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Stellingen 

Behorende bij het proefschrift 
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Groitingen G 

"Colon cancer cell adhesion depen s on e ex racellular 
environment and pressure induced intracellular signaling" 

1 Schuifspanning bevordert in vitro adhesie van SW620 coloncardnoom 
cellen aan collageen I door activatie van het Src-eiwit en depolymerisatie 
van actinefilamenten in het cytoskelet. (dit proefschrift) 

2 Het paxillin eiwit speelt een belangrijke rol in de door uitwendige druk 
geactiveerde intracellulaire signaleringscascade. (dit proefschrift) 

3 Overexpressie van het paxillin eiwit bevordert in vitro adhesie van 
tongcarcinoom cellen aan collageen I. (dit proefschrift) 

4 Caldumchloride remt de tumorontwikkeling van colon 26 carcinoom 
cellen in chirurgische wonden bij muizen. (dit proefschrift) 

s De Src-kinase antagonist PP2 (4-amino-5-(4-chlorophenyl)-7-(t-butyl) 
pyrazolo[3,4-d]pyramidine) vermindert in vivo adhesie van aan verhoogde 
extracellulaire druk blootgestelde colon 26 en 51 cardnoom cellen. 
(dit proefschrift) 

6 Verhoogde extracellulaire druk en schuifspanning activeren de 
intracellulaire focale adhesie eiwitten in vitro, hierdoor neemt de 
adhesie van SW620 coloncardnoom cellen toe. (dit proefschrift) 

7 De uitdrukking "medicijnen studeren" als synoniem voor de studie 
geneeskunde is onjuist en misleidend. 

8 Radicaliteit is niet wenselijk, echter wel in de chirurgische oncologie. 

9 A man who dares to waste one hour of time has not discovered the value 
of life. (Charles Darwin) 

10 De Perito Moreno gletsjer heeft meerdere kenmerken van een 
radioresistente tumor. 

11 Online social networking kan leiden tot sociale vereenzaming. 

12 Aan de alpha en omega heeft men niets als de jota niet gesnapt wordt. 

Jochem R.N. van der Voort van Zyp 

mei 2010 
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Introduction 





Colorectal cancer is the third most common 

cancer and the third leading cause of can

cer related mortality in the United States. 1 

By the age of 70 years, at least 50% of the 

western population will develop some form 

of colorectal tumor, spanning the spectrum 

from an early benign polyp to an invasive 

adenocarcinoma. There seems to be an asso

ciation of higher incidence rates in colorectal 

cancer with increasing affluence. 2 Over the 

past years, tremendous progress has been 

made in the management and prognosis of 

colorectal carcinoma due to advances in sur

gical techniques and adjuvant therapies for 

colorectal cancer, including total mesorec

tal excision, the resection of liver and lung 

metastasis, advances in chemoradiation and 

drug targeting strategies for colorectal can

cer. However, colorectal cancer related death 

for both men and women in the United 

States and for other countries in the western 

hemisphere remains high. For this reason, 

it is necessary to continue both clinical and 

molecular biological research so that we can 

further improve survival and broaden our 

knowledge in the complex pathways that are 

involved in carcinogenesis and metastasis. 

Although viable circulating tumor cells or 

post-operative shedding of cells are common 

in cancer patients, most do not progress to 

clinical metastasis due to early apoptosis. 

Despite the fact that most tumor cells under

go apoptosis, some tumor cells have stronger 

survival signals than usual and induction of 

apoptosis is more difficult. With defects or al

terations in the apoptotic pathway there may 

be an increase in tumor mass and a greater 

risk occurs for tumor cells to shed into the 

circulation or abdominal cavity. These events 

may allow subsequent tumor cell adhesion 

at distant sites and cause metastasis. How

ever, the contrast between the high rates of 

tumor cell spillage and the much lower rates 

of clinical tumor metastasis or implantation 

after surgery suggests that tumor implanta

tion may be regulated in some way. Tumor 

implantation begins with the adhesion of 

tumor cells to the matrix proteins in the 

wound. The extracellular matrix consists 

chiefly of type I and IV collagens, laminins, 

heparin sulfate proteoglycan, fibronectin, 

and other noncollagenous glycoprotein. 3 

After adhesion of the cell, proliferation and 

angiogenesis are then required to support 

tumor growth, invasion and subsequent 

metastasis. The mechanisms that determine 

which tumor cells adhere to target organs 

and tissues are poorly understood. The ad

hesion of metastazing cancer cells is often 

viewed as a passive process on the part of the 

cancer cells themselves. However, increas

ing evidence suggests that tumor cells can 

regulate their own adhesion through both 

extracellular and intracellular signals that 

modulate integrin binding affinity.3•5 This 

occurs primarily through the integrin fam

ily of receptors. Although the entire pathway 

has not yet been unravelled, previous work 

suggested that the involved signalling events 

occurred primarily within the focal adhesion 

complex. Several of these signalling proteins 

such as focal adhesion kinase (FAK), sarcoma 

protein (Src)5 and paxillin6 has been shown 

to be active in the adhesion process. These 

signalling proteins also seem to be involved 

in breast, 7 head and neck8 and colon cancer 

cell lines, as well as in primary human colon 

cancer cells isolated directly from surgical 

specimens.5 The above mentioned signalling 

proteins can be activated by stimulation of 

pressure or shear acting on the cell, and can 
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then modulate ih-integrin binding affinity. 

Such integrin-dependent cell adhesion regu

lates colorectal carcinoma organ-specific me

tastasis.9 

Although the phosphorylation of focal adhe

sion kinases and focal adhesion associated 

proteins in response to integrin-mediated 

cell matrix binding ("outside-in integrin sig

naling") is well described, the stimulation of 

cell adhesion by intracellular signals activat

ed by pressure prior to adhesion represents 

a different signal paradigm. The cellular bio

chemistry involved in metastastis currently 

lies beyond the frontier. Further studies of 

the pathways that regulate integrin-driven 

cancer cell adhesion may identify ways to 

disrupt these signals or block integrin-medi

ated adhesion so that adhesion and eventual 

metastasis can be prevented in the future. 

The basic principles of screening, surgical re

section when possible, and adjuvant therapy 

when indicated remain valid, considerable 

new information offers the possibility of 

substantially improving outcomes for such 

patients in the future. Increasing evidence 

suggests that tumor cells can regulate their 

own adhesion through intracellular signals 

that modulate integrin binding affinity. 

Physical forces are known to stimulate colon 

cancer cell adhesion. This thesis discusses 

the effects of forces such as shear, turbulence 

and pressure on colon cancer cell adhesion 

in vitro. We hypothesize that both intracel

lular signals and an intact cytoskeleton are 

essential for physical forces to promote cell 

adhesion to occur under these conditions. 

In previous in vitro studies, pressure-stimu

lated adhesion was inhibited by blocking 
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certain intracellular signals. We now plan to 

demonstrate in animal models that a modest 

increase in extracellular pressure stimulates 

adhesion to surgical wounds. We predict that 

inhibition of certain intracellular signaling 

proteins may inhibit pressure stimulated 

adhesion to murine surgical wounds. Since 

relatively little is known about the intracellu

lar cascade, we also decided to investigate the 

possible role of other focal adhesion associ

ated proteins. Paxillin is a focal adhesion as

sociated protein that links the focal adhesion 

complex to the cytoskeleton. It also seems 

to be active in head and neck tumors. We 

therefore hypothesize that paxillin may be 

involved in the intracellular signaling cascade 

and decided to study its role in head and neck 

and colon cancer cells. We expect that paxil

lin activation by a modest increase in pres

sure will lead to increased adhesion of head 

and neck and colon cancer cells in vitro. 

Although intracellular signals influence 

cancer cell adhesion, in vitro data suggests 

that extracellular cation concentrations may 

also influence adhesion. Divalent cations 

may critically modulate the function of the 

integrins that the cell uses to bind to ma

trix proteins. Previous in vitro studies have 

demonstrated that calcium decreases colon 

cancer cell adhesion while magnesium and 

manganese enhance colon cancer cell adhe

sion. It therefore becomes interesting to 

study the effect of cations on colon cancer 

cell adhesion in vivo, especially since it has 

been shown that in surgical wound fluid the 

magnesium level increases and the calcium 

level decreases. We expect that manipulation 

of murine colon cancer cell suspensions with 

cations may influence adhesion to murine 



surgical wounds. This may have therapeutic 

consequences for the future. 

Finally, this thesis reviews the current treat

ment, problems associated with colorectal 

cancer and discusses the future perspectives. 

Systemic drugs targeting the intracellular sig

naling cascade may be of greater clinical sig

nificance than drugs inhibiting the extracel

lular signaling cascade. Drugs targeting the 

intracellular signaling cascade may not only 

decrease local recurrence in surgical wounds 

but also decrease cancer cell adhesion and 

subsequent metastasis at distant sites. The 

signals studied in this thesis may prove im

portant targets for therapeutic intervention 

to inhibit metastasis in the future. 
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respons to Src kinase ac · ation 

and acti -cytoskeleton by 

non-lami ar shear stress 



Abstract 

Background 

Malignant cells shed from tumors during 

surgical resection or spontaneous metasta

sis experience physical forces such as shear 

stress and turbulence within the peritoneal 

cavity during irrigation, laparoscopic air in

sufflation, or surgical manipulation, and wit

hin the venous or lymphatic system. Since 

physical forces can activate intracellular sig

nals that modulate the biology of various cell 

types in vitro, we hypothesized that shear 

stress and turbulence might increase colon 

cancer cell adhesion to extracellular matrix, 

potentiating metastatic implantation. 

Methods 

Primary human malignant colon cancer 

cells isolated from resected tumors and the 

SW620 colon cancer cells were subjected to 

shear stress and turbulence by stirring cells 

in suspension at 600 rpm for 10 minutes. 

Results 

Shear stress for 10 minutes increased sub

sequent SW62o colon cancer cell adhesion 

by 40.0±3.0% (n=3; p<o.001) and primary 

cancer cells by 41.0±3.0% to collagen I when 

compared to control cells. In vitro kinase as

say (1.5±0.13% fold) and Western analysis 

(1.34±0.04% fold) demonstrated a signifi

cant increase in Src kinase activity in cells 

exposed to shear stress. Src kinase inhibitors 

PP1 (0.1 µM), PP2 (20 µM) and actin-cyto

skeleton stabilizer phalloidin (10 µM) pre

vented shear stress stimulated cell adhesion 

to collagen I. Furthermore, PP2 inhibited ba

sal (50.0±2.8%) and prevented shear stress 

induced Src activation but phalloidin pretre

atment did not. 

Conclusion 

These results raise the possibility that shear 

stress and turbulence may stimulate the ad

hesion of malignant cells shed from colon 

cancers by a mechanism that requires both 

actin-cytoskeletal reorganization and an in

dependent physical force activation of Src 

kinase. Blocking this pathway might reduce 

tumor metastasis during surgical resection. 



Introduction endothelial cells10
•

11 and up-regulates human 

vascular endothelial cell integrin expres

Viable tumor cells can be recovered from the sion. 12 Integrin-mediated tumor cell adhe

circulation of many patients with cancer, yet sion is important for the development of 

few of these tumor cells progress to implanta- metastasis lesions. 13 We therefore hypothe

tion and metastasis. 1 Such viable tumor cells sized that shear stress or turbulence might 

can also be recovered from the portal venous 

circulation and peritoneal cavity of many pa

tients during surgical resection of abdominal 

cancers at a rate far in excess of what would 

be expected from their subsequent clinical 

course.2 Thus, some factor or factors not yet 

identified must influence tumor cell adhe

sion, proliferation, or progression. 

Kim and colleagues have recently described 

a model to study the effects of shear stress 

and turbulence on human carcinoid BON 

cells, in which plates were slowly rotated 

to generate movement of the assay buffer.3 

These investigators reported that such shear 

stress activates BON cell secretion of 5-HT 

by activating heterodimeric G protein-cou

pled receptors and mobilization of intracel

lular Ca2+
. They therefore further postulated 

that shear stress within the bowel lumen 

may activate 5-HT release in vivo by such a 

mechanism. Shear stress and turbulence are 

well-described features of vascular flow,4•5 

and may also characterize the movement of 

intraperitoneal fluid during surgical irriga

tion and suction. 6 

Shear forces may influence adhesion and 

other cellular functions in a variety of other 

cell types. For instance, shear stress has been 

reported to promote adhesion through con

formational activation of integrins7 •8 and 

physiological levels of shear stress induces 

new focal contacts in endothelial cells,9 cy

toskeleton reorganization in bovine aortic 

act on colon cancer cells to alter tumor cell 

adhesion. We sought to test this hypothe

sis using human SW620 colon cancer cells. 

We induced shear stress by gentle stirring, 

and measured subsequent adhesion to type 

I collagen, the dominant collagen of the in

terstitial matrix. Since Src has been shown 

to correlate with tumor invasiveness and 

metastasis in many tumor types, 14 we sou

ght to determine whether Src was activated 

by shear forces, and whether Src inhibition 

could block the effects of shear on SW 6 20 

colon cancer adhesion. Since shear induces 

actin polymerization in neutrophils, 15 we 

also sought to determine whether the sta

bilization of actin polymerization by phal

loidin could inhibit shear-induced tumor cell 

adhesion or Src activation. 

Materials and methods 

Cells and culture conditions 

SW620 colon cancer cells were maintained 

at 3 7°C in 5% CO
2 

in an equal mixture of 

DMEM and RPMI 1540 media containing 

5% FBS, 20 mM glutamine, 10 mM HEPES 

buffer, 1 µM sodium pyruvate, 100 U/ml 

pencillin/streptomycin and 0.525 µg/ml 

transferrin. Single cell suspensions of prima

ry human malignant colon cancer cells were 

isolated from resected tumors by collagenase 

digestion. 16 More than 90% of cells excluded 

trypan blue at each isolation. 

9 
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Shear model 

Shear and turbulence were applied by stir

ring the experimental petri dish containing 

cell suspension with a Teflon coated stir bar 

(3. 7 cm long and 1 cm diameter, weighing 

7-4 g) at 600 rpm for 10 minutes at room 

temperature. Control plates were placed next 

to the stir plates but had no stir bar. After 10 

minutes, cell suspension from control and 

experimental plates were collected and sub

jected to adhesion experiments and Western 

analysis. 

Matrix protein precoating 

Bacteriologic plastic culture dishes or six

well plates were precoated with collagen I 

(Sigma, St. Louis, MO) at saturating densi

ties of 12.5 µg/ml using an ELISA-based buf

fer at 4°C and then washed three times with 

PBS as previously described. 17 

Adhesion assay 

Adhesion experiments were carried out in 

SW620 and primary human isolated colon 

cancer cells. After 10 minutes of shear tre

atment, 100,000 cells/well were seeded into 

collagen-precoated bacteriologic plastic six 

well plates for adhesion studies. After an 

appropriate time (generally 10 minutes), 

nonadherent cells were gently washed away 

using warm PBS, and adherent cells were for

malin-fixed, hematoxylin-stained, and coun

ted in 20 or more random high power fields 

per well using an Olympus microscope. In 

some studies, cells were pretreated with the 

Src kinase inhibitors PP1 (0. 1 µM) or PP2 

(20 µM) or the actin polymerization stabili

zer phalloidin (10 µM). 

10 

Western analysis 

Cells were collected after 10 minutes of shear 

treatment by centrifugation at 1000 rpm 

for 3 minutes, washed with ice cold PBS, 

and lysed in a buffer with protease inhibi

tors (50 mM Tris, 150 mM NaCl, 10% Tri

ton X-100, 1 % deoxycholate, 1 mM EDTA, 

50 mM NaF, 1 mM PMSF, 1 mM Na3 VO4, 

10 µg/ml leupeptin, 10 µg/ml pepstatin, 10 

µg/ml aprotinin). Protein concentration was 

determined by the Bicinchoninic acid (BCA) 

method (Pierce) and equal amounts of pro

tein were resolved by SDS polyacrylamide 

gel electrophoresis and transferred to nitro

cellulose membranes. The membranes were 

blocked with 5% BSA and incubated with pri

mary antibody specific to pSrc-416 (Cell Sig

naling) and then with secondary anti-rabbit 

IgG-horseradish peroxidase conjugated an

tibody. The membranes were then stripped 

and reprobed with an antibody that reacts 

with unphosphorylated Src (Santa Cruz) and 

the same secondary, as a control for protein 

loading. Protein bands were detected using 

ECL plus chemiluminesence and analysed by 

Kodak Image station. Src phosphorylation 

was assessed as the ratio of phospho-Src to 

total Src band intensity. All exposures were 

within the linear range of exposure. 

Src in vitro kinase assay 

Cells were collected after 10 minutes of shear 

treatment and rinsed with ice cold phosp

hate buffered saline (PBS) and harvested 

in lysis buffer with protease inhibitors. (50 

mM Tris, 150 mM NaCl, 10% Triton X-100, 

1 % deoxycholate, 1 mM EDTA, 50 mM NaF, 

1 mM PMSF, 1 mM Na3 VO4, 10 µg/ml leu

peptin, 10 µg/ml pepstatin, 10 µg/ml apro

tinin) After protein assay, 300 µg lysate was 

incubated with 2 µg anti-Src rnAb (Upstate) 

Colon cancer cell adhesion in response to Src kinase activation 
and actin-cytoskeleton by non-laminar shear stress 



together with 20 µL 10% protein A-Sepha

rose beads for 1 2  hours at 4°C. The immu

nocomplexes were washed with PBS con

taining 0.2% Triton X-100 and twice with 

a kinase buffer (25 mM HEPES pH 7-4, 20 

mM MgCb, 20 mM µ-glycerol-phosphate, 

0. 1 mM Na3 VO4, 1 mM PMSF, 10 µg/ml 

leupeptin, and 20 mM dithiothreitol). The 

kinase reaction was initiated by suspending 

the immunoprecipitates in 20 µL kinase buf

fer containing 1 µCi [µ-32P] ATP, 1 µL of 25 

µM ATP, 0.2 µg enolase (Sigma). The reac

tion mixture was incubated for 20 minutes 

at 30°C and terminated with 6X SDS sample 

buffer. The proteins were resolved by 10% 

SDS-PAGE and autoradiograph for phospho

rylated enolase. 

Statistical analysis 

All experiments were performed in tripli

cate wells, and at least three separate expe

riments with similar results were performed 

in each case. Cell counts were normalized to 

basal cell adhesion. Statistical analysis was 

performed by unpaired t-test, with a p-value 

of <0.05 being set a priori as the level sought 

for statistical significance. 

Results 

Model validation 

Initial calibration studies demonstrated a li

near relationship between the dial setting on 

the stir plate and the revolutions per minute 

of the stir bar over a range of 100-750 rpm. 

Trypan blue exclusion studies demonstrated 

cell viability after stirring for 10 minutes at 

3 7 5 rpm to be 97% and after 10 minutes at 

750 rpm to be 94%. We accordingly chose a 

rate of 600 rpm for subsequent studies, ap

plying shear stress and turbulence to cells 

placed in 100 mm petri dishes. No change in 

pH or pO 
2 

was observed within the culture 

medium with this intervention. (not shown) 

Effects of shear on subsequent adhesion 

Cells pretreated with shear at 600 rpm for 

10 minutes and then allowed to adhere to 

collagen-precoated dishes exhibited signifi

cantly increased adhesion to collagen I over 

10-60 minutes. Figure 1a shows a typical 

experiment, with data at each time point 

normalized to its respective control to com

pensate for the gradual increase in control 

cell adhesion over time. SW620 cell adhesion 

was enhanced after 10 minutes with shear 

and turbulence by 40.0±3.0%. (Figure 1a, 

n=3, p<o.001) The effect decreased over time 

thereafter, but remained statistically signifi

cant for at least 60 minutes. (Figure 1a, n=3, 

p<o.05) Basal adhesion increases over time 

because the cells do not all adhere simultane

ously or rapidly. This is a well-described phe

nomenon in the study of cell adhesion that 

probably reflects both increasing opportuni

ty for the cells to contact the substrate over 

time and the recruitment of additional adhe

sion receptors after initial cell contact. Con

versely, since cells are pretreated with shear 

force, which is not present during the actual 

adhesion in our model, the gradual decrease 

in the difference between control and shear

treated cells may be caused either by an acce

leration by shear of the rate of cell adhesion, 

so that the untreated cells can eventually 

"catch up", or by a diminution in the previ

ous effect of shear pretreatment over time. 

In addition, shear and turbulence pretreat

ment significantly increased primary human 

colon cancer cell adhesion by 41.0±3.0% to 

collagen I. (Figure 1 b) 

1 1  

Colon cancer cell adhesion in response to Src kinase activation 
and actin-cytoskeleton by non-laminar shear stress 

I 

I 



I 

C 
0 

(.) 

§ 1 .0 
.iii 

w 0,5 u 

Cl) 0.0 

figure 1a 

'- 0  
Q) '-
u -C C: ('(l 0 
u (.) 1 .0 
c 
o C: 
o ·Q 
u lG 
�.c: 
ro al 0.5 

-� �  a. u 

figure 16 

* 

10  

* 

20 30 

D Control 
• Shear 

* * 

60 

Adhesion time (minutes} 

* 

Control Shear 

Figure1 :  Shear stress induces SW620 colon cancer cell 
adhesion to collagen I. 

A: Cells preexposed to non-laminar shear stress 
(closed bars) for 10 minutes exhibited increased ad
hesion to collagen I compared to control cells (open 
bars) at 10-60 minutes after shear stress had been 
terminated. Results are normalized to their respec
tive controls and expressed as mean ± SE.  The shear 
effect on adhesion persisted for up to 60 minutes. 
(*P< o.001,  n=3) 

B :  Shear and turbulence pretreatment for 10 mi
nutes significantly increases primary human colon 
cancer cell adhesion to collagen I compared to pri
mary colon cancer cells without shear treatment. 
(*P< o.001, n=3) 
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Src activation 

We used an in vitro kinase assay (Figure 2a) 

and Western analysis for phosphorylated 

Src (Figure 2b) to determine whether Src 

was activated in the cells exposed to shear 

and turbulence, compared to control cells. 

A typical gel from an in vitro kinase assay is 

shown in Figure 2a together with the densi

tometric analysis of phosphorylated enolase 

from seven such similar experiments. Densi

tometric analysis revealed a 1.5±0. 13% fold 

increase in Src activation (Figure 2a, n=7, 

p<o.01) in shear-treated cells compared to 

control by in vitro kinase assay. In parallel 

experiments conducted separately on diffe

rent cells, Western blot analysis demonstra

ted that shear treatment for 10 minutes pro

duced a similar 1.34±0.04% fold increase in 

the phosphorylation of Src at tyrosine 416, 

which is commonly used as an indicator of 

Src activation. 18 (Figure 2b, n=3, p< o.01) 

Effects of Src blockade 

The effect of PP1 on shear and turbulence 

stimulated adhesion is shown in figure 3. 

Pretreatment with the Src kinase inhibitor 

PPi (0. 1 µM) prevented the shear and tur

bulence-induced increase in cell adhesion 

to collagen I without affecting basal adhe

sion, although control cells treated with the 

DMSO vehicle exhibited a 34.0±4.0% incre

ase in adhesion when exposed to shear and 

turbulence. (Figure 3, n=9, p<o.003) 

We obtained similar results with a closely 

analogous Src kinase inhibitor, PP2. PP2 (20 

µM) significantly inhibited basal adhesion 

by 76. 1±3. 1% and prevented shear induced 

SW620 cell adhesion to collagen I. (Figure 4a, 

n=3, p <o.001) In contrast, control DMSO

treated cells exhibited a 37.6±5.0% increased 

Colon cancer cell adhesion in response to Src kinase activation 
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Figure 2: Shear stress activates Src kinase in colon can
cer cells. 
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A: Src kinase activity was measured by Src in vitro 
kinase assay using enolase as the substrate (a). The 
top panel shows an autoradiograph of phosphoryla
ted enolase from one of seven similar experiments. 
The bottom panel summarizes the densitometric 
analysis of all seven similar experiments. Shear 
stress for 10 minutes increased Src kinase activity in 
colon cancer cells (closed bar) compared to control 
cells treated similarly but without shear stress (open 
bars). (*P< o.001, n=7) Results are normalized to 
control and expressed as mean ± SE of fold increase 
in Src activation. 
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presents a typical Western blot for pSrc-41 6  and 
total Src. The bottom panel represents the densito
metric analysis of three similar experiments. Shear 
stress for 10 minutes increased Src phosphorylation 
in colon cancer cells (closed bar) compared to con
trol cells (open bars). (*P<o.01 ,  n=3) 
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Figure 3 :  Src kinase inhibitor PP1 prevents shear stress 
induced colon cancer cell adhesion. 

Cells treated with a DMSO vehicle demonstrated 
significantly increased adhesion following shear 
stress (closed bars) as compared with control cells 
not exposed to shear stress (open bars). (*P<o.001 
shear stress vs. control; n=9) However, pretreat
ment with the Src kinase inhibitor PP1 (0. 1 µM) pre
vented this increase (NS represents not significant). 
PP1 pretreatment did not affect basal colon cancer 
cell adhesion compared to the cells treated with the 
DMSO vehicle. Results are normalized to control 
and expressed as mean ± SE. 
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cell adhesion to collagen I after shear treat

ment. (Figure 4a, n=3, p< o.01) In parallel 

studies, PP2 both significantly inhibited ba

sal Src activation by 50.0±2.8%, and preven

ted the induction of Src phosphorylation by 

shear and turbulence for 10 minutes. (Figure 

4b, n=3, p<o.01) In addition, PP2 pretreat

ment significantly inhibited basal adhesion 

by 34.0±4. 1 % and prevented shear and tur

bulence induced primary colon cancer cell 

adhesion. (Figure 4c, n=3, p<o.001) 

Effect of phalloidin on shear induced ad

hesion and Src activation 

Phalloidin pretreatment did not affect basal 

adhesion when compared to control cells tre

ated with the DMSO vehicle. However, shear

induced SW620 cell adhesion was prevented 

by pretreatment with phalloidin. (Figure 5a, 

n=3) However, phalloidin treatment did not 

inhibit or prevent basal or shear stress indu

ced Src activation. (Figure 5b, n=3) In addi

tion, phalloidin pretreatment significantly 

inhibited basal adhesion by 22.0± 1.9% and 

prevented shear and turbulence induced pri

mary colon cancer cell adhesion. (Figure 5c, 

n=3, p< o.001) 

Discussion 

We recently reported that increased extra

cellular pressure stimulates colon cancer cell 

adhesion in a manner sensitive to tyrosine 

kinase inhibitors, and that this effect is bloc

ked by a functional antibody to the fsi -inte

grin subunit. 19 However, different physical 

forces may exert different effects. Shear and 

turbulence are among a variety of forces that 

act on colon cancer cells intraoperatively or 

within the vasculature. The results presented 

here suggest that shear stress and turbulen-

1 4  

ce stimulated subsequent colon cancer cell 

adhesion to collagen I. This effect appeared 

mediated by Src since Src phosphorylation 

and kinase activity were increased by the 

stimulus and the Src kinase inhibitors PP1 

and PP2 prevented the effect. Furthermore, 

phalloidin-pretreatment prevented stimula

tion of cell adhesion by shear and turbulence 

independently of Src activation by shear. 

