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Abstract. Perioperative or circulatory forces enhance 
disseminated cancer cell adhesiveness by modulating 
focal adhesion kinase (FAK)-Akt1 interaction. Selectively 
blocking FAK-Akt1 interaction by a peptide derived from the 
FAK-Four-point-one, ezrin, radixin, moesin (FERM) domain 
reduces colon cancer cell adhesion in vitro and in mice. A 
preliminary in silico screening identified two small molecules 
resembling a peptide that may inhibit pressure-stimulated 
SW620 cancer cell adhesion to collagen I. The present study 
selected ZINC4085554 for further study to validate its 
proposed mechanism of action, using human SW620 colon 
cancer cells as a model system. At 25 and 50 µM, ZINC4085554 
inhibited the pressure-stimulated adhesion of SW620 
colon cancer cells to collagen I. This molecule prevented 
pressure‑stimulated FAK‑Tyr‑397 phosphorylation; however, 
it did not affect Akt1-Ser-473 phosphorylation, indicating that 
ZINC4085554 acts downstream of Akt1, while Akt‑Thr‑308 
remains unchanged in the presence of pressure and or 
ZINC4085554. Indeed, ZINC4085554 inhibited FAK-Akt1 
interaction in response to increased extracellular pressure, 
consistent with the proposed mechanism. ZINC4085554 
did not inhibit FAK-Tyr-397 phosphorylation in response to 
cell adhesion to collagen I, indicating the specificity of the 
inhibitory effects towards force‑stimulated pathways. Finally, 
the present study confirmed that ZINC4085554 at 50 µM 
prevented pressure‑activation of adhesion to surgical wounds 
in vivo in parallel to its ablation of intracellular signaling. In 
summary, ZINC4085554 is a small molecule mimicking part 
of the structure of FAK that reduces cancer cell adhesion by 
impairing pressure-stimulated FAK-Akt1 interaction and its 
downstream consequences. ZINC4085554 does not inhibit 
conventional outside-in FAK signaling and may be less toxic 

than global FAK inhibitors, and ZINC4085554 may be an 
important step towards the inhibition of metastasis.

Introduction

Metastasis is the primary cause of mortality in patients with 
cancer; however, it is poorly understood due to its complexity 
and multiple step nature (1). Adhesive interactions between 
the circulating tumor cells and the target organ are an impor-
tant early step in the formation of metastasis at secondary 
sites (1,2). Since adhesive interactions are the first step of 
cancer metastasis, it is imperative to understand the mecha-
nisms contributing to this process, as inhibiting this early 
metastatic step will prevent subsequent metastatic processes, 
including migration, intravasation, invasion and new meta-
static growths (3‑5).

Disseminated cancer cells exhibit varying degrees of 
adhesive potential, which is dependent on environmental 
factors, including serum growth factors, extracellular matrix 
composition, physical forces, temperature and humidity (6,7). 
In particular, mechanical forces generated in the circulation 
during laparoscopic insufflation, surgical manipulation, post-
operative abdominal third spacing and passage through the 
lymphatics and circulation may increase the adhesive poten-
tial of a wide variety of cancer cells from colonic cancer (8), 
breast cancer (9), head and neck squamous cell cancer (10) and 
sarcoma types (11). The stimulation of cancer cell adhesion 
by extracellular pressure therefore represents an interesting 
mechanism that regulates cancer cell adhesiveness and a 
probe to delineate the relevant intracellular signal pathway, 
in the hope that the identified novel targets can be blocked 
to inhibit metastasis. Our previous investigation reported that 
this effect is statistically significant at 10 mmHg, and was 
maximal at 15 mmHg (12), yet increased pressures do not 
yield an increased effect, at least in vitro (12). Since the effect 
is maximal at 15 mmHg and as 15 mmHg is the pressure 
most commonly used to inflate the abdomen in laparoscopic 
surgery (13), 15 mmHg was selected to investigate increased 
pressures above ambient in the present study.

Mechanical forces, such as increased extracellular pres-
sure and shear stress, activate cytoskeletally-dependent and 
cytoskeletally‑independent pathways that converge on the 
activation of focal adhesion kinase (FAK) (14). Although 
FAK-Tyr-397 phosphorylation is generally conceived as the 
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initial step in FAK activation (15), it was observed that FAK 
activation in cancer cells in response to physical forces requires 
the upstream activation of Akt1 at the catalytic region Ser-473, 
yet not at the regulatory site Thr‑308, which then binds to FAK 
and induces its phosphorylation at serine 517, 601 and 695 and 
threonine 600 (16,17). As FAK activation does not generally 
require Akt, this novel interaction may be a promising target 
for pharmacologic blockade, which may not interfere with 
other aspects of FAK signaling, and therefore provides a more 
specific targeting mechanism than the global FAK inhibitors 
currently in trials (18-21). Serial truncation of the FAK FERM 
domain demonstrated that FAK-Akt1 binding occurs in sub 
domain 1-126 amino acids (22). Further serial truncation of 
this domain narrowed down to 33 amino acids NT1‑2‑2 FERM 
(amino acid sequence 94‑126 of FERM) subdomain of FAK is 
required for Akt1 binding (23), and further studies condensed 
this further to the 7 amino acid sequence 113LAHPPEEQ119, 
which is a short helical structure (24). Adenoviral expression of 
this peptide in colon cancer cells prevents activation of FAK in 
response to extracellular pressure, attenuates FAK-Akt1 inter-
action, and inhibits the pressure-induced adhesion of colon 
cancer cells to a collagen I substrate (24). Furthermore, cells 
transiently overexpressing this peptide are less adherent in 
murine surgical wound tumor recurrence models, decreasing 
tumor incidence and improving subsequent survival (24).

