al. 2015; Walsh et al. 2004; Downey et al. 2001). This not only 

suggests the Ad-FAK-Helix-infected cells’ continued viability but also their ability to 

respond to other mechanotransduced pathways. Because adenoviral infection was 

transient and proliferation unaffected, neither host effects nor long-term effects on the 

tumor cells seem likely to contribute to the effects of peptide delivery on tumor 

development that were constrained to the initial adhesive event. 

 

To power our study, we sought a tumor prevalence of 50% in the ambient control 

group, which came at the expense of replicating the low baseline incidence of clinically 

significant tumor recurrence in surgical wounds. However, physical forces activate 

tumor cell adhesiveness not only in the context of wound implantation but also 

peritoneal implantation (Wu et al. 1997) and distant metastasis (Shen et al. 2008), which 

are much more common. This in vivo study explored pressure-induced adhesion in the 

context of wound recurrence following surgical resections, but raise the question of 

whether manipulation of FAK-AKt1 interaction might also influence metastasis to other 

sites. For instance, we have previously reported that this pathway potentiates metastatic 

adhesion in a model of peritoneal wound recurrence (Craig, Owen, and Conway 2008). 

This awaits further study beyond the scope of the current investigation. In addition, the 

magnitude of pressure effects on FAK phosphorylation and adhesion are admittedly 

small. However, others have previously studied signaling events and differences in 
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adhesion of similar magnitude in other contexts (Lee et al. 2014; Srinivas et al. 2001; 

Goreczny et al. 2017) More importantly, these relatively small changes in signaling or 

adhesion translate to potentially clinically relevant differences in percent tumor free 

survival that could substantially exceed the incremental benefit of some new 

antineoplastic cytotoxic agents. 

 

These results suggest that perturbing FAK-Akt1 interaction, by mimicking the 

structure of a small segment of the F1 FAK lobe, can abate the sensitivity of suspended 

malignant cells to mechanical signals, potentially mitigating both the biochemical and 

the clinical consequences of this force-activated pathway. Such a resultant decrease in 

FAK and Akt1 activation and inhibition of cell adhesion could attenuate the metastatic 

potential of shed tumor cells during surgery and increase tumor-free survival. Potential 

toxicity and off-target effects limit the clinical utility of other methods to inhibit this force-

activated adhesion pathway, such as high dose colchicine, disruption of the 

cytoarchitecture, or non-specific FAK and Akt inhibitors. Preventing FAK-Akt1 interaction 

without interfering with other aspects of FAK or Akt1 signaling might eventually achieve 

the desired effect with less compromise of other cell function and less toxicity. 
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CHAPTER 4 

Inhibition of pressure-stimulated cell signaling through a FAK-derived small-

molecule inhibitor 

 

The following chapter outlines the steps and reasoning behind the development of the 

7-residue FAK-derived peptide, from Chapter 3, into a small-molecule mimic. The 

information presented is a combination of my unpublished, in vitro experimental data 

and the virtual ligand-based screening performed by Dr. Sebastian Raschka and Dr. 

Leslie A. Kuhn. The culmination of our work can be found in the manuscript, 

“Identification of potential small-molecule protein-protein inhibitors of cancer metastasis 

by 3D epitope-based computational screening.” 

 

Sebastian Raschka, Shyam K. More, Dinesh Devadoss, Bixi Zeng, Leslie A. Kuhn, 

Marc D. Basson (2018). Identification of potential small-molecule protein-protein 

inhibitors of cancer metastasis by 3D epitope-based computational screening. J Physiol 

Pharmacol, 69(2). 
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4.1 Introduction 

 Pressure-stimulated cell adhesion may be successfully blocked with either siRNA 

to alpha-actinin-1 or high doses of colchicine, but this does so in a manner that 

indiscriminately jeopardizes cell adhesion (Craig, Downey, and Basson 2008; Craig et 

al. 2008). Similarly, FAK and Akt1 are each implicated in several signaling pathways in 

their own right, which make them poor targets for methods of inhibition aimed at 

compromising their ability to phosphorylate their respective substrates. In pressure-

stimulated cell adhesion, increases in extracellular pressure are detected by two 

mechanosensitive branches of detection; together the cytoarchitecture and paxillin 

branch and the Src and phosphatidylinositol 3-kinase (PI3K) branch then activate FAK 

and Akt1 to increase β1-integrin affinity and avidity (Thamilselvan and Basson 2004; 

Basson 2008; Craig et al. 2009). These dual mechanosensory pathways converge at 

the binding of FAK and Akt1 which allows for the serine phosphorylation of FAK by Akt1. 

The phosphorylation of the serine sites on FAK is required for FAK-Tyr-397 tyrosine 

autophosphorylation and subsequent FAK activation in response to increased 

extracellular pressure (Wang and Basson 2011). This particular FAK-Akt1 interaction 

appears to be unique and is not found in other cell pathways (Kleinschmidt and 

Schlaepfer 2017). Furthermore, the FAK-Akt1 interaction is also not a universal element 

shared across other examples of mechanotransduction such as pressure-induced 

proliferation and strain-induced proliferation.  

 

 Unlike the mechanism seen in pressure-adhesion, the pressure-proliferation 

pathway is centered around the calcium channel Cav3.3 and PKC-B, and it is able to 
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progress despite treatment with FAK and Akt1 inhibitors (Basson et al. 2015). Neither 

FAK nor Akt1 are implicated in the pressure-proliferation pathway. FAK alone 

contributes to the mitogenic effects of cyclic strain in human Caco-2 colon cancer cells, 

H-441 lung epithelial cells, and non-malignant IEC-6 enterocytes (Basson et al. 2015; 

Wei Li et al. 2001; Chaturvedi et al. 2007; Chaturvedi, Marsh, and Basson 2007; Han, 

Li, and Basson 1998). The Akt1 isoform has not been implicated in other instances of 

mechanotransduction aside from pressure-stimulated adhesion and the related 

phenomenon of pressure-stimulated motility in lung cancer cells (Kao et al. 2017). 

Outside of Akt1, the Akt2 isoform meditates pressure-stimulated phagocytosis in 

macrophages and strain-induced cell proliferation in human Caco-2 and rat IEC-6 

intestinal epithelial cells (Shiratsuchi and Basson 2007; Gayer et al. 2009). This adds a 

layer of isoform specificity to the varying classes of mechanotransduction. Admittedly, 

pressure-induced cell proliferation and adhesion are both implicated in cancer 

metastasis, and a single intervention that would inhibit both pathologies would be 

welcome. But, the loss of this additional application for a therapy targeting the FAK-Akt1 

interaction ultimately helps to strengthen the notion that the FAK-Akt1 interaction is 

unique to pressure-stimulated cell adhesion and that its inhibition would generate 

relatively fewer side effects than the direct blockage of FAK or Akt1 kinase activity. 

 

 Continuing in this vein, the peptide-based inhibition of the FAK-Akt1 interaction 

provides promise for the development of other modalities of inhibition. The ability of the 

FAK-derived peptide to block pressure-stimulated cell adhesion both in vitro and in vivo 

rests upon on the ability of the peptide to access the intracellular environment. Methods 



 

133 

of delivery include iron oxide (Fe3O4) nanoparticles, cell-penetrating peptide tags, and 

the use of adenoviral vectors. However, a collaboration with Dr. Leslie Kuhn allowed us 

to make use of 3D epitope-based computational screening to identify small-molecule 

mimics of the FAK-derived peptide (LAHPPEE) and bypass the issue of peptide 

delivery. Peptides exhibit low membrane permeability and may also have poor chemical 

and physical stability that translate into obstacles within the realm of laboratory work. 

They are prone to proteolytic degradation in the gut and elsewhere leading to a short 

circulating plasma half-life that limits their clinical viability (Fosgerau and Hoffmann 

2015). Further development of the peptide-based drug could involve neutralization of 

hydrophobic patches that promote aggregation, the addition of chemical modifications to 

preserve desired physicochemical properties, and the adjustment of charge distribution 

or the isoelectric point to counter solubility issues (Fosgerau and Hoffmann 2015). As it 

is now in its 7-residue state, the size and make-up of the FAK-derived peptide does not 

require hydrophobic patch corruption or the addition of stabilizing modifications; it is also 

fairly water soluble and has a pI of 4.14 with a net charge of -1.9 at pH 7. Still, these 

interventions could be needed depending on the final state of the peptide drug after the 

selection of a carrier. It is undeniable that there have been major successes in the field 

of therapeutic peptide research. The prostate cancer treatment, Lupron TM, and the 

type 2 diabetes mellitus treatment, glucagon-like peptide-1 (GLP-1) agonists, are just 

two such examples that have found widespread acceptance in clinical practice (Kaspar 

and Reichert 2013). Even so, our use of virtual screening and small-molecule mimics 

represents one path towards drug development and does not discount the possibility of 

more peptide work in the future. 



 

134 

 Initial strategies considered utilizing high-throughput screening, however there 

are known issues with high rates of false positives and negatives (Zahiri, Bozorgmehr, 

and Masoudi-Nejad 2013). Another potential pitfall of high-throughput screening is that 

library of compounds available may not possess the attributes needed to replicate the 

protein-protein interaction epitope. In most protein-protein interactions, the main site of 

binding can be divided into sub-pockets that contain key, “hot-spot” residues which 

facilitate binding to complimentary residues on the partner protein (Fuller, Burgoyne, 

and Jackson 2009). These sub-pockets may not be contiguous and thus require the 

protein-protein interaction inhibitor to stretch across the separate sites. Such an inhibitor 

could possess a degree of three-dimensionality that is not common to screening 

libraries (Basse et al. 2016; Labbé et al. 2013). Said complications were avoided 

through the characterization the section of the FAK molecule responsible for facilitating 

the binding interaction with Akt1. This defined epitope then becomes the basis for virtual 

screening (London, Raveh, and Schueler-Furman 2013; Raschka et al. 2018). 

  

 Virtual screening centered on docking algorithms rely on the accuracy of the 

models involved; large binding sites on both partners create a greater number of 

opportunities for misstep. Ligand-based computational screening bypasses this with its 

focus on matching, not docking, the target molecule, and it has been shown to 

outperform docking screens (McGaughey et al. 2007; Hawkins, Skillman, and Nicholls 

2007). Although the target in ligand-based screening is usually a kinase substrate or 

metabolite, our identification of a 7-residue binding epitope on FAK combined with a 

complementary binding site on Akt1 located within the 260 residue kinase domain 
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makes ligand-based screening more feasible than the docking option. The FAK-derived 

query molecule, LAHPPEE, was screened against a virtual library of small molecules 

and the resulting matches were assessed for their ability to block FAK-Akt1 interaction, 

inhibit force-activated FAK phosphorylation by AKT1, and reduce pressure-stimulated 

cancer cell adhesion. 

 

4.2 Materials and Methods 

Computational screening 

 The following outline of the three-dimensional ligand-based screening 

methodology used to identify small-molecule mimics of the FAK-derived peptidyl 

epitopes was conducted by Dr. Leslie A. Kuhn and Dr. Sebastian Raschka (Raschka et 

al. 2018). 

