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Abstract
Summary—Pressure increases sarcoma cell adhesiveness via intracellular activation of Akt and
FAK. Perioperative manipulation or forces in lymphatic or circulatory systems may potentiate
local recurrence or distant metastasis.

Background—The effect of extracellular pressure on adhesion and adhesiogenic focal adhesion
kinase (FAK) and Akt signaling in sarcomas was investigated.

Methods—Human sarcoma cells (HT-1080 fibrosarcoma, KHOS-240S osteosarcoma, A-673
rhabdomyosarcoma) were subjected to increased pressure followed by adhesion assay. Two cell
lines were pretreated with the FAK inhibitor 1,2,4,5-benzenetetraamine tetrahydrochloride (Y15)
or Akt IV inhibitor, followed by Western analysis for activated FAK and Akt. Parallel studies
were conducted in cells from a resected human fibrous histiosarcoma.

Results—Pressure increased adhesion in all three sarcoma lines and primary histosarcoma cells
by 7–18% (n=6, p<0.01 each). Pressure activated FAK and Akt (n=5, p<0.01). Inhibiting FAK or
Akt inhibited FAK or Akt phosphorylation and the stimulation of adhesion by increased pressure
(n=5 each, p<0.01 each).

Conclusion—Pressure increases sarcoma cell adhesiveness via Akt and FAK. Perioperative
manipulation or forces in lymphatic or circulatory systems may potentiate local recurrence or
distant metastasis.
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INTRODUCTION
During surgical procedures, tumor cells released into the circulation can adhere to distant
sites and metastasize, while locally shed cells may adhere to surgical sites. Although some
postoperative metastases reflect metastases too diminutive to have been detected
preoperatively, iatrogenic tumor cell dissemination also causes recurrence. Adhesion of
these shed tumor cells is crucial to metastasis. Previous studies 1–4,5 suggests that epithelial
cancer cells can regulate their own adhesion to extracellular matrix proteins, endothelial
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cells, or surgical wounds via intracellular signals that ultimately regulate β1-integrin binding
affinity.

The adhesiogenic signals are stimulated by forces such as extracellular pressure1,2 and
nonlaminar shear5,6. Pressure may activate cancer cell signaling during passage though the
lymphatics or circulation, surgical manipulation, laparoscopic insufflation,7 or postoperative
increases in pressure due to third spacing. This force-activated inside-out signaling involves
cytoskeleton-dependent mechanosensing8 that activates focal adhesion kinase (FAK) and
Src2.

This phenomenon has previously been studied in epithelial cancers, including colon,1,2

breast,9 and head and neck cancers10. Epithelial and non-epithelial cancers originate from
different tissues and express cell surface receptors differently,11 and thus might behave
differently. We hypothesized that extracellular pressure also activates adhesiogenic
signaling non-epithelial human cancers. We characterized the effects of pressure on three
human sarcoma cell lines (HT-1080 fibrosarcoma, KHOS-240S osteosarcoma, A-673
rhabdomyosarcoma). We conducted parallel studies in primary sarcoma cells isolated
directly from a surgically resected human fibrous histiosarcoma to confirm that our
observations were not restricted to sarcoma cells adapted to culture conditions. We
investigated pressure activation of FAK (a tyrosine kinase) and Akt (a serine-threonine
kinase) and evaluated the effect of blocking these signals.

MATERIALS AND METHODS
Cells and reagents

We studied human HT-1080 fibrosarcoma, KHOS-240S osteosarcoma, A-673
rhabdomyosarcoma (ATCC, Manassas, VA), and primary human fibrous histiosarcoma cells
isolated from a resected tumor by mincing and collagenase digestion as previously12.
HT-1080, KHOS-240S, and histiosarcoma cells were maintained in Eagle’s Minimum
Essential Medium (ATCC, Manassas, VA) with 10% fetal bovine serum (FBS) and A-673
cells in Dulbecco’s Modified Eagle’s Medium (Sigma, St. Louis, MO) with 10% FBS.