However, small molecules may be more advantageous as 
therapeutic agents than peptides with respect to half‑life, cell 
permeability and stability (25,26). For instance, small mole-
cules are more stable than peptides in various physiological 
environments, including those at varying pH, or containing 
degradation enzymes, or with different cation or anion 
concentrations (25,26). In a previous preliminary study, a 
three dimensional ligand‑based virtual screen was performed 
to identify small molecules that may mimic the structure 
of this peptide within FAK, and reported that two such 
molecules, ZINC04085549 and ZINC4085554, could inhibit 
the pressure-induced adhesion of SW620 colon cancer cells to 
collagen I (27). The aim of the present study was to examine 
the effects of ZINC4085554 on adhesion to collagen I in vitro 
and to wound extracellular matrix (of which type I collagen 
is the dominant collagen) in vivo. The promising molecule, 
ZINC4085554 was selected, to delineate the mechanism of 
this anti-adhesive effect, and examine the hypothesis that 
ZINC4085554 reduces cancer cell adhesion by inhibiting 
the interaction of Akt1 with FAK, as well as the additional 
hypothesis that this molecule would not interfere with more 
conventional FAK signaling. The results of the present study 
confirmed that ZINC4085554 can inhibit cancer cell adhesion 
not only to purified proteins in cell culture, but also to intact 
tissues in living mice.

Materials and methods

Cell culture and Reagents. The SW620 human colon cancer 
cell line was purchased from the American Tissue Culture 
Collection (Manassas, VA, USA), and were routinely cultured 
in Leibovitz's L-15 (L15) media (cat. no. 11415-064; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) containing peni-
cillin and streptomycin (cat. no. 15140-122; Thermo Fisher 
Scientific, Inc.) at 100 U/mL and 100 µg/ml, respectively, 

and 10% fetal bovine serum (FBS). Cells placed at 37˚C in a 
humidified incubator containing 5% CO2.

Extracellular pressure treatment. Cells (50,000 cells/well) 
were seeded into 24 well plates that were then subjected to 
15 mmHg increased extracellular pressure for 30 min at 37˚C 
in a mixture of 5% CO2 with 95% room air in a pre‑warmed 
air tight box with inlet and outlet valves and a pressure 
gauge, as described previously (17,24,27). It has been previ-
ously reported that this technique, if the box is appropriately 
pre‑warmed, allows for the control temperature, pressure 
and oxygen partial pressure within the cell culture medium. 
A preliminary study demonstrated the ability to maintain 
constant temperature and pressure conditions of 2˚C and 
1.5 mmHg, respectively, using this method (12).

Adhesion assay. Our previous studies performed cell counting 
via optical microscope (23,28) and Tag‑it dye (Tag‑it Violet 
Proliferation Cell Tracking Dye; Biolegend, Inc., San Diego, 
CA, USA) staining method (24,27) for cell counting and have 
revealed that dye staining methods are more objective as they 
do not require the observer to select which microscopic fields 
to count and are more accurate as they compensate for any 
unevenness of distribution of cells across the well. Therefore, 
the adherent cells were not imaged, and only their optical 
densities were measured. Our studies (24,27) and other 
studies (29,30) routinely used such techniques to measure 
adhesion.

The adhesion assay was performed in petri dishes 
pre‑coated with type I collagen (Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany), as previously described (12). Cells 
treated at 37˚C for 1 h with vehicle [0.1% dimethyl sulfoxide 
(DMSO)] or ZINC4085554 (10, 25 and 50 µM) were seeded 
into collagen I pre‑coated 24 well plate at 50,000 cells/well. 
One plate was maintained at ambient pressure while the 
other was subjected to 15 mmHg pressure, each in 5% CO2 
at 37˚C. At 30 min, the non‑adherent cells were washed away 
PBS. The remaining adherent cells were stained with MTS 
(CellTiter 96 Aqueous One Solution Cell Proliferation Assay; 
Promega Corporation, Madison, WI, USA) at 37˚C for 1 h and 
absorbance was measured at 490 nm.