 

 The ligand-based virtual screen was based on the 7-residue FAK-derived peptide 

(LAHPPEE) and a two-site mutant analog (AAHPSEE) designed to incorporate greater 

helicity (Zeng et al. 2017). The LAHPPEE peptide was further shortened to LAHPP 

(residues 113-117) to emphasize the rigid, helix-turn secondary structure; the 3D atomic 

coordinates are in reference to the crystal structure of FAK (PDB entry: 2al6) (Ceccarelli 

et al. 2006). PyMOL v. 1.8.2.2 (Schroedinger, LLC) was used to create eight structures 

that demonstrated alternative positions for Leu (DeLano 2002). This was to account for 

the rotational flexibility of the Leu side-chain and was accomplished through backbone-

dependent rotamer sampling; a similar assessment of the His yielded no favorable 

alternatives (Shapovalov and Dunbrack 2011). To recreate the charge distribution of the 
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peptidyl epitope within native FAK, the N and C-termini were capped to a neutral net 

charge. Partial atomic charges were set using molcharge (QUACPAC v. 1.6.3.1; 

https://www.eyesopen.com /quacpac; OpenEye Scientific Software, Santa Fe, NM) with 

the AM1BCC force-field, extra protons were removed from the C- and N-terminal 

nitrogens, and nitrogen charges were set to –0.55 to reflect conditions within FAK at 

physiological pH (Jakalian, Jack, and Bayly 2002). 

  

The AAHPSEE peptide (residues 113-119) is a variant of human FAK. In the 

crystal structure of FAK (PDB entry: 2al6), the LAHPPEE region forms a helix followed 

by a 310 turn. It is possible that the FAK-Akt1 interaction alters these distinct secondary 

structures into a single, continuous helix. Were this the case, the binding site on Akt1 

would display less affinity for small-molecule mimics that rigidly imitated the helix-turn 

formation found in wild-type FAK. Ala is known to form helices and the Pro-Ser 

combination forms a straighter structure than the bent Pro-Pro segment of the helix 

found in wild-type FAK. The AAHPSEE exploits these tendencies to create a mutant that 

better resembles a single linear helix; this was confirmed by using Sequery and 

Superpositional Structure Assignment to assess the helicity of corresponding AAHPSEE 

sequences in the Protein Data Bank (Collawn et al. 1990; L. Craig et al. 1998; Prevelige 

and Fasman 1989). As a purified peptide, AAHPSEE was able to block FAK pulldown of 

Akt1 (Zeng et al. 2017). Representations of AAHPSEE built in PyMOL appeared as an 

alpha-helix with the conformation of the Ser oriented in the manner of the Pro it 

replaced (DeLano 2002). Charges were assigned as with LAHPP, and energy-

minimization was computed through YASARA  (http://www.yasara.org 
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/minimizationserver.htm) (Krieger et al. 2004).  

  

The LAHPP and the AAHPSEE query peptides were then screened against a 

library of 10,639,555 3D structure files, in MOL2 format, of commercially available 

molecules with drug-like properties provided by ZINC (http://zinc.docking.org) (Irwin and 

Shoichet 2005). Molecules below 250 Da were filtered; the remaining ZINC molecules 

were then overlaid on the query peptides in ROCS (version 2.4.6; 

https://www.eyesopen.com/rocs; OpenEye Scientific Software, Santa Fe, NM) (Hawkins, 

Skillman, and Nicholls 2007). The structural mimics were organized by volumetric and 

chemical similarity via TanimotoCombo scoring; LAHPP matches were gated for 

similarity scores 2 standard deviations above the mean and AAHPSEE for 3 standard 

deviations above the mean. Omega (version 2.4.1; https://www.eyesopen.com/omega; 

OpenEye Scientific Software, Santa Fe, NM) was used to generate up to 200 favorable, 

low-energy 3D conformations for each of the eligible ZINC candidates (Hawkins and 

Nicholls 2012). These conformers were overlaid on the query peptides a second time, 

and the top 500 overlays were selected. From this group, known pan-assay interference 

compounds, were removed using PAINSRemover (http://cbligand.org/PAINS/) (Baell 

and Holloway 2010). Assay candidates were then evaluated through visual inspection in 

PyMOL for clear alignment between the scaffold of the ZINC molecule and the peptide 

backbone as well as chemical and volumetric similarity with surface-accessible side 

chains in the peptide (Raschka et al. 2018). ZINC31501681, a small-molecule from the 

LAHPP overlay branch, was selected for further testing (Fig. 4.1). 

 

http://zinc.docking.org/
http://cbligand.org/PAINS/
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Figure 4.1.  ZINC31501681 
Depicted is the structure of  ZINC31501681, N-[(1S)-3-oxo-1-phenyl-3-[(2S)-2-
([1,2,4]triazolo[4,3-a]pyridin-3-yl)pyrrolidin-1-yl]propyl]benzamid  
 

Glutathione S-transferase pull-down 

 Glutathione-Sepharose-4B beads (30 μl) (GE Healthcare Life Science, 

Pittsburgh, PA) were conjugated with GST (expressed protein from a 250 μl bacterial 

pellet per 30 μl of beads) or recombinant GST-tagged (expressed protein from a 3 ml 

bacterial pellet per 30 μl of beads) and incubated with lysate from 2x107 SW620 cells 

(1500 μg protein) or purified Akt1 (0.35 μg) (Origene, Rockville, MD) overnight at 4°C. 

Similar incubation for two hours at 4°C was performed with FAK-derived peptides (95% 

purity by HPLC) (Peptide 2.0, Chantilly, VA) reconstituted in sterile water and mixed with 

conjugated beads and cell lysate for a final concentration of 160mM before overnight 

Akt1 incubation (S. Wang and Basson 2011). Bound protein was eluted for western 

analysis (S. Wang and Basson 2011). 
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Cell adhesion studies 

 SW620 colorectal adenocarcinoma cells (ATCC, Manassas, VA) at 90% 

confluence were split 1:4 two days previously to achieve 50-60% confluence on the day 

of adhesion assay. SW620 cells were trypsinized, treated as described for 1 hr, plated 

randomly at 5x104 cells/well, and allowed to adhere to collagen-I-coated plates for 30 

minutes at 37°C under ambient or 15mmHg increased pressure (Basson et al. 2000). 

After 30 minutes, non-adherent cells were washed away with warm PBS. Ambient and 

pressure-treated plates were encoded to prevent treatment identification during 

washing. Adherent cells were incubated for 1 hour at 37°C with CellTiter 96 Aqueous 

One Solution Reagent (Promega, Madison, WI), and absorbance measured at 490nm 

with an Epoch plate reader (Biotek, Winooski, VT). 

 

Phosphorylation  

 SW620 cells were trypsinized, treated as described for 1hr, and exposed to 

ambient or 15mmHg increased pressure for 30 minutes at 37°C in growth media in 48 

well plates pacificated with 1% heat-inactivated BSA in PBS (to prevent adhesion). 

SW620 cells allowed to adhere to collagen-I-coated plates for 30 minutes at 37°C were 

positive controls. Cells were lysed for western analysis. 

 

Western Blotting 

 Protein concentrations were determined by bicinchoninic acid (BCA) protein 

assay (Pierce, Rockford, IL). Eluate from GST pull-downs or collected cell lysates was 

resolved by SDS-PAGE and transferred to Hybond P 0.45 PVDF blotting membrane 
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(Amersham Life Science, Arlington Heights, IL). Membranes were blocked for 1 hour at 

room temperature with Odyssey TBS Blocking Buffer (Amersham Life Science, Arlington 

Heights, IL) and blotted overnight at 4°C with antibodies against FAK (#3285), Phospho-

FAK Tyr397 (#3283), Akt1 (#2967), Phospho-Akt1 Ser473 (#9271), or the GST tag 

(#2624) (CST, Beverly, MA). Membranes were visualized by the infrared fluorescent 

IRDye system (LI-COR Biosciences, Lincoln, NE) and analyzed on an Odyssey scanner 

(LI-COR Biosciences, Lincoln, NE) within the linear range. Results were normalized to 

the appropriate GST tag, GAPDH, or total protein (for phosphorylated proteins) and 

relative to associated ambient controls unless stated otherwise. Akt1 frequently appears 

in published Western blots as a doublet (Ko et al. 2016; R. Wu et al. 2017; Datta et al. 

1997; Weiqun Li et al. 1999). The reason for this is not entirely clear, but may represent 

altered phosphorylation states or other post-translational modifications of the molecule 

yet to be clarified. The cell line studied and its phenotype in the experiment in question, 

the amount of protein loaded and concentration of primary and secondary antibody, the 

percentage of the SDS-PAGE used to resolve the proteins, and numerous other factors 

may influence this.  The densitometric data presented here considers Akt1 as the sum 

of the intensity of each of the two doublets per lane. 

 

Statistics 

 Data are expressed as mean±SEM. Results were compared by Student's 

unpaired t-test and log-rank test as appropriate seeking 95% confidence. 
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4.3 Results 

ZINC31501681 inhibits GST-FAK fusion protein pull-down of purified Akt1 

In pull-down assays, purified full-length Akt1 (10nM) was used to approximate the 

Akt1 in 1,500 μg of whole cell lysate, i.e. the lysate from approximately 1x107 SW620 

cells (Zeng et al. 2017). We used full-length GST-FAK conjugated to Sepharose beads 

as bait against purified Akt1 and assessed the effects of varying concentrations of 

ZINC31501681 as a potential protein-protein interaction inhibitor. ZINC31501681 at 10 

μM, 100 μM, and 1000 μM reduced binding between GST-FAK-NT1 and purified 

 
A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2. ZINC31501681 Disrupts FAK pull down of Akt1 
(Fig. 4.2A) GST-FAK conjugated beads pulled down decreasing levels of purified Akt1 in 
the presence of ZINC31501681 (n = 4). The left blot was probed first for Akt1, and the 
right blot was probed second for GST without being stripped beforehand. The western 
blot shows the amount of Akt1 (prey, 60 kDa) signal relative to the amount of GST-FAK 
(bait, estimated 150 kDa) signal. (Fig. 4.2B) Densitometric data was analyzed as the 
percentage of Akt1 signal over GST fusion protein signal, which was then normalized to 
the 1% DMSO group. Treatment with ZINC31501681 reduced the amount of Akt1 pulled 
down by GST-FAK vs. 1% DMSO (n = 4, * p < 0.05 vs. vehicle-treated GST-FAK). 
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Figure 4.2 (cont'd) 

B 

 

 

 

 

 

 

 

 

Akt1; the 1 μM concentration of ZINC31501681 failed to significantly inhibit the GST-

FAK pulldown of Akt1 (Fig. 4.2A, B). The densitometric values of the Akt1 band were 

normalized to their respective FAK bands. All ratios were then normalized to the 0.1% 

DMSO control. 