Longer term shear stress and turbulence 

have previously been reported to influence 

the adhesion of endothelial cells1 2  and other 

cells normally found within the bloodstream, 

including platelets, 20 monocytes, 8•2 1  neutrop

hils, 22 and megakaryocytes.3 Although the 

mechanisms of such effects are not clear, 

signals including NF-kappaB in monocy

tes, 21 inositol 1, 4, 5-triphosphate-sensitive 

calcium release in monocytic THP-1 cells,8 

and Rap1 in megakaryocytes, 3 may mediate 

the promotion of adhesion by laminar shear 

stress in these particular cell types. Howe

ver, there has not been any demonstration 

that such putative regulatory signals form 

an integrated pathway or generalize among 

cell types. Thus, whether such other signals 

might play a role in a signal cascade upstream 

or downstream of Src in colon cancer cells in 

response to shear stress awaits further study. 

The role of Src activation in the regulation of 

adhesion by shear stress in such cells has not 

previously been studied. Interestingly, in one 

such study, Urbich et al reported that shear 

stress for 24 hours induced HUVEC adhesi

on by stimulating synthesis of the fibronec

tin receptor integrin alpha s and beta 1-sub

units. 1 2  However, 20 minutes of preexposure 

to shear stress did not increase HUVEC cell 

adhesion in their study, presumably because 

there was not sufficient time to induce inte-

Colon cancer ce l l  adhes ion i n  response to Src k inase act ivation 
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Figure 4: Src kinase inhibitor PP2 prevents shear stress 
induced Src activation and colon cancer cell adhesion. 

A:PP2 pretreatment significantly inhibits basal adhe
sion compared to DMSO-treated controls (#P< o.01 ,  
n=3)  and prevented shear-induced adhesion com
pared to PP2-treated controls (NS,  not significant). 
Shear stress significantly increased DMSO-treated 
colon cancer cell adhesion compared to DMSO-trea
ted control cells. (*P<o .01 ,  n=3) Results are normali
zed to control and expressed as mean ± SE.  

en o o .....___.__.,__ 
B: PP2 (20 µM) significantly inhibits basal Src phosp
horylation compared to DMSO-treated control cells 
and prevented the induction of Src phosphorylation 
by shear and turbulence treatment for 10 minutes 
(#P< o .01 ,  PP2 control vs . DMSO control; NS-not 
significant, PP2 treated shear vs . PP2 treated con
trol, n=3) .  Cells treated with a DMSO vehicle exhibi
ted shear-induced Src phosphorylation compared to 
DMSO-treated control cells. (*P< o.01 ,  DMSO shear 
vs . DMSO control, n=3) The top panel represents a 
typical Western blot for pSrc-416 and total Src. The 
bottom panel represents the densitometric analysis 
of 3 similar experiments. Results are normalized to 
control and expressed as fold increase in the ratio 
of pSrc to total Src after exposure to shear and tur
bulence. 
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adhesion. (*P<o .001, NS not significant, n=3) 
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Figure 5. Phalloidin pretreatment significantly prevents 
shear induced colon cancer cell adhesion but not Src 
phosphorylation. 

A: Phalloidin (10 µM) pretreatment prevented shear
induced SW620 colon cancer cell adhesion compared 
to phalloidin-treated control (NS -not significant). 
Shear stress for 10 minutes significantly increased 
DMSO-treated colon cancer cell adhesion compared 
to DMSO-treated controls. (*P< o.01, n=3) Phalloi
din pretreatment did not affect basal colon cancer 
cell adhesion compared to the cells treated with the 
DMSO vehicle. Results are normalized to control 
and expressed as mean ± SE. 

B: Phalloidin pretreatment did not inhibit basal or 
shear-induced Src phosphorylation compared to 
DMSO treated control and phalloidin treated con
trol. (n=3) Shear significantly increased Src phosp
horylation in DMSO-treated cells compared to 
DMSO treated control cells. (*P< o.01, n=3) 

C: Phalloidin pretreatment significantly inhibits 
basal and prevented shear induced primary colon 
cancer cell adhesion. (*P< o.001, NS- not significant, 
n=3) 
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grin synthesis. This result differs from our 

findings, which occur after 10 minutes of 

shear and turbulence and thus presumably 

are independent of integrin synthesis. 

Shear stress associated with laminar flow 

may promote cancer cell adhesion by diffe

rent mechanisms. First, shear stress appears 

to activate endothelial cells so that they may 

serve as better substrates for the subsequent 

adhesion of breast cancer cells. 23 Second, 

pretreatment of endothelial cells with IL-1 

also increases Colo201 colon cell adhesion 

under low flow conditions.24 Third, laminar 

flow promotes the adhesion of lung cancer 

cells25 and both promotes the adhesion of 

HT29 colon cancer cells and stabilizes alrea

dy formed adhesions. 26 Indeed, one report 

suggests that Src may be involved in the ef

fects of such laminar flow.27 However, these 

investigators have not studied the effects of 

pretreatment of cancer cells with shear stress 

on subsequent adhesion or demonstrated 

the persistence of such an effect. 

More importantly, laminar flow may pro

duce very different effects from non-laminar 

turbulent or circular flow such as we stu

died here. 28 For instance, vascular biologists 

have long argued that laminar flow protects 

against atherogenesis while non-laminar cir

cular flow may actually stimulate atherogenic 

effects.29 In one striking example, laminar 

flow inhibits TNF induced VCAM-1 expres

sion, while non-laminar flow stimulates it.3° 

In the present study, we investigated the ef

fects of shear stress associated with non-la

minar circular flow. 

We demonstrated that pretreating SW620 

colon cancer cells and primary human colon 

cancer cells to shear stress from non-laminar 

circular flow increased colon cancer cell ad

hesion to collagen I. This effect persisted for 

up to 60 minutes after 10 minutes of expo

sure to shear stress. Shear tended to increase 

colon cancer cell adhesion by approximately 

40-50% in our various studies. Although 

larger effects might seem more impressive, 

a moderate difference in adhesiveness may 

well have significant biological effects (and 

significant implications for a patient who 

may or may not progress to metastatic di

sease). Changes in cancer cell adhesion of 

this magnitude have previously been descri

bed and felt to be important in response to 

other stimuli by several other authors. 25•3 1·32 

Moreover, preexposing SW620 colon cells to 

such shear stress and turbulence not only 

increased adhesiveness but also increased 

Src kinase activity in a durable fashion. Src 

is a non-receptor protein kinase that plays 

central roles in the control of cell growth 

and differentiation. Src has been reported 

to be activated by different mechanical for

ces in other cell types. For example, stretch 

has been shown to activate c-Src in fetal rat 

lung cells and a different mechanical force, 

pressure, also activate Src in mesenteric ar

teries.33 Consistent with our findings, Okuda 

et al (1999) described activation of c-Src in 

response to shear in HUVEC, although they 

did not assess the effect of this Src activation 

on endothelial adhesion.34 This effect was in

hibited by PP1 and obliterated by transfec

tion of endothelial cells with kinase-inactive 

Src. However, whether shear stress activates 

Src is actually controversial within the esta

blished literature. For instance fluid shear 

stress induced big mitogen activated protein 

kinase-1 (BMK-1) activity in bovine aortic 

endothelial cells dependent on other tyrosi-
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ne kinases and on calcium mobilization, but 

independently of c-Src, and PP1 or kinase 

inactive Src did not inhibit shear stress indu

ced BMK-1 activity in that report.35 

c-Src is a major component of focal adhesion 

complex and regulates focal adhesion forma

tion and/or cytoskeletal rearrangement. Va

rious cell signaling molecules, such as focal 

adhesion kinase, pp6oSrc or paxillin, and cy

toskeletal components, such as actin or mi

crotubules, are reported to be involved in tu

mor cell adhesion.3 1 Activation of Src family 

kinases has been identified in many human 

cancers. 14 Indeed, Src expression and activity 

is increased in more than 80% of human co

lon cancers.36 Furthermore, such increased 

Src activity may correlate with the malignant 

potential of cancer cells14 while Src overex

pression leads to enhanced invasive cell be

havior in vitro.37 Recchia et al have reported 

that the c-Src kinase inhibitor, pyrrolopyri

midine reduced adhesion, motility, and inva

sion of prostate cancer cells.38 

We demonstrated that phalloidin pretreat

ment prevented the stimulation of colon 

cancer cell adhesion to collagen I by shear and 

turbulence. Shear-induced stress fiber forma

tion and focal contact reorganization play an 

important role in endothelial cell adhesion,39 

and shear also induces actin polymerization 

in human neutrophils. 15 Actin filaments of 

the membrane cytoskeleton are required to 

protect endothelial cells from hemodynamic 

injury resulting from shear stress, and even a 

small disturbance in actin dynamics inhibits 

shear-dependent cell alignment.40 Actin fila

ment turnover may also play an important 

role in the well studied system of platelet 

aggregation, although the precise mecha-

1 8  

nism appears complex. Low concentrations 

of cytochalasin D have been reported to in

duce platelet adhesion, while higher concen

trations of cytochalasin D actually inhibit 

agonist-induced platelet adhesion. The same 

authors found that jasplakinolide, an actin 

stabilizer, prevents the induction of platelet 

adhesion by low dose cytochalasin D. 41 Hai er 

et al reported that cytochalasin D inhibits 

the stimulation of adhesive interactions to 

ECM by laminar flow in another colon can

cer line, the HT-29 line.42 In addition, phal

loidin may inhibit pressure-induced cancer 

cell adhesion to collagen I.43 Taken together 

with our present data, these results suggest 

that the actin cytoskeleton may be crucial 

for cellular responses to physical forces as 

diverse as laminar and non-laminar flow and 

constant pressure. 

Phalloidin pretreatment did not affect ba

sal Src activation or the activation of Src by 

shear stress. A functional actin cytoskeleton 

appears required for some but not all cell sig

nals in response to various stimuli. For in

stance, consistent with our present findings, 

others have reported that treatment with cy

tochalasin D does not inhibit Src activation 

by bombesin in Swiss 3T3 cells.44 Cytocha

lasin D also did not inhibit ERK activation 

by bombesin in the same cells.45 Conversely, 

cytochalasin D has been reported to inhibit 

adhesion-induced activation of PAK and Src 

in astrocytes46 and MAPK in REF s 2 fibro

blasts, 47 as well as hypoosmotic stress indu

ced activation of PAK in HepG2 cells.48 Cyto

chalasin D inhibits both cell spreading and 

ERK activation following adhesion of bovine 

airway smooth muscle cells to fibronectin, 

but does not inhibit growth factor-induced 

ERK activation in adherent cells.49 Ingber 

Colon cancer cell adhesion in response to Src kinase activation 
and actin-cytoskeleton by non-laminar shear stress 



has postulated that the actin cytoskeleton 

may act as a mechanical linkage that itself 

induces tensegrity-type signals, while it is 

also possible that the actin cytoskeleton is 

involved in organizing the distribution of 

the relevant kinases within the cell.50
•
51 More 

precise definition of the manner in which 

the actin cytoskeleton is involved in more 

conventional cell signaling therefore awaits 

further study. 

Thus, taken together with these other ob

servations in the literature, our results sug

gest that brief non-laminar shear stress and 

turbulence may stimulate colon cancer cell 

adhesion to matrix proteins such as collagen 

I in a durable fashion by activating Src and 

actin cytoskeletal reorganization. These fin

dings support a role for shear stress in the re

gulation of colon cancer cell adhesion in the 

process of metastasis. The persistence of this 

effect for at least an hour after shear stress 

has been stopped and the demonstration 

that non-laminar turbulent flow produces 

this effect suggests as well that the turbulen

ce associated with irrigation of body cavities 

containing shed tumor cells during surgical 

resection may activate the adhesion of these 

cancer cells to surgical sites even after the ir

rigation has stopped. 
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Abstract 

Background 

We hypothesized that pressure stimulates co

lon cancer cell adhesion to surgical wounds. 

Methods 

We quantitated adhesion of murine 26/51 

transplantable colon cancer cells by cell coun

ting or 5 1Cr-labelling. Tumor cells were added 

to murine surgical wounds after 30 minutes 

preincubation under ambient or 15 mm Hg 

increased pressure. Src activation was assay

ed by immunoblotting for phosphorylated 

Src and inhibited by 4-amino-5-(4chlorophe

nyl)-7-(t-butyl)pyrazolo- [3-4-d]pyrimidine 

(PP2). 

Results 

Pressure stimulated colon 26/51 cell ad

hesion to murine wounds by 43.0±2.0 to 

52.0±4.0%. (n=9, p<o.05 each). Pressure sti

mulated Src phosphorylation by 3 9.0±4.0% 

in colon 26 cells. (n=5, p=o.004) The Src 

inhibitor PP2 (20 µmol/L) did not inhibit 

Src phosphorylation at ambient pressure 

but prevented pressure stimulation of Src 

phosphorylation. Src blockade by PP2 did 

not affect basal adhesion of either tumor to 

murine wounds but completely blocked pres

sure stimulation of adhesion. (n=4, p< o.001 

each) 

Conclusion 

Increased pressure may activate cancer adhe

sion to surgical wounds via Src. Src antago

nists might inhibit this process. 



Introduction 

Colon cancers shed viable tumor cells du

ring both open, 1 and laparoscopic2 surgical 

procedures. Tumor cells released into the 

circulation during surgical procedures can 

adhere to distant sites and metastasize. Lo

cally shed cells may adhere to surgical sites. 

Many complex mechanisms are involved in 

tumor cell adhesion. Extracellular divalent 

cations regulate cell membrane receptor 

expression, the cytoskeleton plays a crucial 

role in cell membrane stabilization, and vari

ous intracellular processes may regulate cell 

adhesion. The Src protein is an intracellular 

60-kd kinase that phosphorylates tyrosine 

residues on other intracellular proteins. The 

Src gene acquired its name from its capacity 

to direct the synthesis of a sarcoma-produ

cing protein. Changes in Src expression have 

been correlated with effects on tumor inva

sion and metastasis.3 

Approximately 50% of patients with colo

rectal cancer come to the surgeon with a 

contained malignancy. However, surgery 

can disseminate these cancers in some 

patients. Inadequate exposure, imperfect 

hemostasis, inadequate lymphadenectomy 

and qualitatively poor margins of excision 

promote spillage of cancer cells into the pe

ritoneal cavity or surgical site, which may 

occur in 30-50% of patients.4 This contrasts 

with the approximately o. 7% incidence of 

wound implantation after open colon can

cer surgery5 and the probably similar inci

dence of wound implantation after laparos

copic colectomy for malignancy. 6 Similarly, 

although viable circulating tumor cells are 

common in cancer patients, most do not 

progress to clinical metastasis.7 In one stu-

dy of patients that had apparently curative 

colonic resections, cytokeratin 19 or 20 

mRNA in peripheral or mesenteric blood 

samples was detected in 18 of 35 patients 

Cs 1 %) . In the positive group, 6 patients 

(33%) developed tumor recurrences during 

a 56 month follow-up period.8 

The contrast between the high rates of tu

mor cell spillage and circulating tumor cells 

and the much lower rates of clinical tumor 

metastasis or implantation after surgery 

suggests that tumor implantation may be 

regulated in some way. The implantation 

of shed tumor cells begins with adhesion 

of tumor cells to the matrix proteins in the 

wound. Tumor cells are shed from the pri

mary source into the peritoneal cavity2 and 

then delivered to the wound site. Prolifera

tion and angiogenesis are then required to 

support tumor growth, invasion and sub

sequent metastasis. The mechanisms that 

determine which shed tumor cells adhere to 

specific tissues or target organs are poorly 

understood. Cell adhesion to extracellular 

matrix proteins is mediated by diverse re

ceptors, most notably by members of the 

integrin family. In particular data from our 

group9 and others10 suggests that most co

lon cancer cell adhesion occur via :fh-inte

grin heterodimers. 

In earlier in vitro studies, we reported that 

an increase in extracellular pressure activa

tes intracellular signals that modulate colon 

cancer cell adhesiveness to purified matrix 

proteins and to endothelial cell monolayers.9-

1 1  In particular, studies in the SW620 cell line 

suggested that Src is activated by extracellu

lar pressure and might mediate the effect of 
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pressure, either directly or by activating focal 

adhesion kinase (F AK). 

We now sought to test the hypothesis that 

pressure stimulates colon cancer cell adhesi

on to surgical wounds in intact animals by a 

Src-dependentpathway. We therefore studied 

the effect of a modest (15 mm Hg) increase 

in extracellular pressure for 30 minutes on 

the adhesion of murine colon cancer cells to 

surgically created wounds in recipient mice. 

In particular, we studied murine 26 and 51 

transplantable colon tumors. These tumors 

were induced with 1,2-dimethylhydrazine in 

Balb/C or C57Bl/6 mice. 1 2  We measured tu

mor cell adhesion by chromium 51-labeling 

tumor cells before adhesion and subsequent 

scintillation counting of the excised wounds. 

Src activation was assessed by Western blot

ting for the activated Src in these murine 

cancer cells. This technique is commonly 

used as an indicator for Src activation. 1 1  In 

some studies, 4-amino-5-(4chlorophenyl)-

7-(t-butyl)pyrazolo-[3-4-d]pyrimidine (PP2) 

was used to block Src. 

Materials and methods 

Tumor propagation 

We studied two different transplantable 

murine colon adenocarcinomas, previously 

described as colon 26 and 51. 1 1  Tumors were 

passed in Balb/C or C57Bl/6 mice by sterile 

subcutaneous injection. 

Isolation of murine colon cancer cells 

For adhesion studies, the mice were killed 

when the tumors were approximately 1000 

mg. The tumors were excised under sterile 

conditions from the abdominal wall. The 

tissue was washed in oxygenated phospha-

26  

te-buffered saline (PBS) and washed with 2 

mmol/L dithiothreitol (DTT) in sterile PBS 

until all visible debris was removed. The 

tumor tissue was finely minced in oxyge

nated Dulbecco's minimal essential medium 

(DMEM) containing 100 ug/ml penicillin/ 

streptomycin until tumor fragments were 

of uniform size. Clumps of malignant cells 

were pelleted at 500g in oxygenated DMEM, 

washed three times in warm DMEM con

taining 100 ug/ml penicillin/ streptomycin, 

and treated with 0. 15% type IV collagenase 

dissolved in DMEM with 100 ug/ml penicil

lin/ streptomycin. Collagenase digestion was 

performed in a 3 7°C incubator at 8% CO
2 

for approximately 1 hour, or until a single 

cell suspension was achieved. The cells were 

again washed three times in fresh DMEM 

containing 100 ug/ml penicillin/streptomy

cin to remove collagenase and resuspended 

in media containing 5% fetal bovine se

rum (FBS) . The cells were then maintained 

in DMEM and RPMI 1540 containing 5% 

FBS, 20 mM glutamime, 1 µmol/L sodium 

pyruvate, 10 mmol/L HEPES, 0.525 µg/mL 

transferrin, 100 µg/mL penicillin G, and 100 

µg/mL streptomycin throughout all further 

treatments until placement into matrix-coa

ted dishes or surgical wounds. The homogen

eity and viability of the single cell suspension 

was assessed microscopically by inspection 

and exclusion. Cell viability routinely excee

ded 90%. Cell number was counted by hemo

cytometer. 

Pressure regulation 

The cells were placed in an airtight Lucite 

box with an inlet valve through which the 

air flowed into the box and an outlet valve 

was connected to a manometer. 9-1 1  The pres

sure box was warmed and maintained at a 

Extracellular pressure stimulates colon cancer cell adhesion in vitro 
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temperature of 3 7°C for at least 1 hour prior 

to each experiment to prevent pressure fluc

tuations due to temperature shifts of the 

pressurizing gas. The desired pressure was 

achieved within one minute for the experi

ments with the cells. The air itself was passed 

through tubing; heated to 37°C using a hot 

water bath to maintain the temperature con

trol. Cells subjected to pressure were placed 

inside this pressure box for 30 minutes with 

the pressure set at 15 mm Hg above atmosp

heric pressure. Control cells were incubated 

at 37°C under ambient pressure for the same 

time. 

In vitro pressure studies 

After collagenase treatment, equal aliquots 

of the single-cell suspension (500 µL of cells 

at 100,000 cells/mL) were seeded into col

lagen-precoated bacteriologic plastic 6-well 

plates for adhesion studies. The plates were 

immediately placed into the prewarmed 

pressure box, which was pressurized and re

placed in a 37°C incubator. The control cells 

were similarly handled but not exposed to 

increased pressure. After 30 minutes both 

control and pressure 6-well plates were re

moved from the incubator and the pressure 

box was depressurized so that the 6-well 

plate could be removed from it. The non-ad

herent cells were washed away and each well 

was washed twice with PBS. Next, the adhe

rent cells were formalin-fixed and stained 

with hematoxylin. Cells were counted in 

more than 20 random high-power fields per 

well using the 10ox objective of an Olympus 

microscope. 

Radioactive labeling of the cells 

For wound implantation studies, the cell 

suspension was incubated with 4 µCi of 5 1Cr 

per 105 cells at 37°C for 2 hours. Before pres

sure variation and wound implantation the 

cells were washed three times with medium 

containing 5% FBS to eliminate excess 5 1Cr 

not incorporated by the cells. After labeling 

and washing, cells were recounted via hemo

cytometer. 

Determining linearity of adhesion of ra

dioactive labeled cells 

The 5 1Cr labeled murine 26 and 5 1  colon 

cancer cells were added in different amounts 

to bacteriologic plastic wells precoated with 

type I collagen as previously described. 13 The 

number of cells per well varied from 8x104 to 

1.6x105 cells in increments of 2x104 cells. Af

ter 30 minutes, the non-adherent cells were 

aspirated away. The adherent cells were tryp

sinized and the radioactivity in the samples 

was measured using an automated scintilla

tion counter. 

Wound implantation studies 

Bilateral 1-cm groin incisions were made 

in mice anesthesized with 60 mg/kg intra

peritoneal sodium pentobarbital. A 100 µL 

suspension of 1x105 5 1Cr-labeled tumor cells 

that had been maintained under either am

bient or increased pressure for 30 minutes 

was then placed into each groin wound at 

ambient pressure for 30 minutes. The fluid 

was then aspirated and the wounds were 

gently washed with PBS to remove non-ad

herent cells. The mice were killed, and the 

surgical wounds were excised post mor

tem. Radioactivity in the excised tissue was 

measured using an automated scintillation 

counter. For studies of the effect of PP2 on 

wound implantation, cells were pretreated 

with either 0. 1 % dimethyl sulfoxide (DMSO) 

or 20 µmol/L PP2 before being subjected to 
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ambient pressure and subsequent placement Statistical analysis 

into mouse wounds. For the murine 26 and 51 experiments, the 

Western immunoblotting 

Parallel studies assessed Src phosporylation 

under ambient or increased pressure con

ditions for 30 minutes. 1 1 Suspended cells 

were lysed with lyzing buffer and protease 

inhibitors were added to prevent protein de

gradation. Protein concentrations in the cell 

lysates were measured using BCA protein 

assay kits (Pierce, Rockford, Illinois) . Cell 

lysates were resolved under reducing condi

tions by 10% sodium dodecyl sulfate-poly

crylamide gel electrophoresis (SDS-PAGE) 

before transfer to nitrocellulose membranes. 

After blocking with 5% bovine serum albu

min in Tris-buffered saline (TBS) with 0.1 % 

Tween 20, each membrane was incubated 

with antibody (Cell Signaling, Beverly, Mas

sachusetts; Transduction Laboratories, San 

Diego, California) against activated Src over

night at 4 °C, washed three times with 0. 1 % 

Tween 20 TBS, and then incubated for 60 

minutes with 2000:1 peroxidase-conjugated 

rabbit IgG (Cell Signaling and Transduction 

Laboratories). The membrane-bound peroxi

dase activity was detected using ECL Plus 

Western Blotting Detection kits (Amersham, 

Arlington Heights, Illinois). Chemilumines

cent images were captured using a Kodak Di

gital Science Image Station 440 CF (Eastman 

Kodak, Rochester, New York). All blots were 

studied with linear range of exposure. Blots 

were then stripped and similarly reprobed 

for total Src protein. Src phosphorylation 

was expressed as the ratio of active p-Src 

band intensity to total Src band intensity in 

each blot and normalized to control values 

for statistical analysis. 

2 8  

raw data was pooled together and normali

zed. The significance of differences between 

the groups was calculated by student's t-test 

or paired t-test as appropriate. We set 0.95 

confidence a priori as  the desired level of sta-

tistical significance. 

Resu lts 

In vitro studies with murine colon cancer 

cells 

We first studied the effects of pressure on 

murine colon cancer cells in vitro, to verify 

that they would adequately model the previ

ously described in vitro behavior of human 

colon cancer cells. We observed an increase 

in adhesion to type I collagen for both mu

rine 26 and 51 colon cancer cells when com

pared to cells maintained under ambient 

pressure. The colon 2 6 cancer cells display

ed a 41.0± 1.0% increase. (Figure 1a, n=6, 

p<o.001) For the colon 51 cancer cells, we 

observed an increase of 40.0± 1.0%. (Figure 

1b, n=6, p< o.001) 

Linearity of cell adhesion in the radioac

tivity experiments 

For in vitro studies, adhesion could be de

termined by simple cell counting, but this 

would have been difficult in an intact wound. 

We therefore next sought to calibrate a 5 1Cr 

labeling technique to determine if this could 

be used to measure cell adhesion. A quantita

tive increase in cell adhesion to collagen I on 

6-well plates was observed as the cell num

ber increased in both the murine 26 and 51 

colon cancer cells. (Figure 2a and b) 
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Effect of 15 mm Hg increased pressure on adhesion 
of (A) murine 26 and (B) murine 5 1  transplantable 
tumor cells. Increasing ambient pressure by 15 mm 
Hg substantially increased adhesion of murine 26 
and murine 5 1  colon cancer cells to collagen I. Ex
periments were performed in a paired fashion, com
paring control (atmospheric) pressure (open bars) to 
increased pressure (shaded bars), and then norma
lized against control values before pooling and data 
analysis (*P< o.05, n=6). 
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Figure 2 
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Murine 26 cancer cells seeded 
(x1 000) 

80 100 1 20 1 40 

Murine 51 cancer cel ls seeded 
(x1000) 

Linearity studies with (A) murine 26 and (B) mu
rine 51 transplantable tumor cells. The number of 
5 1Cr-labeled cells added to the collagen I coated 6-
well plates was varied from 8x104 to 1.6x105 cells in 
increments of 2x104 cells. After 30 minutes, non-ad
herent cells were gently washed away, and adherent 
cells were lysed and radioactivity of the lysates as
sessed. Graph depicts 1 of 3 consistent experiments 
showing a linear relationship between cells plated 
and radioactivity. 
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Effects of pressure on wound implanta

tion 

Exposure to 15  mm Hg increased extracellu

lar pressure resulted in a 43.0±2.0% increase 

in adhesion to the wounds by the pressure

stimulated colon 26 cells compared to the 

control cells. (Figure 3a, n= 13, p< o.001) The 

colon 51 cells exhibited a similar 52.0±4.0% 

increase in adhesion of the pressure stimula

ted cells when compared to the control cells. 