Western blotting and co‑immunoprecipitation (co‑IP). As 
the signal cascade examined herein occurs in suspended 
cells prior to adhesion, the majority of signaling studies were 
performed in dishes pre‑coated with 1% heat inactivated 
bovine serum albumin (BSA) (Sigma-Aldrich; Merck KGaA) 
to prevent adhesion. SW620 cells were treated with vehicle 
(0.1% DMSO) or ZINC4085554 (50 µM) and subjected to 
ambient and 15 mmHg pressure in 1% heat inactivated BSA 
pre‑coated dishes, for 30 min at 37˚C in 5% CO2. The cells 
were then collected and lysed in lysis buffer (50 mM Tris, 
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton-X-100, 
1% deoxycholic acid, 0.1% SDS, 10% glycerol, and protease 
and phosphatase inhibitors) and concentration of protein was 
estimated by bicinchoninic acid. Proteins (50 µg) were sepa-
rated by 10% SDS-PAGE and transferred onto nitrocellulose 
membranes. Membranes were blocked with blocking buffer 
(Odyssey Blocking Buffer; LI-COR Biosciences, Lincoln, 
NE, USA) at room temperature for 1 h and immunoblotted 
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at 4˚C overnight with primary antibodies as follows: FAK 
(1:1,000; cat. no. 05-537, clone 4.47; mouse monoclonal; 
Merck KGaA, Darmstadt, Germany), FAK-Try-397 (1:1,000; 
cat. no. ab81298; rabbit monoclonal; Abcam, Cambridge, 
UK), Akt1 (1:1,000; cat. no. 2967, clone 2H10; mouse mono-
clonal; Cell Signaling Technology, Inc., Danvers, MA, USA), 
Akt1-Ser-473 (1:1,000; cat. no. 9276; mouse monoclonal; Cell 
Signaling Technology, Inc.) and Akt-Thr-308 (1:1,000; cat. 
no. 9275; Cell Signaling Technology, Inc.). Infrared fluores-
cence dye (IRDye) detection method was used to visualize 
the immunoblots. IRDye conjugated secondary antibodies 
were the rabbit IRDye 680 (cat. no. P/N 925‑68073), rabbit 
IRDye 800 (cat. no. P/N 925-32213), mouse IRDye 680 (cat. 
no. P/N 925-68072) and mouse IRDye 800 (cat. no. P/N 
925‑32212). All secondary antibodies were purchased from 
LI-COR Biosciences, used at 1:15,000 and incubated at room 
temperature for 1 h. The IRDye 680 and IRDye 800 conju-
gated secondary antibodies were used to detect the signal at 
700 nm and 800 nm channel, respectively, using an Odyssey 
Fc Imaging system (LI‑COR Biosciences). Images were 
captured and analyzed using LI‑COR software Image Studio 
Lite v.5.x (LI-COR Biosciences).

For comparative studies of the effects of ZINC4085554 on 
collagen I stimulated FAK-Tyr-397 phosphorylation in SW620 
cells, the dishes were coated with 1% heat inactivated BSA or 
collagen I.

For the co‑IP studies, cells were transfected using 
Lipofectamine™ 2000 transfection reagent (Thermo Fisher 
Scientific, Inc.) with 2 µg control hemagglutinin (HA), 
Tag-plasmid DNA (pcDNA3; Addgene, Inc., Cambridge, 
MA, USA) and HA‑FAK plasmid DNA construct 
(HA‑FAKpcDNA3; kindly donated by Dr. Guan; Department 
of Cancer Biology, University of Cincinnati College of 
Medicine, Cincinnati, OH, USA) to overexpress FAK (PTK2) 
tagged with HA. After 72 h transfection, these cells were 
treated with vehicle (0.1% DMSO) and 50 µM ZINC4085554 
in suspension and subjected to ambient and 15 mmHg pres-
sure for 30 min in 1% heat inactivated BSA coated dishes at 
37˚C in 5% CO2. These cells were then lysed in non‑dena-
turing lysis buffer (as aforementioned without SDS). A total 
of 1‑2 mg total protein was used for the immunoprecipitation. 
The pre‑cleared total protein was incubated with anti‑HA 
antibody (1:200; cat. no. 05-904; mouse monoclonal; Merck 
KGaA) at 4˚C overnight. Normal mouse IgG (1:200; cat. 
no. SC-2025; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA) was used as a control antibody for the co‑IP. Protein G 
plus/protein A agarose suspension beads (Merck KGaA) were 
added to the lysate containing the anti‑HA antibody (1:200; 
cat. no. 05-904, mouse monoclonal; Merck KGaA) and incu-
bated for additional 2 h at 4˚C. The beads were washed three 
times with the same lysis buffer and the protein was eluted in 
6X Laemmli buffer (Morganville Scientific, Morganville, NJ, 
USA). The eluted protein samples from the original 1-2 mg 
of protein were resolved by 10% SDS‑PAGE, transferred onto 
nitrocellulose membranes, and immunoblotted with anti‑HA 
antibody (1:1,000; cat. no. 3724 (C29F4); rabbit; Cell Signaling 
Technology, Inc.) and/or anti-Akt1 antibody (1:1,000; cat. 
no. 2967 (2H10); mouse; Cell Signaling Technology, Inc.). The 
total lysates loaded on gel and western blotted for HA‑FAK 
and Akt1 served as input control for the co-IP. Densitometric 

quantitation was performed with Kodak Scientific Imaging 
Systems 1D v.3.5.4 or LI‑COR imaging software (LI‑COR 
Biosciences).