 

Pressure-induced phosphorylation of FAK, but not Akt1, is inhibited in SW620 

treated with ZINC31501681 

 SW620 colorectal adenocarcinoma cells were pretreated with either 1% DMSO or 

ZINC31501681 (300 μM) for 1hr before being exposed to 15mmHg increased 

extracellular pressure for 30 minutes at 37°C. The pressurized incubation was 

performed in 1% heat-inactivated BSA pacificated plates to prevent the generation of 

pFAK Tyr397 through regular cell adhesion. Pressure-stimulated FAK Tyr397 

phosphorylation was observed in cells treated with 0.1% DMSO but not in those treated 
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with 300 μM ZINC31501681 (Fig. 4.3A, B). In contrast, 15mmHg pressure did not 

stimulate Akt1 Ser473 phosphorylation in either group of cells (Fig. 4.3C, D). Increases 

in extracellular pressure trigger a cascade that activates Akt1 at Ser473 so that it may 

phosphorylate FAK at Ser517/601/695. Phosphorylation at these Ser sites allows FAK 

to autophosphorylate at Tyr397. By inhibiting the FAK-Akt1 interaction with LAHPP 

mimic, ZINC31501681, we see the kinetically competent Akt1 is unable to activate FAK 

in a manner previously seen using peptide-based inhibitors (Zeng et al. 2017). 

 

A       B 

 

 

 

 

 

 

 

 

 
Figure 4.3.  ZINC31501681 Disrupts pressure-induced phosphorylation 
(Fig. 4.3A) Lysate from SW620 cells exposed to ambient (A) or 15 mmHg (P) while in 
suspension were probed for phospho- (top) and total (bottom) FAK. ZINC31501681 
blocks pressure stimulation of FAK Typ397 phosphorylation. (Fig. 4.3B) Densitometric 
data was analyzed as the percentage of pFAK Tyr397 signal over total FAK protein 
signal, which was then normalized to the 0.1% DMSO ambient control. Treatment with 
ZINC31501681 inhibited pressure-stimulated FAK Tyr397 phosphorylation (n = 3, * p < 
0.05 vs. vehicle-treated, ambient control). (Fig. 4.3C) Lysate from SW620 cells exposed 
to ambient (A) or 15 mmHg (P) while in suspension were probed for phospho- (top) and 
total (bottom) Akt1. ZINC31501681 did not block pressure stimulation of Akt1 Ser473 
phosphorylation. (Fig. 4.3D) The densitometry was analyzed by the same methodology  
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Figure 4.3 (cont’d) 

as the FAK/pFAK blots. Treatment with ZINC31501681 did not block pressure-
stimulated Akt1 Ser397 phosphorylation (n = 3, * p < 0.05 vs. vehicle-treated, ambient 
control). 
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ZINC31501681 prevents pressure-induced SW620 cell adhesion 

 ZINC31501681 similarly inhibited pressure-stimulated adhesion. SW60 cells 

were pretreated with either 0.1% DMSO or ZINC31501681 (300 μM) for 1hr and then 

seeded on collagen-I-coated plates under ambient or increased pressure for 30 

minutes. The plates were washed in a blinded fashion to remove nonadherent cells. The 

remaining adherent cells were quantified by MTS assay. Pressure-induced adhesion 

was inhibited by ZINC31501681 (300 μM) but not 0.1#DMSO (Fig. 4.4). Additionally, 

treatment with ZINC31501681 did not produce any significant differences in the basal 

levels of cell adhesion within the groups exposed to ambient pressure. 
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Figure 4.4. ZINC31501681 prevents pressure-induced SW620 cell adhesion 
Exposure to elevated pressure increased adhesion by SW620 cells treated with 0.1% 
DMSO vs. ambient pressure. Adhesion by cells treated with ZINC31501681 did not 
change in response to increased pressure and was not different at ambient pressure 
from the group treated with 0.1% DMSO and ambient pressure. (n = 4, * p < 0.05 vs. the 
0.1% DMSO, ambient control). 
 
 
 
4.4 Discussion 
 

 Our study of the small-molecule mimic, ZINC31501681, showed it to behave in a 

manner similar to the 7-residue FAK-derived peptide it was modeled after (Zeng et al. 

2017). Like the FAK-derived peptide, the ability of ZINC31501681 to inhibit FAK pull-

down of Akt1 translated into corresponding changes in cell behavior when used to treat 

pressure-stimulated SW620 cells. ZINC31501681 successfully blocked pressure-

stimulated increases in FAK Try397 phosphorylation and the resultant increases in cell 

adhesion. Pressure-induced phosphorylation of Akt1 Ser73 however was not affected 

by ZINC31501681, which is consistent with other peptide and siRNA based 

interventions (Zeng et al. 2017; S. Wang and Basson 2011). The nature of the signaling 
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pathway allows for Akt1 to be phosphorylated at S473 in response to pressure 

stimulation by a FAK-independent mechanism that involves the actin cross-linking 

protein alpha-actinin-4. While these results suggest inhibition of Akt1 by ZINC31501681, 

confirmation of direct binding between the two could be helpful. Due to the small size of 

ZINC31501681, label-free techniques such as surface plasmon resonance or isothermal 

titration calorimetry, or techniques that only require the Akt1 to be labeled such as 

microscale thermophoresis, could be employed.  

 

 In these studies, ZINC31501681 was able to prevent pressure-stimulation from 

increasing FAK pTyr397 without altering the basal levels of FAK pTyr397. However, in 

hands of others, ZINC31501681 inhibition of pressure-stimulated FAK phosphorylation 

has been associated with increases in basal FAK pTyr397 (Raschka et al. 2018). 

Whether this disparity is due to differences in the concentrations of ZINC31501681 used 

(300 μM vs 1-100 pM), in the elapsed storage time of the ZINC31501681 stock, or in the 

idiosyncrasies of western blot development and analysis, the issue may best be 

resolved by a larger sample size. The limited scope of these initial assays testing the 

small-molecule mimics found by the ligand-based virtual screen is addressed by the 

large number of ZINC molecules tested by Raschka et al.; 11 ZINC compounds in total, 

4 compounds modeled after the LAHPP query molecule (ZINC31501681 included) and 

7 compounds modeled after the AAHPSEE query molecule, were tested to gauge their 

effects on pressure signaling (Raschka et al. 2018). These ZINC small-molecule 

candidates were generated through the three-dimensional ligand-based screening 

methodology outlined above. Raschka et al. found the ZINC small-molecules based off 
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of LAHPP were generally able to block pressure-stimulated FAK Tyr397 

phosphorylation, but not without increasing the basal levels of FAK pTyr397. On the 

other hand, the AAHPSEE mimicking ZINC compounds generally could neither inhibit 

pressure-stimulated FAK Tyr397 phosphorylation nor could they elevate basal levels of 

FAK pTyr397 (Raschka et al. 2018). The two exceptions were ZINC04085549 and 

ZINC4085554, again from the AAHPSEE branch, which both blocked pressure-

stimulated FAK Tyr397 phosphorylation and did not alter the level of basal 

phosphorylation. Like ZINC31501681, ZINC04085549 also demonstrated an ability to 

inhibit pressure-stimulated cell adhesion (Raschka et al. 2018). 

 

 It is promising is that there indeed are small-molecule mimics of the FAK-derived 

peptide that can inhibit the pressure-stimulated FAK phosphorylation and cell adhesion 

without increasing the basal levels of either. The search for such a compound through a 

means other than in vitro high-throughput screening is less common, even more so is 

the use of virtual ligand-based screening. Virtual ligand-based screening was intended 

to use bioactive molecules, such as substrates and metabolites, as query molecules, 

but it may now be used to overlay compounds against protein epitopes (Raschka et al. 

2018). The efficacy of the compounds discovered is still unproven, but the leads 

generated will provide a wide selection of candidates for future work. In this study we 

tested the top scoring compounds found among all that were searched. This 

conservative approach was chosen to maximize our chances of finding a small-

molecule that behaved like the 7-residue FAK-derived peptide and thus validate the 

process. Alternatively, the compounds, post PAINS removal, could be reorganized by 
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physical or chemical traits; the in vitro assays could be used to test not only the top 

scoring candidates among all small-molecules but the top few from each group. Such 

an approach could reveal more information about the chemical and steric traits that 

drive the interaction and ultimately lessen the total in vitro work needed. 
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 Relative the prevalence of physical stimuli in the world, surprisingly little is known 

about pressure-stimulated adhesion. However, progress has been made in the 

understanding of how physical forces can be translated into chemical signals and how 

the signals can then go on to regulate normal cell physiology or invoke unwanted 

pathologies (Wolfenson, Yang, and Sheetz 2018; Zanotelli and Reinhart-King 2018). As 

the body of knowledge around the components of mechanotransduction grows, the 

trailing wake of applied research similarly develops. Already there are studies aimed at 

targeting pathways triggered by accumulated fluid sheer stress, morphogenic 

mechanical loading, and transient increases in hydrostatic pressure; if successful, these 

interventions could forestall lethal cardiac events, prevent osteoporosis at the embryonic 

level, and treat acute pancreatitis, respectively (Baeyens 2018; Parisi, Chandaria, and 

Nowlan 2018; Wen et al. 2018). A common theme behind these interventions, and 

indeed the majority of pharmacologic therapies, is the targeting of a key component that 

may or may not be unique to the pathway in question. With the aforementioned 

examples the targets are VEGF, calcium ion channels, and calcineurin (Baeyens 2018; 

Parisi, Chandaria, and Nowlan 2018; Wen et al. 2018). Our study of pressure-stimulated 

cell adhesion is within the context of cancer metastasis, which provides a convenient, if 

not extreme, example of the trade-off between efficacy and side-effects associated with 

drug treatments. With chemotherapy, which targets the mitotic process, the cells most 

effected are those that have a high rate of division. The balance needed to be struck is 

between the rate of death of rapidly dividing cancer cells and the similarly prolific cells of 

our gastrointestinal and vascular systems. Weighted in this balance is the distribution of 

the target between pathologic and normal cells, the burden of the problem, and the size 
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of the treatment effect. The combination of the effect size of the pressure-stimulated cell 

adhesion (10-20%), the pervasive nature of FAK and Akt1, and the promiscuity of 

kinase inhibitors challenged us to pursue a method of inhibition that did not focus on 

disrupting kinase activity (S. Wang and Basson 2011; Zeng et al. 2017; Thamilselvan 

and Basson 2004). 

  

 The FAK-Akt1 interaction as a possible target for drug inhibition is a mixed-

blessing. There is a dearth of knowledge concerning the FAK-Akt1 interaction outside 

the context of pressure-stimulated cell adhesion, and while this does not preclude the 

possibility of side effects from inhibitors targeting this protein-protein interaction, it is 

promising that such a target would not come with the known and considerable problems 

accompanying the existing drugs that can inhibit pressure-stimulated cell adhesion. 