(Figure 3b, n=9, p< o.05) 

Effects of PP2 on wound implantation 

The Src inhibitor PP2 did not significantly in

hibit basal cell adhesion to surgical wounds 

for either murine 26 or murine 51 cancer 

cells. Cells pretreated with the DMSO vehi

cle displayed increased adhesion in response 

to pressure similar to what we had previously 

observed. However, in cells pretreated with 

PP2, pressure actually decreased adhesion 

when compared to PP2 treated cells at am

bient pressure. In murine 26 colon cancer 

cells treated with PP2, the application of 

increased pressure inhibited adhesion by 

34.0± 1.0%. (Figure 4a, n=B, p<o.05) For the 

murine 51 colon cancer cells, pressure in

hibited adhesion by 15.0± 1.0%. (Figure 4b, 

n=4, p<o.05) 

Western Blotting for Src activation 

At 15  mm Hg above ambient pressure Src 

phosporylation was increased by 39.0±4.0% 

for the murine 2 6 colon cancer cells. (Figure 

5, n=5, p <o.05) PP2 did not inhibit basal Src 

phosphorylation but prevented pressure in

duced Src phosphorylation. (Figure 5, n=5, 

differences not significant) 
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Figure 3 

Effect of 1 5  mm Hg increased pressure on adhesion 
of (A) murine 26 and (B) murine 5 1  transplantable 
tumor cells. Increasing ambient pressure by 1 5  mm 
Hg substantially increased adhesion of murine 2 6  
and murine 5 1  colon cancer cells to murine surgical 
wounds. Experiments were performed in a paired 
fashion, comparing the radioactivity of surgical 
wounds after 30 minute exposure to 51Cr-labeled 
cells previously maintained under atmospheric 
pressure (open bars) to the radioactivity of surgical 
wounds after 30 minute exposure to 51Cr-labeled 
cells previously maintained under increased pressu
re (shaded bars). Counts for each wound exposed to 
pressure-pretreated cells were expressed as a ratio to 
the corresponding control value before pooling for 
data analysis (*P< o.05,  n=S for A and n=9 for B) . 
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Effect of the Src inhibitor PP2 on adhesion of (A) 
murine 26 colon cancer cells and (B) murine 51  
colon cancer cells to  murine surgical wounds. The 
graph depicts adhesion of cells pretreated with 20 
µmol/L PP2 or a DMSO vehicle control. Results are 
expressed as mean ± SE of percent adhesion. Open 
bars represent cells previously exposed to ambient 
pressure and closed bars represent cells previously 
exposed to increased pressure. Counts for each 
wound were expressed as a ratio to· the correspon
ding control value before pooling for data analysis. 
Murine 26 and murine 51 cells pretreated with the 
DMSO vehicle displayed increased adhesion in res
ponse to pressure. However, in cells pretreated with 
PP2, pressure actually decreased adhesion (P<o.05 
for each comparison, n=8). 

DMSO-C DMSO-P PP2-C PP2-P 

PHOSPHO Src 

TOTAL Src 

1 .6 
1 .4 
1 .2 
1 .0 

0.8 
0.6 
0.4 

p<0.05 

0.2 
o.o ------

DMSO 

figure 5 

Figure 5 
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Effects of pressure on Src phosphorylation. The top 
panel represents typical blots from one of five simi
lar studies. Increasing ambient pressure by 1 5  mm 
Hg (DMSO-P) stimulated Src phosphorylation (up
per blot) in comparison to ambient pressure control 
cells (DMSO- C) without altering Src protein levels 
(lower blot) in murine 26 colon cancer cells. The ad
dition of the Src inhibitor PP2 prevented pressure
induced Src phosphorylation (PP2-P) in comparison 
to cells under ambient pressure conditions (PP2-C) 
without altering Src protein levels for both conditi
ons. All cells were exposed to pressure in pacificated 
bacteriologic plastic dishes to which adherence did 
not occur. The bottom panel summarizes densito
metric analysis of all five studies, with results nor
malized to DMSO-treated ambient pressure control 
values. Open bars represent ambient pressure and 
closed bars represent increased pressure. Results are 
expressed as the ratio of phosphorylated Src band 
intensity to band intensity for total Src (P< o.05, 
n=5). 
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Discussion 

The "seed and soil" hypothesis attempts to 

explain the nonrandom distribution of me

tastases by suggesting that unique proper

ties of particular cells and the characteristics 

of each organ's microenvironment deter

mine the organ preference of metastasis. 14 

Indeed, tumor cells do exhibit altered and 

heterogeneous integrin expression. 10 Extra

cellular divalent cations also affect tumor 

cell adhesion by modulating integrin binding 

affinity. 15 However, the tumor cell is a pas

sive participant in these models. This study 

suggests that extracellular pressure may sti

mulate an active intracellular pathway that 

increases colon cancer cell adhesion to mu

rine wounds. 

In particular, pressure not only increased 

in vitro cell adhesion but also implantation 

of cells into intact surgical wounds in anes

thetized mice by colon 2 6 and 5 1 tumor 

cells. Western blotting revealed that Src was 

phosphorylated in response to pressure. Src 

blockade by PP2 had little effect on basal ad

hesion of tumor 26 and 51 cells to murine 

wounds. However, PP2 completely blocked 

pressure stimulation of tumor 2 6 and 51  cell 

adhesion to murine wounds. Each of these 

findings will be considered in turn. 

Pressure increases in vitro cell adhesion for 

both murine 26 and 51  colon cancer cells 

to collagen I. These results extend and vali

date our previous observation that pressure 

increases SW620 colon cancer cell adhesion 

in vitro to purified matrix proteins and en

dothelial cell monolayers. 9-1 1 The present 

results demonstrate that an increase in 

pressure-induced adhesion is not limited to 

3 2 

adhesion to purified in vitro preparations. 

This was not necessarily obvious. For in

stance, the biological properties of wounds 

in living organisms are very different from 

a collagen I plated dish. In surgical wounds, 

the Mg2+ concentrations increase while Ca2+ 

concentrations decline. 1 6 These divalent ca

tions might influence tumor cell adhesion 

to surgical wounds. 1 5 The heterogeneity of 

possible binding sites and physical confor

mation of intact tissue differs substantially 

from a smooth pure matrix protein surface 

or a homogeneous endothelial monolayer. 

These results also demonstrate for the first 

time that the effects of pressure on colon 

cancer cell adhesion are durable after the 

pressure has been terminated. Cells were 

pre-treated with pressure and then allowed 

to adhere to the mouse wounds, in contrast 

to our previous in vitro studies. Although 

the magnitude of the observed effect was 

not as great as that seen in previous in vitro 

studies, the stimulation of adhesion might 

have been higher if the pressure had been 

of longer duration or higher magnitude or 

applied during adhesion. Even small incre

ases in tumor cell adhesion might make a 

clinically significant difference to some in

dividual patients. 

Our results are consistent with a previous re

port that elevated intraabdominal pressure 

due to gas insufflation increased the adhe

sion of CC351 WAG/Rij rat cells to the liver 

bed after injection into the portal vein of 

recipient rats, 17 although the mechanism of 

the effect was not investigated in that study. 

An increase of 40 mm Hg of hydrostatic pres

sure upregulates endothelial cell adhesion 

and clusters focal adhesion complex proteins 

Extrace l lu lar  pressure sti mu lates co lon cancer ce l l  adhes ion  i n  vitro 
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over 12 hours18 and mechanical deformation pressure-stimulated adhesion without con

of polymorphonuclear leucocyte enhances comitant Src activation. 1 1  

adhesiveness of  the surface adhesion mo-

lecule CD11b/CD18 to ICAM l . 19 However, Many techniques have previously been em-

leucocyte adherence and sequestration incre

ases following hemorrhagic shock in rats, 20 

perhaps because of macrophages leukotriene 

release rather than a direct effect on cell bin

ding affinity. 

Increased pressure stimulated Src phospho

rylation in the murine tumors. This is con

sistent with our previous observation that 

pressure activates Src in colon cancer cell 

lines in vitro. 1 1  Indeed, c-Src may regulate 

adhesion by both kinase-dependent2 1 and 

ployed to decrease tumor cell implantation 

into surgical sites. Mechanical lavage with 

saline may wash out the colon cancer cells 

in many patients, but the completeness of 

cleansing is volume-related. 24 Combinations 

of cytoreductive surgery and intraperitoneal 

chemotherapy have also been successfully 

employed to limit the progression of perito

neal seeding and to limit large volume, low 

grade intraadbominal tumor deposits. Hea

ted intraoperative intraperitoneal chemothe

rapy using mitomycin C, in addition to early 

kinase-independent mechanisms. 22 Our postoperative intraperitoneal 5-fluorouracil, 

data suggests that Src promotes increased 

tumor cell adhesiveness to intact tissues. 

Indeed, the Src inhibitor PP2 inhibited mu

rine 2 6 and 51 tumor cell adhesion to sur

gical wounds under increased pressure wit

hout altering basal adhesion. This suggests 

that Src plays a vital role in the pressure 

stimulated tumor cell adhesion to surgical 

wounds. 

One possible downstream target for Src is 

PAK. The nonreceptor tyrosine kinase Src 

interacts with tyrosine 3 97 of PAK to faci

litate adhesion complex assembly in colonic 

epithelial cells and enhance colorectal cancer 

adhesion to fibronectin. 23 Src may also act as 

a scaffolding molecule to facilitate PAK ac

tivation even when Src molecule is catalyti

cally inactive. However, the Src inhibitor PP2 

stimulates PAK3 97 autophosphorylation in 

vitro, although it inhibits FAK phosphoryla

tion at tyrosine 576, presumably by preven

ting Src from phosphorylating FAK at this 

site.1 1  Thus, PAK397 probably cannot cause 

can eradicate microscopic residual disease in 

selected patients.4 The effectiveness of such 

intraperitoneal chemotherapy has been li

mited by poor penetration by the drug and 

nonuniform drug distribution.25 

Laparoscopic port sites may also sometimes 

be contaminated by tumor cells through 

surgical instruments, extraction of the spe

cimen, or microleakages of insufflation gas 

around the trocars.9 To reduce the likelihood 

of port site metastasis after laparoscopic 

surgery, some surgeons administer tumor 

static agents to the port site wounds, excise 

the wounds created by the trocars, or use 

intraabdominal chemotherapy to further 

decrease the possibility of shed tumor cells 

seeding into wounds.4 

There are manifest differences between 

transplantable tumors in mice and the pa

thophysiology of human colon cancer. Ho

wever, the biological and chemotherapeutic 

response characterization of colon 26 and 51  
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transplantable mouse colon tumors suggests 

that they are reasonable models for colon 

cancer in humans. 14 Thus, these results raise 

the possibility that perioperative pharmaco

logic blockade of intracellular signals such as 

Src that influence tumor cell adhesion might 

be an attractive target for supplemental re

duction of tumor cell adhesion as an adjunct 

to volume lavage. 
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Abstract 

Background 

Metastasizing colon cancer cells bind target 

tissues primarily via integrins. Extracellular 

pressure or shear stress stimulates integrin

mediated adhesion to matrix proteins or en

dothelial cells by activating the focal adhesi

on proteins FAK and Src. Because this effect 

is blocked by cytoskeletal perturbation and 

paxillin may link the cytoskeleton to the fo

cal adhesion complex, we evaluated the role 

of paxillin in pressure-induced malignant co

lonocyte adhesion. 

Methods 

We studied SW620 colon cancer cells and 

confirmed key results in Caco-2 colon cancer 

cells, primary human colon cancer cells, and 

murine colonic adenocarcinoma. We evalua

ted adhesion to collagen at ambient and 15 

mm Hg increased pressure after 30 minutes, 

and paxillin, FAK, and Src phosphorylation 

in suspended cells prior to adhesion. Some 

cells were treated with siRNA to paxillin or 

FAK, or the Src inhibitor PP2. We also com

pared pressure-induced signals in suspended 

cells with adhesion-induced signals after ad

hesion to collagen. 

Results 

Pressure stimulated adhesion and paxillin 

phosphorylation in SW62o and Caco-2 cells 

and human primary colon cancer cells. Pres

sure also increased paxillin phosphorylation 

in murine carcinoma cells. SiRNA to paxillin 

decreased SW620 and Caco-2 paxillin wit

hout altering basal levels of phosphorylated 

paxillin. Paxillin reduction decreased basal 

adhesion to collagen, and inhibited pres

sure-stimulated adhesion, as well as paxillin, 

FAK397, FAK576, and Srq76 phosphoryla

tion. Neither PP2 nor siRNA to FAK inhibi

ted induction of paxillin phosphorylation by 

pressure. In contrast, adhesion stimulated 

F AK, Src, and paxillin phosphorylation re

gardless of paxillin reduction. 

Conclusion 

In summary, pressure induced paxillin 

phosphorylation in colon cancer cells. Paxil

lin reduction inhibited basal adhesion and 

blocked the pressure-mediated increase in 

adhesion, as well as pressure-induced FAK 

and Src signals, while adhesion-induced 

signals were preserved. Paxillin may be an 

upstream mediator of pressure-stimulated 

adhesion, important in metastasis. 



Introduction 

Cell signaling after integrin binding to ma

trix proteins is well described, but the intra

cellular signals by which integrin binding is 

itself regulated are less well understood. We 

have reported that a modest (15 mm Hg) in

crease in extracellular pressure can stimulate 

integrin-mediated cell adhesion and binding 

force in colon cancer cell lines such as human 

SW620 cells, as well as the adhesion of pri

mary human colon cancer cells isolated from 

surgical specimens. 1
•

2 Adhesiveness is incre

ased not only to purified matrix proteins and 

endothelial cell monolayers3 but also in an 

animal model.4 Non-laminar shear appears 

to have the same effect. 5 Cancer cells may 

be activated by this inside-out signaling me

chanism when subjected to various physical 

forces, including surgical manipulation,6 la

paroscopic insufflations,7 increased intraab

dominal pressure due to postoperative bowel 

edema,8 and forces within the lymphatic and 

vascular channels. The stimulation of adhe

sion by extracellular forces seems mediated 

by the activation of FAK and Src within the 

focal adhesion complex in response to extra

cellular pressure, since blocking either signal 

prevents increased adhesion. 2 Pharmacolo

gic perturbation of the cytoskeleton using 

agents such as phalloidin and colchicine also 

blocks the effect of pressure on adhesion and 

alters associated cell signaling.9 However, the 

precise mechanisms by which the cytoskele

ton interacts with FAK and Src and by which 

these kinases are activated in response to 

such forces remain unclear. 

Paxillin is a focal adhesion-associated protein 

that functions as a multi-domain adapter 

protein, binding several structural and signa-

ling molecules. 1 0 The C-terminal half of paxil

lin, composed of four LIM domains, media

tes paxillin targeting to focal adhesions, 1 1 • 1 2  

whereas the N-terminus contains binding 

sites for the nonreceptor kinases FAK, Pyk2, 

Csk, Src, and the structural protein vincu

lin. 13-
17 Both paxillin and FAK have been the

orized to influence cell adhesion and sprea

ding on specific extracellular matrices. 18
·

19 It 

is likely that paxillin functions as a linkage 

between the cytoskeleton and focal adhesion 

proteins. Paxillin can bind in vitro to pepti

des mimicking the cytoplasmic domain of 

beta integrin subunits, 20 and may interact 

with actopaxin2 1 and vinculin,2 2  which link 

focal adhesions to the cytoskeleton. 

Although the phosphorylation of paxillin in 

response to integrin-mediated cell matrix 

binding ("outside-in integrin signaling") is 

well described, 23 26 the stimulation of cell 

adhesion by intracellular signals activated 

by extracellular pressure prior to adhesion 

represents a different signal paradigm.2 A 

previous preliminary study suggested that 

paxillin-overexpressing head and neck squa

mous carcinoma cells displayed altered adhe

sion and signaling in response to pressure.2 7 

It therefore became relevant to determine 

whether paxillin mediates the effect of ex

tracellular pressure on SW620 cell adhesion 

through inside-out signaling. 

Specifically, it was hypothesized that paxillin 

would be required for extracellular pressure to 

stimulate SW620 colon cancer cell adhesion 

to type I collagen in vitro. Whether paxillin 

was tyrosine-phosphorylated in response to 

increased extracellular pressure prior to cell 

adhesion was first addressed. This observa

tion was confirmed in primary human colon 
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cancer cells isolated directly from surgically 

resected tumors, and a transplantable muri

ne adenocarcinoma cell line. Next, siRNA to 

paxillin was used to determine whether spe

cifically decreasing paxillin levels would alter 

the effects of increased extracellular pressure 

on the adhesion of SW 6 20 colon cancer cells 

and how reducing paxillin affected the FAK 

and Src signals previously shown to mediate 

the effects of extracellular pressure on adhe

sion. Paxillin siRNA effects on paxillin reduc

tion and adhesion in response to increased 

pressure were confirmed in Caco-2 colon 

cancer cells. Conversely, paxillin phosphory

lation in response to pressure was assessed 

in cells in which Src was blocked by PP2 or in 

which FAK was reduced by a specific siRNA. 

Finally, "outside-in," adhesion-mediated sig

naling was studied as a comparison. FAK, 

Src, and paxillin phosphorylation, in control 

cells or cells in which paxillin levels had been 

reduced by siRNA, was evaluated after sus

pended cells were allowed to adhere for 3 o 

minutes to type I collagen or to a polylysine 

control substrate. 

Materials and methods 

Cells 

SW620 and Caco-2 colon cancer cells were 

cultured as previously described. 1 Single-cell 

suspensions of primary human colonocytes 

were isolated from resected tumors by min

cing and collagenase digestion. 28 Human 

studies were approved by the Wayne State 

University Human Investigation Commit

tee. More than 90% of primary colonocytes 

excluded trypan blue at each isolation. 

Murine adenocarcinoma cells 

Mice implanted with a colon 26 murine 

adenocarcinoma were euthanized once tu

mors reached approximately 1000 mg. The 

tumors were excised from the abdominal 

wall and the tissue was washed in phosp

hate-buffered saline (PBS) with 2 mmol/L 

dithiothreitol (DTT). The tumor tissue was 

finely minced in Dulbecco's minimal essen

tial medium (DMEM), pelleted at 500g and 

washed three times in warm DMEM. Tumor 

cell clumps were then collagenase digested 

with 0.15% type IV collagenase dissolved in 

DMEM for approximately 1 hour at 37°C. 

The remaining single cell suspension was 

washed three times in fresh D MEM to re

move excess collagenase and resuspended 

in culture medium, as previously described.4 

Cell viability routinely exceeded 90% as as

sessed by trypan blue exclusion. This proto

col was approved by the Wayne State Univer

sity Animal Investigations Committee. 

Pressure regulation 

Pressure was applied using a prewarmed air

tight Lucite box with an inlet valve through 

which the air flowed into the box and an out

let valve was connected to a manometer. 1 •2 

The pressure box was maintained at a tempe

rature of 3 7°C during and for at least 1 hour 

before each experiment to prevent pressure 

fluctuations due to temperature shifts of the 

pressurizing gas. The desired pressure was 

achieved within one minute for the experi

ments with the cells. Cells subjected to pres

sure were placed inside the box for 30 minu

tes with the pressure set at 15 mm Hg above 

atmospheric pressure. Control cells were in

cubated at 3 7°C under ambient pressure for 

the same time period. 
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Transfection 

SW620 and Caco-2 cells were transfected 

with double stranded small interfering RNA 

(siRNA) directed to 5'-GTGTGGAGCCT

TCTTTGGT-3' to inhibit paxillin expression. 

A non-targeting sequence 1 (Dharmacon, 

Lafayette, Colorada) was used as a control. 

Double stranded RNA's were introduced with 

Oligofectamine according to the manufactu

rer's protocol (Invitrogen, Carlsbad, Califor

nia). The cells were studied 48 hours after 

transfection for adhesion experiments and 

for Western analysis to evaluate the effect 

of paxillin inhibition on adhesion and Src, 

FAK and paxillin phosphorylation. In paral

lel studies, SW620 cells were transfected 

with siRNA to inhibit FAK expression. The 

siRNA duplex directed toward the mRNA 

target, 5'-AAGCAUGUGGCCUGCUAUGGA-

3', was synthesized by Dharmacon. A scram

bled RNA duplex was once again used as a 

control. 

Cell adhesion 

Equal aliquots of single SW620 and Caco-2 

cell suspensions (100,000 cells/well) were 

seeded into collagen-coated bacteriologic 6-

well plates for 30 minutes at 37°C under am

bient and increased pressure (15 mm Hg). 

After 30 minutes, nonadherent cells were 

washed away with phosphate buffered sa

line. The adherent cells were formalin-fixed 

and stained with hematoxylin. Cells were 

counted in more than 20 random high-po

wer fields per well using the 10ox objective 

of an Olympus microscope (Olympus Op

tical Co., Tokyo, Japan). In parallel studies, 

SW620 and Caco-2 cells were transfected 

with scrambled siRNA or siRNA targeted to 

paxillin before adhesion assay. 

For studies of signaling due to adhesion 

itself, paxillin was similarly reduced by siR

NA transfection. Cells were placed in six-well 

plates precoated with saturating densities 

of type I collagen (Sigma, St. Louis, Mis

souri), or poly-L-lysine (Sigma, St. Louis, 

Missouri).29 After 30 minutes of incubation, 

non-adherent cells were washed away with 

phosphate-buffered saline. Lysis buffer (50 

mM Tris pH 7.4, 150 mM NaCl, 1% TritonX-

100, 1% sodium deoxycholate, 0.1% SDS, 1 

mM EDTA, 1 mM phenylmethylsulfonyl flu

oride, 1 mM Na3 VO4, 50 mM NaF, 10 mM 

sodium pyrophosphate, 2 ug/ml aprotinin, 2 

ug/ml leupeptin, pH 7-4) was added to the 

wells, allowing all the remaining adherent 

cells to be removed from the plate for Wes

tern analysis. 

Western blotting 

Suspended (nonadherent) cells treated with 

the 20 µM PP2, scrambled siRNA or siRNA 

targeted to paxillin or FAK were subjected to 

ambient or increased pressure for 30 minutes 

in bacteriologic plastic dishes pacificated with 

1 % bovine serum albumin. Cells were collec

ted by centrifugation and lysed in buffer to 

prevent protein degradation. For studies of 

adhesion-induced signaling, cells were har

vested directly from the six-well plates, coa

ted with either polylysine or type I collagen, 

after being subjected to ambient or increased 

extracellular pressure as noted. Protein con

centrations in the cell lysates were measured 

using bicinchoninic acid (BCA) protein assay 

kits (Pierce, Rockford, Illinois). Cell lysates 

were resolved under reducing conditions by 

10% sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE) before trans

fer to nitrocellulose membranes. For activa

ted paxillin (Tyr-31), FAK (Tyr-397,-576) 
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and Src (Tyr-416), membranes were blotted 

with specific antibodies directed against the 

phosphorylated forms (Cell Signaling, Be

verly, Massachusetts; Transduction Labora

tories, San Diego, California) and with the 

appropriate secondary antibody coupled to 

horseradish peroxidase. Bands were detected 

with enhanced chemiluminescence (Amers

ham) and analyzed with a Kodak Image 

Station 440CF (Eastman Kodak, Rochester, 

New York). All blots were then stripped and 

similarly reprobed for total paxillin, Src and 

FAK. 

Data analysis 

Statistical analysis was by student t-test or 

paired t-test as appropriate. We set 0.95 con

fidence a priori, as the desired level of statis

tical significance. 

Results 

Pressure stimulates adhesion in SW620 

and Caco-2 colon cancer cells. Pressure 

also stimulates paxillin phosphorylation 

in SW620, Caco-2 ,  human primary colon 

cancer cells, and murine adenocarcinoma 

cells 

Increased extracellular pressure increased 

SW620 adhesion to type I collagen. (Figure 

1a, first set of bars) The SW620 increase in 

adhesion in response to pressure was 12 9 ± 1 % 

of baseline. (Figure 1a, n=4, p<o.001) Simi

larly, pressure stimulated Caco-2 adhesion 

to collagen that was 15 1±5% of baseline. 

(fig 1b, n=4, p<o.001, first two bars) Typical 

high-power views of cells adherent to colla

gen at baseline (a) and after increased pres

sure (b) are shown in Figure 8. In response 

to this pressure, SW620 paxillin phosphory

lation at tyrosine residue 31 was increased to 

42 

158± 17% of baseline in the SW620 cell line. 

(Figure 1c, n= 11, p=o.003, first set of bars) 

Similarly, Caco-2 cells showed an increase in 

phosphorylated paxillin in response to pres

sure that was 141±5% of baseline. (Figure 1c, 

n=5, p <o.01, second set of bars) In primary 

human colon cancer cells, pressure increased 

paxillin phosphorylation to 180± 18% of 

baseline. (Figure 1d, n=5 ,  p=o.002, first set 

of bars) These results were confirmed in cells 

isolated from transplantable murine colonic 

adenocarcinoma tumors. These exhibited a 

3 2 ± 1 1  % increase in paxillin phosphoryla

tion in response to pressure. (Figure 1d, n=3, 

p=o.04, second set of bars) 

Effects of paxillin siRNA on total and 

phosphorylated paxillin levels 

Transfection with the control non-targeting 

sequence 1 did not significantly alter paxil

lin expression. In preliminary studies, the 

amount of total paxillin protein in mock

transfected cells did not differ significantly 

from levels of paxillin protein in cells trans

fected with the non-targeting sequence 1. 