Pressure regulation
0–60 mmHg pressure above ambient was applied for 30 minutes using a prewarmed, airtight
box with an inlet valve for gas and an outlet valve connected to a manometer as described.1–
4 Control cells were incubated at 37°C under ambient pressure.

Adhesion assays
Cells were trypsinized at 80% confluence, resuspended in warm phosphate buffered saline
(PBS), incubated with 1μL of Calcein-AM (Invitrogen, Carlsbad, CA) per 106 cells for 15
minutes at 37°C, centrifuged, and resuspended in culture medium. 500 μL of cells at
300,000 cells/mL were seeded into collagen-I-precoated 24-well plates. These were placed
into the prewarmed pressure box, which was pressurized and replaced in a 37°C incubator.
Control cells were handled similarly without increased pressure. After 30 minutes, the box
was depressurized, non-adherent were cells washed away twice with warm PBS, and
fluorescence/well was quantified using a SpectraMax microplate reader.

Inhibitors
HT-1080 and A-673 cells were pretreated with 20μM Y-15 (1,2,4,5-benzenetetraamine
tetrahydrochloride, Sigma, St. Louis, MO) to inhibit FAK or 10μM Akt IV inhibitor
(Calbiochem, Gibbstown, NJ) for 30 minutes at 37°C before assays. FAK and Akt activation
was studied by Western blot for phosphorylated FAK(Y397) and Akt(S473).
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Western blots
We assessed FAK and Akt phosphorylation under ambient or increased pressure for 30
minutes in HT-1080 cells and human fibrous histiosarcoma cells after lysing. suspended
cells with protease inhibitors, measuring protein by bicinchoninic acid protein assay (Pierce,
Rockford, IL), and resolving lysates by reducing 10% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis before transfer to nitrocellulose. Membranes were
blocked (Odyssey blocking buffer, Li-Cor Biosciences, Lincoln, NE), incubated with
antibody to activated Akt(S473) (Cell Signaling, Beverly, MA) or FAK(Y397) (BD
Bioscience, San Diego, CA) overnight at 4°C, washed 3 times with 0.1% Tween 20 TBS,
and incubated for 60 minutes with 10,000:1 secondary anti-rabbit or anti-mouse IgG (Li-Cor
Biosciences). Membrane-bound secondary was detected with an Odyssey infrared imaging
machine (Li-Cor Biosciences) within the linear range. FAK and Akt phosphorylation were
expressed as the ratio of active phosphorylated FAK or Akt to total FAK or Akt for each
blot, normalized to controls.

Statistical analysis
All data are represented as means ± SE. Differences between groups were analyzed by
Student t-test or paired t-test as appropriate, seeking 95% confidence.

RESULTS
30 minutes of pressure 15 mmHg above ambient stimulated adhesion in all four cancer cell
lines. Adhesion in HT-1080 increased 15±1% (n=6, P<0.001), in KHOS-240S 7±1% (n=6,
P<0.01), in A-673 11±2% (n=6, P<0.01), and in primary human fibrous histiosarcoma cells
18±3% (n=6, P<0.001). 7.5– 60 mmHg increased pressures also promoted HT-1080
adhesion. 7.5 mmHg pressure stimulated HT-1080 adhesion by 12±2% (n=4, P<0.01) while
22.5, 30, 45, and 60 mmHg pressures each similarly increased adhesion by 16±3% (n=4,
P<0.01 each).

20μM Y15 or 10μM Akt IV inhibitor pretreatment prevented pressure-associated increased
adhesion in fibrous histiosarcoma, HT-1080, and A-673 cells (Fig. 1), while a DMSO
vehicle control did not affect the pressure response (n=5, p<0.01). KHOS-240S were not
studied.