Surgical wound adhesion assay. This assay was designed to 
study cancer cell adhesion, which is the first step in cancer 
recurrence at surgical wounds (2). We previously exten-
sively validated this assay (4,24,31). A total of 24 male mice 
(8‑10 week old) were included in this study. Mice were housed 
in temperature‑controlled rooms with 12 h light and 12 h 
dark cycle at 22‑24˚C and 50‑60% humidity. All animals had 
free access food and water. As the animals were sacrificed 
post‑adhesion and the non‑adherent cells were washed away, 
wound healing was not studied in these animals.

The present study was approved by the University of North 
Dakota institutional animal use committee, and performed 
using a technique previously described (4,24). SW620 
cells were treated with DMSO or 50 µM ZINC4085554 
at 37˚C for 1 h in an incubator. Following incubation, cells 
(~2 million/well of a 24‑well plate) were trypsinized with 
1 ml of 0.05% trypsin, neutralized with 1 ml of culture 
medium containing 10% FBS, and labeled with 50 µM 
Tag‑it dye in PBS at 37˚C for 20 min in suspension (Tag‑it 
Violet Proliferation Cell Tracking Dye; Biolegend, Inc.). 
PBS containing 5% FBS was added to quench the excess 
dye and then cells were pelleted and suspended in complete 
L15 media. The suspended cells were treated with DMSO or 
50 µM ZINC4085554 and maintained at ambient or 15 mmHg 
increased extracellular pressure as aforementioned. Following 
pressure treatment, the cells were collected and counted. 
C57BL/6 mice were anesthetized intraperitoneally using 
ketamine (100 mg/kg), xylazine (10 mg/kg) and aceproject 
maleate (3 mg/kg) cocktail. A small incision was made at the 
thigh and armpit region. The 400,000 cells in 30 µl PBS were 
seeded for each group in these surgical wounds and permitted 
to adhere for 30 min. The non‑adherent cells were washed 
away with 50 µl PBS five times. The mice were then eutha-
nized by cervical dislocation and the wounds were completely 
excised along with a margin of unwounded tissue. The excised 
tissue was digested using type I collagenase (Thermo Fisher 
Scientific, Inc.) and a single cell suspension was prepared. 
These cells were fixed using a FoxP3/Transcription factor 
fixation/permeabilization kit from eBioscience (Thermo 
Fisher Scientific, Inc.) at 4˚C for 30 min and acquired using 
a LSRII flow cytometer (BD Biosciences, San Jose, CA, 
USA), gating so as to count only the Tag-it-labeled cells that 
had been adherent to the surgical wounds at time of sacrifice. 
No fluorophore kit or antibody was required since cells could 
be detected by the Tag‑it label. FlowJo software v.10 (FlowJo 
LLC, Ashland, OR, USA) was used to analyze the data. It 
should be noted that eBioscience Foxp3/Transcription factor 
fixation/permeabilization concentrate and diluent is the name 
of a fixation/permeabilization buffer (eBioscience; Thermo 
Fisher Scientific, Inc.). Although originally used to investigate 
Foxp3, it has a general purpose as a fixation permeabilization 
buffer and it was determined to be beneficial to permeabi-
lize digested surgical wounds so that flow cytometry can be 
conducted to quantitate pre‑labeled adherent cancer cells 
within the wound. The use of this buffer for flow cytometry 
has been discussed previously (32,33).
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Statistical analysis. All assays were performed within 
the linear range. Data was normalized against the vehicle 
(0.1% DMSO)-treated ambient pressure condition, and repre-
sented as the mean ± standard error of the mean. SigmaPlot 
v.13 software (Systat Software, Inc., San Jose, CA, USA) was 
used for statistical analysis. Unpaired student's t‑test was used 
to analyze the data. P<0.05 was considered to indicate a statis-
tically significant difference.

Results

ZINC4085554 inhibits pressure‑stimulated adhesion of 
SW620 cells. The present study first confirmed our previous 
cell adhesion results with ZINC4085554. The data revealed 
that 15 mmHg of pressure increases 24.1±4.9% of the adhe-
sion vs. ambient pressure in DMSO-treated SW620 cells. 
ZINC4085554 at 10 µM did not affect the adhesion of 
SW620 cells at ambient pressure or prevent the stimulation 
of adhesion by 15 mmHg extracellular pressure (33.9±8.6% 
increase in ambient vs. pressure). In contrast, at 25 µM, an 
attenuation of the pressure effect was observed (12.3±10.6%), 
and at 50 µM the pressure effect on adhesion was blocked 
further (11.2±7.9%), reducing adhesion compared with that 
observed at ambient pressure (Fig. 1). Therefore, although 
an effect was observed at 25 µM, 50 µM was selected for the 
remainder of this investigation due to its increased potency.