The siRNA to paxillin decreased total paxillin 

expression by 76±21 % in SW620 cells. (Figu

re 2a, n= 15 , p <o.05 , first set of bars) A simi

lar decrease was seen in Caco-2 cells treated 

with paxillin siRNA. (Figure 2a, second set of 

bars) In contrast, in parallel blots normalized 

to actin, siRNA to paxillin did not alter the 

overall basal level of phosphorylated paxillin 

in SW620 or Caco-2 cancer cells (Figure 2b 

and 2c, first and third bars). This seems to in

dicate a compensatory increase in phospho

rylated paxillin in the setting of a decrease in 

total paxillin, due to the siRNA treatment. 
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Effect of reducing paxillin on cell adhe

sion and paxillin phosphorylation in res

ponse to increased extracellular pressure 

Paxillin siRNA significantly altered basal 

SW620 cell adhesion to collagen I coated 6-

well plates and blocked the pressure effect. 

SiRNA to paxillin decreased basal adhesion 

by 2 2±2% (Figure 1a, n=4, p<o.001, first and 

third bars), and completely prevented the 

pressure effect seen in the control cells. (Fi

gure 1a, n=4, second set of bars, n=4) Caco-2 

cells treated with paxillin siRNA also sho

wed a decrease in adhesion at baseline that 

was 83±3% of the control. (Figure 1 b, n=4, 

p< 0.001, first and third bars) Paxillin reduc

tion in these cells also blocked the pressure 

effect seen in the control cells. (Figure 1 b, 

second set of bars) Treatment with paxillin 

siRNA inhibited, and actually reversed, pres

sure-stimulated phosphorylation of paxillin 

at tyrosine residue 3 1 in both SW 6 20 and 

Caco-2 cells. (Figure 2b  and 2c, second sets 

of bars) 

Effects of pressure and paxillin reduction 

on FAK397 and 576  phosphorylation in 

SW620 and Caco-2 colon cancer cells 

We next examined FAK phosphorylation at 

the tyrosine 397 autophosphorylation site 

since we have previously demonstrated that 

reducing FAK or inhibiting FAK397 phosp

horylation each block pressure-stimulated 

adhesion.2 FAK397 phosphorylation was in

creased by 34±9% (Figure 3a, n=10, p=o.002, 

first set of bars) in SW62o cells subjected to 

increased ambient pressure. Transfection 

with paxillin siRNA did not inhibit basal 

FAK397 phosphorylation but prevented 

pressure-induced FAK397 phosphorylation. 

(Figure 3a, n=8, differences not significant, 

second set of bars) These results were con-

firmed in Caco-2 cells. FAK397 phosphory

lation was increased to 141±6% of baseline 

(Figure 3b, n=5, p < o.01, first set of bars) in 

Caco-2 cells subjected to increased ambient 

pressure. Paxillin reduction blocked this ef

fect. (fig 3b, second set of bars) Studies of 

FAK576 phosphorylation revealed a similar 

pattern. Pressure augmented FAK576  phosp

horylation to 140± 10% of the baseline value 

in SW620 cells. (Figure 4a, n=8, p=o.001, 

first set of bars) Paxillin reduction by siRNA 

blocked this effect. (Figure 4a, second set of 

bars) Results were again confirmed in Caco-2 

cells. Pressure increased FAK576 phospho

rylation in response to pressure by 36±5% 

(Figure 4b, n=5, p <o.001, first set of  bars) in 

Caco-2 cells, and paxillin reduction blocked 

this effect. (Figure 4b, second set of bars) 

Effects of pressure and paxillin reduction 

on Src416 phosphorylation in SW620 

and Caco-2 colon cancer cells 

Since Src activation also appears critical for 

pressure-stimulated adhesion, 2•4 we evalua

ted Src phosphorylation in parallel studies. 

Src416 phosphorylation was increased in 

response to pressure by 45±12% for con

trol SW620 cells. (Figure 5a, n=9, p=o.001, 

first set of bars) The paxillin-targeted siRNA 

did not alter basal levels of phosphorylated 

Srq16, but did inhibit the pressure-induced 

Src416 phosphorylation seen in the untre

ated cells. (Figure 5a, n=8, differences not 

significant, second set of bars) Once again, 

these results were confirmed in the Caco-2 

cell line. Pressure increased Src phosphoryla

tion in these cells to a level that was 148±5% 

of  baseline value. (Figure 5 b, n=5, p<o.001, 

first set of bars) Paxillin reduction in Caco-2 

cells blocked this pressure-induced Src acti

vation. (Figure 5 b, second set of bars) 
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figure 1a 

Figure ia: Pressure stimulates adhesion in SW620 cells 
pretreated with NTS -1 ,  while siRNA to paxillin pretre
atment reduces basal adhesion and blocks the pressure 
effect. 

15 mm Hg extracellular pressure (black bars) incre
ased the adhesion of SW620 cells pretreated with 
a non-targeting siRNA sequence to collagen type I 
(first set of bars) . This increase was 12 9 ± 1 % of the 
baseline value (n=4, P < o.001) .  Previous publication 
has revealed this phenomenon in human primary 
colon cancer tumors as well. 2 The second set of bars 
represents cells pretreated with siRNA to paxillin 
and then used in the pressure experiment. SiRNA 
to paxillin decreased basal adhesion by 22±2%, and 
blocked the pressure effect seen in the control group 
(n=4, P < o .001) . 

The effect of PP2 treatment on paxil

lin phosphorylation in pressure treated 

SW620 cells 

Src kinase inhibition with PP2 did not in

hibit pressure-induced phosphorylation of 

pax:illin at tyrosine residue 31. Untreated 

cells exhibited a pressure-induced increase of 

phosphorylated pax:illin that was 139± 15% 

of baseline value. (Figure 6a, n= 1 1, p=o.04, 
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Figure 1b: Pressure stimulates adhesion in Caco-2 co
lon cancer cells pretreated with NTS -1 ,  while siRNA to 
paxillin pretreatment reduces basal adhesion and blocks 
the pressure effect. 

To confirm the results seen in the SW620 cells, ex
periments were carried out in Caco-2 colon cancer 
cells as well. Similar to the results obtained in the 
SW620 line, 1 5  mm Hg extracellular pressure (black 
bars) increased the adhesion of Caco-2 cells pretrea
ted with a non-targeting siRNA sequence to collagen 
type I (first set of bars) . This increase was 15 1±5% 
of the baseline value (n=4, P<o .001) .  In the setting 
of paxillin reduction after paxillin siRNA treatment, 
these Caco-2 cells displayed decreased basal adhe
sion (83±3% of baseline, first and third bars, n=4, 
P<o .001), and did not respond to pressure with in
creased adhesion (second set of bars). 

first set of bars) PP2 treatment, in parallel 

experiments, was associated with decreased 

basal pax:illin phosphorylation, but PP2-

treated cells nevertheless increased pax:illin 

phosphorylation in response to pressure si

milarly to cells not exposed to PP2. (Figure 

6a, n= 11, p=o.01, second set of bars) 

Extracellular pressure stimulates tumor cell adhesion in vitro by paxillin activation 
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Figure 1c: Pressure stimulates phosphorylation of paxil
lin in SW620 and Caco-2 colon cancer cells pretreated 
with NTS-1 . 

SW620 cells pretreated with NTS-1 showed an in
crease in phosphorylated paxillin at tyrosine residue 
31 in response to increased extracellular pressure 
(black bars), that was 158±1 7% of baseline (first set 
of bars, n=11, P=o.003). Similarly, Caco-2 colon can
cer cells displayed an increase that was 141±5% of 
baseline (second set of bars, n=5, P<o.01). 

The effect of reducing FAK by siRNA on 

paxillin phosphorylation in pressure tre

ated SW620 cells 

Similar to PP2 -treated cells, cells in which 

FAK had been reduced by siRNA still exhibi

ted pressure-stimulated phosphorylation of 

paxillin. Untreated cells were characterized 

by  a 34±15% increase in phosphorylation in 

paxillin in response to pressure. (Figure 6b, 

n=8, p=o.04, first set of bars ) PAK-reduced 

cells, with an approximately 60% reduction 

in total PAK levels, in parallel experiments 

exhibited a similar increase. (Figure 6b, n=7, 

p=o.02, second set of bars) 
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Figure 1d: Pressure stimulates phosphorylation of paxil
lin in human primary cancer cells and a murine adeno
carcinoma cell line. 

Similar to results obtained in the SW620 and Caco-2 
cells, pressure (black bars) stimulated paxillin phosp
horylation at tyrosine residue 3 1  that was 180±18% 
of baseline (white bars) in human primary colon 
cancer cells (first set of bars, n=5, P=o.002). These 
results were confirmed in a murine adenocarcinoma 
line which displayed an increase in phosphorylated 
paxillin in response to pressure that was 132±11% 
of  baseline (second set of  bars, n=3, P=o.04). 

Adhesion-mediated effects on paxillin 

phosphorylation in control and paxillin

reduced SW620 cells 

In cells transfected with the non-targeting 

siRNA sequence, binding to collagen I indu

ced phosphorylation of paxillin tyrosine resi

due 3 1  that was 232±34% of baseline value. 

(Figure 7a, n=7, p=o.002, first set of bars ) 

The siRNA treated group showed a similar 

trend upon binding to collagen. These cells 

displayed a level of phosphorylated paxillin 

that was 165±34% of baseline value. (Figure 

7a, n=7, p=o.003 ,  second set of bars) 
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Figure 2a :  Characterization of  the effects of  paxillin 
siRNA treatment. 

In preliminary studies, there was no statistical sig
nificance between the magnitude of total paxillin 
protein in mock-transfected cells compared with 
cells transfected with the non-targeting sequence 
1 (n= 15 ,  P < a.001) .  However, the siRNA to paxillin 
(black bars) decreased total paxillin expression by 
76±2 1 % in Western blots normalized to actin in 
SW620 cells (first set of bars, n=15 ,  P< o .05). A si
milar reduction was seen in Caco-2 cells treated with 
paxillin siRNA (second set of bars, 46±5% of control, 
n=4, P< o .001) .  

Figure2b & c :  Effect of paxillin reduction on paxillin 
phosphorylation in response to increased extracellular 
pressure in SW620 and Caco-2 cells . 

Pretreatment with siRNA to paxillin also altered the 
amount of paxillin that was phosphorylated at tyro
sine residue 3 1 .  The first and third bars in Figures B 
(SW620 cells) and C (Caco-2 cells) show the baseline 
values (white bars) of phosphorylated paxillin to be 
similar (n=S ,  5 ,  respectively) . With a known decre
ase in total paxillin due to the siRNA treatment, this 
must indicate an increase in the ratio of phospho
rylated to non-phosphorylated paxillin. Due to the 
low paxillin levels, the cell may be invoking a com
pensatory response to maintain phosphorylated 
levels .  Interestingly, in response to pressure, there 
was a decrease in the total amount of phosphory
lated paxillin in both SW620 cancer cells (B, second 
set of bars, n=S, P< o.001) and Caco-2 cells (C, n=5, 
P=o.02) .  A pressure-induced counter regulatory pa
thway may be functioning here, that awaits further 
study. 
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Figure 3: Effects of paxillin reduction on FAK tyrosine 
residue 3 9 7 phosphorylation in response to pressure in 
SW620 and Caco-2 cells. 

A: FAK397 phosphorylation was increased by 34±9% 
(first set of bars, n= 10, P=o.002) in SW620 cells 
subjected to increased extracellular pressure (black 
bars). Transfection with paxillin siRNA did not in
hibit basal FAK397 phosphorylation but prevented 
pressure-induced FAK 397 phosphorylation (second 
set of bars, n=8, differences not significant). 

B: Confirmatory studies were done in the Caco-2 cell 
line. Again, paxillin reduction (second set of bars) 
did not inhibit basal (white bars) phosphorylation, 
but did block the pressure (black bars) effect noted 
in those cells treated with the non-targeting sequen
ce (n=s, P<o.01). 
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Figure 4: Effects of paxillin reduction on FAK tyrosine 
residue 5 7 6 phosphorylation in response to pressure in 
SW620 and Caco-2 cells. 

A: Studies of FAK576 phosphorylation revealed a 
similar pattern. Pressure (black bars) augmented 
FAK576 phosphorylation to 140±10% of the base
line value (first set of bars, n=8, P=o.001) in SW620 
cells. Paxillin-reduction with siRNA blocked this ef
fect (second set of bars). 

B: Conformational studies were done in the Caco-
2 cell line. Pressure (black bars) increased FAK576  
phosphorylation to  136±5% o f  baseline (first set of 
bars, n=s, P<o.01) in Caco-2 cells treated with the 
non-targeting sequence. Pretreating these cells with 
siRNA to paxillin, however, blocked this effect (se
cond set of bars, n=s). 
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Figure 5: Effects of paxillin reduction on Src tyrosine 
residue 4 1 6  phosphorylation in response to pressure in 
SW620 and Caco-2 cells. 

A: Srq16 phosphorylation was increased in respon
se to pressure (black bars) by 45±12% for control 
SW620 cells (first set of bars, n=9, P=o.001). The 
paxillin siRNA did not inhibit basal levels of phosp
horylated Srq16, but did inhibit the pressure-indu
ced Src416 phosphorylation seen in the untreated 
cell line (second set of bars, n=8, differences not 
significant). 

B: To confirm these results, data was obtained from 
the Caco-2 cell line. Pressure again increased Src 
phosphorylation (first set of bars, n=s, P<o.001) 
and this effect was blocked by paxillin reduction (se
cond set of bars). 

Adhesion-mediated effects on FAK 

phosphorylation in control and paxillin

reduced SW620 cells 

Cell adhesion to collagen induced phospho

rylation of FAK tyrosine residues 397 and 

576. This was seen in SW620 cells transfec

ted with the non-targeting control siRNA 

sequence as well as in the paxillin-reduced 

cells. FAK3 97 phosphorylation increased 

by 77± 19% in response to adhesion to col

lagen I in cells transfected with the control 

siRNA as compared to cells that had been 

allowed to adhere to the poly-L-lysine con

trol substrate. (Figure 7b, n=8, p=o.001, first 

set of bars) Cells transfected with siRNA to 

reduce paxillin displayed a similar 3 8± 1 7% 

increase in FAK3 97 phosphorylation over 

poly-L-lysine-adhering controls. (Figure 7b, 

n=8, p=o.02, second set of bars) Adhesion to 

type I collagen in cells treated with control 

siRNA increased FAK576 phosphorylation 

by 121± 18% over poly-L-lysine controls (Fi

gure 7c, n= 10, p<o.001, first set of bars) Si

milarly, adhesion to collagen was associated 

with an increase in phosphorylated FAK576 

by 62± 18% over poly-L-lysine controls in 

paxillin-reduced cells. (Figure 7c, second set 

of bars) 

Adhesion-mediated effects on Src phosp

horylation in control and paxillin-redu

ced SW 6 2 o cells 

Phosphorylation at Src tyrosine residue 416 

increased in response to adhesion to collagen 

in both cells transfected with control siRNA 

and paxillin-reduced cells. Src416 phospho

rylation increased by 37±13% in response 

to adhesion to collagen I in cells transfected 

with the control siRNA as compared to cells 

that had been allowed to adhere to the poly

L-lysine control substrate. (Figure 7d, n=7, 

Extracellular pressure stimulates tumor cell adhesion in vitro by paxillin activation 
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Figure 6a: Effect of Src inhibition on paxillin phosphory
lation in pressure treated SW620 cells. 

Src kinase inhibition with PP2 did not inhibit pres
sure-induced phosphorylation of paxillin at tyrosine 
residue 3 1. Untreated cells exhibited a pressure-in
duced (black bars) increase of phosphorylated paxil
lin that was 139±15% of baseline (first set of bars, 
n=1 1, P=o.04). PP2 treatment, in parallel experi
ments, was associated with decreased basal paxillin 
phosphorylation, but PP2-treated cells nevertheless 
displayed a similar increase in paxillin phosphoryla
tion in response to pressure as cells not exposed to 
PP2 (second set of bars, n=1 1, P=o.01). 

p=o.02, first set of bars) In paxillin-reduced 

cells, phosphorylated Src416 was similarly 

increased in cells adhering to collagen I by 

58±23% over poly-L-Lysine adhering con

trols. (Figure 7d, n=7, p=o.035, second set 

of bars) 

Discussion 

Increased extracellular pressure stimulated 

paxillin phosphorylation in SW620 colon 

cancer cells, human primary colon cancer 

cells, and murine adenocarcinoma cells prior 
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Figure 6b: Effect of reducing PAK by siRNA on paxillin 
phosphorylation in pressure treated SW620 cells. 

Similar to PP2-treated cells, cells in which FAK had 
been reduced by siRNA still exhibited pressure-sti
mulated (black bars) phosphorylation of paxillin. 
Untreated cells were characterized by a 34±15% in
crease in phosphorylation in paxillin in response to 
pressure (first set of bars, n=8, P=o.04). PAK-redu
ced cells in parallel experiments exhibited a similar 
increase (second set of bars, n=7, P=o.02). 

to cell adhesion. Although pressure incre

ased the adhesion of control SW6 20 and 

Caco-2 cells, reduction of paxillin by specific 

siRNA reduced basal adhesion and abolished 

the pressure effect on adhesion and paxillin, 

FAK and Src signaling. These results suggest 

that paxillin may be an important mediator 

of inside-out cell signaling that influences 

malignant cell adhesion in response to physi

cal forces such as pressure and shear stress. 

The increase in paxillin phosphorylation in 

response to extracellular pressure in both pri-
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Figure7: Adhesion mediated effects on paxillin, FAK, and Src phosphorylation in control and paxillin-reduced cells. 

A: In the non-targeting sequence treated cell line, 
binding to collagen I (black bars) induced phosp
horylation of paxillin tyrosine residue 31 that was 
232±34% of the baseline value (first set of bars, 
n=7 ,  P=o.002). The siRNA treated group showed a 
similar trend upon binding to collagen. These cells 
displayed a level of phosphorylated paxillin that was 
165±34% of baseline value. (second set of bars, n=7, 
P=o.003). 

mary human colon cancer cells and SW620 

colon cancer cells in suspension, prior to ad

hesion, suggested the likelihood that paxillin 

signaling might contribute to the pressure 

effect. Although classically associated with 

integrin ligation, paxillin phosphorylation is 

now known to occur in response to multiple 

stimuli, including growth factors,30•31 and cel

lular stress,32 ·3 3  among others. This tyrosine 

phosphorylation is important for various cel

lular activities. Non-phosphorylatable paxil

lin mutants display inhibited migration, 34 

and are unable to develop smooth muscle 

tension,35 both of which require a stable con

nection between cell receptors and the cyto-

so 

B: FAK 397 phosphorylation increased by 7 7±19% 
in response to adhesion to collagen I (black bars) in 
cells transfected with the non-targetting control as 
compared to FAK397 phosphorylation in cells that 
had been allowed to adhere to the poly-L-lysine con
trol substrate (first set of bars, n=8, P=o.001). Cells 
transfected with siRNA to reduce paxillin displayed 
a similar 38±17% increase in FAK 397 phosphory
lation over poly-L-lysine-adhering controls (second 
set of bars, n=8, P=o.02). 

skeleton. These findings, and along with our 

current data and past reports showing the 

importance of the focal adhesion complex .. 

and the cellular cytoskeleton9 requirement 

for pressure induced adhesion, make paxillin 

phosphorylation a likely intermediate step. 

Paxillin phosphorylation may be enhanced 

by physical forces in various cell types when 

those cells are adherent to matrix substrates. 

For instance, repetitive mechanical defor

mation enhances paxillin and FAK phospho

rylation in human Caco-2 colonic epithelial 

cells, 23 as well as bovine aortic endothelial 

cells, 24 and bovine tracheal smooth muscle 

Extracellular pressure stimulates tumor cell adhesion in vitro by paxillin activation 
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Figure7: Adhesion mediated effects on paxillin, PAK, and Src phosphorylation in control and paxillin-reduced cells. 

C: Observations of FAK576 phosphorylation were 
similar to those for phosphorylation of FAK at ty
rosine residue 397. Adhesion to type I collagen 
(black bars) induced a 121±18% increase in phosp
horylated FAK576 over poly-L-lysine control in cells 
transfected with non-targetting control (first set of 
bars, n=10, P<o.001). Similarly, adhesion to collagen 
was associated with an increase in phosphorylated 
FAK576 of 62±18% over control in paxillin-reduced 
cells (second set of bars). 

cells. 25 Hydrodynamic shear stress in a range 

of microcirculatory conditions can also indu

ce hyperphosphorylation of PAK and paxillin 

in adherent malignant colonocytes. We have 

reported, however, that the effects of repeti

tive deformation may depend critically upon 

integrin-matrix interactions by which the 

cells adhere to the underlying substrate, 36 

and different physical forces may have dif

ferent effects. For instance, repetitive defor

mation activates ERK in human colon cancer 

cells adherent to a collagen matrix, 23 but in

creased extracellular pressure does not acti

vate ERK in human colon cancer cells in sus

pension. 2 Thus, it was not obvious that cells 

D: Adhesion to collagen (black bars) stimulated 
phosphorylation of SrC416 in non-targetting tre
ated cells by 37±13% over Src phosphorylation in 
cells adhering to poly-L-lysine (first set of bars, n=7, 
P=o.02). In paxillin-reduced cells, phosphorylated 
Src416 was similarly increased in cells adhering to 
collagen I by 58±23% of that in cells adhering to 
poly-L-lysine (second set of bars, n=7, P=o.035). 

that were non-adherent to extracellular ma

trix would display similar paxillin phospho

rylation in response to pressure as adherent 

cells exposed to hydrodynamic shear stress 

or repetitive mechanical deformation. In the 

present study, paxillin phosphorylation in 

response to pressure did not depend on in

tegrin occupancy since the pressure induced 

signals studied occurred prior to adhesion, 

and in fact appeared to regulate it. 

Although siRNA to paxillin significantly de

creased total paxillin levels when compared 

to mock and non-targeting sequence 1, siR

NA to paxillin did not decrease basal levels 

5 1 
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Figure 8: Typical high-powered view of adhesion expe
riment 

Cells are counted in twenty high-power fields in each 
well of the six-well plates used in the adhesion expe
riments. The control group (A) generally displays a 
sparse population, while the wells subjected to pres
sure (B) will contain more cells per area indicating 
increased adhesion during the thirty minute expe
riment. 

5 2  

of phosphorylated paxillin. Similar pheno

mena have been described. For instance, an 

increase in the ratio of phosphorylated FAK 

to total FAK was observed in SW620 cells 

treated with siRNA to FAK.2 This may repre

sent a negative feedback compensatory me

chanism that induces hyperphosphorylation 

of the available paxillin or FAK, when total 

levels of paxillin or FAK decline in these cells. 

Further evaluation of such a possible mecha

nism awaits further study. 

Interestingly, the siRNA targeted to paxillin 

not only prevented an increase in the amount 

of phosphorylated paxillin in response to ex

tracellular pressure, but actually reversed this 

effect. It may be possible that under incre

ased pressure conditions, the inhibition of 

paxillin phosphorylation by siRNA to paxillin 

could reflect altered paxillin targeting or focal 

adhesion complex assembly in the setting of 

dramatically reduced paxillin protein level. 

The paxillin LIM domain is known to loca

lize to the actin cytoskeleton12  and paxillin 

localizes to the focal adhesion complex in res

ponse to tension, 37 also mediated by the LIM 

domain. 12 Paxillin localization to the focal 

adhesion complex is associated with paxillin 

phosphorylation. 38 In our cell line, decreased 

total paxillin protein levels may be reducing 

focal adhesion targeting. Alternatively, targe

ting may not be disrupted at all, as it depends 

not upon tyrosine phosphorylation, but pri

marily on the LIM domain. The problem may 

be that once localized, subsequent signaling 

requires paxillin tyrosine phosphorylation. If 

the paxillin is in fact already maximally up

regulated, the inability to further phosphory

late might interrupt any subsequent paxillin 

phosphorylation-dependant signaling pa

thways, such as the formation of paxillin-Crk 

Extracellular pressure stimulates tumor cell adhesion in vitro by paxillin activation 



complexes known to be important in cell mi

gration, adhesion, and spreading. 34 This may 

lead to the blocking of FAK and Src pressure

induced phosphorylations noted, and limit 

the cell's ability to form stable bonds through 

the focal adhesion system. The noted reversal 

in the amount of phosphorylated paxillin in 

response to pressure may be an as yet unstu

died counter regulatory pathway; possibly in

cited by the cellular disruption related to alte

red targeting and maximal phosphorylation. 

The exact mechanism by which paxillin itself 

is phosphorylated in response to pressure 

also awaits further study. FAK and Src ac

tivation do not appear required for paxillin 

phosphorylation in response to pressure, 

based upon the present results. Although 

ERK has previously been reported to phosp

horylate paxillin,39 we have previously re

ported that ERK is not phosphorylated in 

SW62o cells in response to pressure until af

ter adhesion. 2•40 

Paxillin reduction not only blocked the pres

sure mediated increase in adhesion, but also 

reduced basal collagen adhesion. This obser

vation that siRNA to paxillin decreased basal 

adhesion of SW620 cells to collagen I wit

hout significantly reducing the proportion of 

paxillin phosphorylation suggests the possi

bility that changes in total paxillin pools may 

contribute to cellular adhesion along with 

paxillin phosphorylation. Although paxillin 

phosphorylation is important for some of 

the actions of paxillin, 41 paxillin may exert 

other effects independent of phosphoryla

tion. For example, paxillin may be directly 

involved in gene transcription through its 

LIM domains,42 and may interact with acto

paxin directly through its LD motifs.2 1  Alter-

natively, the compensatory feedback for the 

reduction of total paxillin levels could affect 

other adhesion-regulating signals as well. 

The present results suggest that paxillin 

seems to participate in an inside-out signa

ling pathway by which adhesion is upregula

ted. Inside-out signaling is a mechanism by 

which intracellular signals can regulate cell 

adhesion at the cell membrane, in contrast to 

outside-in integrin signaling, in which the li

gation of integrins at the cell surface initiates 

a cascade of downstream events within the 

cell. We have previously demonstrated that 

the effect of pressure on adhesion is mediated 

by fs 1-in tegrin heterodimers, 1 that the surface 

expression of fs1-integrin heterodimers does 

not change in response to increased extracel

lular pressure over the time studied here, 2 

and that cell-binding force to matrix appears 

modulated by pressure in parallel with cell 

adhesion.2 Thus, it seems likely that paxillin 

mediation of pressure effects contributes to 

modulation of ih -integrin binding force in 

colon cancer cells. Specific demonstration 

of this further hypothesis awaits additional 

research beyond the scope of the current in

vestigation, as does elucidation of the precise 

mechanism by which force-activated signa

ling modulates integrin binding. Possibilities 

include modulation of integrin clustering, 

changes in integrin conformation, or other 

effects on integrin activity. 

The mechanisms and participants of inside

out signaling are poorly understood.43A4 Ho

wever, the suggestion that paxillin may in

fluence cell adhesiveness is consistent with 

some previous studies. In EL4 thymoma 

cells, ERK-mediated phosphorylation of 

paxillin led to an increase in cell adhesion39 
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and in Chinese hamster ovary K1 cells (CHO. 