Colchicine disrupts the pressure-adhesion signaling pathway by inhibiting microtubule 

polymerization but requires concentrations not feasible for human use (Craig et al. 

2008). FAK kinase activity is also a risky target as FAK itself is used as a sentinel kinase 

to predict the development of cardiotoxicity by untested kinase inhibitors (Lamore et al. 

2017). This is particularly salient for cancer treatment as FAK has been shown to exhibit 

protective qualities against doxorubicin-induced cardiotoxicity (Cheng et al. 2014). Akt1 

inhibitors are accompanied by high general toxicity and low specificity (edelfosine), 

gastrointestinal toxicity (ilmofosine), and hemolytic toxicity (miltefosine); however there 

have been some encouraging results with MK2206 (Pachioni et al. 2013; Giantonio et 

al. 2004; Dorlo et al. 2012; Oki et al. 2015). These problems make clear the advantages 

of producing treatments that are more selective. However, approaching protein-protein 
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interactions as a therapeutic target is not easy and was more-or-less dismissed when 

initial high-resolution structures revealed protein-protein interaction interfaces to be flat 

spans 1000–2000 Å2 in size (Arkin, Tang, and Wells 2014). 

  

It is now known that protein-protein interactions do not involve all residues 

present at the interface, but rather specific “hot spots” that reside in the sub-pockets of 

binding grooves (Arkin and Wells 2004; Clackson and Wells 1995). These sub-pockets 

may shift during binding and displace the hot-spot from its coordinates in the crystal 

structure; this is one of the reasons behind engineering flexibility into our ligand models 

(Johnson and Karanicolas 2013; Wells and McClendon 2007; Raschka et al. 2018). 

Protein-protein interactions can be separated into those that include a linear protein 

sequence, those that contain one element of secondary-structure, and those that 

involve several elements of secondary-structure (Arkin, Tang, and Wells 2014; Hwang et 

al. 2010). The 7-residue FAK-derived peptidyl epitope more similarly resembles the 

second category, and even more so the straight alpha-helix of AAHPSEE. This 

constellation of characteristics fits well into the statistics describing protein-protein 

interactions; 40% of protein-protein interactions rely solely on a one peptide-one groove 

basis, and 60% involve an alpha-helix (Petsalaki and Russell 2008; Raj, Bullock, and 

Arora 2013; Arkin, Tang, and Wells 2014; Hwang et al. 2010). Noteworthy examples of 

protein-protein interaction inhibitors that share this single-secondary structure motif are 

the cancer drugs Ro8994 and ABT-199. Ro8994 is the latest in a line of inhibitors that 

target MDM2 binding to the tumor suppressor p53; MDM2 is a ubiquitin E3 ligase that 

degrades p53, and the inhibition of this interaction increases the amount of functional 
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p53 for cell-cycle regulation (Arkin, Tang, and Wells 2014). Ro8994 has its origins in 

high-throughput screening and is now in clinical trials (Vassilev et al. 2004). ABT-199, 

an inhibitor of the anti-apoptotic protein BCL2, was created through breakthroughs 

made via NMR-based fragment discovery and is also currently in phase 1 trials 

(Oltersdorf et al. 2005; Souers et al. 2013). However, as we learn more about protein-

protein interactions and the existence of multiple hot-spots spread across large binding 

interfaces, future development of small-molecule inhibitors of protein-protein 

interactions could necessitate the use of small-molecule drug cocktails 

 

 Our dual-pronged approach towards disrupting the FAK-Akt1 interaction revealed 

both peptide and small-molecule based interventions to be capable of inhibiting 

pressure-stimulated cell adhesion (Zeng et al. 2017; Raschka et al. 2018). Staggered in 

time, the initial foray into peptide-mediated treatments laid the groundwork needed to 

generate the query models needed for the virtual ligand-based screening. The 

successes seen blocking pressure-stimulated cell adhesion in vitro and in vivo with the 

adenoviral FAK-derived peptide were limited by their limited application in the clinical 

setting. A return to earlier attempts at using a nanoparticle delivery system for the FAK-

derived peptide was possible but unlikely due to logistical barriers. However, as the 

proof-of-concept peptide-work concluded, the virtual screening was able to identify 

several small-molecule leads ready for in vitro testing. Despite discrepancies seen in 

how ZINC31501681 affects basal levels of FAK Tyr397 between the unpublished results 

shown here and the work of Raschka et al., the general trend of the work as a whole is 

one that supports the continued development of small-molecule inhibitors against the 
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FAK-Akt1 interaction. Furthermore, the clinical applications for these small-molecules 

are much more favorable. By design, the library of small-molecules screened were ones 

that tended to demonstrate the drug-like attributes outlined in Lipinski’s Rule of 5: ≤ 5 H-

bond donors, ≤ 10 H-bond acceptors, molecular weight ≤ 500D, and predicted aqueous 

solubility, as estimated by clogP ≤ 5 (Lipinski et al. 2012; Raschka et al. 2018). 

 

 The basal level of FAK Tyr397 phosphorylation was increased by mimics 

modeled after the native LAHPP (Raschka et al. 2018). While they were also able to 

inhibit and further increases in pFAK due to pressure stimulation, the effect of this 

cannot be extricated from the possibility that the increase in basal phosphorylation 

overwhelmed the ability of the pressure-stimulation to activate FAK phosphorylation any 

further. Due to this the use of those particular FAK mimics were deemed unfeasible. The 

use of ZINC small-molecules modeled after AAHPSEE showed more promise as 

ZINC04085549 and ZINC4085554 were able to prevent pressure-stimulated FAK 

phosphorylation and cell adhesion without affecting their basal levels. It is unclear 

whether the LAHPP mimics increase FAK Tyr397 phosphorylation by facilitating 

autophosphorylation or by inhibiting SHP2- or PTEN-mediated dephosphorylation, and it 

is not yet understood how the AAHPSEE mimics avoid this (Hartman, Schaller, and 

Agazie 2013; Tamura et al. 1999). Aside from the need to continue testing 

ZINC04085549 and ZINC4085554, future studies should also include the testing of 

other, lower-scoring ZINC candidates. By reorganizing the 500 ZINC small-molecules 

found through the virtual screen by shared physical or chemical traits and then assaying 

select compounds from these groups, we could identify mimics that bind Akt1 with low-
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affinity. Analysis of these compounds could provide insight into the binding of 

ZINC04085549 and ZINC4085554 as well as help to reverse engineer elements of the 

Akt1 binding groove. 

 

 The work that went into the discovery of pressure-stimulated cell adhesion, the 

detailing of the mechanotransductive pathway, and the identification of a FAK domain 

that could pulldown Akt1 was made possible the work presented here in the 

development of a FAK-derived peptide and its small-molecule mimic. While the 

conservative purpose at the beginning of the project was to determine whether the 

relationship between FAK and Akt1 was a targetable interaction, the unspoken but 

loudly thought aspiration was one of drug discovery. These steps towards that goal help 

to address the issues surrounding cancer metastasis. Again, the conservative 

application of such a treatment would be aimed at preventing the iatrogenic seeding of 

tumor cells by laparoscopic insufflation. An ambitious follow-up would be whether this 

therapy could have an effect on the lesser studied phenomenon of pressure-stimulation 

linked to cell intravasation, extravasation, and flow through the circulation; still other 

applications related to force-activated phenomena could also arise. With all there is still 

left to learn about cellular mechanosensitivity, the optimism may not be undue. 
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Increased extracellular pressure stimulates tumor proliferation by a 
mechanosensitive calcium channel and PKC-ß 

 

Marc D. Basson, Bixi  Zeng, Christina Downey, Madhu Siriveluprabhakar, Jetze Tepe 

(2015). Increased extracellular pressure stimulates tumor proliferation by a 

mechanosensitive calcium channel and PKC-ß. Mol Onc, 9(2):513-26. 

 

The findings in this chapter have been previously published. The following paper was 

authored by me, and I contributed to the work shown in figures A.1 and A.4.  This paper 

provides a different force-activated cellular pathway that does not implicate FAK or Akt1. 

This is to establish background for future comparisons highlighting the specificity of the 

FAK-Akt1 interaction even in the realm of mechanotransduction. 
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Introduction 

Malignant tumor extracellular matrix is often stiffer than the matrix surrounding 

adjacent non-malignant cells (Ingber, 2008). As solid tumors expand against 

constraining stroma, interstitial pressure increases by 4-50mmHg relative to pressure 

within normal surrounding tissues (Gutmann et al., 1992; Less et al., 1992; Raju et al., 

2008). Mathematical models (Sarntinoranont et al., 2003) and direct observation 

suggest higher pressures within large tumors’ centers decrease toward their peripheries 

(Boucher et al., 1990). Such increased pressure impedes perfusion and delivery of 

chemotherapy to tumors (Navalitloha et al., 2006), but the direct effects of increased 

extracellular pressure on the tumor cells themselves are less clear. 

 

Prolonged pressures similar to those in tumors stimulate proliferation in 

mesangial cells during glomerular hypertension, in cardiac myocytes after abdominal 

aortic constriction, and in endothelial cells (Bevan, 1976; Kawata et al., 1998; Schwartz 

et al., 1999). Our preliminary study found that 15mmHg increased pressure stimulates 

SW620 and HCT-116 colon cancer cell proliferation but did not define the mechanism of 

this effect (Walsh et al., 2004). Substrate stiffness and substrate deformation also 

influence cell growth in vitro (S. Kumar and Weaver, 2009; Paszek et al., 2005). This 

may occur through mechanosensitive ion channels, which influence processes ranging 

from bacterial turgor to growth in cardiac myocytes and epithelial cells (Hamill and 

Martinac, 2001). 

 

Calcium is commonly transported by mechanosensitive ion channels and 
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necessary for several cell processes (Hamill and Martinac, 2001). [Ca2+]i increases 

transiently in the G1/S transition of normal cells (Capiod et al., 2007) while sustained 

[Ca2+]i, due to T-type channel over-expression, causes androgen-dependent LNCaP 

prostate cancer to assume a malignant apoptosis-resistant neuroendocrine phenotype 

(Mariot et al., 2002). We sought to explore whether increased extracellular pressure 

stimulates proliferation in cancer cells by activating a mechanosensitive calcium 

channel. We then further investigated calcium-sensitive mediators that modulate 

proliferation. This led us to the serine/threonine kinase PKC and the transcription factor 

NF-kB. Our preliminary work suggested that mitogenic effects of pressure in colon 

cancer cells require PKC and are associated with PKCα membrane translocation 

(Walsh et al., 2004). NF-kB modulates gene transcription in cell-cycle regulation, 

apoptosis, and proliferation and is activated by high pressures in the vasculature 

(Lemarie et al., 2003), mechanical stretch in myocytes (A. Kumar and Boriek, 2003), 

and low amplitude cyclic strain in osteoblast-like MF-63 cells (J. Liu et al., 2007). 

Furthermore, direct links between PKC and NF-kB activation have been documented in 

several cell lines (Sun and Yang). We hypothesized that there is a link between 

extracellular pressure, calcium, and tumor proliferation. 