Pressure stimulates FAK‑Tyr‑397 phosphorylation yet 
not Akt1‑Ser‑473, and is inhibited by ZINC4085554, 
while Akt‑Thr‑308 remains unaffected by pressure and/or 
ZINC4085554. It has previously been reported that Akt1 phos-
phorylation at Ser-473 (but not at Thr-308) precedes and is 
required for FAK‑Tyr‑397 phosphorylation in the stimula-
tion of cancer cell adhesion by pressure (16,28), although 
FAK‑Tyr‑397 phosphorylation usually does not require 
Akt1 in other settings (34). The present study therefore 
examined the effect of 50 µM ZINC4085554 on FAK and 
Akt1 phosphorylation. There was a FAK‑Tyr‑397 increase of 
18.7±3.2% in pressure-stimulated SW620 cells (Fig. 2A and B) 
and a 71.2±16.9% increase in Akt1-Ser-473 phosphoryla-
tion (Fig. 2C and D) in comparison to ambient pressure 
SW620 cells treated with the DMSO vehicle. Consistent with 
our previous findings, the Akt‑Thr‑308 remains unaltered by 
pressure (16) or ZINC4085554 (Fig. 2E and F). ZINC4085554 
did not affect basal FAK-Tyr-397 or Akt1 phosphorylation at 
ambient pressure. However, ZINC4085554 did inhibit the stim-
ulation of FAK‑Tyr‑397 phosphorylation at 15 mmHg, yet did 
not affect pressure-stimulated Akt1 phosphorylation at Ser-473 
(Fig. 2), indicating that ZINC4085554 inhibits FAK-Tyr-397 
phosphorylation downstream of Akt1.

ZINC4085554 inhibits the pressure‑stimulated interaction of 
FAK and Akt1. As ZINC4085554 may block pressure-induced 
FAK‑Tyr‑397 phosphorylation without affecting upstream 
Akt1 activation at Ser-473, the present study then examined 
the effects of ZINC4085554 on interactions of FAK-Akt1 
following exposure to increased extracellular pressure. Co‑IP 
studies demonstrated a 29.5±13.2% increase in the pull‑down 
fractions of Akt1 using HA‑FAK vs. ambient DMSO in cells 
treated with DMSO at 15 mmHg increased pressure. In 

contrast, in SW620 cells treated with 50 µM ZINC4085554 
and exposed to 15 mmHg increased pressure did not stimulate 
the increased pull‑down of Akt1 using HA‑FAK; however, 
yielded Akt1 pull‑down similar to that observed at ambient 
pressure (Fig. 3). This indicates that ZINC4085554 interferes 
with the pressure‑stimulated interaction of FAK‑Akt1.

Collagen I stimulated FAK‑Tyr‑397 phosphorylation is unaf‑
fected by treatment with ZINC4085554. Although the present 
study focused on the stimulation of FAK-Tyr-397 phosphory-
lation by increased extracellular pressure in suspended cancer 
cells prior to adhesion to a matrix substrate, FAK phosphory-
lation is much more commonly studied in epithelial cells in 
response to adhesion (15,35‑39). This canonical pathway 
involves integrin heterodimer engagement with extracellular 
matrix proteins, and shifts of integrin conformation across the 
cell membrane that result in FAK phosphorylation within the 
focal adhesion complex (36). This pathway does not require 
Akt for FAK phosphorylation (34), and the reason the present 
study focused on inhibiting Akt-FAK interaction is that an 
agent that specifically blocks pressure‑induced Akt‑FAK 
interaction should prevent pressure‑induced downstream 
FAK activation in cancer cells without interfering with the 
more common FAK activation in other cells and tissues that 
is engendered by cell-matrix interactions. Therefore, the 
present study sought to address the specificity of the effect of 
ZINC4085554 on pressure-stimulated FAK phosphorylation.

The effects of ZINC4085554 on pressure-stimulated 
FAK‑Tyr‑397 phosphorylation were compared with the 
induction of FAK-Tyr-397 phosphorylation by adhesion to 
type I collagen by examining the effect of ZINC4085554 
on collagen I stimulated FAK-Tyr-397 phosphorylation. 
DMSO-treated SW620 cells exhibited a 475.0±37.7% increase 
in FAK-Tyr-397 phosphorylation on collagen I vs. BSA coated 
plates. The same effect was observed (550.8±99.7% increase 
in FAK-Tyr-397 phosphorylation on collagen I vs. BSA coated 
plates) even in the presence of 50 µM ZINC4085554 (Fig. 4). 
Consequently, collagen I induced FAK‑Tyr‑397 phosphoryla-
tion was unaffected by ZINC4085554, in contrast to the 

Figure 1. ZINC4085554 inhibits pressure-stimulated adhesion of SW620 cells. 
SW620 cells were treated with vehicle (0.1% dimethyl sulfoxide), and 10, 25 
and 50 µM ZINC4085554 and allowed to adhere to collagen I for 30 min at 
ambient or 15 mmHg increased pressure. (n=5‑9). *P<0.05 vs. ambient.
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induction of FAK-Tyr-397 phosphorylation by increased extra-
cellular pressure.

ZINC4085554 inhibits the pressure‑stimulated surgical 
wound adhesion in mice models. The present study then 
sought to confirm the effect of ZINC4085554 on the adhesion 
of SW620 cells to more biologically complex intact tissues in 
the surgical wounds of mice. SW620 cells treated with DMSO 
and/or ZINC4085554 at ambient or 15 mmHg increased pres-
sure were allowed to adhere to surgical wounds in mice, prior 
to non‑adherent cells were washed away, in order to mimic 

the cancer cell adhesion that occurs in surgical fields during 
cancer resection, in which shed cancer cells initially may 
adhere locally prior to subsequent irrigation of the surgical 
field. An 84.4±42.1% increase was observed in the wound 
adhesion of the DMSO-treated SW620 cells exposed to 
15 mmHg pressure vs. cells maintained at ambient pressure. 
In contrast, the cells treated with 50 µM ZINC4085554 did 
not exhibit significantly increased adhesion following stimu-
lation by 15 mmHg increased pressure yet rather displayed 
adhesion to surgical wounds similar to that observed by cells 
exposed to ambient pressure (Fig. 5).