K1) the LIM2 and LIM3 domains of paxil

lin function as tubulin binding motifs, and 

CHO.Ki cells expressing mutations within 

the LIM3 domain profoundly inhibited ad

hesion of these cells to fibronectin.45 It has 

been established that the LIM3 domain is 

situated on the C-terminal of paxillin and is 

independent of paxillin phosphorylation by 

PAK which occurs at the N-terminal of paxil

lin during outside-in signaling.45 In our study, 

extracellular pressure stimulated phosphory

lation of the paxillin Y 31 site. Therefore, our 

data suggests the possibility that the paxillin 

Y 31 phosphorylation site may be involved in 

inside-out cell signaling. Interestingly, during 

outside-in signaling the Y 31 and Y 1 18 sites 

on paxillin are phosphorylated by PAK, 38 

while our data suggests that pressure is as

sociated with paxillin Y 31 phosphorylation 

independently of PAK. Thus, the paxillin Y 31 

site may be involved in both outside-in and 

inside-out cell signaling. 

Since we have previously reported that PAK 

and Src are involved in the signals by which 

pressure stimulates colon cancer cell adhesi

on, one might postulate interaction between 

paxillin signaling and the FAK/Src signa

ling pathway previously described. Indeed, 

paxillin siRNA treatment prevented pres

sure-stimulated tyrosine phosphorylation of 

FAK397 and 576, and Srq16. These results 

suggest that both PAK and Src phosphory

lation in response to pressure may require 

paxillin activation. Further evidence of this 

pathway sequence comes from our observa

tions after PP2 or siRNA against PAK treat

ment. Inhibiting Src kinase activation by PP2 

or decreasing PAK expression using specific 

siRNA did not alter pressure-induced phosp-
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horylation of paxillin, consistent with the 

hypothesis that paxillin phosphorylation is 

upstream of the eventual phosphorylation of 

FAK397 and Srq16. This intracellular signa

ling pathway involving paxillin-FAK-Src may 

play a key role in the inside-out adhesion of 

SW620 colon cancer cells to collagen I. 

The finding that blocking paxillin inhibits the 

phosphorylation of both PAK and Src in res

ponse to extracellular pressure is novel, and 

contrasts with many conventional assess

ments of the role of PAK and Src in phosp

horylating paxillin in response to adhesion. 

Most reports suggest that PAK and Src are 

responsible for paxillin phosphorylation. The 

FAK-Src complex mediates the phosphory

lation of two well known scaffolding mole

cules, paxillin and p130 Crk-associated sub

strate. 15•38•46 The tyrosine phosphorylation of 

PAK in cultured fibroblasts is associated with 

the recruitment of Src and/or Fyn protein 

tyrosine kinases to the integrin-associated 

complex; the FAK-Src-Fyn kinase complex 

then catalyzes the tyrosine phosphorylation 

of paxillin.47 These observations all occurred 

in adherent cells, in which the outside-in ex

tracellular matrix integrin-induced signaling 

is likely dominant. In contrast, in the pres

sure-treated cells studied here, integrin-indu

ced signaling is inhibited by the absence of 

adhesion. Indeed, our observations of adhe

sion-mediated signaling followed the classic 

view of downstream signaling in response 

to adhesion. These cells exhibited increased 

phosphorylation of PAK, Src, and paxillin in 

response to collagen adhesion, significantly 

different from the cells in the polylysine con

trol dishes. Furthermore, reducing paxillin 

did not alter PAK or Src adhesion-mediated 

Extracellular pressure stimulates tumor cell adhesion in vitro by paxillin activation 



activation, suggesting paxillin phosphorylati

on is downstream of PAK and Src activation. 

Our findings that paxillin is phosphorylated 

in suspended cells exposed to increased ex

tracellular pressure independently of PAK 

and Src, while reducing paxillin inhibits PAK 

and Src phosphorylation in response to this 

stimulus are at least partially consistent with 

a study of paxillin signaling in leukocytes, 

suggesting that in these cells paxillin may be 

indirectly involved in the activation of PAK 

but not Src416.48 In that study, cx4�1  sti

mulation of �2 dependent leukocyte migra

tion was reduced when cellular expression 

of a paxillin fragment blocked cx4 binding to 

paxillin. The cx4-paxillin association mediates 

cross-talk by enhancing the activation of the 

related tyrosine kinases, PAK and Pyb. 48 As 

paxillin-integrin binding was disrupted, the 

tyrosine phosphorylation of both PAK and 

Pyb decreased and leukocyte migration was 

reduced. Although different circumstances 

were present, this study does suggest that 

paxillin can influence PAK phosphorylation, 

as we observed here. 

Pressure increases paxillin phosphorylation 

in primary colon cancer cells and murine 

adenocarcinoma cells. Reducing paxillin ex

pression by specific siRNA blocked pres

sure-induced paxillin phosphorylation and 

adhesion in SW620 cells. These results sug

gest that paxillin may be a key factor in an 

inside-out cell signaling pathway that influ

ences adhesion. Paxillin siRNA treatment 

also prevented pressure-stimulated tyrosine 

phosphorylation of PAK3 97 and 576, and 

Srq16. Thus, PAK and Src pressure-indu

ced tyrosine activation may require paxil

lin. Inhibiting Src activation with PP2 or 

decreasing PAK expression with siRNA did 

not alter paxillin phosphorylation, further 

suggesting that paxillin may be upstream of 

Src and PAK phosphorylation in response to 

extracellular pressure. It appears that extra

cellular pressure activates colon cancer cell 

adhesion to collagen I through an inside-out 

paxillin-PAK-Src signaling pathway. Whether 

a similar pathway might modulate adhesion 

in non-malignant untransformed cells awaits 

future research. 
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Abstract 

Background 

Paxillin is an adapter protein regulating sig

naling and focal adhesion assembly that has 

been linked to malignant potential in many 

malignancies. Overexpression of paxillin has 

been noted in aggressive tumors. Integrin

mediated binding through the focal adhesion 

complex is important in metastatic adhesion 

and is upregulated by extracellular pressure 

in malignant colonocytes, through FAK and 

Src activation. Neither head and neck cancers 

nor paxillin have been studied in this regard. 

We hypothesized that paxillin would play a 

role in modulating squamous cancer adhe

sion both at baseline and under conditions 

of increased extracellular pressure. 

Methods 

Using SCC25 tongue squamous cancer cells 

stably transfected with either an empty se

lection vector or paxillin expression and se

lection vectors, we studied adhesion to col

lagen, paxillin, FAK and Src expression and 

phosphorylation in cells maintained for 30 

minutes under ambient or 15  mm Hg incre

ased pressure conditions. 

Results 

Paxillin-overexpressing cells exhibited adhe

sion 121±3% of that observed in vector-only 

cells (n=6, p <o.001) under ambient pressure. 

Paxillin-overexpression reduced FAK phosp

horylation. Pressure stimulated adhesion to 

1 18±2% (n=6, p<o.001) of baseline in vec

tor-only cells, similar to its effect in the pa

rental line, and induced paxillin, FAK, and Src 

phosphorylation. However, increased pres

sure did not stimulate adhesion or phospho-

rylate paxillin, FAK, or Src further in paxillin

overexpressing cells. 

Conclusion 

Metastasizing squamous cancer cell adhesi

veness may be increased by paxillin-overex

pression or by paxillin activation by extracel

lular pressure during surgical manipulation 

or growth within a constraining compart

ment. Targeting paxillin in patients with ma

lignancy and minimal tumor manipulation 

during surgical resection may be important 

therapeutic adjuncts. 



Introduction 

Paxillin, a 68-kDa focal adhesion protein, has 

been implicated in diverse cellular events, 

including cellular motility, 1 cell spreading, 2 

embryogenesis,3 intracellular signaling pa

thways,4 and apoptosis.5 Paxillin is also in

volved in focal adhesion complex assembly 

and linkage of the focal adhesion complex to 

integrins and to the cytoskeleton, an impor

tant system in metastatic adhesion.6 For in

stance, paxillin can bind in vitro to peptides 

mimicking the cytoplasmic domain of beta

integrins,7 and may interact with actopaxin8 

and vinculin, 9 which link focal adhesions to 

the cytoskeleton. Paxillin also functions as 

an adapter protein which is phosphorylated 

by FAK and Src after integrin engagement 

and in turn binds to other downstream pro

teins, facilitating their recruitment into the 

signal cascade.10·11  In addition, cell adhesion 

to matrix proteins collagen and fibronectin 

can induce paxillin phosphorylation.12·13 

Some studies suggest that paxillin may be im

portant in tumor biology. For instance, head 

and neck cancers, including those of tongue 

origin, that have metastasized to lymph no

des exhibit increased paxillin expression over 

their non-metastatic counterparts.14 Elevati

ons of paxillin have also been noted in highly 

metastatic human osteosarcomas.15 

One important aspect of tumor metastasis 

is the adhesion of shed cancer cells to matrix 

proteins and endothelial cells at other sites. 

Although the effect of paxillin expression on 

cancer cell adhesion has not previously been 

characterized, recent observations suggest 

that other signaling molecules within the fo

cal adhesion complex, known to interact with 

paxillin, can modulate integrin-mediated can

cer cell adhesion in colon cancer cells. At 15 

mm Hg above ambient pressure, malignant 

colonocytes exhibit a 20-120% increase in bin

ding to various extracellular matrix proteins 

and to endothelial cells in vitro, 16 and to sur

gical wounds in vivo, 1 7 mediated by FAK and 

Src activation at the focal adhesion complex .  

Shear stress and turbulence exert a similar ef

fect.17·18 This phenomenon may have impor

tant clinical implications. The stimulation of 

adhesion by surgical manipulation or wound 

irrigation, or even growth within a constrai

ning compartment may ultimately increase 

local wound recurrence or strengthen endo

thelial binding of metastasizing tumor cells, 19 

with potentially deleterious consequences in 

patients. Clinical observations also suggest 

that physical forces may contribute to carci

nogenesis in head and neck cancers.20-
22 Since 

FAK and Src both interact with paxillin11  and 

a different physical force, repetitive defor

mation, stimulates paxillin phosphorylation 

in other cell types, 23 ·24 we hypothesized that 

paxillin might interact with other inside-out 

signal proteins to modulate the integrin-me

diated adhesion of head and neck cancer cells 

and their response to pressure, and facilitate 

metastasis. 

We therefore sought to evaluate the potential 

role of paxillin in squamous cancer cell adhe

sion. A squamous cancer control cell line and 

a line in which paxillin had been stably over

expressed were evaluated to determine the 

effect of paxillin expression on cell adhesion . 

In addition, we evaluated the effect of incre

ased extracellular pressure on the adhesion of 

each cell line. Finally, we characterized the ef

fects of pressure and paxillin overexpression 

on paxillin, PAK and Src phosphorylation in 
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suspended cells prior to adhesion, to evaluate 

the possible role of these signals in mediating 

the adhesive effects that we observed. 

Materials and methods 

Cells 

A squamous cell cancer cell line of primary 

tongue origin (SCC25) was used for all the 

experiments.25 The cells studied included 

the parental SCC25 line, a cell line transfec

ted with an empty vector, and a line trans

fected with a paxillin overexpression vector. 

All cells were cultured in medium consisting 

of 90% Dulbeco's modified Eagle's medium 

(DMEM), 10% Fetal Bovine Serum (PBS), 

and gentamycin 40 ug/ml (400 ug/ml for the 

cells carrying the expression vector). 

Cell transfection 

Cells were transfected using 5 ug expression 

vector for paxillin with a neomycin resistan

ce plasmid, or the plasmid alone to generate 

the control cells. Cells were selected in 400 

ug/ml G418 for 14 days, and resistant clones 

were expanded and characterized. 25 

Matrix precoating 

Six-well plates used in the adhesion studies 

were precoated with type I collagen (Sigma, 

St. Louis, MO) in an ELISA coating buffer at 

a concentration of 12.5 ug/ml for 24 hours 

as previously described, and were washed 

three times with phosphate buffered saline 

(PBS) prior to use. 1 5 

Pressure regulation 

Extracellular pressure was controlled using 

a Lucite box with inlet and outlet valves, 

thumb screws, and an O-ring to achieve an 

airtight seal. The box is prewarmed to 3 7°C 

6 2  

for at least 1 hour before each study. Previ

ous studies have demonstrated temperature 

and pressure fluctuation to only be ±2°C, and 

±1.5 mm Hg using this method.6 

Adhesion studies 

Subconfluent flasks were lightly trypsinized 

and resuspended in culture media. A hemo

cytometer was used to count the cells to as

sure equal allocation of viable cells into each 

well, with only those cells excluding trypan 

blue included in the counting. (Cell viability 

by trypan blue exclusion routinely exceeded 

90%.) Equal aliquots (20,000 cells per 2 ml) 

were placed into each well of a six-well plate, 

previously coated as described above. Once 

seeded with cells, the plates were placed in a 

3 7°C incubator. The control cells were placed 

directly in the incubator, while the experi

mental group was placed in the pressure box, 

set at 15 mm Hg above ambient pressure, 

which was also maintained in the same in

cubator. After 30 minutes, the plates are re

moved from the incubator and immediately 

gently washed with PBS to remove non-adhe

rent cells. The adherent cells were then fixed 

with 10% buffered formalin and stained with 

hematoxylin. An Olympus microscope was 

used to count the number of adherent cells 

in a single high powered field. Twenty high 

powered fields were counted per well. 

Western blotting and immunoprecipita

tion 

Cells from the same flasks used for the six-well 

plates were also placed on pacificated bacte

riologic plates. These were similarly exposed 

to ambient or 15 mm Hg increased pressure 

for 30 minutes while in suspension. After 30 

minutes, the cells were immediately placed in 

4°C PBS, centrifuged into a pellet and resus-
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pended in 4°C PBS. After another centrifu

gation, the cells were lysed in lysis buffer (so 

mM Tris pH 7.4, 150 mM NaCl, 1% TritonX-

100, 1% sodium deoxycholate, 0. 1% SDS, 1 

mM EDTA, 1 mM phenylmethylsulfonyl flu

oride, 1 mM Na3 VO4, 50 mM NaF, 10 mM 

sodium pyrophosphate, 2 ug/ml aprotinin, 2 

ug/ml leupeptin, pH 7 -4) and centrifuged at 

10,ooog for 15 minutes at 4°C. The protein 

concentration of the supernatant was deter

mined using the bicinchoninic acid reagent 

assay (BCA) (Pierce Chemical, Rockford, IL). 

Equal amounts of protein were resolved by 

8% sodium dodecyl sulfate polyacrylamide 

electrophoresis (SDS-PAGE) and transfer

red to Hybond ECL nitrocellulose membrane 

(Arnersham Pharmacia Biotech, Piscataway, 

NJ). Membranes were blotted with specific 

antibodies to FAK (Upstate, Lake Placid, NY), 

FAK Tyr3 97 (Biosource, Camarillo, CA), Src 

(Santa Cruz Biotechnology, Santa Cruz, CA), 

Src Tyr416 (Cell Signaling, Beverly, MA), 

paxillin (Transduction Laboratories, San 

Diego, CA), paxillin Tyr1 18 (Biosource, Ca

marillo, CA), and visualized with secondary 

antibody coupled to horseradish peroxidase. 

Enhanced chemiluminescence (ECL) (Amers

ham) was used for band detection, and a Ko

dak Image Station 440CF (Perkin Elmer, Bos

ton, MA) used for band analysis. 

Statistical analysis 

All studies were done in a paired format. 

Cells from each flask (parental line, etc.) were 

handled in an identical fashion and ultima

tely placed into separate six-well plates to 

be placed under ambient or elevated exter

nal pressure. For comparisons between cell 

lines, experiments were undertaken at the 

same time to ensure equivalent conditions. 

Pressure data was normalized to the mean 

of the control wells under ambient pressure. 

Statistical analysis for all data was by un

paired t-test. P<o.05 was set a priori as the 

threshold for statistical significance. All data 

are expressed as mean + SE. 

Results 

Morphology and baseline phosphoryla

tion of paxillin-overexpressing cells 

Paxillin-overexpressing cells (Figure 1b) ap

peared essentially similar in morphology 

to empty-vector control cells (Figure 1a) at 

a gross light microscopic level, except that 

the cells in which paxillin was overexpressed 

tended to exhibit more cell spreading and a 

larger cell surface area. 

At ambient pressure, the paxillin-overex

pressing cell line exhibited total paxillin le

vels 136±8% of those in the empty-vector 

cells. (Figure 2a, n= 1 2, p< o.001) Phospho

rylated paxillin was also significantly in

creased at ambient pressures to 192± 19% 

of the ambient controls. (Figure 2a, n=1 2, 

p<o.001) In contrast, basal levels of total 

FAK and total Src proteins were similar in 

paxillin-overexpressing cells to those in the 

control cells (data not shown). Although the 

amount of phosphorylated Srq16 was si

milar to the control cells, levels of phospho

rylated FAK3 97 were significantly reduced 

by 56±5% when compared with the control 

cells. (Figure 2b, n= 1 1, p<o.001) 

Adhesion in paxillin-overexpressing cells 

Malignant squamous cells overexpressing 

paxillin exhibited increased adhesion to col

lagen in comparison to the empty-vector 

transfected cells at ambient pressures. At 

ambient pressure, these paxillin-overexpres-
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s 

figure 1a figure 1b 

Figure 1 :  Morphology of baseline paxillin-overexpressing cells 

At a gross light level, the paxillin-overexpressing cell 
line (b) was essentially similar morphologically to 
their empty-vector control counterparts (a). They 
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Figure 2: Baseline total and phosphorylated protein le
vels in paxillin-overexpressing cells 

A: At ambient pressure, the total paxillin level in 
the overexpressing cells (gray bars) was significantly 
increased over the empty-vector controls (first set 
of bars). Similarly, these cells displayed a level of 
phosphorylation of paxillin at tyrosine residue 1 18 
that was also significantly increased over paxillin 
phosphorylation in control cells (n=12 ,  P <o.001) 
(second set of bars). 
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did, however, grossly appear to exhibit more rapid 
cell spreading and a larger surface area. 
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B: At ambient pressure, the phosphorylation of Src 
at tyrosine residue 416 (second set of bars) was not 
statistically different in paxillin-overexpressing cells 
(gray bars) from that in the control cells (open bars). 
Phosphorylated FAK, however, did show differences 
at baseline (first set of bars). FAK tyrosine residue 
397 had a phosphorylation level at ambient pressure 
in the overexpressing line (gray bars) that was signi
ficantly less than the control cells (open bars). 
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sing cells exhibited adhesion to type I col

lagen that was 121±3% of the control cells. 

(Figure 3, n=6, p<o.001) 

Effects of increased extracellular pres

sure on parental line and empty-vector 

control cells: 

Pressure augmented malignant squamous 

SCC25 cell adhesion to type I collagen. In the 

parental cell line, pressure stimulated adhe

sion to 136±3% of baseline. (Figure 4, n=3, 

p< o.001) Similarly, pressure stimulated ad

hesion to 118±2% of baseline in the empty

vector control cells. (Figure 4, n=6, p< o.001) 

FAK and Src signaling in response to in

creased pressure in control cells 

Consistent with previous observations of 

the effects of pressure on FAK and Src in ma

lignant colonocytes, 1 5 increased extracellular 

pressure stimulated phosphorylation of the 

focal adhesion proteins FAK and Src on tyro

sine residues FAK397, and Srq16, respecti

vely, associated with activation of these pro

teins. In particular, pressure increased the 

phosphorylation of FAK at tyrosine residue 

3 97 to 124±8% of the baseline level. (Figure 

56, n= 11, p=o.005, first two bars) Similarly, 

pressure increased Src phosphorylation at 

the tyrosine 416 residue to 119±7% of the 

baseline value. (Figure 5b, n= 11, p<o.05, se

cond two bars) 

Paxillin phosphorylation in response to 

pressure in control cells 

Increased extracellular pressure also stimula

ted the phosphorylation of paxillin in control 

cells. Paxillin phosphorylation on Tyr residue 

1 18, the primary site of FAK interaction with 

paxillin was increased to 118±5% of the base-
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Figure 3: Adhesion in the paxillin-overexpressing cells 

Malignant squamous cells overexpressing paxillin 
(right set of bars) exhibited a significantly increased 
level of adhesion at ambient pressures (open bars) 
(n=6, P<o.001) compared with the control cells. In 
contrast to the control group, however, the cells 
overexpressing paxillin did not display augmentati
on of adhesion in response to increased extracellular 
pressure (second set of bars). 

line in response to increased pressure. (Figure 

5b, n=12, p<o.001, third pair of bars) 

Effects of increased extracellular pres

sure on overexpressing line 

In contrast to the control cells, the overex

pressing cell line did not exhibit significant 

augmentation of adhesion in response to 

pressure (121±3% vs. 125±3% of the control 

at ambient pressure). (Figure 3, n=6, p=o.34) 

FAK, Src, and paxillin signaling in res

ponse to increased pressure in paxillin

overexpressing cells 

Paxillin-overexpressing cells did not exhibit 

any increase in paxillin phosphorylation at 
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Figure 4: Effects of increased pressure on parental line 
and empty-vector control 

When placed under 15 mm Hg increased pressure 
(cross-hatching) for thirty minutes, SCC25 cells 
(white) displayed significantly increased adhesion to 
collagen I (n=3, P<o.001). The empty-vector control 
cell line (gray) exhibited a similar augmentation of 
adhesion in response to increased pressure (n=6, 
P<o.001). 

Tyn 18 in response to increased extracellu

lar pressure. Furthermore, neither FAK397 

phosphorylation nor Srq16 phosphoryla

tion were increased in response to pressure 

in these cells. (Figure 6) 

Discussion 

Paxillin overexpression was associated with 

increased malignant squamous cell adhesion 

to collagen. In control cells, extracellular 

pressure was associated with both increased 

paxillin phosphorylation and increased ad

hesiveness, while the paxillin-overexpressing 

line, in which phospho-paxillin was already 
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increased, displayed no further increase in 

adhesion in response to pressure. Finally, 

stimulation of FAK and Src phosphorylation 

by pressure, which is required for pressure

stimulated adhesion in malignant colonocy

tes, 16 was absent in paxillin-overexpressing 

cells that did not display pressure-stimulated 

adhesion. Thus, paxillin may be an important 

mediator of metastatic adhesion. 

Paxillin has previously been linked to tumor 

biology. Primary oral squamous cell cancers, 

including glossal lesions, exhibit increased 

paxillin in association with lymph node me

tastasis. 14 Paxillin upregulation also corre

lates with increased metastatic potential in 

proliferative prostate epithelium and directly 

correlates with HER-2 receptor expression in 

aggressive breast cancer cell lines and grade 

III human tumors.26 

To determine whether paxillin influences 

malignant cell adhesion, we examined a sta

bly transfected SCC25 subclone that overex

pressed paxillin and exhibited elevated levels 

of paxillin phosphorylated at tyrosine 118. 

These paxillin-overexpressing cells displayed 

elevated basal adhesion at ambient extracel

lular pressure. The increased total and phosp

horylated paxillin in our cells may stimulate 

adhesion via downstream signals induced 

by paxillin phosphorylation or by its effects 

on subcellular organization. While paxillin 

functions as an adapter signal protein that 

facilitates cell signaling, it also links the cy

toskeleton to the focal adhesion complex. 9 

Non-phosphorylatable mutants of paxillin 

inhibit tracheal smooth muscle tension de

velopment, which requires a physical linkage 

between cytoskeletal components and the 

extracellular matrix. n Paxillin phosphorylati-
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Figure 5: PAK, Src, and Paxillin signaling in response to pressure in control cell line 

A: No changes in total FAK (first set of bars), Src 

(second set of bars), or paxillin (third set of bars) 

were noted in response to increased extracellular 

pressure. 

B: First set of bars: Increased extracellular pressure 

(cross-hatching) significantly increased phospho
rylation of FAK at tyrosine residue 3 97 (n=1 1, 

P=o.005) in control cells. 
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Second set of bars: Increased extracellular pressure 

(cross-hatching) also increased Src phosphoryla
tion at tyrosine residue 416 in control cells (n=1 1, 

P <o.05). 

Third set of bars: Paxillin phosphorylation was simi

larly increased in response to increased extracellular 
pressure (cross-hatching) in the control line. Tyro

sine residue 1 1 8, the main FAK interaction site in 
paxillin, was significantly more phosphorylated in 

response to pressure (n=1 2, P <o.001). 

Figure 6: PAK, Src, and paxillin signaling in response to 
pressure in the overexpressing cells 

Consistent with the adhesion data, paxillin-overex

pressing cells did not exhibit increased phosphoryla
tion of FAK, Src, or paxillin in response to increased 

extracellular pressure. There was no further aug

mentation in phosphorylation of FAK397 (first set 
of bars), Src41 6  (second set of bars), or paxillin1 18 

(third set of bars) in response to increased extracel
lular pressure (cross-hatching) in this group of cells. 

67 

Paxillin modulates squamous cancer cell adhesion and 
is important in pressure-augmented adhesion 

I 



on, significantly increased in our overexpres

sing cell line, may contribute to cytoskeletal 

reorganization. This occurs in RSV-transfor

med chick embryo fibroblasts28 and polymor

phonuclear cells treated with TNF-alpha.29 

Pharmacologic modulation of cytoskeletal 

function also alters pressure-mediated ad

hesion. 30 Thus, paxillin might also influence 

basal and pressure-stimulated adhesion by 

virtue of its function in cytoskeletal organi

zation, either in mechanotransduction or by 

causing integrin clustering. These alternative 

mechanisms await further study. 

Although it would be interesting to evaluate 

the effects of inhibiting paxillin, no specific 

pharmacologic inhibitor for paxillin is cur

rently available. Although molecular tech

niques might be used for this purpose, data 

derived from such studies might be difficult 

to interpret because nearly completely redu

cing paxillin's activity might have substantial 

effects on focal adhesion complex assembly 

as well as potentially ablating paxillin-depen

dent signal pathways in response to pressure 

and other stimuli. 

To further evaluate the role of paxillin in ma

lignant adhesion, we examined squamous 

cancer cell adhesion in response to pressure. 

We previously reported that pressure upre

gulates adhesion and proliferation of malig

nant colonocytes in vitro and in vivo.6
•
16

•
17

•
3 1 

Parental and empty vector control SCC25 cell 

lines responded to extracellular pressure si

milarly to malignant colonocytes, increasing 

adhesion to 120-130% of baseline. In con

trast, paxillin-overexpressing cells did not 

increase adhesion in response to pressure, 

but seemed maximally adhesive at baseline, 

presumably because of paxillin overexpressi-
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on. Consistent with the adhesion data, FAK 

and Src phosphorylation did not change in 

response to pressure. 