 

We demonstrated that increased extracellular pressure stimulated proliferation in 

3 colon cancer, a breast cancer, and 2 prostate cancer cell lines. The SW620 colon 

cancer cell line was chosen as a typical model for further study, and the studies were 

repeated after treatment with calcium chelators and calcium-channel blockers. We 

identified a novel pressure-sensitive calcium-channel, Cav3.3, that drives proliferation 
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by increasing [Ca2+]i. This Cav3.3-dependent Ca2+ influx promotes proliferation through 

PKC-β activation (not PKC- -kB 

through the classical IKK- IkB pathway. Pressure-induced activation of these elements 

was Cav3.3-dependent and ultimately increased cyclin D and proliferation. To assess 

the clinical relevance of our findings, we compared the lower pressure peripheries to the 

relatively higher pressure centers of 28 large primary human tumors and demonstrated 

gradients in IkB phosphorylation, NF-kB, cyclin D, and proliferation in vivo consistent 

with the pathway delineated by our in vitro studies. 

 

Materials and Methods 

Cells 

Rat MLL, murine CT-26 and human SW620, Caco-2, MCF-7 and PC3 cancer 

cells were cultured by American Type Culture Collection (ATCC, Rockville, MD) 

recommendations. Cells were studied on collagen I-precoated plates. 

 

Pressure regulation 

Pressure was manipulated for 24 hours utilizing an airtight box with inlet and 

outlet valves for gas and manometry, as previously (Downey et al., 2008). 

 

Proliferation 

MTT absorbance was assayed per ATCC protocol. Briefly, we exposed 5,000 

cells/well in 96 well plates to increased or ambient pressure, added MTT reagents, and 

quantitated 570nm absorbance. Control and pressure-treated cells were also manually 
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counted in 20 random fields of 6 well plates (Downey et al., 2008) with similar results. 

 

Inhibitors 

Extracellular and intracellular Ca2+ were chelated with 1mM EGTA and 5μM 

BAPTA-AM, respectively (EMD Chemicals, Gibbstown, NJ). 10μM lanthanum chloride 

(EMD Chemicals) blocked non-specific divalent cation channels and 5μM SFK96365 

(Tocris Bioscience, Bristol, UK) blocked receptor-mediated calcium-entry (Merritt et al., 

1990). Gadolinium chloride (Sigma-Aldrich, St. Louis, MO) inhibited stretch-activated ion 

channels (Yang and Sachs, 1989). 5μM nimodipine [77] blocked L-type Ca2+ channels 

and 1μM NNC 55-0396 blocked T-type channels (Tocris) (Huang et al., 2004). NiCl2 

(Sigma-Aldrich) blocked T-type channel subtypes, with 20μM blocking Cav3.2 and 

200μM blocking Cav3.1 and Cav3.3 (J. H. Lee et al., 1999). 100nM calphostin-C 

blocked PKC globally, 6nM GO6976 blocked PKC-α and PKC-β, 15nM 3-(1-(3-Imidazol-

1-yl propyl)-1H-indol-3-yl)-4-anilino-1H-pyrrole-2,5-dione blocked PKC-β alone, and 

10nM PKC-ε translocation inhibitor peptide (EMD chemicals) blocked PKC-ε. 10mM 

IKK-2 inhibitor [5-(p-fluorophenyl)-2-ureido]-thiophene-3- carboxamide, 40nM IKK-3 

inhibitor [5-(5,6-dimethoxybenzinidazol-1-yl)-3-(2- methanesulfonyl-benzyloxy)-

thiophene-2-carbonitrile], and a 90nM IKK inhibitor N( 6-chloro-9H-β-carbolin-8-yl)-

nicotinamide, that blocks IkB phosphorylation, were used per manufacturer’s protocol 

separately and in combination (EMD Chemicals). 30μM NSC23766 inhibited rac1 (EMD 

Chemicals). 65nM PP2 (EMD Chemicals) was used for Src family inhibition, and Akt 

was inhibited using 1μM Akt inhibitor IV (EMD Chemicals). 12μM SN50 (EMD 

Chemicals) blocked NF-kB p50 nuclear localization. An SN50 inactive analog that does 
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not affect NF-kB nuclear translocation was used as a control. 25μM NF-kB Serine 276 

inhibitory peptide (Imgenex, San Diego, CA) acts as a p65 decoy through 

phosphorylation at that site. Cells were treated with the inhibitory peptide or an inactive 

control. 1μM TCH-021, a novel imidazoline, inhibits NF-kB gene transcription by 

modulating IkB degradation and subsequently inhibiting DNA binding (Kahlon et al., 

2009; Peddibhotla and Tepe, 2004; Sharma et al., 2004). All inhibitors were diluted in 

sterile PBS, DMSO, or water and used for 24 hours unless stated. 

 

Small interfering RNA 

Cav3.1, Cav3.3, PKC-ß, PKC-α, and NF-kB proteins were reduced using at least 

siRNA specific to each protein with similar results (Cell Signaling, Beverly, MA), 

oligofectamine, and Plus reagent (Invitrogen, Carlsbad, CA) by manufacturer’s protocol, 

using non-targeting controls in parallel (Dharmacon, Lafayette, CO). These experiments 

were performed 48 hours after transfection. 

 

Intracellular calcium visualization 

Cells cultured at 70% confluence on glass coverslips (CS-22/40, Warner 

Instruments, Hamden, CT) for 24 hours were either treated with siRNA 24hr before 

plating or with PKC-ß inhibitor 30 minutes before visualization. Coverslips were then 

incubated in the dark for 30 min with fluorescent calcium-sensitive dye, X-Rhod I AM (X-

1420, Invitrogen), prepared in Ringer's lactate, placed into the RC-30 chamber (Warner 

Instruments), and subjected to ambient or 15mmHg increased pressure. Pressure was 

manipulated by raising the reservoir of Ringer's lactate connected to the RC-30 
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chamber to either the level of the chamber or 21cm above it.  Cells were visualized by 

fluorescent confocal microscopy. 

 

Immunoprecipitation and western blotting 

Cells were lysed, and protein was quantitated and resolved by SDS-PAGE before 

western blotting on nitrocellulose (GE Healthcare, Little Chalfont, Buckinghamshire, UK) 

as previously (Downey et al., 2008). Coimmunoprecipitation studies were performed 

using 400μg of protein with appropriate antibody and agarose beads (Santa Cruz 

Biotechnology, Santa Cruz, CA) as described (Downey et al., 2008). Rabbit polyclonal 

antibodies to pIKKα/β (ser180/181), NF-kB p50 (Cell Signaling), total IkB (Sigma-

Aldrich), Histone H1 (Santa Cruz) and NF-kB p65 (Millipore, Billerica, MA), and 

appropriate anti-rabbit secondary antibodies were used. Mouse monoclonal antibodies 

to cyclin D1, pIkB (ser 32/36, Cell Signaling), and actin (Sigma-Aldrich) were also used, 

with a horseradish peroxidase conjugated anti-mouse secondary antibody. Protein was 

visualized by ECL-Plus (GE Healthcare) and quantitated by Kodak Phosphoimager 

(Perkin Elmer, Boston, MA) within the linear range of exposure. 

 

Nuclear fractionation 

Nuclear fractions were obtained using the Qproteome nuclear subfractionation kit 

(Qiagen, Frederick, MD).  

 

NF-kB p50 and p65 transcription factor activity 

We evaluated NF-kB p50 and p65 DNA binding activity in nuclear lysates added 
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to multi-well plates coated with the double stranded DNA consensus sequence by an 

ELISA based NF-kB p50 or p65 Transcription Factor Assay Kit (Cayman Chemical, Ann 

Arbor, MI). 

 

NF-kB activation 

Cellular NF-kB activation was assayed using a luciferase-based NF-kB lentiviral 

reporter assay (Qiagen). 5,000 cells/well were plated in 96 well plates for 24 hours and 

lentiviral particles were introduced with SureENTRY transduction reagent per 

manufacturer’s protocol (Qiagen) for 24 hours. The lentiviral suspension was replaced 

with normal medium, and cells were exposed to ambient or increased pressure for 24 

hours. Luciferin was added using the bright-glow luciferase assay (Promega, Madison, 

WI) and luminescence quantitated by a FLUOstar Omega plate reader (BMG LabTech, 

Offenburg, Germany). 

 

Flow cytometry 

S-phase fraction was measured in previously serum-starved cells exposed to 

ambient or increased pressure for 24 hours as previously (Walsh et al., 2004). 

 

TUNEL staining 

Apoptosis was evaluated by TUNEL staining (Roche Applied Science, 

Indianapolis, IN) per manufacturer’s protocol. Apoptotic cells were counted on each 

slide, and control and pressure-treated cells compared.   
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Active NF-kB, cyclin D1 and IkB immunohistochemistry in human tumors 

Under IRB-approved protocol, archived colon, lung and head and neck malignant 

tumors were sectioned, deparaffinized, steamed at 95°C with citrate antigen retrieval 

buffer (DAKO, Carpinteria, CA), rinsed with PBS and fixed with 3% hydrogen peroxide. 

Non-specific staining was prevented by adding horse serum (Vector Laboratories, 

Burlingame, CA). The slides were rinsed and primary antibody to active NF-kB 

(Invitrogen), cyclin D1, or IkB was added at room temperature. After PBS-washing, 

slides were incubated with the biotinylated secondary antibody, streptavidin-peroxidase 

and amino-ethyl carbazol chromogen (VectaStain Universal Rapid Kit, Vector). Staining 

intensity was monitored to prevent overstaining. Slides were hematoxylin-

counterstained and coverslipped using Geltol (ThermoShandon, Fisher Scientific, 

Hanover Park, IL).  An observer blinded to the study assigned scores from 0 (no 

immunostaining) to 4 (maximal immunostaining intensity) to the three areas under 

review; tumor center, tumor periphery and adjacent non-malignant tissue. Areas were 

determined based on proximity to non-malignant tissue, cell morphology and density. All 

areas of the slide that were able to be evaluated were evaluated. Discernible mitotic 

figures were also counted in each area of the tumor periphery and center. Mitotic figures 

were also counted separately in tumor areas defined subjectively by a blinded reviewer 

as highly immunoreactive for active NF-kB or less immunoreactive for active NF-kB. All 

areas of the slide were counted for these studies.  

 

Statistical Analysis 

Differences between two groups were analyzed using Student’s t-test, and 
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differences in immunostaining intensities by chi-squared test. Statistical significance was 

set at P<0.05. 