Akt IV inhibitor did not affect HT-1080 basal adhesion but blocked pressure-induced
adhesion (n=5, p<0.01). Akt inhibition reduced basal A-673 adhesion 85±3% and
histiosarcoma adhesion 98±1% (n=5, p<0.001 each), and blocked pressure-stimulated
adhesion. Y15 decreased basal HT-1080 adhesion 43±4% (n=5, p<0.01), A-673 adhesion
80±4% (n=5, p<0.001), and fibrous histiosarcoma adhesion 56±3% (n=5, p<0.001), and
blocked pressure-stimulated adhesion in all three.

15 mmHg pressure for 30 minutes stimulated FAK and Akt phosphorylation in both
HT-1080 (Fig. 2) and primary fibrous histiosarcoma (Fig. 3) cells. Phosphorylated FAK
(Y397) increased by 9±1% (n=9, p<0.001) in HT-1080 cells while Akt (S473)
phosphorylation increased 11±3% (n=9, p<0.01). Y15 decreased FAK phosphorylation by
11±2% (n=9, p<0.01) and prevented the pressure-stimulated increase in FAK
phosphorylation. Akt IV inhibitor increased Akt phosphorylation 59±12% (n=9, p<0.001)
and decreased FAK phosphorylation 41±7% (n=9, p<0.001), while preventing the pressure-
induced increase in FAK or Akt phosphorylation.

Pressure stimulated FAK (Y397) and AKT phosphorylation 17±2% and 14±2% in primary
histiosarcoma cells (n=4, p<0.001 each). Y15 decreased FAK and AKT phosphorylation by
33±7% and 24±2% (n=4, p<0.001 each), and prevented the pressure-stimulated increase in
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FAK and Akt phosphorylation. Akt IV inhibitor reduced Akt and FAK phosphorylation by
84±6% and 54±3% respectively (n=4, p<0.001 each) and blocked pressure-activation of
FAK and Akt.

DISCUSSION
Extracellular forces influence intracellular signaling and adhesion in epithelial cancer cells.
We investigated extracellular pressure on adhesion in non-epithelial cancer cells. Increasing
ambient pressure to a relatively small degree (15 mmHg) increased adhesion in three
sarcoma cell lines. The similar response by primary cells from a surgically resected human
fibrous histiosarcoma suggests that this phenomenon is independent of cell line adaptations
to culture.

The observed effect was not as large as previously seen in epithelial cells, as the magnitude
of pressure-induced adhesion may differ by cell line. However, even small increases in
tumor cell adhesion or FAK activation might be clinically significant for patients,
particularly those with a high cancer cell burden. Metastasis is a stochastic process that
begins with adhesion and continues as cells attempt to elude host responses. If more cells
adhere, metastasis is more likely.

Modest changes in cell adhesion molecules are important in cancer prognosis. For instance,
intercellular adhesion molecule (ICAM) expression is a strong independent prognostic factor
for survival in non-small cell lung cancer.13 FAK phosphorylation is important in several
tumor types14. For example, FAK (Y397) phosphorylation increases invasiveness of ovarian
tumors.15 Other studies of acute myeloid leukemia have shown that FAK phosphorylation at
Y397 correlates with enhanced cancer cell migration and drug resistance in vitro16.

Increased pressure stimulated FAK and Akt phosphorylation in the cells we studied. 15
mmHg increased pressure increased FAK Y397 phosphorylation by 28±7% and Akt S473
phosphorylation by 28±6% in Co26 human colon cancer cells.8 The sarcoma cells
responded similarly but to a lesser extent. Whether the difference reflects differences in
basal activity, pressure-responsiveness, or the kinetics of the response awaits further study.