The pathway by which forces such as pres

sure stimulate adhesion may influence tumor 

metastasis, as well as local recurrence after 

surgical excision. Tumor cells are acted upon 

by a variety of forces, reflecting hemodyna

mic effects, local edema, and surgical mani

pulation. Teleologically, this response may be 

adaptive for the malignant cancer, increasing 

the likelihood of survival of disseminated 

cells acted upon by such forces. Interestingly, 

free tumor cells on peritoneal surfaces pre

dict poor prognosis, independently of tumor 

stage. 32 Such cells may have responded to 

surgical forces with augmented adhesion, re

sistant to pre-closure irrigation. 

We observed phosphorylation of the focal 

adhesion proteins FAK and Src in response to 

increased extracellular pressure in the control 

line, suggesting their activation and raising 

the possibility that phosphorylation of FAK 

and Src might influence malignant squamous 

cell adhesion. Indeed, this is consistent with 

our previous observation that PAK and Src 

activation are required for the stimulation of 

malignant colonocyte adhesion by extracellu

lar pressure. 16 The similarity in findings sug

gests that diverse tumor types can augment 

their adhesiveness in this manner. 

Increased extracellular pressure in the con

trol cell line was also associated with paxillin 

phosphorylation at tyrosine 118, the main 

site of FAK-paxillin interaction. 10 Paxillin 

phosphorylation in response to pressure in 

parental SCC25 cells is consistent with re

ports of paxillin phosphorylation in other 
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cells in response to forces. For example, paxil

lin phosphorylation is stimulated in malig

nant colonocytes under conditions oflaminar 

flow33 and in repetitively deformed Caco-2 

intestinal epithelial cells, 23 and in human gin

gival fibroblasts subjected to strain.34 

Interestingly, the paxillin-overexpressing 

cells displayed decreased FAK397 phospho

rylation at ambient pressures without any 

difference in total FAK level. This decrease in 

FAK phosphorylation in the setting of incre

ased basal adhesion contrasts with reports 

by  our group and others suggesting that in

creased FAK phosphorylation is associated 

with integrin-mediated adhesion.13 -16·35•36 

Taken together with these previous obser

vations, our present results raise the possi

bility that paxillin phosphorylation may be 

an important step between FAK phospho

rylation and the subsequent increase in ad

hesiveness . The exogenous overexpression 

of paxillin and consequent increase in the 

amount of phosphorylated paxillin available 

could stimulate adhesion independently of 

FAK signaling and even stimulate a negative 

feedback that might inhibit FAK itself. This 

may be consistent with the finding that the 

invadopodia of invasive breast cancer cells 

do not contain FAK, but contain abundant 

paxillin.37 The further link between paxillin 

its elf and adhesion has yet to be delineated. 

That extracellular forces may modulate the 

biology of head and neck malignancies via 

paxillin signaling is consistent with previous 

clinical correlations of physical force effects 

and oropharyngeal biology. For instance, 

shear forces produced by  excessive phonation 

may cause basement membrane changes and 

subsequent nodule or polyp formation. 20•2 1 

Others have hypothesized that mechanical 

pressure between oral squamous cell carci

noma and the vasculature stimulates an in

flammatory reaction that enhances vascular 

invasion. 22 While such clinical observations 

likely reflect diverse effects of such forces, 

the paxillin, FAK, and Src signals and changes 

in adhesion with pressure that we delineate 

here in vitro may contribute to such effects. 

Phosphorylation of proteins like FAK, Src, 

and paxillin has traditionally been studied 

in models in which integrin ligation leads to 

activation and formation of a focal adhesion 

complex linked to the cytoskeleton. Howe

ver, the signals we report here in response 

to increased extracellular pressure, like those 

previously observed in malignant colonocy

tes16 occur in suspended cells prior to adhesi

on. Thus, these signals originate from within 

the cell, in response to extracellular pressure, 

without the prerequisite of integrin ligation. 

Intracellular signals in this model influence 

adhesion rather than adhesion initiating in

tracellular signals. Cells adhering to a matrix 

may respond differently to extracellular pres

sure than cells not yet adhering. For instance, 

we have previously reported that malignant 

colonocytes display increased ERK activation 

in response to extracellular pressure only 

after adhesion has occurred.38 The present 

study focuses on the intracellular signals by 

which cells in suspension, prior to adhesion, 

respond to extracellular pressure and then 

subsequently adhere. It therefore may b e  dif

ficult to extrapolate from our present obser

vations to the effects of longer term pressure 

on adherent tumor cells in vivo in rapidly 

growing tumors that may experience chronic 

increases in extracellular pressure. Nevert

heless, longer term increases in extracellular 
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s 

pressure, such as are encountered in tumor 

growth, may also exert other effects on tu

mor cell biology. For instance, we recently re

ported that increasing extracellular pressure 

for 4.5-24 hours is mitogenic for SW620 co

lon cancer cells by a mechanism distinct from 

that which mediates the adhesive response to 

pressure. 38 Increases in pressure over weeks 

to years may have profound effects on tumor 

biology that await further study. 

In summary, paxillin influences squamous 

cancer adhesion, both at ambient pressures 

and under conditions of increased extracel

lular pressures. Paxillin-overexpression, no

ted in some malignancies, appears to maxi

mally upregulate adhesive properties, even 

at ambient pressure. Paxillin phosphorylati

on may also upregulate squamous cancer cell 

adhesion in response to pressure. Minimal 

tumor manipulation and chemotherapeutic 

or molecular targeting of paxillin in selected 

tumors might reduce metastasis in patients 

with head and neck tumors or other malig

nancies that display this response paradigm. 
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Abstract 

Background 

Cancer cells adhere principally by integrins, 

matrix receptors that may be influenced by 

divalent cations. Surgical wound fluid is high 

in Mg2+ and low in Ca2+
. We hypothesized 

that Mg2+ and Mn2t promote perioperative 

adhesion of shed cancer cells to surgical sites 

and that washing surgical wounds with Ca2+ 

inhibits implantation. 

Methods 

We tested our hypothesis in a murine colon 

26 adenocarcinoma model. We added 1 0  

mmol/L CaC1
2

, 0.25 mmol/L MgCl
2 

or 0.5 

mmol/L MnCl2 to suspended murine colon 

26 cancer cells and placed these suspensi

ons into wounds in anesthesized mice. After 

30  minutes, we washed away non-adherent 

cells. In some studies, we 5 1Cr-labelled the 

cells and assayed tumor adhesion by wound 

radioactivity. In parallel studies, we closed 

the wounds and observed the mice for 90 

days. 

Results 

Mg2 +  increased adhesion to 188± 15% of con

trol (n= 10, p<o.00 1) and Mn2+ to 130±6%. 

(n=7, p< o.001) However, Ca2+ inhibited ad

hesion to 61±12% (n=7, p=o.006) of control. 

Seventy-two percent of survival controls de

veloped tumors during follow-up. Mg2
+ and 

Mn2+ stimulated tumor formation to 96% 

and 92%, respectively, but adding Ca2+ to 

the wounds reduced subsequent tumor for

mation to 56% without altering serum Ca2+ .  

The survival curves each differed significant

ly by log-rank test (p< o.01 each). All pair

wise multiple comparisons were significant 

(Holm-Sidak tests, p<o.05 each). 

Conclusion 

Thus, the high Mg2+ in endogenous wound 

fluid may potentiate tumor cell adhesion. 

However 10 µmol/L of Ca2+ inhibits cancer 

cell adhesion to murine wounds and subse

quent tumor development. Irrigating with 

dilute CaCl could decrease local tumor re-

currence by inhibiting the adhesion of shed 

tumor cells. 



Introduction 

Viable tumor cells are commonly shed into 

the peritoneal cavity during both open, 1 

and laparoscopic2 surgical procedures. Ap

proximately 50% of patients with colorectal 

cancer come to the surgeon with a contained 

malignancy. Inadequate exposure, imperfect 

hemostasis, inadequate lymphadenectomy 

and qualitatively poor margins of excision 

during surgery lead to the spillage of cancer 

cells into the peritoneal cavity or surgical 

site in 30-50% of patients.3 The incidence of 

wound implantation appears to be approxi

mately 1 %,4 and the incidence of wound im

plantation after laparoscopic colectomy for 

malignancy may be similar, although this re

mains controversial. 5 The high rates of tumor 

spillage and relatively lower rates of clinical 

tumor metastasis or implantation suggest 

that tumor implantation must be regulated 

in some way. 

The mechanisms that determine which cir

culating tumor cells adhere to target organs 

and tissues are poorly understood. Tumor 

implantation begins with the adhesion of 

tumor cells to the matrix proteins in the 

wound. Cell adhesion to extracellular matrix 

proteins is mediated by diverse receptors, 

most notably by members of the integrin 

superfamily. Receptor-mediated adhesive 

interactions between a nonmalignant or 

malignant cell and its surrounding extracel

lular matrix regulate its morphology, migra

tory properties, growth and differentiation. 6 

Integrins, heterodimeric transmembrane 

proteins, are composed of noncovalently as

sociated alpha and beta subunits that define 

the integrin-ligand specificity, 7 and their pat

tern of expression on the cell surface is likely 

to promote specific cellular adhesion. Inte

grins require divalent cations such as Mg2+ 

and Ca2+ to function.8• 1 1 In particular, the 

integrin a-subunits contain the putative EF 

hand cation-binding domains thought to be 

responsible for much of the cation-binding 

capacity of integrins. 1 2 •
13 

Previous studies have demonstrated that, 

during the early stages of cutaneous injury, 

extracellular Mg2+ and Ca2+ concentrations 

in rat and porcine wound fluids differ sub

stantially from those observed in normal 

extracellular fluid.14 Small changes in diva

lent cation concentration can substantially 

stimulate or inhibit integrin binding under 

physiological conditions. 15 In earlier in vi

tro studies, we reported that Ca2+ decreased 

SW620 colon cancer cell adhesion to type 

I collagen and that both Mg2+ and Mn2+ in

creased SW 6 2 o colon cancer cell adhesion 

to type I collagen.16 Therefore, the present 

study sought to demonstrate that changes 

in divalent cation levels might promote the 

perioperative adhesion of shed cancer cells 

to surgical sites and that this effect might be 

inhibited by adding divalent cations direct

ly to open surgical wounds. We tested our 

hypothesis using chromium-labeled trans

plantable murine colon 26 tumors, a model 

that we had previously validated, 17 and then 

extended our results to examine the impact 

of adding divalent cations on subsequent 

tumor development in a survival model. We 

studied the effects of adding calcium, mag

nesium, and manganese at concentrations 

chosen based upon our previous in vitro 

studies. 16 This murine colon 2 6 tumor model 

has previously been extensively validated in 

other settings as well. 18•21 

7 5 
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Materials and methods 

Tumor propagation 

Murine colon 26 adenocarcinoma was main

tained in serial passage by sterile subcutane

ous injection of tumor fragments by trocar 

into Balb/c female mice (NCI DTP, Bethesda, 

Maryland) 17•2 1  

Isolation of murine colon 2 6 cells 

For adhesion studies, the mice were sacrifi

ced when the tumors reached approximately 

1000 mg. The tumors were excised under 

sterile conditions from the abdominal wall. 

The tumor tissue was then finely minced on 

top of a mesh sheet until tumor fragments 

were of uniform size. A single cell suspen

sion was established through mechanical 

dissociation, and the cells were then main

tained in Dulbecco's minimal essential me

dium (DMEM) and RPMI 1540 containing 

5% fetal bovine serum, 20 mmol/L glutami

ne, 1 µmol/L sodium pyruvate, 10 mmol/L 

HEPES, 0.525 mg/ml transferrin, 100 µg/ml 

penicillin G, 100 µg/ml streptomycin throu

ghout all further treatments until placement 

into the surgical wounds. The homogeneity 

and viability of the single cell suspension was 

assessed microscopically by inspection and 

trypan blue exclusion. Cell viability routinely 

exceeded 90%. Cell number was counted by 

hemocytometer. 

Radioactive labeling of the cells 

For the non-survival wound implantation 

studies, the cell suspension was preincuba

ted with 40 µCi of 5 1Cr per 1x106 cells at 3 7° 

C for 2 hours. Before wound implantation, 

the cells were then washed 3 times with me

dium containing 5% PBS to eliminate excess 
5 1Cr not incorporated by the cells. After labe-

76  

ling and washing, we used a hemocytometer 

to recount cells. 

Wound implantation studies 

Recipient mice were anesthetized with 60 

mg/kg intraperitoneal sodium pentobar

bital, and a 1-cm incision was alternated 

between the left and right groin for every 

other mouse. Before subsequent placement 

into these wounds, equal numbers of mu

rine cancer cells were pretreated for 30 mi

nutes without or with 10 mmol/L CaCl
2

, 

0.5 mmol/L MgCl
2 

or 0.25 mmol/L MnCl
2

• 

Thus, there were 4 conditions (control, cal

cium-supplemented, magnesium-supple

mented, and manganese-supplemented) for 

each experiment conducted. The volume of 

fluid applied to the wound was 100 µL. The 

fluid was then aspirated after 30 minutes 

and the wounds were gently washed with 

phosphate-buffered saline to remove non

adherent cells. In some studies, in which we 

used 5 1Cr-labeled cells, animals were sacrifi

ced and the wounds were excised post mor

tem for quantitation of tumor adhesion. In 

parallel studies, in which the cells had not 

been first 5 1Cr-labeled, the surgical wounds 

were closed after irrigation and the animals 

were followed for 90 days to assess tumor 

development. Mice were sacrificed once tu

mors achieved 100 mg size because of ve

terinary concerns. Before absence of tumor 

is declared in such models, it has been sug

gested that the animals be followed for at 

least 150% of the time for one cell to grow 

to 1 gram of cells. This can be calculated as 

1.5 x (3.32 x Td x 9),2 2  where 3.32 is the 

doublings per log, Td is the time for tumor 

doubling (2 days for colon 26 tumor), and 

9 is the number of logs for one cell to reach 

1 gram. When these calculations are per-

Divalent cations influence colon cancer cell adhesion 
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formed for the colon 26 tumor model, one 

obtains a recommended minimal follow up 

of 90 days. 

Assessment of tumor development 

The mice were monitored on a daily ba

sis after the surgical procedure. The first 

measurement was the time to first palpable 

tumor and the end point for the experiment 

was the time for a tumor to reach 100 mg. 

Tumors were measured five times a week 

and mass estimated from two-dimensional 

measurements. The tumor weight in mg = (a 

x b2) /2, where a and b are the tumor length 

and width in (mm), respectively.
21  

Serum calcium and magnesium analysis 

in Balbi c serum 

Blood was drawn from anesthetized Balbi c 

mice by intracardiac puncture after irrigation 

of surgical wounds for 30 minutes without 

or with calcium, magnesium, or manganese 

as described above. Vacutainer tubes were 

filled with 0.5-1.0 mL of blood maintained at 

room temperature for 30-60 minutes to al

low clotting. Next, each tube was centrifuged 

at 300g for 3-5 minutes and 0.2-0.5 mL of 

serum from each centrifuged tube was pla

ced into a new vacutainer. The samples were 

shipped in a chilled insulated container with 

freeze packs, and serum divalent cation ana

lysis was performed at the Diagnostic Center 

for Population and Animal Health in Lan

sing, Michigan. 

Statistical Analysis 

For the 5 1Cr studies, raw data was pooled 

together and normalized. The significance 

of differences between the groups was cal

culated by student's t-test or paired t-test as 

appropriate. We set 0.95 confidence a priori 

as the desired level of statistical significance. 

Survival data were plotted as Kaplan-Meier 

curves, and analyzed by log rank statistic. 

All pairwise multiple comparison procedures 

were done by the Holm-Sidak method. 

Results 

Effects of divalent cations on wound im

plantation in 51Cr non-survival studies 

Magnesium and manganese increased co

lon 26 cell adhesion to 188±15% (Figure 1a, 

n= 10, p= <o.001) and by 130±6% (Figure 1b, 

n=7, p< o.001) of control respectively. Howe

ver, calcium supplementation inhibited ad

hesion to murine surgical wounds to 61± 12% 

(Figure 1c, n=7, p=o.006) of control. 

Effects of divalent cations on wound im

plantation in the survival studies (time 

until tumor is palpable) 

For the in vivo studies, the log rank sta

tistic for plots of the time to first palpable 

tumor was greater than would be expected 

by chance; suggesting that there is a statis

tically significant difference between these 

curves. (Figure 2a, p<o.001) Of the control 

mice, 72% developed tumors during the fol

low up period. Magnesium and manganese 

substantially enhanced tumor formation, 

yielding a tumor incidence of 96% and 92% 

respectively. (Figure 2a, n=25, p<o.05 for 

each) Conversely, calcium supplementation 

during the exposure of the surgical wound 

to tumor cells dramatically inhibited subse

quent tumor formation, reducing the overall 

rate to 56%. (Figure 2a, n=25, p<o.05) 
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Figure ia  

2.5 
Effect of 0.50 mM magnesium on adhesion of5' Cr-labe-

* led murine colon 26 tumor cells. 
C: 2.0 The addition of magnesium substantially increased 0 

-� :::- adhesion of s1Cr-labeled murine 26 colon cancer r. 0 1 .5 ,:, ... cells to the extracellular matrix in murine surgical l'O 1: 
<D 0 wounds. Experiments were performed in a paired N c.> 1 .0 
C: ?f!. 
o - fashion, comparing control (open bars) to magne-
0 0.5 sium treated cells (shaded bars), and then norma-(.) 

0.0 
lized against control values before pooling and data 

control magnesium 
analysis (*P< o.001, n=10 ) .  

figure 1a 

Figure 1b  

1 .6 
Effect of 0.25 mM manganese on adhesion of 5 'Cr-labe-

* led murine colon 26 tumor cells. 
1 .4 

C: 
0 1 .2 The addition of manganese substantially increased 
-� :::-
r. 0 1 .0 adhesion of 5 1Cr-labeled colon 26 cells to the extra-
,:, ... cellular matrix in murine surgical wounds. Experi-l'O C: 0.8 tO 0 
N () 0.6 ments were performed in a paired fashion, compa-
C: ?f!. 
o -

0.4 ring control (open bars) to manganese treated cells 
0 
(.) 0.2 (shaded bars), and then normalized against control 

0.0 values before pooling and data analysis (*P <o.001, 

control manganese 
n=7). 

figure 16 

Figure 1c 

1.2 Effect of 1 o mM calcium on adhesion of 5 ' Cr-labeled co-
Ion 26 tumor cells. 

C: 1.0 
0 The addition of calcium substantially inhibited adhe--� :::::- * 

0.8 sion of 5 1Cr-labeled colon 26 cells to the extracellu-r. 0 
,:, ... 
l'O C: 0.6 lar matrix in murine surgical wounds. Experiments <D 0 

N (J were performed in a paired fashion, comparing C: ?f!. 0.4 o - control (open bars) to calcium treated cells (shaded 0 
(.) 0.2 bars), and then normalized against control values 

0.0 before pooling and data analysis (*P<o.006, n=7). 
control calcium 

figure 1c 
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Figure 2a 

0 

log rank statistic p<0.001 

all pairwise multiple 
comparisons p<0.05, n=25 

,_ _ - - - - - - - - - - • calcium 

20 

-------- control 

-------- manganese '-----................... • magnesium 

40 60 80 100 120 

time (days) 

The Kaplan-Meier survival graph depicts the inci
dence of palpable tumor over time in a murine sur
vival surgery model. The effect of treatment without 
or with 10 mM CaCl

2
, 0.5 mM MgCl

2 
or 0.25 mM 

MnCl
2 

on colon 26 tumor propagation in murine 
surgical wounds was assessed. The addition of cal
cium (long dashes) decreased the incidence of pal
pable tumors in surgical wounds when compared to 
control (solid line). However, cells that were treated 
with magnesium (dots) or manganese (dashes and 
dots) increased the incidence of palpable tumors in 
surgical wounds when compared to control (solid 
line). The survival data were analyzed by log rank 
statistic (P<a.001, n=25). All pairwise multiple com
parison procedures were done by the Holm-Sidak 
method (P< o.05 for each). 

Effects of divalent cations on wound im

plantation in the survival studies (time 

until tumor is 100 mg) 

The log rank statistic for the plots of time un

til a 100 mg tumor developed was also grea

ter than would be expected by chance; again 

suggesting a statistically significant differen

ce between these plots. (Figure 2b, p<o.001) 

Of the control mice, 72% developed tumor 

size of 100 mg during the follow-up period. 

1.0 
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-� 
E I!!  
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o en 
E E o.4 

.a g 
0 ::. 0.2 
'#, 

0.0 

figure 26 

Figure 2b 

log rank statistic p<0.001 

all pairwise multiple 

Iii I � 

comparisons p<0.05, n=25 

( ! '- - - - - - - - - - - • calcium 
··,; 

·· .._ ________ control \ 
20 

'·t::::::::.·.::.:::::.:::.::::::::::: �=��=�fuss!; 
40 60 80 100 120 

time (days) 

The Kaplan-Meier survival graph depicts the inci
dence of a tumor to reach 100 mg over time in a mu
rine survival surgery model. The effect of treatment 
without or with 10 mM CaCl

2
, 0.5 mM MgCl

2 
or 

0.25 mM MnCl
2 

on colon 26 tumor propagation in 
murine surgical wounds was assessed. The addition 
of calcium (long dashes) decreased the incidence of 
100 mg tumors in murine surgical wounds when 
compared to control (solid line). However, cells that 
were treated with magnesium (dots) or manganese 
(dashes and dots) increased the incidence of 100 mg 
tumors in murine surgical wounds when compared 
to control (solid line). The survival data were ana
lyzed by log rank statistic (P< o.001, n=25). All pair
wise multiple comparison procedures were done by 
the Holm-Sidak method (P<o.05 for each). 

Magnesium and manganese substantially 

enhanced tumor formation, 96% and 92% 

developed tumor size of 100 mg respectively. 

(Figure 2b, n=25, p <o.05 for each) Conver

sely, calcium supplementation during the ex

posure of the surgical wound to tumor cells 

dramatically inhibited subsequent tumor 

size of 100 mg, reducing the overall rate to 

56%. (Figure 2b, n=25, p<o.05) 
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Serum calcium and magnesium levels 

The normal ranges for total serum calcium 

and magnesium in Balbi c mice have been re

ported to be 72. 1 to 89. 1  (mean 8 1. 1) mg/L 

and 27.4 to 34.8 (mean 3 1. 1) mg/L respec

tively.23 In control mice in our study, total 

serum calcium and magnesium levels were 

assayed as 8 1-4±4.0 mg/L and 27.7±1.7  

mg/L (n=3 for each), respectively. When cal

cium chloride was placed into the wounds 

for 30 minutes as in our adhesion studies, 

the serum total calcium concentration was 

measured as 83 .8±4.0 mg/L, not signifi

cantly different from control values (n=3). 

Similarly, serum total magnesium in mice in 

which magnesium chloride had been placed 

into the surgical wounds was measured as 

27 .6±2.5 mg/L, again not significantly dif

ferent from control values (n=3). 

Discussion 

Shedding of colon cancer cells during surgi

cal procedures is common. Inadequate ex

posure, imperfect hemostasis, inadequate 

lymphadenectomy and qualitatively poor 

margins of excision may further contribute 

to the spillage of cancer cells into the peri

toneal cavity or surgical site in 30-50% of 

patients.3 Interactions between cells and ex

tracellular matrix are in large part mediated 

by integrins in divalent cation-dependent 

processes. Local shifts in the concentrations 

of extracellular Mg2+ and Ca2+ occur during 

wound healing, impacting the function of 

divalent cation-dependent cell surface mole

cules responsible for cell-cell and cell-extra

cellular matrix interactions. 14 The adhesion 

of colon cancer cells is primarily mediated by 

:fh-integrin heterodimers. For instance, 90% 

of SW620 colon cancer cell adhesion to ma-

So 

trix is prevented by blocking the :fh-integrin 

subunit. 24 The present report shows that ad

hesion of colon cancer cells to murine sur

gical wounds is promoted by Mn 2+ and Mg2+ 

but inhibited by Ca2+
. 

These results are consistent with our previ

ous preliminary in vitro analysis16 of human 

SW 6 20 colon cancer cell adhesion to type I 

collagen, in which we demonstrated dose-de

pendent inhibition of adhesion by calcium, 

and dose-dependent stimulation of adhesion 

by magnesium and manganese. However, 

this study goes beyond that previous work to 

demonstrate that divalent cations influence 

cell adhesion to surgical wounds in intact 

animals and that these changes in adhesion 

have biological significance, resulting in a 

differing incidence of ultimate tumor deve

lopment. 

The Mg2+ concentration studied is approxi

mately six fold less than that found in por

cine wound fluid. The Mg2+ concentration in 

porcine wound fluid from partial-thickness 

excisional wounds was increased from 0.96 

to 1.43 mmol/L immediately after woun

ding, while the Ca2+ concentration was redu

ced from 2.53 to 1.59 mmol/L. 14 This eleva

tion in Mg2+ and reduction in Ca2+ represents 

a shift in the Mg2+ to Ca2+ ratio from 0.3 8 to 

0.90. 14 Tissue injury might result in a local 

increase in the extracellular Mg2+ levels and/ 

or a decrease in the extracellular Ca2+ level 

due to the spill of Mg2+ from damaged tis

sue and the sequestration of Ca2+ by several 

possible molecular events including the Ca2+ 

-dependent coagulation cascade. 25-27 The cal

cium and manganese concentrations we stu

died here were chosen because they appeared 
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maximally effective in previous preliminary 

in vitro dose response studies. 16 

Although the effects of divalent cations on 

cell adhesion have not previously been stu

died in vivo, our results can be compared 

with previous in vitro studies in other cell 

types. We have previously reported similar 

results in vitro in human SW620 and Caco-

2 cell lines and primary human colon cancer 

cells. 16 Ebert28 similarly reported that Mn2+ 

and Mg2+ stimulate binding of HT-29 colon 

cancer cells to extracellular matrix proteins. 

Ebert failed to show an inhibitory effect of 

Ca2+ on HT-29 colon cancer cell adhesion, 

but only studied the effects of a 10-fold lo

wer calcium concentration (1 mmol/L). This 

is relevant because our previous in vitro stu

dies demonstrated a dose-dependence of the 

calcium effect to matrix proteins, and we 

also found no statistically significant effect 

of this much lower calcium concentration. 