Figure 2. ZINC4085554 inhibits pressure-stimulated FAK-Tyr-397 yet not Akt1-Ser-473 phosphorylation, and Akt-Thr-308 remains unaffected by pressure 
and/or ZINC4085554. SW620 cells were treated with vehicle (0.1% DMSO) or 50 µM ZINC4085554 and subjected to ambient or 15 mmHg increased extracel-
lular pressure for 30 min. (A) Representative blots probed for FAK‑Tyr‑397 and total FAK. (B) Densitometric quantitation of the blots in A. (C) Representative 
blots probed for Akt1‑Ser‑473 and total Akt1. (D) Densitometric quantitation of the blots in C. (E) Representative blots probed for Akt‑Thr‑308 and total Akt1. 
(F) Densitometric quantitation of the blots in E. (n=5‑8) *P<0.05 vs. ambient. A, ambient; P, pressure; FAK, focal adhesion kinase; DMSO, dimethyl sulfoxide.

Figure 3. ZINC4085554 obstructs FAK‑Akt1 interaction. SW620 cells were transfected with empty vector HA plasmid DNA or HA‑FAK plasmid DNA. 
These cells were treated with vehicle (0.1% DMSO) or 50 µM ZINC4085554 and exposed to ambient or 15 mmHg increased pressure. The lysates were 
prepared and co‑IP was performed using anti‑HA antibody. Cells transfected with HA plasmid DNA served as a transfection control (HA lane) while normal 
mouse IgG was used as a co‑IP control (IgG lane). (A) Representative blots probed for HA‑FAK and total Akt1 for co‑IP, (B) total lysate as an input and 
(C) o‑IP controls HA and IgG. (D) Densitometric quantitation of the co‑IP blots (n=10) *P<0.05 vs. ambient. A, ambient; P, pressure; FAK, focal adhesion 
kinase; DMSO, dimethyl sulfoxide; co-IP, co-immunoprecipitation.
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Discussion

Mechanical forces stimulate the cancer cell adhesiveness 
required for metastasis (8,40). FAK‑Akt1 interaction serves a 
crucial role in 15 mmHg pressure above ambient stimulated 
adhesion of colon cancer cells (24). The interaction between 
Akt1 and FAK represents an opportune target for intervention, 
which unlike conventional FAK or Akt inhibitors, may specifi-
cally ablate the mechanosensitive signaling pathways that 
promotes cancer cell adhesion without interfering with other 
FAK or Akt signaling in host tissues. Building upon a prelimi-
nary in silico screening and confirmation that at least two of 
the candidate molecules may inhibit cancer cell adhesion (27), 
the present study demonstrated that ZINC4085554 inhibits 
pressure‑stimulated FAK activation; however, it does not 
prevent the upstream activation of Akt1 by increased extracel-
lular pressure or the activation of FAK by more conventional 

outside-in signaling induced by adhesion to type I collagen, 
a dominant interstitial matrix component (41). Instead, 
ZINC4085554 attenuated FAK-Akt1 interaction. Lastly, this 
molecule inhibited the 15 mmHg pressure‑stimulated adhesion 
of colon cancer cells in the surgical wounds of mice.

FAK activation is one of the central steps in the adhesive 
processes of cancer cells, and also critical to numerous other 
signaling pathways, including cell migration, response to 
cyclic strain and response to growth factors (15,18,42). A wide 
variety of scaffolding proteins, adapter molecules, signaling 
messengers and transmembrane proteins regulate FAK while 
FAK also regulates its own activation and deactivation via 
dimerization and auto-phosphorylation (35,43,44). While 
FAK activation in response to extracellular forces requires 
Akt (17,37,45), FAK activation in other contexts occurs inde-
pendently of Akt (34), and Akt may or may not be activated 
downstream of FAK, depending on the context (34,38,46). The 
phosphorylation of Akt1 at Thr-308 and Ser-473 has previously 
been reported to potentiate its full activation. PDK1 phos-
phorylates Akt1 at Thr-308 in the catalytic region or activation 
loop and this phosphorylation does increase Akt1 activity (47). 
However, mTORC2 phosphorylation of Akt1 at Ser‑473, in the 
C‑terminal hydrophobic motif, is hypothesized to be required 
for Akt1 maximal activation (47). The literature indicates that 
certain signaling pathways/proteins exclusively phosphorylate 
each site for Akt activation. For instance, tumor necrosis 
factor‑α exclusively phosphorylates Akt at Akt‑Ser‑473, but not 
at Thr-308 (48). Similarly, glutamate-exposed neurons exhibit 
Akt phosphorylation at Akt-Ser-473, yet not at Thr-308 (49). 
We have previously reported that exposure to increased 
extracellular pressure also results in the phosphorylation of 
Akt-Ser-473, but not of Akt-Thr-308 (16). The results of the 
present study are consistent with the previous observation of 
the absence of Akt-Thr-308 phosphorylation in response to 
extracellular pressure.