Activation of the PI3-kinase (PI3K)/Akt signal pathway correlates with colon cancer cell
invasion17 and is critical for integrin activation and cell adhesion.18 FAK is important in cell
adhesion19 and survival. In human colon adenocarcinoma cells, FAK and Akt each
translocate from the cytosol to the membrane in response to pressure, so FAK and Akt may
interact.2

AKT IV inhibitor and Y15 reduced basal adhesion and disrupted pressure-induced adhesion
in sarcoma cells. Y15 targets the FAK autophosphorylation site while Akt IV inhibitor is
proposed to block Akt by targeting the ATP binding site of a kinase upstream of Akt but
downstream of PI3K. These agents may not be suitable for patients, but represent proof of
principle that FAK and Akt are useful targets to reduce force-activated sarcoma adhesion.

Interestingly, the Akt IV inhibitor increased HT-1080 Akt (S473) phosphorylation. This
apparently paradoxical effect has been observed before.20,21 As others have suggested, the
increase in Akt S473 phosphorylation by Akt IV inhibitor implies that this chemical may
inhibit Akt differently than as proposed. In vitro kinase profiling shows that Akt-IV does not
directly inhibit Akt kinase activity.20 The decrease in AKT phosphorylation by Akt IV in
primary fibrous histiosarcoma cells suggests cell-specific variability in response of Akt
phosphorylation to these novel compounds despite uniform prevention of downstream
signaling attributable to Akt.
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Cancer cells experience forces in various settings. Many tumors, including osteosarcomas,
experience interstitial fluid pressure elevations up to 50 mmHg in vivo as they grow against
a constraining stroma.22,23 Metastasizing tumor cells experience pressure and shear during
passage through lymphatics or veins. Perioperatively, cancer cells are shed from tumors into
the surgical site or the circulation during procedures, and the presence of free tumor cells on
the outside of the surgical specimen is a poor prognostic sign for colon cancer.24 Surgeons
apply force to tumors during dissection, irrigation, and laparoscopic insufflation to 15
mmHg pressure.

FAK inhibition decreases adhesion and causes human pancreatic cancer regression in vivo.
25 This study suggests pressure also influences sarcoma adhesion and metastasis through
Akt and FAK. The signals that modulate tumor cell adhesiveness may be targets to inhibit
metastasis.
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Fig. 1.
Fibrous histiosarcoma, HT-1080, and A-673cells were pre-treated with 10μM Akt IV
inhibitor or 20μM Y15 (FAK Inh) before adhesion assay. Y15 or Akt IV inhibitor prevented
pressure-associated increased adhesion in all three (n=5 each). FAK inhibitor reduced basal
adhesion in all three cells and Akt IV inhibitor reduced basal adhesion in A-673 and fibrous
histiosarcoma cells. **p<0.01 vs. DMSO ambient pressure; ##p<0.01 vs. DMSO ambient
pressure; NS – not significant.
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Fig. 2.
Densitometric analysis of pressure (shaded bars) effects on (A) Akt and (B) FAK
phosphorylation in HT-1080 cells vs. ambient pressure (open bars), with typical blots from
one of nine similar studies. Increasing ambient pressure by 15 mm Hg (DMSO-closed bar)
stimulated Akt and FAK phosphorylation vs. ambient pressure controls (DMSO-open bar).
Akt IV inhibitor or Y15 (FAK inhibitor) prevented pressure-induced Akt and FAK
phosphorylation vs. cells under ambient pressure. *p<0.05 vs. DMSO ambient pressure,
#p<0.05 vs. DMSO ambient pressure, NS – not significant.
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Fig. 3.
Densitometric analysis of the effects of pressure (shaded bars) on (A) Akt and (B) FAK
phosphorylation in primary fibrous histiosarcoma cells vs. ambient pressure (open bars),
with typical blots from one of four studies. Increasing ambient pressure by 15 mm Hg
(DMSO-closed bar) stimulated Akt and FAK phosphorylation vs. ambient pressure controls
(DMSO-open bar). Akt IV inhibitor or Y15 (FAK inhibitor) prevented pressure-induced Akt
and FAK phosphorylation vs. cells under ambient pressure. *p<0.05 vs. DMSO ambient
pressure, #p<0.05 vs. DMSO ambient pressure, NS – not significant.
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