Although some in vitro studies have attemp

ted to isolate the effects of adding individu

al divalent cation species to putatively ca

tion-free media, others have examined the 

effects of combining cation species. Moore 

et al29 found that the attachment of guinea 

pig non-malignant native intestinal epi

thelial cells to collagen IV was nearly three 

times greater in nominally Ca2+ free medi

um containing extracellular 1 . 25  mmol/L 

Mg2+ compared with adhesion in medium 

also containing 5 mmol/L Ca2+ -containing 

extracellular 1 . 25  mmol/L Mg2+ . Conver

sely, in fixed 1 . 25  mmol/L Ca2+, cell attach

ment to collagen IV was 3 times greater in 

the presence of 2 .5 mmol/L Mg2+ compared 

with Mg2+ -depleted media. 29 These in vitro 

results are essentially similar in directiona-

lity to those which we report here in vivo, 

although Moore did report somewhat larger 

magnitudes of the effects of these divalent 

cations than those we have observed in 

either the present studies of murine colon 

2 6 cell adhesion in vivo or previous studies 

of the effects of these cations on human 

S W620 colon cancer cell adhesion to puri

fied matrix proteins in vitro. 16 Methodolo

gic differences in cell isolation techniques 

used may have contributed to the m ore p o

tent effects of divalent cations in Moore's 

results. The native primary intestinal cells 

were isolated by mechanical vibration in 

Moore's study, but we have previously re

ported that shear stress and pressure signi

ficantly increase colon cancer cell adhesion 

via intracellular signal activation within the 

focal adhesion complex, 24•30•3 1 and the ef

fects of divalent cations appear synergistic 

with inside-out force activated stimulation 

of adhesion.31 In addition, such variations 

in the magnitude of divalent cation effects 

could reflect differences between malignant 

and non-malignant cell integrin expression 

or sensitivity to divalent cations. 

Mn2+ and Mg2+ also stimulate and Ca2+ inhi

bits the adhesion of several other types in 

the literature, although a few reports descri

be different effects. For instance, our results 

resemble those of Fischer et al3 2 studying 

glomerular mesangial cell adhesion to fibrin

ogen, Genersch et al33 studying highly metas

tatic rat mammary carcinoma clone MTLn3 

and the nonmetastatic human vulva carci

noma cell line A431 to extracellular matrix 

proteins and Whiss et al34 studying isolated 

human platelets to collagen and fibronectin 

in vitro. In contrast, calcium has been repor

ted to stimulate the binding of alpha4 beta1 

8 1  
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expressing cells to vascular cell adhesion mo

lecule-1, 35 the alphas beta1 of leukemic BV-

173 cells to the central cell-binding domain 

of fibronectin, 36 and the adhesion of hepato

cytes to laminin.37 It is known that individu

al species of divalent cations may bind to and 

activate integrins with different potencies in 

various cell types,38•39 so these less common 

results may reflect different integrin expres

sion or sensitivity to these cations in these 

other cell types. 

If the adhesion of malignant colonocytes is 

indeed promoted by magnesium and man

ganese and inhibited by calcium, then these 

results raise the possibility that the changes 

in divalent cation concentrations observed 

in wounds may be maladaptive with regard 

to the prevention of malignant seeding du

ring surgical procedures. These results do 

not imply that these cation changes are in 

general deleterious. For instance, cutaneous 

wound healing is a complex and carefully 

orchestrated cascade of overlapping events 

that involves changes in extracellular matrix 

protein composition and cell migration and 

proliferation in response to numerous cyto

kines. 40-43 Crucial to the repair process is the 

migration of inflammatory cell types such as 

macrophages or migrating fibroblasts or en

dothelial cells into the wound site over the 

course of the first 3 days after injury14 where 

these cells are critical for wound healing. In

tegrins of these cells require divalent cations, 

such as Mg2+ and CaH to function8•1 1 and are 

responsible for mediating much of the in

teraction with the extracellular matrix.7•44-46 

Such other potential biological effects were 

not measured here. 

82 

In summary, integrin-mediated colon can

cer cell adhesion to murine surgical wounds 

depends critically on extracellular divalent 

cation concentrations. The relatively high 

magnesium and low calcium concentrations 

in wounds may activate integrin divalent ca

tion-binding sites and potentiate tumor cell 

adhesion. 

Colonic adenocarcinoma wound implan

tation only occurs in approximately 1 % of 

patients,4 and many of these patients also 

have disseminated disease, but the preven

tion of wound implantation might still merit 

attempts at reduction if this could be done 

safely. Some patients do present with isola

ted wound metastasis that can upstage their 

disease. Tumor seeding of surgical sites is 

even more common in some other tumors, 

such as parathyroid tumors4M8 or pheochro

mocytomas. 49 Whether the adhesion of such 

other tumors displays the same patterns of 

divalent cation sensitivity awaits study. 

There are obviously manifest differences bet

ween transplantable tumors in mice and the 

pathophysiology of human colon cancer. Ho

wever, the biological and chemotherapeutic 

response characterization of transplantable 

mouse colon 26 suggests that these tumors 

are reasonable models for colon cancer in 

humans.6•20 Thus, these results raise the pos

sibility that dilute CaCl
2 

irrigation of surgical 

sites may decrease local tumor recurrence 

from the adhesion of shed colon cancer cells, 

although the impact of calcium irrigation on 

wound healing and other potential side ef

fects await investigation. 
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Evolvi ng  manageme t 

of co recta l ca nce 



Abstract 

This article reviews recent advances in sur

gical techniques and adjuvant therapies for 

colorectal cancer, including total mesorectal 

excision, the resection of liver and lung me

tastasis and advances in chemoradiation and 

foreshadows some interventions that may 

lie just beyond the frontier. In particular, 

little is known about the intracellular and 

extracellular cascades that may influence co

lorectal cancer cell adhesion and metastasis. 

Although the phosphorylation of focal adhe

sion kinases and focal adhesion associated 

proteins in response to integrin-mediated 

cell matrix binding ("outside in integrin sig

naling") is well described, the stimulation of 

cell adhesion by intracellular signals activa

ted by pressure prior to adhesion represents 

a different signal paradigm. However, several 

studies have suggested that increased pres

sure and shear stress activate cancer cell ad

hesion. Further studies of the pathways that 

regulate integrin-driven cancer cell adhesion 

may identify ways to disrupt these signals or 

block integrin-mediated adhesion so that ad

hesion and eventual metastasis can be pre

vented in the future. 



Introduction 

Colorectal cancer is a common cause of  mor

bidity and mortality. Although the basic 

principles of screening, surgical resection 

when possible, and adjuvant therapy when 

indicated remain valid, considerable new in

formation offers the possibility of substan

tially improving outcomes for such patients 

in the future. This review will briefly summa

rize current epidemiologic and prognostic 

information about this disease for context, 

and will then focus on new approaches to 

surgery, adjuvant therapy, the management 

of established metastasis, and the preven

tion of metastasis. Although screening for 

colorectal neoplasm is critical for prevention, 

early diagnosis, downstaging, and improved 

survival, this subject has been extensively re

viewed elsewhere1-4 and is beyond the scope 

of the current review. 

Incidence and Prevalence 

Colorectal cancer is the third most common 

cancer and the third leading cause of cancer 

related mortality in the United States. 5 Colo

rectal cancer is also very common in Western 

Europe, Australia and New Zealand, whereas 

the age standardized incidence rate of co

lorectal carcinoma is very low in India and 

Africa.6•
7 There seems to be an association 

of higher incidence rates in colorectal cancer 

with increasing affluence. 8 Over the past de

cade, colorectal cancer rates have modestly 

decreased or remained level. Until age 50, 

men and women have similar incidence and 

mortality rates; after age 50, men are more 

vulnerable. 5 Colorectal cancer is generally a 

malignancy associated with the elderly, with 

a mean age at diagnosis of 73 years.9 In the 

Netherlands, statistics showed that a peak 

incidence of colorectal cancer for both men 

and women occur between the age of 70-79 

years. 10 Before the age of 7 5 years, men and 

women in the Netherlands have a 4.67% and 

3.34% cumulative incidence to develop colo

rectal cancer. 1 1 By the age of 70 years, at least 

50% of the western population will develop 

some form of colorectal tumor, spanning the 

spectrum from an early benign polyp to an 

invasive adenocarcinoma. 

Stage of colorectal disease 

The stage of disease is one of the most im

portant prognostic factors for survival in 

patients with colorectal cancer. It is there

fore clinically significant to know the relative 

incidence for each stage of the disease. The 

incidence of Stage I disease in the United 

States has increased over the past years due 

to better screening and is currently around 

30%. This is an important development since 

the detection of early stage disease increases 

the chance for Ro resection and potential 

cure for colorectal cancer. The incidence of 

Stage II and III disease are respectively 2 7% 

and 24 % while Stage IV disease is present in 

19% of patients in the United States. A re

markable observation is that older patients 

are diagnosed more frequently at an early 

stage (Stage o and 1) and diagnosed three 

times less frequently with stage IV disease 

than younger patients. A possibility is that 

younger patients feel less at risk and ignore 

symptoms for a longer period of time and are 

therefore diagnosed at a later stage. 12 

The relative 5-year survival rates in the Uni

ted States show that when the disease is 

detected early, at a localized stage, survival 

rates for Stage I colon and rectal cancer are 

93% and 92% respectively. At Stage II disease 
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the 5-year survival rates are between 72%-

85% for colon cancer and between 56%-73% 

for rectal cancer. The :fluctuations in Stage II 

survival rates are due to the fact that Stage 

II disease includes both T3 (Stage IIA) and 

T 4 (Stage IIB) tumors. For more advanced 

disease at diagnosis, the survival rates drop 

significantly. At Stage III, the 5-year survival 

rates for colon and rectal cancer vary from 

44%-83% and 30%-67% respectively. Again 

the wide range of survival rates reflects the 

fact that Stage III disease is further categori

zed into the following sub-categories, Stage 

IIIA (T1-2, N 1, Mo), Stage IIIB (T3-T 4, N 1, 

Mo) and Stage IIIC (any T, N 2, Mo) disease. 

For Stage IV colorectal disease the 5-year 

survival rate may be as low as 8%. 13· 14 

Surgical treatment 

Surgical management is the primary treat

ment of potentially curable colorectal cancer. 

In most cases, this involves resection of the 

primary tumor and regional lymph nodes. 

However, treatment of curable colorectal 

cancer patients may vary from endoscopic 

polypectomy for malignant polyps or local 

excision in carefully selected patients with 

limited rectal carcinomas to multimoda

lity management for locally advanced rectal 

cancers or cancers invading adjacent organs. 

The objective in all cases is to maximize both 

oncologic and functional results. Due to the 

improvements in surgical techniques, as well 

as better screening and new developments in 

adjuvant therapy the ratio of people with po

tentially curable disease has increased over 

the past decades. This evolution has included 

the development of total mesorectal excisi

on, the introduction of laparoscopic surgery, 

the sentinel lymph node technique, curative 

resections of liver and lung metastasis and 
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improvements in adjuvant therapies such as 

chemotherapy and radiotherapy. 

En bloc resection and the no-touch techni

que were first described in 19 6 7 by Trumbell 

et al and remain valid and important. 15 The 

best prevention strategy of potential tumor 

cell distribution is maintained by the surgeon 

strictly using the principles of en-bloc resec

tion. As the likelihood of lymph node invol

vement increases with depth of tumor inva

sion (5.6% for pT1, 10% for pT2, 36.7% for 

pT3, and 77.7% for pT4 colon carcinoma), 16 

invasive adenocarcinomas require ligation 

and resection of the lymphovascular pedi

cle directly draining the intestinal segment 

containing the tumor. When the lesion is 

equidistant between two pedicles, then both 

should be encompassed in the resection. 

Another surgical option is the no-touch iso

lation technique with primary ligation of the 

corresponding vessels, and dissection of the 

lymph nodes. 1 1•
20 The concept of this techni

que is to avoid tumor manipulation during 

surgery so that shedding of tumor cells into 

the lymphatic or vascular circulation is kept 

to a minimum. The presence of free cancer 

cells within the lymphatic, vascular circula

tion or in the peritoneal cavity can be detec

ted by mRNA coding using qPCR and is as

sociated with a poorer prognosis for patients 

undergoing curative colorectal cancer sur

gery. 2 1·
2 2  However, there seems to be limited 

benefit in the no-touch isolation group, the 

morbidity and mortality rates after a 5-year 

follow-up of patients were equal. 20 More re

cently a study by Hayashi et al has suggested 

that the no-touch isolation technique may 

be useful to prevent cancer cells from being 

shed into the portal vein during surgical ma

nipulation.23 Today, en-bloc resection wit-



hout the primary ligation of corresponding 

vessels is still the more common technique. 

Other advances in surgical techniques have 

resulted in less tumor recurrence and given 

patients with advanced colorectal disease the 

opportunity to undergo surgery with curative 

intent. In 1982 Heald developed an impor

tant surgical technique for the treatment of 

rectal cancer. The concept of total mesorectal 

excision (TME) was introduced in conjunc

tion with low anterior resection (LAR) as a 

means of procuring all perirectal fat while 

facilitating sphincter preservation. 24 Recent 

studies have reported local recurrence rates 

of around 10% in various TME series. 2s·30 In 

the study by Moore et al, local recurrence ra

tes of less than 5% have been reported with 

a distal margin of 1 cm, provided that the 

mesorectum can be excised as a complete 

lymphovascular package. 31 Today TME has 

been successfully taught as a standardized 

procedure and translated to other colorec

tal surgical environments with reproducible 

cancer-specific outcomes.32 

Advances in laparoscopic equipment and 

technique have revolutionized the surgical 

approach to many diseases. Laparoscopic 

surgery for colorectal cancer is currently con

sidered an acceptable alternative to open re

section for colorectal cancer. There are small 

but measurable short term benefits such as 

decreased post-operative narcotic use, earlier 

return of bowel function, shorter length of 

stay and better cosmetic results. Today there 

is no question that laparoscopic surgery can 

be performed safely and effectively by expe

rienced surgeons. There is enough evidence 

that survival rates are not compromised by 

the laparoscopic approach. 3 3.34 

Although the first laparoscopic colon resec

tion was reported in 1991,35  the adoption 

of minimally invasive colon resection has 

been impeded by several factors. First, la

paroscopic colon surgery is technically de

manding. Second, and more importantly, 

there has been historical concern about 

whether minimally invasive surgery for co

lonic malignancies would achieve adequate 

oncologic resection. The most recent studies 

including retrospective and prospective regi

stries as well as comparative studies clearly 

demonstrate that oncologic principles are 

not compromised by laparoscopic techni

ques, and the yield of lymph nodes, surgical 

margins (proximal, distal and radial), and 

length of bowel resected were comparable to 

open cancer surgery. 17 •36·37 Another problem 

which has been discussed controversially is 

the issue whether laparoscopic surgery is as

sociated with an increased hematogenous 

and intraperitoneal tumor cell distribution. 

Some studies have shown that there is a hi

gher incidence of intraperitoneal tumor cell 

dissemination during laparoscopic resection 

for colorectal cancer when compared to open 

surgery for colorectal cancer.38·39 On the other 

hand, other studies have contradicted this 

observation.40•41 Finally, another concern has 

been the incidence of port-site metastasis 

after laparoscopic resection. 16•42·45 Although 

port-site metastases have not been restric

ted to laparoscopic surgery for colorectal 

cancer, the major impact of this phenome

non has been in this field. A closer look at 

the literature revealed most reports with a 

high incidence rate were small series publis

hed in the early 199os.44·45 Within the last 

ten years, three large trials of laparoscopic 

surgery for colorectal cancer have been pu

blished that clearly demonstrated a low inci-

9 1  
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dence of wound recurrence not statistically 

significantly increased compared to wound 

recurrence after open laparotomy sites.33·34.4
6 

However, it should be cautioned that these 

trials were not adequately powered to fully 

address the question. Moreover, in the COST

trial, 33 wound recurrence rates demonstrated 

an incidence of port site recurrence that, alt

hough both low and not statistically signifi

cantly different from that after open surgery, 

was nevertheless more than twice the rate of 

wound implantation seen after open surgery 

(0.5% incidence in the laparoscopic arm vs. 

0.2% in the open surgical arm of the trial). 

Although the question has therefore still not 

been completely addressed, it appears that 

the incidence is quite low and within accepta

ble clinical range, and it seems dubious that 

a randomized trial will ever be conducted of 

sufficient size to truly conclusively settle this 

issue. It seems likely that insufficient techni

cal skills and experience at the beginning of 

the laparoscopic era contributed to the early 

reports that described considerably higher 

rates of port site recurrence. 

Many cancers, including colorectal cancer, 

spread first to the lymph nodes before rea

ching other parts of the body. Lymph node 

status remains one of the most important 

prognostic factors in the management of 

colorectal cancer. In patients without nodal 

disease, recurrent tumors still develop in 

about 15% to 20% of cases within 5 years of 

diagnosis. 47 The reasons for this are unclear, 

but may depend upon the quality of surgi

cal resection and conventional pathologic 

review. Node-negative patients are usually 

not treated with adjuvant chemotherapy 

outside a clinical trial because of the lack 

of definitive evidence of survival benefit. 

9 2  
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Patients with nodal disease, on the other 

hand, should be treated with adjuvant che

motherapy because of potential reduction 

of mortality up to 33%.48 Thus, it is critical 

to avoid pathological understaging of the 

specimen. Standard pathologic evaluation 

may overlook low volume nodal metastasis, 

thereby failing to identify nodes imperative 

to accurate staging. Inconsistencies in num

ber of nodes harvested at time of pathologic 

processing impact significantly colon cancer 

staging accuracy. This nodal sampling error 

serves as the basis for guidelines establishing 

a 12 node minimum for adequate staging 

utilizing conventional techniques.49 Up to 

78% of metastases are identified in subcenti

meter nodes that may be overlooked during 

standard gross pathologic dissection of re

sected specimens.49-5 1 Microscopic examina

tion of 1 or 2 hematoxylin and eosin-stained 

sections of a 5-mm node limits pathologic as

sessment to < 1 % of the entire node, making 

identification of small tumor cell aggregates 

challenging. In a study by Saha et al, senti

nel lymph node mapping appears superior 

to conventional pathologic review and may 

therefore be a useful method to avoid under

staging. 47 Nodal positivity was 48% for the 

group assigned sentinel-lymph-node map

ping, compared with 3 5% for the group assig

ned conventional staging (P< 0·001). In this 

study sentinel lymphatic mapping accounts 

for the upstaging of 13% of colon cancer. In 

other studies, sentinel lymph node mapping 

accounts for the upstaging of 19%-24% of 

patients.52-57 The consequence of upstaging 

is that these patients now become candida

tes for adjuvant chemotherapy. After a mini

mum of 2 years follow-up, patients assigned 

nodal mapping (n=153) had an overall recur

rence of 7%, compared with 25% (n= 162) for 



the patients assigned conventional staging 

(P=o·ooi).47·5 8 As the sentinel lymph node 

technique has developed, some investigators 

describe over 90% success in identifying the 

sentinel node and accuracy rates of approxi

mately 90%.47,53-56 

In patients with colorectal metastases ad

vances in surgical techniques have made it 

possible that the goal of surgery is no longer 

palliative but of curative intent. Therefore, a 

complication such as wound recurrence may 

have grave clinical consequences for patients 

that are operated on with curative intent. It 

thus becomes increasingly important that 

surgeons minimize tumor spill into the peri

toneal cavity or into the lymphatic/vascular 

systems during surgical procedures for colo

rectal cancer. If not, tumors may recur and 

compromise a potentially curative resection. 

The liver is the most common site for colo

rectal metastasis since the venous outflow 

of the gut first reaches the liver through the 

portal system before flowing back into the sy

stemic circulation. Approximately, one-third 

of patients diagnosed with colorectal cancer 

will develop synchronous or metachronous 

metastases to the liver. The incidence of syn

chronous metastasis has ranged from 23 .0% 

to 46.8%59-62 and the 5-year survival rate af

ter hepatic resection has been reported to be 

1 4% to 40% in studies with more than 100 

or more patients. 60•6 1  Several studies have 

suggested that careful selection of patients 

for hepatic resection of colorectal metasta

ses can result in favourable survival.63-65 A 

recent study by Rees et al has found 7 risk 

factors (Basingstoke Prediction Index) that 

were found to be independent predictors of 

poor survival in a multivariate analysis.66 The 

7 risk factors were, number of hepatic me

tastases > 3, node positive primary, poorly 

differentiated primary, extrahepatic disease, 

tumor diameter �5 cm, carcinoembyonic an

tigen level > 60 ng/mL, and positive resection 

margin. The first 6 of these criteria were used 

in a preoperative scoring system and the last 

6 in the postoperative setting. Patients with 

the worst postoperative prognostic criteria 

had an expected median cancer-specific sur

vival of o. 7 years and a 5-year cancer-specific 

survival of 2%. Conversely, patients with the 

best prognostic postoperative criteria had an 

expected median cancer-specific survival of 

7-4 years and a 5-year cancer-specific survi

val of 64%.66 It is therefore very important to 

preoperatively assess if resection is achieva

ble, most preferably with a 1 cm margin.67·68 

It is often difficult to measure a 1 cm distance 

to the tumor edge on the specimen because 

of dissection or cautery artifact. Other times 

a surgical margin of 1 cm cannot be obtained 

because of the relation of the tumor to the 

hepatic veins, portal veins, or vena cava. 

When tumor is left behind after surgery, 

meaning that Ro resection is not achieved, 

the survival is not different than that in the 

nonresected group. 

While surgical resection remains the gold 

standard of therapy, only a few patients 

are suitable candidates for curative surgical 

resection because of the presence of liver 

malignancy in unresectable locations, the 

number of and anatomic distribution of tu

mor lesions, or the presence of extrahepatic 

disease or poor liver function. An alternative 

treatment to control and potentially cure 

liver disease has been developed for use in 

patients with malignant liver tumors. Ra

diofrequency ablation (RFA), also known as 

93 
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"radiofrequency thermal ablation", is a re

cently developed thermoablative technique. 

It induces temperature changes by using 

high-frequency alternating current applied 

via electrodes placed within the tissue to 

generate areas of coagulative necrosis and 

tissue desiccation. 69•70 Overall recurrence 

for colorectal cancer was most common af

ter RFA (84% vs 64% RFA and resection vs 

52% resection only, P=o.001).7 1 Thus, RFA 

has been reserved as an adjunctive tool to 

resection, when complete resection is not 

possible, either alone or in combination with 

resection. 72-74 The study by Abdalla et al de

monstrates that RFA alone or in combina

tion with resection for unresectable patients 

does not provide survival comparable to re

section, and provides survival only slightly 

superior to nonsurgical treatment.7 1 

After colorectal metastases to the liver, the 

lungs are the second most common site of 

metastasis. The number of possibly resecta

ble cases of lung metastasis after primary 

surgery for colorectal cancer has increased 

considerably over the past 20 years. The ty

pical pattern of lung metastasis is single or 

multiple nodules rather than miliary tumors 

or lymphangitis carcinomatosa. No effective 

chemotherapy regimen has been found for 

metastatic disease. Hence, a surgical pro

cedure to eliminate pulmonary metastases 

is generally accepted as the only potenti

ally curative treatment. In favor of surgery 

is the recent trend toward earlier detection 

of pulmonary metastases as small periphe

ral densities with increasingly common use 

of screening with spiral or high-resolution 

computed tomography. The reported 5-year 

survival rates for lung metastectomy surgery 

were 24% to 63%, and most were around 

94 
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40%.75 80 The criteria for resection of pulmo

nary metastases from colorectal carcinoma 

included unilateral or bilateral excisable lung 

lesions per preoperative chest radiography, 

no local recurrence of primary lesions, and 

no extrapulmonary lesions with the excepti

on of associated prior or simultaneous resec

table hepatic metastases. Elevated CEA level 

and the number of metastasis are the most 

significant prognostic factors for overall sur

vival after resection of lung metastases from 

colorectal cancer. 81 

Adjuvant therapy 

For the treatment of rectal cancer, adju

vant radiotherapy has become a standard 

procedure. The following two schedules of 

treatment have been explored over the last 

decades. A short term treatment that de

livers 25 Gy in 5 fractions during 1 week, 

followed immediately by surgery, and con

ventional schedules that deliver 40 Gy to 50 

Gy in 20-25 fractions during 4 to s weeks, 

followed by surgery 3-6 weeks later. Regard

less of the schedule, preoperative radiothe

rapy decreases local recurrence rates by 50-

60% when compared to surgery alone. 82•83 

The conventional schedules are delivered 

in combination with chemotherapy to pa

tients with locally advanced rectum cancer 

(T3-T4 tumors and N+ disease). In 2001, a 

study by Marijnen et al demonstrated that 

short term treatment with 25 Gy during 1 

week did not achieve tumor downstaging for 

T1-T3 tumors within a period of 10 days.84 

However, a schedule of 50-4 Gy given over 

a period of 6 weeks in combination with 5-

FU and leucovorin did cause downstaging of 

locally advanced rectum tumors.85 Today the 

standard treatment for locally advanced rec

tum carcinoma is pre-operative radiotherapy 



in combination with 5-FU and leucovorin.86 

In addition, it has been demonstrated that 

timing of chemoradiation for locally advan

ced tumors is important, since less toxicity 

and better local control may be achieved 

when chemoradiation is given pre-operati

vely instead of post-operatively.87 Thus far, 

there has been no conclusive demonstration 

of a gain in overall survival for patients with 

locally advanced rectal tumors treated with 

adjuvant chemoradiation.88 

During the past years, various phase I and 

II trials have been performed with capecita

bine.88·89 It is a form of chemotherapy that 

is administered orally and is a tumor activa

ted fluoropyrimidine carbomate. During the 

last of three enzymatic processes, thymidine 

phosphorylase converts capecitabine to 5-

FU. The enzyme thymidine phosphorylase is 

found in high concentrations in rectal tumors 

and it is therefore less likely that healthy tis

sue within the radiation field is subjected to 

5-FU. The advantages of this form of therapy 

are less toxicity, oral administration, and 

less chance of infections since a venous port 

access catheter is no longer necessary. Alt

hough the phase II trials with capecitabine 

in combination with radiotherapy for locally 

advanced rectum tumors show promising re

sults, there are currently no phase III trials 

that give information about local recurrence 

during a long term follow-up period. Howe

ver, the National Surgical Breast and Bowel 

Project trail in the United States is planning 

on performing such a study in the near futu

re. If the results from this study show accep

table local recurrence rates, then capecitabine 

may replace the 5-FU/leucovorin schedule. 

A study by Kim et al suggests that the ad

dition of leucovorin to capecitabine does not 

work synergetically but actually seems more 

toxic.9° For this reason a combined capecita

bine and leucovorin schedule does not seem 

desirable. Other phase I and II studies have 

tried to combine capecitabine with oxalipla

tin. 9i -93 The results seem promising as well 

and grade III/IV toxicity does not seem gre

ater than the capecitabine and 5-FU/leuco

vorin schedules. Although there are many 

new developments, 5-FU and leucovorin in 

combination with radiotherapy remains the 

standard of neo-adjuvant treatment in most 

countries for patients with locally advanced 

rectum carcinoma. 