The observation that ZINC4085554 does not prevent FAK 
activation in response to adhesion is not unexpected. FAK is 
activated in response to a diverse range of stimuli, including 
cell-matrix interactions (36,39) and transactivation by the 
epidermal growth factor receptor (42,50). These canonical 
pathways do not require Akt to interact with FAK (21,34,51,52). 

Figure 4. ZINC4085554 does not block FAK‑Tyr‑397 phosphorylation stimulated by adhesion to type I collagen. SW620 cells were treated with vehicle 
(0.1% DMSO) or 50 µM ZINC4085554 and seeded into dishes pre‑coated with either 1% heat inactivated BSA or collagen I for 1 h. (A) Representative blots 
probed for FAK‑Tyr‑397 and total FAK. (B) Densitometric quantitation of the blots (n=5). *P<0.05 vs. BSA. FAK, focal adhesion kinase; DMSO, dimethyl 
sulfoxide; BSA, bovine serum albumin; p, phospho.

Figure 5. ZINC4085554 inhibits the adhesion of SW620 cells to surgical 
wounds in mice. Tag‑It‑labelled SW620 cells were treated with vehicle 
(0.1% DMSO) or 50 µM ZINC4085554 and cultured for 30 min at ambient or 
15 mmHg increased pressure. These cells were then allowed to adhere to the 
surgical wounds for 30 min. Non‑adherent cells were washed away, wound 
tissue was excised, and the number of Tag‑It‑labeled cells were assessed 
from the wound using flow cytometry. Bar diagram represents the normal-
ized data for adherent cells in each condition (n=24, *P<0.05 vs. ambient). 
DMSO, dimethyl sulfoxide.
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For instance, adhesion itself engages integrin heterodimers 
with moieties on the extracellular matrix, inducing a conforma-
tional shift in the β-1 integrin subunit that transmits across the 
cell membrane and is eventually associated with FAK‑Tyr‑397 
phosphorylation without involving Akt, and this pathway 
has been extensively reviewed (21,34,36,51). In contrast, the 
activation of FAK in cancer cells in response to extracellular 
pressure requires a preliminary FAK‑Akt interaction, which 
makes FAK‑Akt interaction an attractive target to specifically 
block pressure‑induced FAK activation in cancer cells without 
interfering with other FAK signaling that may be notable in 
other tissues and organs within the patient (17,22‑24,27). The 
results of the present study are consistent with this model, 
since ZINC4085554 prevents FAK-Tyr-397 phosphorylation in 
suspended cells in response to pressure but does not prevent 
the FAK-Tyr-397 phosphorylation that occurs post- and in 
response to adhesion to a matrix.

Indeed, these results further indicate that ZINC4085554 is 
neither a conventional FAK inhibitor as it permits FAK activa-
tion in response to adhesion, nor a conventional Akt inhibitor, 
as it allows Akt activation at Ser‑473 in response to increased 
extracellular pressure. ZINC4085554 may interfere with the 
binding of Akt1 to FAK after Akt1 has been activated in the 
setting of increased extracellular pressure, and thereby more 
specifically prevents FAK activation by increased extracel-
lular pressure while allowing FAK activation by a different 
pathway. This indicates the possibility that molecules based 
on ZINC4085554 may exhibit less off‑target specificity than 
conventional FAK or Akt inhibitors by allowing other FAK 
and Akt signaling to continue unabated. It is notable that 
physical force effects on other cell types may invoke different 
signaling pathways. For instance, increased extracellular pres-
sure consistent with the edema in inflamed tissues stimulates 
macrophage phagocytosis by a pathway that involves the 
activation of Akt2 rather than Akt1, and the inhibition of FAK 
rather than its stimulation (53).

The concept that ZINC4085554 inhibits adhesion by 
interfering with FAK‑Akt1 interaction would be consistent 
with our original hypothesis that ZINC4085554 resembles 
the subdomain of FAK to which Akt1 binds. ZINC4085554 
was identified by in silico screening as a small molecule 
resembling a two site mutant peptide derived from a helical 
subdomain in FAK that was revealed to compete with FAK 
for binding to Akt1 (27). As FAK itself dimerizes, it will be 
notable to determine in future studies whether ZINC4085554 
binds to FAK itself, thereby occupying the Akt1 binding site, 
or whether ZINC4085554 binds to Akt1, occupying the FAK 
binding site. This awaits further study.