 

Results 

Increased extracellular pressure stimulates proliferation in colon, breast, and 

prostate cancer cells in vitro 

SW620, Caco-2, and CT-26 colon; MCF-7 breast; and MLL and PC3 prostate 

cancer cells were exposed to 0-80mmHg increased extracellular pressure for 24 hours 

and proliferative activity was assessed by MTT assay. Each cell line displayed 

increased MTT fluorescent intensity across the range of pressures, with greatest 

responses at 40-60mmHg increased pressure (n=6;p<0.05, Figure A.1). Parallel 

 
 

 

 

 

 

 

 
 
 
 
 
Figure A.1. Extracellular pressure stimulates proliferation 
PC3 prostate cancer, SW620, CT-26, and Caco-2 colon cancer; MCF-7 breast cancer; 
and MLL prostate cancer cells were incubated at either ambient pressure or 40mmHg 
increased pressure for 24 hours and quantified by MTT assay. (*p<0.05 vs. paired 
controls)  
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manual cell counting confirmed increased cell numbers after exposure to 40 mmHg 

increased pressure vs. ambient (n=4;p<0.05, not shown). Subsequent studies used 

even lower pressures to conservatively stay within the pathophysiologically relevant 

range. 

 

Ca2+ influx required for pressure-stimulated proliferation in colon 

adenocarcinoma 

The extracellular calcium chelator EGTA (1mM) and intracellular chelator BAPTA-

AM (5μM) each abolished the mitogenic effect of pressure, demonstrating the necessity 

of calcium  

 

A 

 

 

 

 

 

 

 

 

 

Figure A.2. Extracellular pressure induces an influx of calcium that is required for 
pressure-stimulated proliferation 
(2A)  SW620 cells were treated with either an extracellular calcium chelator (EGTA 
1mM), an intracellular chelator (BAPTA-AM 5μM), a non-specific divalent cation channel 
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Figure A.2 (cont'd) 
 
blocker (lanthanum chloride 10μM), or a blocker of receptor-mediated calcium-entry 
(SFK96365 5μM) during 24 hour exposure to ambient (open bars) or 15mmHg 
increased extracellular pressure (shaded bars). Cells quantified by MTT assay. (*p<0.05 
vs. paired controls) (2B) X-rhod- 1, a fluorescent calcium-sensitive dye, was added to 
SW620 cells 30 minutes before visualization by fluorescent confocal microscopy. The 
study began at ambient pressure which was increased transiently by 15mmHg at arrow 
1 and returned to baseline ambient pressure at arrow 2. 
 
 
 
B 

 

 

 

 

 

 

 

 

 

for the effect (n=8;p<0.05 Figure A.2A). The non-specific divalent cation channel blocker 

lanthanum chloride (10μM) and SFK96365 (5μM), a blocker of receptor-mediated 

calcium-entry, differentiated between intracellular calcium increases due to receptor 

mediated and/or voltage-gated channels from those due to release from internal stores,. 

Like the chelators, each inhibitor of Ca2+ entry inhibited pressure-driven proliferation 

(n=8;p<0.05 Figure A.2A). Observing real-time calcium flow under confocal microscopy 

with the calcium-sensitive dye, X-rhod- 1, we observed a distinct increase in [Ca2+]i 

following a 15mmHg increase in hydrostatic pressure (n=8;p<0.05 Figure A.2B). 
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Pressure-induced Ca2+ influx and proliferation dependent on T-type Ca2+ channel 

Cav3.3 

The proliferation assay was repeated in the presence of channel-specific 

inhibitors. Gadolinium chloride, which inhibits stretch-activated calcium-channels, did 

not block the pressure effect at 100μM, a concentration ten times higher than the 

reported IC50 (Yang and Sachs, 1989) (n=8;p<0.05, not shown). 

A       B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C       D 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.3. T-type Ca2+ channel Cav3.3 is necessary for pressure-induced Ca2+ 
influx and proliferation 
(A.3A) SW620 cells treated with T-type channel blocker (NNC 55-0396 5μM) or L-type 
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Figure A.3 (cont'd) 

Ca2+ blocker (nimodipine 1μM) were subjected to ambient pressure (open bars) or 
15mmHg increased extracellular pressure (filled bars) and MTT assay was performed at 
24 hours. (A.3B) SW620 cells were treated with varying concentrations of nickel 
chloride to inhibit either Cav3.2 (IC50 20μM) or Cav 3.1 and 3.3 (IC50 200μM) prior to 
pressurization to 15mmHg. Both experiments show a loss of pressure-induced 
proliferation with blockade of T-type calcium channels Cav3.1 and 3.3. (A.3C) Cav3.1 or 
Cav3.3 was reduced in SW620 cells via siRNA. 48 hours after transfection, Ca2+ was 
visualized within the cells by fluorescent confocal microscopy. The study began at 
ambient pressure which was increased transiently by 15mmHg at arrow 1 and returned 
to baseline ambient pressure at arrow 2. (A.3D) The bar graph shows the area under 
the curve of the cumulative fluorescence seen in the Cav 3.1 and 3.3 siRNA transfected 
cells vs. non-targeting controls. (A.3E) SW620 cells were treated with siRNA specific to 
Cav3.1, 3.2, or 3.3, or with a non-targeting control for 48 hours before 24 hours of 
incubation under ambient (open bars) or 15mmHg increased pressure (shaded bars). 
Cells were then quantified using an MTT reagent. (*p<0.05 vs paired controls) 
 

E       F 

 

 

 

 

 

 

 

 

5μM nimodipine (IC50 = 3μM), a L-type Ca2+ blocker, was also unable to block the 

mitogenic effect of pressure, whereas 1μM NNC 55-0396 (IC50 = 7μM), the T-type 

channel blocker, negated the stimulation of proliferation by pressure (n=8;p<0.05 Figure 

A.3A). Nickel chloride only blocked proliferation at concentrations of 100μM or higher, 

suggesting that Cav3.1 or Cav3.3 might be the channel responsible, rather than Cav3.2 
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which is inhibited at 20μM (J. H. Lee et al., 1999) (n=8;p<0.05 Figure A.3B). Ca2+ 

visualization with confocal microscopy after treatment with channel-specific siRNA 

revealed that the pressure-driven influx of calcium persisted after ≈50% Cav3.1 

reduction but was abolished by ≈50% Cav3.3 reduction (n=8;p<0.05, Figure A.3C, D). 

Pressure induced proliferation despite ≈50% siRNA reduction of Cav3.1, or Cav3.2 but 

not after ≈50% Cav3.3 reduction (n=12;p<0.05, Figure A.3E). 

 

Pressure-induced Ca2+ influx activates PKC-β to stimulate proliferation 

The reliance of the pressure signal on [Ca2+]i increases led us to compare the 

effects of inhibiting Ca2+ dependent PKC-α and PKC-β with that of Ca2+-independent  

 

A       B 

 

 

 

 

 

 

 

 
 
 
Figure A.4. PKC-β is activated by extracellular pressure 
(A.4A) SW620 cells were treated with a  PKC-α /PKC-β inhibitor (GO6976 6nM), a PKC-
β specific inhibitor (3-(1-(3-Imidazol-1-ylpropyl)-1H-indol-3-yl)-4-a nilino-1H-pyrrole-2,5-
dione 15nM), or a PKC-ε specific inhibitor (PKC-ε translocation inhibitor peptide10nM) 
immediately before incubation at ambient (open bars) or 40mmHg increased (shaded 
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Figure A.4 (cont'd) 
 
bars) pressure for 24 hours before MTT assay. (A.4B) Knockdown of PKC-β was 
achieved by 48 hours of siRNA transfection before 24 hours of pressurization at ambient 
or 15mmHg increased pressure and MTT assay. (A.4C) Knockdown of PKC-α was 
achieved by 48 hours of siRNA transfection before 24 hours of pressurization at ambient 
or 15mmHg increased pressure and MTT assay. (A.4D) SW620 cells were transfected 
for 48 hours with siRNA against Cav3.3 or with a non-targeting control before being 
exposed to 15mmHg pressure. PKC-β levels in the membrane fraction were measured 
after 24 hours. (A.4E) SW620 cells treated with PKC-β inhibitor (5nM) immediately prior 
to Ca2+ visualization by fluorescent confocal microscopy. The study began at ambient 
pressure which was increased transiently by 15mmHg at arrow 1 and returned to 
baseline ambient pressure at arrow 2. (A.4F) The bar graph shows the area under the 
curve of the cumulative fluorescence in the DMSO and PKC-β inhibitor treated groups. 
(*p<0.05 vs paired controls) 
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Figure A.4 (cont'd) 
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PKC-ε (Braz et al., 2002). Inhibiting either PKC-α/β together or PKC-β alone abolished 

the effect of pressure on proliferation to suggest that PKC-β is a necessary component 

of the pathway (n=9;p<0.05, Figure A.4A). Conversely, inhibition of Ca2+ independent 

PKC-ε failed to do so. Similarly, siRNA knockdown of PKC-β, but not PKC-α, abolished 

pressure-stimulated proliferation (n=7;p<0.05, Figure A.4B) (n=12;p<0.05, Figure A.4C). 

15mmHg pressure increased PKC-β levels in the membrane fraction, and this was 

blocked by siRNA to Cav3.3 (n=6;p<0.05, Figure A.4D). Alternatively, PKC-β inhibition 

failed to attenuate the pressure-induced calcium, consistent with PKC-β being 

downstream of the Cav3.3-induced calcium flux in the pressure pathway (n=6;p<0.05, 

Figure A.4E). 

 

Cav3.3 required for pressure-activation cascade of IKK, IkB, and NF-kB 

NF-kB is sequestered within the cytosol by the binding of its inhibitor IkB. When  
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Figure A.5. Pressure activates the IKK-IkB-NF-kB signaling cascade in a Cav3.3-
dependent manner 
(A.5A) SW620 cells were exposed to 40mmHg for 24 hours before Western blotting with 
phospho-IkB antibodies. Densitometric results were normalized to actin. (A.5B) SW620 
cells were transfected with siRNA targeting Cav3.3 or with a non-targeting control siRNA 
for 48 hours and then incubated under  at ambient or 15mmHg increased pressure for 
24 hours. Western blots with phospho-IkB antibodies were analyzed and normalized to 
GAPDH. (A.5C) Lysate from SW620 cells incubated at ambient or 40mmHg increased 
pressure for 24 hours was immunoprecipitated with antiNF-kB antibodies and the 
resulting immunoprecipitates were immunoblotted with IkB antibodies to identify IkB 
associated with NF-kB. (A.5D) Nuclear fractions from SW620 cells that had been 
incubated at ambient or 40mmHg increased pressure for 24 hours were immunoblotted 
with antibodies against the p65 and p50 subunits of NF-kB. Histone H1 served as a 
loading control. (A.5E) Lysate from SW620 cells transfected with siRNA targeting 
Cav3.3 or with a non-targeting control for 48 hours and then incubated at ambient or 
15mmHg increased pressure for 24 hours was then used to quantify NF-kB p65 and 
p50 subunit activity by ELISA. (A.5F) SW620 cells were treated with NF-kB lentiviral 
reporter particles expressing firefly luciferase and incubated under ambient or 40mmHg 
increased pressure for 24 hours in the presence of an IKK-2 inhibitor ([5-(p-
fluorophenyl)-2-ureido]-thiophene-3- carboxamide, 10mM), an IKK-3 inhibitor ([5-(5,6-
dimethoxybenzinidazol-1-yl)-3-(2- methanesulfonyl-benzyloxy)-thiophene-2-carbonitrile] 
40nM), or an IKK inhibitor that blocks IkB phosphorylation (N(6-chloro-9H-β-carbolin-8-
yl)-nicotinamide 90nM). (* p<0.05 vs paired controls) 
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Figure A.5 (cont'd) 
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IkB is phosphorylated by the kinase IKK, it releases NF-kB, exposing the NF-kB nuclear 

localization signal (C. H. Lee et al., 2007; Yamamoto and Gaynor, 2001). IKK 
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phosphorylation was increased 27±4% in pressure-treated cells relative to ambient 

pressure control cells (n=8;p<0.05, not shown). IkB phosphorylation also increased 