The present study further confirmed that ZINC4085554 not 
only inhibits cancer cell adhesion to a type I collagen substrate 
in vitro but also to the biological tissues in a murine surgical 
wound. This was notable as metastatic adhesion must occur 
to a complex tissue in vivo offering multiple binding sites 
beyond those that are present in type I collagen (1,4). It has 
previously been reported that increased extracellular pressure 
also stimulates cancer cell adhesion to endothelial cells (54). 
Although the increase in adherent cell numbers in vitro and 
to the mouse wounds with extracellular pressure and its 
blockade by ZINC4085554 may seem small in magnitude, 
we previously reported that such small changes in cancer cell 

adhesion translate to substantial changes in subsequent tumor 
development and survival in mouse models (4,24,31,55). This 
may be because tumor development is a stochastic process that 
requires tumor cells to not only adhere, but to subsequently 
proliferate and elude host immune surveillance (1,3). Others 
examined changes of similar magnitude in FAK activation and 
adhesion in other contexts (56‑59). For instance, Hic‑5-/-;PyMT 
tumor cells present reduced FAK-Tyr-397 phosphorylation 
compared to Hic‑5+/+;PyMT cells (56).

ZINC4085554 may not be a therapeutic agent in itself, 
as the concentration required for efficacy is relatively high 
and its dinitrobenzene group may raise chemical safety 
issues (27). However, these studies represent proof of principle 
that a small molecule can be developed to inhibit cancer cell 
adhesiveness by interfering with FAK‑Akt1 interaction. It may 
be easier to modify this molecule or similar molecules for 
therapeutic testing than to develop an approach based upon the 
previous demonstration that a seven amino acid FAK-derived 
peptide can reduce adhesiveness (24) since the latter would 
necessitate solving problems of delivery and stability.

Postoperative tumor recurrence can reflect the emergence 
of previously unrecognized and therefore unresected tumors 
that had previously metastasized, yet not grown sufficiently for 
detection or the dissemination of new tumor cells at the time 
of surgery that implants and develop into recurrent disease. 
Such tumor implantation can occur in surgical wounds, or other 
aspects of the surgical site such as the peritoneum, or distant 
organs via lymphatic or circulatory dissemination (4,8,60-67). 
Although there may be differences in the pathophysiology and 
mechanics underlying local tumor dissemination to wounds 
to the peritoneum and dissemination through the circulation, 
it has previously been demonstrated that increased extracel-
lular pressure promotes wound implantation and peritoneal 
metastasis (4). Shear stress occurs during circulation, and also 
activates the same pathway (68). Wound implantation is easier 
to investigate from a methodological standpoint, and was 
consequently selected for the first attempt to validate the poten-
tial effects of ZINC4085554 in vivo. However, further study is 
warranted to extend these results to the effects of ZINC4085554 
on tumor dissemination via the lymphatics or circulation.

It is not always possible to distinguish metastasis detected 
postoperatively, which was simply not detected preoperatively 
from postoperative metastasis that reflects surgical dissemina-
tion. However, the increased shedding of tumor cells into the 
portal and peripheral circulation following colon cancer resec-
tion is well documented (67,69), and the presence of such tumor 
cells in the circulation is an adverse prognostic factor (61,62) 
even if it is not possible determine which recurrences reflect 
perioperative shedding and which reflect preexisting disease. 
Additionally, postoperative recurrence of the tumor within 
the surgically‑created wound may represent a consequence of 
surgery itself. The pivotal New England Journal of Medicine 
trial comparing laparoscopic and open colectomy for 
cancer (60) documented a 0.2% incidence of wound recurrence 
in the open surgical group and a 0.5% incidence of wound 
recurrence following laparoscopic surgery involving increased 
intraperitoneal pressure, although the study did not have 
sufficient sample size to demonstrate a statistical difference 
in wound recurrence between the two groups. Postoperative 
wound recurrence is a consequence of surgery in the majority 
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of cases, as the wound was not present preoperatively, and a 
previous study described an increased incidence of wound 
metastasis in increased intraperitoneal pressure surgical proce-
dures modeling laparoscopic surgery in animals (64). This 
effect disappears when so‑called ‘gasless laparoscopy’ models 
using traction (negative pressure) to expand the abdomen 
rather than pressure to inflate it are used (63). While much of 
this work has been performed on colorectal cancer, it has now 
become clear that laparoscopic resections for cervical cancer 
are more prone to recurrence and no longer represent the stan-
dard of care (65,66). Therefore, while it may not be possible to 
distinguish preoperative undetected disease from perioperative 
tumor spread in any specific patient, it may not to conclude 
that at least some postoperative metastasis does unfortunately 
reflect the effects of surgery. Although much work must 
still be done before human trials could be contemplated for 
this approach, these studies are aimed at understanding and 
blocking the pathways by which physical forces engendered 
either during surgery or during passage through the lymphatics 
or circulation in the non-surgical patient can activate the 
adhesion of metastasizing tumor cells, in the hope that this 
approach may ultimately inhibit tumor metastasis.

In conclusion, the present study demonstrated that a small 
molecule that mimics a subdomain of FAK can inhibit cancer 
cell adhesiveness in vitro and in live murine tissue by inter-
fering with Akt1 binding to FAK. As other FAK and Akt1 
signaling were not interfered with, such a molecule may 
well be used therapeutically at higher concentrations than 
conventional FAK or Akt inhibitors as FAK or Akt signaling 
would not be expected to be interfered with. Molecules 
such as ZINC4085554 therefore seem promising targets for 
further investigation, while these results also further validate 
our initial in silico structure-based screening strategy by 
suggesting that ZINC4085554 works by a mechanism consis-
tent with that which was targeted by that strategy.
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