61±8% in pressure-treated cells (n=8;p<0.05, Figure A.5A), but not after siRNA 

reduction of Cav3.3 (n=7;p<0.05, Figure A.5B). Pressure decreased NF-kB-IkB 

association 31±4% (n=5;p<0.05, Figure A.5C). NF-kB translocation was confirmed via 

measuring p50 and p65 subunit levels in nuclear fractions, which increased 58±6% and 

67±8% respectively in pressure-treated versus ambient pressure cells (n=6;p<0.05, 

Figure A.5D). ELISA based measurements of NF-kB p50 and p65 transcription factor 

activity showed increases of 50±4% and 48±6% respectively in response to pressure 

that were reversed with siCav3.3 treatment (n=6;p<0.05, Figure A.5E). To assess the 

effect of IKK on pressure-stimulated NF-kB activation we treated SW620 cells with NF-

kB lentiviral reporter particles expressing firefly luciferase. We incubated them under 

ambient or 40mmHg increased pressure for 24 hours in the presence of inhibitors to 

IKK-2 or IKK-3, or an IKK inhibitor that blocks IkB phosphorylation. Individually, these 

inhibitors did not prevent pressure activation of NF-kB (n=12;p<0.05, not shown), but 

the combination of the IKK-2 and IKK-3, the IKK-2 and global IKK, or the three inhibitors 

used together each abolished pressure activation of NF-kB (n=12;p<0.05, Figure A.5F). 

 

Pressure activates NF-kB through PKC-β 

Pressure increased NF-kB activation 94±7% (n=12;p<0.05, Figure A.6A). The 

NF-kB nuclear decoy and the NF-kB inhibitors SN50 and TCH 021 each prevented 

pressure-associated NF-kB activation (n=6;p<0.05, Figure A.6A). FAK and Akt facilitate 

the effects of extracellular pressure on integrin-mediated adhesion in colon cancer cells 
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Figure A.6. Pressure activates NF-kB in a PKC-β dependent manner 
(A.6A) SW620 NF-kB activation was assayed using a luciferase-based NF-kB lentiviral 
reporter assay. After transduction, the cells were incubated under ambient or 40mmHg 
increased pressure for 24 hours in the presence of NF-kB inhibitor SN50 (12μM), or its 
control peptide, NF-kB nuclear decoy (25μM), or NF-kB inhibitor TCH 021 (1μM). (A.6B) 
NF-kB activation was also measured in cells treated with an inhibitor to Src (PP2 65nM), 
Akt (Akt inhibitor IV 1μM), or PKC (calphostin 100nM) before undergoing 24 hours of 
ambient or 40mmHg pressure exposure. (A.6C) The experiment was repeated using the 
global PKC inhibitor as well as inhibitors specific for PKC-β (3-(1-(3-Imidazol-1-yl 
propyl)-1H-indol-3-yl)-4-anilino-1H-pyrrole-2,5-dione 15nM) and PKC-ε (PKC-ε 
translocation inhibitor peptide 10nM). (A.6D) SW620 cells were transfected for 48 hours 
with siRNA against Cav3.3, PKC-β, or with a non-targeting control before being exposed 
to ambient or 15mmHg pressure.  NF-kB activation was measured via luminescence 
from the luciferase reporter gene. (*p<0.05 vs paired controls) 
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Figure A.6 (cont'd) 
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(Basson, 2008), and FAK also stimulates proliferation in response to another physical 

force, cyclic deformation (Li et al., 2001). However, neither FAK nor Akt inhibition 

prevented pressure activation of NF-kB (n=9;p<0.05, Figure A.6B). Conversely, the 

global PKC inhibitor calphostin C, the PKC-α/β inhibitor Go6976, and a pure PKC-β 

inhibitor all abolished the effect of pressure on NF-kB activation, while PKC-ε inhibition 

did not (n=9;p<0.05, Figure A.6C). Consistent with the chemical inhibitor data, siRNA 

knockdown of PKC-β reversed the effect (n=6;p<0.05, Figure A.6D). The pressure-

driven increase in NF-kB activation was also abolished by siRNA to Cav3.3 

(n=7;p<0.05, Figure A.6D). 
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Pressure stimulates proliferation through NF-kB 

To connect NF-kB to the pressure proliferation effect, we attempted to block the 

increase using NF-kB inhibitors as well as an inhibitor of another mitogen signal, rac1 

for comparison. The rac1 inhibitor NSC23766 did not prevent increased MTT 

fluorescent intensity in pressure-treated cells, but the NF-kB inhibitor SN50, a NF-kB 

nuclear decoy, and a novel imidazoline inhibitor, TCH-021, abolished the effect 

(n=4;p<0.05, Figure A.7A). Flow cytometry showed S-phase fraction increases of 

22±6% in cells exposed to increased pressure (n=3;p<0.01, Figure A.7B) but not in 

those treated with inhibitors as well (n=4;p<0.05, Figure A.7B). TUNEL staining 

demonstrated that pressure did not alter cell apoptosis (n=3;p<0.05, not shown). A  
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Figure A.7. Pressure induces proliferation through Cav3.3 and NF-kB 
(A.7A) SW620 cells were incubated under ambient or 40mmHg increased pressure for 
24 hours in the presence of an NF-kB inhibitor SN50 (12μM) or its control peptide, an 
NF-kB nuclear decoy (25μM) or its inactive control, an NF-kB inhibitor TCH 021 (1μM), 
or a rac1 inhibitor (NSC23766 30μM) before MTT assay. (A.7B) S-phase fraction was 
measured in previously serum-starved SW620 cells via flow cytometry. Before  
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Figure A.6 (cont'd) 

measurement, cells were incubated under ambient or 40mmHg increased pressure for 
24 hours in the presence of an NF-kB inhibitor SN50 (12μM) or its control peptide, an 
NF-kB nuclear decoy (25μM) or its inactive control, an NF-kB inhibitor TCH 021 (1μM). 
(A.7C) SW620 cells were transfected with siRNA targeting Cav3.3 or with a non-
targeting control for 48hr and exposed to ambient or 15mmHg for 24hr before being 
lysed and immunoblotted with cyclin D1 antibodies and normalized to GAPDH. (*p<0.05 
vs paired controls) 
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measurable product of the mitogenic effect of NF-kB is the accumulation of the cell 

cycle regulator Cyclin D1, which increased in pressure-treated cells that did not undergo 

siRNA Cav3.3 treatment (n=6;p<0.05, Figure A.7C). 

 

NF-kB, IkB and cyclin D1 staining increases in the center of human tumors  

 Since extracellular interstitial pressures are higher in the center of large solid 

human tumors than at their peripheries (Boucher et al., 1990; Sarntinoranont et al., 
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2003), we compared mitotic rates at the periphery and center of 28 human colon, lung, 

and head and neck tumors, averaging 8±1.2cm diameter. A reviewer blinded to the 

hypothesis reported a 154±14% increase in mitotic figures per hpf in the central regions 

of the tumors relative to their peripheries (n=15;p<0.05, Figure A.8D). Parallel studies 

demonstrated high immunoreactivity for active NF-kB, phosphoIkB, and cyclin D1 in the 

centers of these tumors which decreased towards their peripheries. Little or no staining 

was observed in adjacent non-malignant tissues from each specimen. (n=27;p<0.05, 

Figure A.8A-C). Assessment of immunoreactivity on a scale from 0 (negative staining) 
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Figure A.8. Immunohistochemical staining of colorectal carcinomas 
Staining of colorectal carcinomas was representative of that observed in colorectal, 
head and neck and lung tumors. To obtain a full view of the sample, a panel of 
overlapping photographs were taken and placed together. Dashed lines represent 
zones of overlap within the image. Overall panel images were taken at 4X magnification 
and higher power images within each zone at 20X. NF-kB (A.8A), phospho-IkB (A.8B), 
and cyclin D1 (A.8C) immunoreactivity and mitotic index (A.8D) are increased in tumor 
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Figure A.7 (cont'd) 
 
centers vs. peripheries. Non-malignant tissue showed minimal staining and few mitotic 
figures.  
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Table 2: Immunohistochemical Scores 
Table 2: Immunohistochemical staining of colorectal carcinomas, representative of 
staining observed in colorectal, head and neck and lung tumors. Mean 
immunohistochemical NF-kB, phospho-IkB, and cyclin D1 intensity in tumor centers vs. 
peripheries vs. adjacent non-malignant tissue, scored by a blinded observer. 

 

to 4 (high staining), specimens immunostained for NF-kB were scored in 95 zones from 

adjacent histologically normal margins from 19 different tumor samples and averaged a 

score of 0.8. Blinded evaluation of areas at the periphery of the tumors in these same 

slides yielded a mean score of 2.2, while central tumor zones received a mean score of 

3.6. Similar gradients occurred for phospho-IkB and cyclin D1 immunoreactivity (Table 

2). Differences between the normal tissue, the peripheral zone, and the central tumor 

zone were each statistically significant (p<0.01). Mitotic figures were separately counted 

in 20 fields of highly NF-kB-immunoreactive areas within the tumors compared to less 

NF-kB-immunoreactive areas, confirming a 124±8% increase in mitotic figures within 

these more immunoreactive zones (p<0.05, not shown). 

 

A.4 Discussion 

Malignant cells within tumors are exposed to increased extracellular pressure as 

the tumors grow (Gutmann et al., 1992; Less et al., 1992; Raju et al., 2008). This study 

suggests that such increased extracellular pressure can stimulate tumor cell 

proliferation by activating the T-type Ca2+ channel Cav3.3. The consequent calcium 
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influx activates a PKC β-dependent pathway. Stepwise phosphorylation of IKK and IkB 

permits NF-kB activation and ultimately results in tumor cell proliferation. Although 

physical forces have been reported to be mitogenic for other cell types, these results 

are interesting because they implicate a calcium channel that is not thought stretch-

activated as a primary mechanoreceptor. In addition, they suggest a specificity of 

activity of the PKC-ß isoform in this regard. Finally, since the pressures studied here are 

consistent with those reported in large human tumors (Boucher et al., 1990; Gutmann et 

al., 1992; Less et al., 1992; Raju et al., 2008) and since we observed gradients of 

proliferation and related signaling between the periphery and center of large human 

tumors that parallel previous observations of similar gradients in interstitial pressures, 

these results suggest the possibility that cancer cells in rapidly growing tumors are 

exposed to such pressures in vivo, causing more rapid proliferation that further 

increases pressure in a vicious positive feedback cycle that may potentiate cancer 

growth. 

 

Existing models of pressure signaling are split between two theories of 

mechanoperception. Intrinsic mechanosensitivity relies on tension along the lipid 

membrane to drive protein subunit recruitment or realignment to affect ion channel 

conductance (Hamill and McBride, 1994; Martinac et al., 1990; Opsahl and Webb, 

1994). Extrinsic mechanosensitivity depends on cytoskeletal or extracellular elements to 

relay mechanical stress to cellular enzymes (Guharay and Sachs, 1984; Hamill and 

McBride, 1992; Ingber, 1997).  Early mechanosensitive channels were discovered under 

negative pressures and characterized as intrinsic stretch-activated channels that 
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opened with lateral membrane tension but were insensitive to the perpendicular forces 

exerted by hydrostatic pressure (Sokabe et al., 1991). Because the lipid bilayer is 

volumetrically incompressible under physiological conditions, it is poorly suited to 

conduct the forces generated by tumor growth (Hamill and Martinac, 2001). Therefore, 

the pressure-proliferation pathway might be hypothesized to depend on the 

cytoskeleton, consistent with the effects of pressure on cell migration and adhesion 

(Kovalenko et al., ; Thamilselvan and Basson, 2004). However, phalloidin, which 

discourages actin depolymerization (Cooper, 1987), attenuates the effect of pressure on 

adhesion but not proliferation (Basson, 2008). While actin depolymerization occurs 

within minutes during adhesion (Wang et al., 1993) and is necessary for pressure-

stimulated adhesion by suspended cells (Thamilselvan and Basson, 2004), cytoskeletal 

rearrangement seems less likely to be required for pressure to stimulate proliferation in 

adherent cells. 

 

Indeed, the pathway delineated here by which pressure stimulates proliferation 

differs markedly from that by which similar pressures stimulate adhesion to matrix 

substrates in non-adherent cells. The latter depends upon cytoskeletal 

mechanosensing, PI3K, Src, FAK, Akt and rac1 activation (Basson, 2008; Downey et 

al., 2008). However, we have previously reported that the mitogenic effects of pressure 

are independent of Src, PI-3-kinase and actin depolymerization (Basson, 2008; Walsh 

et al., 2004) and show here they are also independent of FAK, AKT and rac1. This may 

reflect differences in the intracellular kinome associated with the effects of adhesion 

itself. Internal pre-stress naturally remodels the cytoskeletons of suspended cells into a 
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spherical shape, changing the kinetic properties of attached enzymes (Ingber, 1997). 

Adherent cells, however, maintain a state of isometric tension, balanced between the 

inward pulling forces of the contractile cytoskeleton and the outward pulling forces of the 

extracellular matrix and adjacent cells, and thus experience a different kinomic 

landscape (Ingber, 1997). Cells experiencing such tensegrity forces are more 

responsive to mitogens (Ingber, 2008) and sites of high mechanical stress produce 

higher cell growth rates in monolayer models (Nelson et al., 2005). The proliferative 

effect of pressure may be another example of a mitogen that is better perceived by the 

cytoarchitecture of adherent cells. 

 

While one type of mechanical stimulus can effect several different changes in a 

cell, different mechanical forces may conversely stimulate the same cellular process 

albeit through different pathways. Repetitive deformation stimulates proliferation in 

human Caco-2 colon cancer cells and non-malignant IEC-6 enterocytes through a 

cytoskeleton-dependent pathway involving Src, rac1, FAK and Erk (Chaturvedi et al., 

2007b; Chaturvedi et al., 2007a; Li et al., 2001), none of which are required for the 

mitogenic effects of pressure (Kovalenko et al.). Stretch-activated ion channels have 

also been implicated in mechanotransduction and proliferation (Hamill and Martinac, 

2001; M. Liu et al., 1994). These channels activate under negative pressure and are 

inhibited by gadolinium chloride, which stunts the lipid bilayer's ability to transmit lateral 

tension (Ermakov et al., 2001; Tanaka et al., 2002). However, gadolinium failed to block 

pressure-induced proliferation, which echoes the Cav3.3 stretch insensitivity reported by 

Morris (Calabrese et al., 2002). We believe this pressure-activated Cav3.3-PKC-β-NF-
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kB pathway to be novel among reported mechanisms for mechanically-stimulated 

proliferation. 

 

Our studies identify, for the first time, a non-stretch activated calcium channel, the 

T-type calcium channel Cav3.3, that responds to increased pressure and stimulates 

proliferation. Most mechanosensitive ion channels are intrinsically mechanosensitive 

and exhibit stretch-activation under negative pressures, as is the case for L-type 

calcium channels (Kraichely and Farrugia, 2007). There are reports of calcium 

permeable channels that respond to positive pressure in rat endocardial endothelium, 

but even these are stretch-activated (Kohler et al., 1998). We found that the mitogenic 

effects of positive pressure required an influx of extracellular calcium, and despite the 

lack of reports of T-type Ca2+ channel mechanoperception, in our hands Cav3.3 indeed 

reacted to positive pressures of 15mmHg to induce calcium influx. Cav3.3 is mostly 

found in neuronal cells and not known to be over-expressed in tumors (Lu et al., 2008). 

Cav3.1 and Cav3.2, on the other hand, are over-expressed in breast cancer, human 

retinoblastoma and rat glioma cells (Bertolesi et al., 2002). However, neither the L-type 

channels nor Cav3.1/Cav3.2 seemed to be required for pressure-induced proliferation. 

Although T-type Cav channels have previously been studied in the context of neural 

function, these findings suggest a possible role for Cav3.3 and calcium signaling in 

pressure-mediated tumor growth. 

 

Several PKC isoforms have been implicated in signaling responses to various 

mechanical forces, but most of these isoforms are calcium-independent, and no 
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mechanisms to date have implicated the PKC-ß isoform. The calcium-independent 

isozymes PKC-δ, ε, θ and η are activated by diacylglycerol alone, whereas the 

isozymes PKC-α, βΙ, βΙΙ and γ also require calcium (Mochly-Rosen et al.). We 

previously reported that repetitive deformation of Caco-2 cells induces activation and 

membrane translocation of both PKC-α and PKC-ζ (Han et al., 1998), while Cheng 

observed similar results in endothelial cells and further noted that repetitive deformation 

failed to potentiate PKC-ß membrane translocation (Cheng et al., 2001). The 

mechanical force of shear stress activated Erk1/2 in endothelial cells via PKC-ε, but not 

PKC-α or PKC-ζ (Traub et al., 1997), and IL-11 expression was stimulated in murine 

primary osteoblasts via PKC-δ (Kido et al.). Interestingly, pressure stimulates integrin-

mediated adhesion independently of PKC in suspended Caco-2 and SW620 cells 

(Thamilselvan and Basson, 2004). However, the same 15 mmHg pressure applied to 

adherent colon cancer cells stimulated both PKC-dependent proliferation and PKC-α 

membrane translocation (Walsh et al., 2004). In our current study, consistent with the 

calcium-dependent effect of pressure on proliferation, specific inhibition of calcium-

dependent PKC-ß prevented the mitogenic effects of pressure. 

  

Pressure activated NF-kB and its upstream regulators IkB and IKK in a PKCß-

dependent manner. Our results are consistent with previous observations that PKCß 

plays a role in NF-kB activation (Sommer et al., 2005), although the opposite effect has 

also been reported in human umbilical vein endothelial cells. Both hyperphosphatemia 

and hypophosphatemia increase PKCßII but decrease activated NF-kB (Peng et al.). 

Traditionally, IKK and IkB phosphorylation release NF-kB to translocate the nucleus 
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where it is mitogenic (Dolcet et al., 2005). However, NF-kB can also cause cell death 

through interactions with anti-apoptotic factors like FLIP and TRAF1/2 (Dolcet et al., 

2005), and is associated with cell apoptosis in colon cancer xenografts (Stark et al., 

2007). IKK-2 ablation similarly causes proliferation in myocytes (Mourkioti et al., 2006), 

although IKK-2 is required for TNF-α -induced proliferation in human mesenchymal 

stem cells (Bocker et al., 2008). Thus, it was not obvious that activation of the NF-kB 

pathway would stimulate cancer cell proliferation in response to pressure before these 

studies. We blocked the pressure-induced increase in NF-kB activity with siCav3.3 to 

demonstrate its downstream position relative to Ca2+, and then with various NF-kB 

inhibitors to demonstrate the specificity of the effect. That the inhibitors of IKK-2, IKK-3 

and IKK phosphorylation of IkB could only prevent pressure activation of NF-kB when 

used in combination suggests pathway redundancy and confirms IKK relevance. The 

overall effect of pressure on the conventional NF-kB pathway was a conserved 

activation that increased cell number through proliferation not decreased apoptosis. 

 

The magnitudes of pressure used in our studies resemble those experienced by 

large human tumors in vivo. The reported range of average internal pressures for large 

tumors is 4-50mmHg (Gutmann et al., 1992; Less et al., 1992; Raju et al., 2008). In vivo 

measurements from 219 cervical cancer patients delineated a mean tumor interstitial 

fluid pressure of 18mmHg (Milosevic et al.). A similar study in colorectal carcinoma 

tumors averaged 21mmHg pressure (Less et al., 1992). Our studies were conducted at 

both 40mmHg, to elicit the maximal proliferative effect, and at 15mmHg, to simulate the 

relevant pathophysiology. The significance of elevated pressure was validated in 
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sections of large human tumors by the gradient of phospho-NF-kB, IkB, and cyclin D1 

immunoreactivity from the high pressure center towards the lower pressure periphery 

until nearly disappearing in the adjacent normal tissue. NF-kB immunoreactivity of the 

magnitude observed correlates with poor prognosis (Ismail et al., 2004). These 

observations in human tumors further suggest a link between pressure-mediated NF-kB 

activation and increased proliferation.  

 

Pathophysiologically relevant increases in pressure may stimulate colon, breast 

and prostate cancer cell proliferation by a Cav3.3-dependent mechanism involving 

activation of PKC-ß and the IKK complex, NF-kB p50 and p65 nuclear localization and 

activation, and increased cyclin D1 expression. This is consistent with the increased NF-

kB, IkB and cyclin D1 immunoreactivity and increased proliferation that we observed 

within the higher pressure centers of human tumors. While the mechanism by which 

Cav3.3 senses pressure awaits further study, these results suggest that the increases in 

extracellular pressure generated by tumor growth against a stiff surrounding stroma 

may stimulate proliferation within the tumor, eliciting an unfortunate positive feedback 

loop. This pathway may represent a target of opportunity to slow the growth of 

unresectable tumors in patients and tumors not candidates for conventional cytotoxics. 
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