Although research efforts continue to be 

directed at deriving new cytotoxic and an

tiproliferative agents directed specifically 

at cancer cells, the concept of targeting the 

angiogenic support of tumors has recently 

become of interest, and angiogenesis inhibi

tors have also been introduced for treatment 

of cancer. Bevacizumab is an anti-VEGF an

tibody. When combined with conventional 

chemotherapy, this agent has been reported 

to prolong survival in patients with advan

ced colorectal cancer treated in a palliative 

setting.94·95 Additionally, recent trials with 

neo-adjuvant chemotherapy suggest that 

irresectable liver metastases can be down

staged with this agent. Thus, an increasing 

number of patients with colorectal metasta

ses to the liver may now become candidates 

for liver resection. Indeed, in such patients 

preoperative treatment with bevacizumab 

and chemotherapy may be associated with 

less blood loss compared to chemotherapy 

alone.96 If bevacizumab and chemotherapy 

are discontinued at least 8 weeks before he

patic resection, the addition of bevacizumab 

to preoperative irinotecan and oxaliplatin 
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does not increase morbidity after hepatic 

resection. 96•97 Unfortunately, there are no 

studies yet that compare whether the com

bination of bevacuzimab and chemotherapy 

allows for better downstaging of liver me

tastases than conventional chemotherapy 

alone. This will be an important subject for 

future study, as will the long term outcomes 

of patients downstaged with these agents 

and then subjected to liver resection of the 

remaining obvious metastases. 

Despite all of these advances in surgical 

techniques and adjuvant therapies, cola

rectal tumor recurrence remains a problem. 

Manfredi et al described a 5-year cumulative 

rate of local recurrence of 12.8% and a 25.6% 

per cent rate of distant metastases.98 During 

surgery it is important that tumor free mar

gins of the resected specimen are achieved 

and that tumor spill is avoided. Unfortuna

tely, some tumor spill occurs in approxima

tely half of patients that are operated for co

lorectal cancer. 99 Many research studies have 

provided evidence for direct implantation of 

the port site or surgical wound by exfoliated 

cancer cells, hematogenous seeding, tissue 

manipulation, aerolization by pneumoperi

toneum, patient's positioning and immune 

dysfunction as potentially etiologic factors. 

Approximately 0.2%-1 % of patients will 

eventually develop wound recurrence.33 •100 

Many of these patients also exhibit more 

diffuse peritoneal recurrence, although ap

proximately half exhibit isolated wound re

currence. Either phenomenon has a negative 

impact on survival for those patients that 

are operated with curative intent. Since more 

than So% of patients with colorectal disease 

are initially operated with curative intent, a 

complication such as wound or peritoneal 

Evolving management of colorectal cancer 

recurrence may drastically influence their 5-

year survival rate in a negative manner. 

Tumor cell adhesion 

The contrast between the high rates of tu

mor cell spillage and circulating tumor cells 

and the much lower rates of clinical tumor 

metastasis or implantation after surgery 

suggests that tumor implantation may be 

regulated in some way. The mechanisms that 

determine which tumor cells adhere to target 

organs and tissues are poorly understood. 

Normally, if a cell is unable to attach to the 

extracellular matrix, it dies through induc

tion of the cell suicide program known as 

apoptosis. Cancer cells, however, develop a 

means to avoid death in this situation. Cells 

that have suffered irreparable DNA damage 

activate specific proteases and nucleases that 

destroy the proteins and DNA of the cell, 

thereby effectively limiting the spread of po

tentially deleterious mutations. Cancer cells 

often exhibit mutations in genes involved in 

regulating this pathway. 

Since not all cancer cells that are shed into 

the peritoneal cavity undergo apoptosis, 

there is always a possibility that these cells 

will eventually cause wound metastasis. Tu

mor implantation begins with the adhesion 

of tumor cells to the matrix proteins in the 

wound. The extracellular matrix consists 

chiefly of type I and IV collagens, laminins, 

heparin sulfate proteoglycan, fibronectin, 

and other noncollagenous glycoproteins. 101 

Cell adhesion to extracellular matrix pro

teins is mediated by diverse receptors, most 

notably by members of the integrin family. 

Integrins, heterodimeric transmembrane 

proteins, are composed of noncovalently as

sociated alpha and beta subunits that define 



the integrin-ligand specificity, 102 and their 

pattern of expression is likely to promote 

specific cellular adhesions. Both the physio

logic status of the cell103 and divalent extra

cellular divalent cation concentrations104 can 

influence the affinity between integrins and 

their ligands. After adhesion of the cell, pro

liferation and angiogenesis are then required 

to support tumor growth, invasion and sub

sequent metastasis. 

Treatments to prevent wound or 

peritoneal metastasis 

During the past years not much progress has 

been booked in reducing wound recurrence 

in patients with curable colorectal cancer. 

The application of topical ointments, 105 •106 

abdominal irrigation107 and port-site resec

tion of wounds108 have had limited success. 

The most promising results to date are pro

bably the studies that investigate the anti

cancer effect of COX-2 inhibitors. Various 

studies have shown that COX-2 inhibitors 

have both antiangiogenic1 09• 1 1 0 and apoptotic 

effects1 1 1 • 1 1 2  on human colon cancer cells. A 

more recent study demonstrated that COX-

2 inhibitors down-regulated fh-integrin 

expression, with consequent impairment 

of the ability of colon cancer cells to adhere 

to and migrate on extracellular matrix in an 

in vitro study. 105 It is therefore possible that 

these drugs may reduce wound recurrence 

since they may interfere with the adhesion 

of the cell to extracellular matrix. However, 

to date, the mechanisms of drug action and 

interaction are still far from clear, and their 

roles within the clinical setting are yet to be 

observed. It is therefore important to further 

investigate factors that may be of significan

ce during wound implantation and eventual 

tumor formation. 

Extracellular influences on colon cancer 

cell adhesion 

Interaction between cells and the extracellu

lar matrix are in large part mediated by in

tegrins in divalent cation-dependent proces

ses. This means that extracellular processes 

that alter divalent cation concentrations may 

also influence colon cancer cell adhesion to 

the extracellular matrix. Local shifts in the 

concentrations of extracellular Mg2+ and Ca2+ 

occur during wound healing, impacting the 

function of divalent cation-dependent cell 

surface molecules responsible for cell-cell 

and cell-extracellular matrix interactions. 1 1 3 

Early in the process, when cell migration 

into the wound is initiated, Mg2+ is elevated 

and Ca 2+ is reduced. As wound healing pro

gresses, wound concentrations of Mg2+ and 

Ca2+ return to normal plasma levels. Ebert 

et al reported that Mn2+ and Mg2+ stimu

late binding of HT-29 colon cancer cells to 

extracellular matrix proteins, 1 14 and similar 

effects have been described in SW6 20 and 

Caco-2 human colon cancer cells. 1 1 5 Howe

ver, calcium inhibits adhesion of SW6 20 and 

Caco-2 human colon cancer cells to collagen 

I, which is the dominant collagen of the in

terstitial matrix. 1 1 5 Furthermore, Mg2+ and 

Mg2+ potentiate cancer cell adhesion to mu

rine surgical wounds and subsequent tumor 

development. In contrast, Ca2+ inhibits can

cer cell adhesion to murine surgical wounds 

and subsequent tumor development. 116 The 

biological and chemotherapeutic response 

characterization of transplantable mouse 

colon tumors suggests that they are reaso

nable models for colon cancer in humans. 1 1 7 

Although more studies are required, these 

results raise the possibility that in the future, 

manipulation of divalent cation concentrati-
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ons in irrigation of the surgical site may di

minish perioperative tumor implantation. 

Effects of physical forces on colon cancer 

cell adhesion 

Cancer cells are subjected to pressure during 

surgical manipulation and passage through 

the venous and lymphatic system. Cells that 

are shed into the peritoneal cavity post

operatively are also subjected to increased 

pressure from postoperative edema. Surgi

cal manipulation during either laparoscopic 

or open procedures is likely to result in the 

direct application of much higher pressures 

to tumors or lymphatic channels containing 

malignant cells. For instance, during laparos

copic colectomy for cancer, intra-abdominal 

pressure is often increased by 15 mm Hg as 

the abdominal cavity is expanded to provide 

room to operate. The pressure engendered 

by a surgical forceps grasping tissue may be 

as high as 1500 mm Hg. 1 18 Although pres

sure by the surgeon's hand during tumor 

dissection has not been quantified to our 

knowledge, parallel studies suggest that in

traocular pressures may exceed 5 0  mm Hg 

during ocular manipulation during enuclea

tion. 1 19 Normal portal venous pressures may 

be as high as 10 mm Hg, and this may in

crease substantially in portal hypertension. 

Mesenteric venous pressures may exceed 

this under normal circumstances to generate 

portal flow and might be accentuated by in

tra-abdominal pressure generated by ascites, 

Valsalva maneuvers, or bowel edema after 

surgery. Mesenteric lymphatic pressures 

in the setting of tumor infiltration into the 

lymphatics are unclear but might also be ex

pected to be of similar orders of magnitude. 

Tumor cells in the systemic arterial circula-
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tion, of course, are exposed to substantially 

higher pressures. 

Physical forces such as shear stress, and pres

sure have been reported to affect colon can

cer cells. 120 Increasing ambient pressure and 

the application of shear stress increased cell 

adhesion of several colon cancer cell lines 

and primary human colon cancer cells iso

lated directly from surgical specimens. 120·12 1  

Indeed, an increase of 1 5  mm Hg above am

bient pressure had a maximum effect on co

lon cancer cell line adhesion in vitro.120 This 

is an interesting observation, during colo

rectal cancer surgery cells are shed into the 

abdominal cavity and subjected to increases 

in shear during irrigation and increased pres

sure during and after surgical procedures. 

Such increases in pressure may enhance the 

adhesion of shed cells to surgical sites. Alt

hough these original studies were performed 

in vitro, 3 0  minute exposure to 15 mm Hg 

increased pressure has more recently been 

demonstrated to increase cancer cell adhe

sion to murine surgical wounds122 and to ad

versely affect survival in a murine transplan

table tumor model.123 There are obviously 

manifest differences between transplantable 

tumors in mice and the pathophysiology of 

human colon cancers, but as these same sig

nal events have also been described in prima

ry human colon cancer cells, 120· 12 1  the animal 

data are suggestive that the same pathway 

might affect the development of metastatic 

tumors in humans. 

The effect of pressure on focal adhesion

associated proteins 

If pressure and shear stimulate the adhesion 

of cancer cells115
•
120 it may then be important 

to unravel the intracellular mechanisms that 



mediate this effect so that interventions can 

ultimately be targeted to prevent cancer cell 

adhesion. In many cells, the focal adhesion 

kinase PAK transduces signals after adhesi

on through association with the cytoplasmic 

domains of integrin subunits. 124 However, 

"inside-out signaling" by which intracel

lular events modulate integrin function is 

less well understood. A study by Cooke et 

al suggests that mechanical stimulation of 

enterochromaffin-derived BON cells directly 

or indirectly stimulates a G protein-coupled 

receptor that activates Galphaq, mobilizes 

intracellular calcium, and causes 5-HT re

lease. 125 Although this study did not portray 

increased adhesion due to mechanotrans

duction, it did show that shear stress on car

cinoid cells activate an intracellular cascade 

that releases 5-HT. Consistent with such 

force-activated intracellular signaling, Tha

milselvan et al demonstrated that extracel

lular pressure may increase integrin affinity 

and promote colon cancer adhesion in vitro 

via actin-dependent inside-out PAK and Src 

signals. 126 Indeed, it is likely that the intra

cellular cascade involved in colon cancer cell 

adhesion to extracellular matrix is very com

plex. Recently, the activation of PI 3-kinase/ 

Akt signaling pathway has been correlated 

with prostatic metastasis127 colon cancer cell 

invasion128 and post-operative growth. 129 

The overexpression of the PI 3-kinase/ Akt 

pathway has also been described in human 

cancers including ovarian and colonic car

cinomas. 130·13 1  Recent studies suggest that 

the PI 3-kinase/ Akt pathway may also be 

required for pressure-stimulated cancer cell 

adhesion, 132 acting specifically via Akt-1.133 

Several key structural proteins also seem 

to be involved in the mechanotransduction 

pathway, including cytoskeletal elements, 134 

the adapter proteins paxillin 135·136 and alpha 

actinin-1. 137 Both paxillin and alpha actinin-

1 facilitate focal adhesion formation and 

physically links integrin-associated focal 

adhesion complexes with the cytoskeleton. 

These focal adhesion associated proteins are 

often abnormally expressed or mutated in 

cancer cells. 138-140 Therefore, they may be im

portant in tumor biology in general. Althou

gh these focal adhesion associated proteins 

are not kinases themselves, these proteins 

facilitate the interaction of various kinases 

and other proteins required for this pathway 

to function. This makes them a promising 

target to uncouple the pathway required for 

force-activated adhesion without actually 

inhibiting cellular kinases, possibly leading 

to less side effects. Indeed, in a preliminary 

proof of principle, knockout of alpha actin

in-1 has been shown to abolish the effect of 

pressure on tumor-free survival in a murine 

transplantable tumor model. 123 

Conclusion 

Over the past decades, screening for colorec

tal neoplasm has shown to be critical for pre

vention, early diagnosis, downstaging, and 

improved survival. Beyond intensified scree

ning programs, surgical techniques have 

evolved over the past years. Total mesorectal 

excision has improved survival rates for rec

tal cancer.82 Other major advances have in

cluded liver and lung resections for patients 

with colorectal metastasis, so that at least 

some of these patients are no longer can

didates for palliative treatment but instead 

can be treated with curative intent. Besides 

improvements in surgical techniques, ad

juvant therapies such as radiotherapy and 
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chemotherapy have also undergone impro

vement. At this moment, sentinel lymph 

node mapping is a technique that lies on the 

frontier, as does the proper role of anti-an

giogenesis agents. Some studies suggest that 

the sentinel lymph node technique may up

stage a significant number of patients who 

then become candidates for chemotherapy, 

while anti-angiogenic therapy may down

stage patients who then become candidates 

for surgical resection of known metastases. 

However, before conclusions are made on 

these points, further follow-up of patient co

horts will be necessary. The cellular bioche

mistry involved in metastasis currently lies 

beyond the frontier. Unfortunately, little is 

known about the intracellular and extracel

lular cascades that may influence colorectal 

cancer cell adhesion and metastasis. Several 

studies have suggested that increased pres

sure and shear stress activate cancer cell ad

hesion. Further studies of the pathways that 

regulate integrin-driven cancer cell adhesion 

may identify ways to disrupt these signals 

or block integrin-mediated adhesion so that 

perioperative adhesion and eventual metas

tasis can be prevented in the future, adding 

yet another strategy to combat colorectal 

malignancy. 
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Discussion 





Viable tumor cells are commonly shed into 

the peritoneal cavity during both open,1 

and laparoscopic surgical procedures. 2 Ap

proximately 50% of patients with colorectal 

cancer come to the surgeon with a contained 

malignancy. Inadequate exposure, imperfect 

hemostasis, inadequate lymphadenectomy 

and qualitatively poor margins of excision 

during surgery lead to spillage of cancer cells 

into the peritoneal cavity or surgical site in 

30-50% of patients.3 This contrasts with the 

approximately o. 7% incidence of wound im

plantation after open colon cancer surgery, 4 

and the probably similar incidence of wound 

implantation after laparoscopic colectomy 

for malignancy. 5 Similarly, although viable 

circulating tumor cells are common in can

cer patients, most do not progress to clinical 

metastasis.6 

The contrast between the high rates of tumor 

cell spillage and circulating tumor cells and 

much lower rates of clinical tumor metas

tasis or implantation after surgery suggests 

that tumor implantation may be regulated in 

some way. The mechanisms that determine 

which tumor cells adhere to target organs and 

tissues are poorly understood. Normally, if a 

cell is unable to attach to extracellular matrix, 

it dies through induction of the cell suicide 

program known as apoptosis. Cancer cells, 

however, develop a means to avoid death in 

this situation. Cells that have suffered irre

parable DNA damage activate proteases and 

nucleases that destroy the proteins and DNA 

of the cell, thereby effectively limiting the 

spread of potentially deleterious mutations. 

Cancer cells often exhibit mutations in genes 

involved in regulating this pathway. 

Since not all cancer cells that are shed into 

the peritoneal cavity undergo apoptosis, the

re is always a possibility that these cells will 

eventually cause wound metastasis. Cells 

swirling through the lymphatic or venous 

circulation or around a body cavity or surgi

cal site contact endothelial or other cells or 

extracellular matrix proteins, adhering if the 

correct membrane receptors are deployed at 

the right place to bind to adhesion sites and 

if the energy of cell movement is not so great 

that it overcomes binding affinity. 7 Prolifera

tion and angiogenesis are then required to 

support tumor growth, invasion and subse

quent metastasis. 

A previous study from our group has shown 

that the 151-integrin heterodimer plays a pi

votal role in the adhesion of SW 6 2 o colon 

cancer cell line since a functional antibody 

to the fh-integrin subunit inhibits adhe

sion by 85-90% to collagen I under ambient 

pressure conditions. 8 The above mentioned 

experiment suggests that only 10-15% of 

SW620 colon cancer cell adhesion is either 

mediated by a non is 1-integrin heterodimer 

or by nonintegrin mechanisms. Therefore, it 

seems that the 151-integrin subunit plays a 

prominent role in the adhesion of SW620 co

lon cancer cells to extracellular matrix under 

ambient pressure conditions. In a study by 

Thamilselvan et al flow cytometric analyses 

revealed no change in surface expression of 

cxi, a2, a3 , as, a6, or 151-integrin subunit in 

suspended SW620 cells after pressure. Thus, 

the pressure effect on adhesion seems more 

likely mediated by an increase in integrin ac

tivation than an increase in surface expres

sion of integrins.9 
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Local shifts in the concentrations of extra

cellular magnesium and calcium occur du

ring wound healing, impacting the function 

of divalent cation-dependent cell surface 

molecules responsible for cell-cell and cell

extracellular matrix interactions. 10 Early in 

the process, when cell migration into the 

wound is initiated, magnesium is elevated 

and calcium is reduced. 10 A decrease in cal

cium level may be due to the sequestration 

of calcium by several possible molecular 

events including the calcium dependent 

coagulation cascade. 1 1
•

1 2  As wound hea

ling progresses, wound concentrations of 

magnesium and calcium return to normal 

plasma levels. Both in vitro and in vivo 

studies from our group have demonstrated 

that 10 mM calcium decreased cell adhe

sion to extracellular matrix and in murine 

surgical wounds both adhesion and tumor 

formation were decreased. On the contrary, 

0.25 mM manganese and 0.5 mM magne

sium increased cell adhesion to extracellular 

matrix and in murine surgical wounds both 

adhesion and tumor formation were incre

ased. 13 · 1 4 Ebert et al similarly reported that 

magnesium and manganese stimulate bin

ding of HT-29 colon cancer cells to extracel

lular matrix proteins. 15 However, Ebert et al 

failed to demonstrate an inhibitory effect of 

calcium on HT-29 colon cancer cell adhesi

on, but only studied the effects of a 10-fold 

lower calcium concentration (1 mM). This is 

relevant because our previous in vitro stu

dies demonstrated a dose-dependence of 

calcium effect to matrix proteins, and we 

also found no statistically significant effect 

of this much lower calcium concentration. 1 3 

Others have also demonstrated that calcium 

appears to inhibit the adhesion of various 

cell types, including endothelial adhesion 

1 1 2  

Discussion 

to fibrinogen, 1 6 osteoclast adhesion to os

teopon tin by av:fs3 • 17 and platelet adhesion 

to collagen. 18 Indeed, the literature suggests 

that calcium generally inhibits functional 

activity of integrins belonging to the ih, 

:fs2, and :fs3 subfamilies. 1 6• 1 9• 20 

If the adhesion of malignant colonocytes is 

indeed promoted by magnesium and man

ganese and inhibited by calcium, then these 

results raise the possibility that dilute CaCl
2 

irrigation of surgical sites may decrease lo

cal tumor recurrence from the adhesion of 

shed colon cancer cells, although the impact 

of calcium irrigation on wound healing and 

other potential side effects await investiga

tion. Recently, we have demonstrated that 

total serum levels for calcium and magnesi

um was not different after surgical wounds 

were rinsed with calcium and magnesium 

in Balbi c mice. 14 This is an important ob

servation since elevated serum calcium is 

known to cause various symptoms and so

metimes even cardiac arrythmias. Another 

factor that has to be taken into account is 

that cation changes may not be deleterious. 

For instance, cutaneous wound healing is a 

complex and carefully orchestrated cascade 

of overlapping events that involves changes 

in extracellular matrix proteins composition 

and cell migration and proliferation in res

ponse to numerous cytokines. 2 1
•

2 2  Various 

cytokines are involved during the inflam

matory response and it has been suggested 

that the inflammatory response may be 

involved in tumor cell adhesion during sur

gical wounding. A recent study demonstra

ted that COX-2 inhibitors down-regulated 

:fs1-integrin expression, with consequent 

impairment of the ability of colon cancer 

cells to adhere and migrate on extracellular 



matrix in an in vitro study. 1 3 Therefore, it 

is a possibility that these drugs may reduce 

wound recurrence since they may interfere 

with the adhesion of the cell to extracellular 

matrix. 

Perhaps multiple independent extracellular 

mechanisms are involved in the modulation 

of is i -integrin affinity under ambient pres

sure conditions. However, most colon cancer 

cells that are shed into the peritoneal cavity 

or into surgical wounds are subjected to in

creased pressure conditions during surgery. 

For instance, during laparoscopic colectomy 

for cancer, intra-abdominal pressure is often 

increased by 15 mm Hg as the abdominal 

cavity is expanded to provide room to ope

rate. The pressure engendered by a surgical 

forceps grasping tissue may be as high as 

15 00 mm Hg. 23 Although pressure by the 

surgeon's hand during tumor dissection has 

not been quantified to our knowledge, paral

lel studies suggest that intraocular pressures 

may exceed 50 mm Hg during occular ma

nipulation during enucleation. 24 Since colon 

cancer cells are often subjected to increased 

pressure and or shear during surgery, it now 

becomes interesting to study these effects on 

integrin binding affinity or adhesion as the 

extracellular environment is manipulated by 

divalent cations. Actually, a study by Thamil

selvan et al demonstrated that pressure mo

dulated adhesion independently of maximal 

stimulation by manganese or inhibition by 

calcium, suggesting that pressure must affect 

integrin binding affinity via a different me

chanism than the cations. Indeed, although 

pressure activated F AK and Src and blocking 

FAK or Src blocked the effect on adhesion, 

occurred independently of FAK or Src bloc

kade.9 

The strength of cell adhesion to matrix pro

teins is not solely dependent on alterations 

in the extracellular concentrations of diva

lent cations that modulate integrin affinity 

via an extracellular divalent cation binding 

site on many integrins but also depends on 

pressure and or shear induced inside-out cell 

signaling. Cell signaling after integrin bin

ding to matrix proteins is well described, but 

the intracellular signals by which integrin 

binding is itself regulated are less well under

stood. 

Physical forces such as shear stress, and pres

sure have been reported to affect colon can

cer cells. 25 Increasing ambient pressure and 

the application of shear stress increased cell 

adhesion of several colon cancer cell lines and 

primary human colon cancer cells isolated di

rectly from surgical specimens. 25·26 Indeed, an 

increase of 15 mm Hg above ambient pressu

re had a maximum effect on colon cancer cell 

line adhesion in vitro.8 This is an interesting 

observation, during colorectal cancer surgery 

cells are shed into the abdominal cavity and 

subjected to increases in shear during irriga

tion and increased pressure during and after 

surgical procedures. Such increases in pres

sure may enhance the adhesion of shed cells 

to surgical sites. Although these original stu

dies were performed in vitro, 3 0  minute ex

posure to 15 mm Hg increased pressure has 

more recently been demonstrated to incre

ase cancer cell adhesion to murine surgical 

woundsn and to adversely affect survival in a 

murine transplantable tumor model.28 There 

the divalent cations did not coherently acti- are obviously manifest differences between 

vate these signals and divalent cation effects transplantable tumors in mice and the pa-
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thophysiology of human colon cancers, but 

as these same signal events have also been 

described in primary human colon cancer 

cells, 2 7•
29 the animal data are suggestive that 

the same pathway might affect the develop

ment of metastatic tumors in humans. 

A functional actin cytoskeleton appears 

required for colon cancer cell adhesion in 

vitro. Several studies from our group de

monstrated that phalloidin pretreatment 

prevented the stimulation of colon cancer 

cell adhesion in vitro by shear, turbulence or 

increased extracellular pressure.9•29 Phalloi

din, a bicyclic heptapeptide, binds to actin 

filaments much more tightly than to actin 

monomers, leading to a decrease in the rate 

constant for the dissociation of actin subu

nits from filament ends, which essentially 

stabilizes actin filaments through the pre

vention of filament depolymerization. 30 It 

may therefore be a possibility that a certain 

degree of filament depolymerization is nee

ded for cancer cell adhesion and this pro

cess may be stimulated by shear, turbulence 

or increased pressure conditions. Perhaps 

depolymerization of actin filaments leads 

to less rigid cancer cells and this phenome

non may allow for prolonged con tact time 

and interaction of a greater surface area 

between the cancer cells and the extracellu

lar matrix. As a result, cancer cell adhesion 

may be enhanced. 

If pressure and shear stimulate the adhesion 

of cancer cells8 • 1 3 it may then be important 

to unravel the intracellular mechanisms that 

mediate this effect so that interventions can 

ultimately be targeted to prevent cancer cell 

adhesion. In many cells, the focal adhesion 

kinase PAK transduces signals after adhesi-
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on through association with the cytoplasmic 

domains of integrin subunits. 31 However, 

"inside-out signaling" by which intracellular 

events modulate integrin function is less well 

understood. A study by Cooke et al suggests 

that mechanical stimulation of enterochrom

affin-derived BON cells directly or indirectly 

stimulates a G protein-coupled receptor 

that activates Galphaq, mobilizes intracel

lular calcium, and causes 5-HT release.32 Alt

hough this study did not portray increased 

adhesion due to mechanotransduction, it 

did show that shear stress on carcinoid cells 

activate an intracellular cascade that releases 

5-HT. Consistent with such force-activated 

intracellular signaling, Thamilselvan et al de

monstrated that extracellular pressure may 

increase integrin affinity and promote colon 

cancer adhesion in vitro via actin-dependent 

inside-out PAK and Src signals.9 Likewise, 

another study from our group raised the pos

sibility that shear stress and turbulence may 

stimulate adhesion of malignant cells shed 

from colon cancers by a mechanism that re

quires both actin-cytoskeletal reorganization 

and an independent physical force activation 

of Src kinase.29 Yet another in vivo study 

from our group demonstrated that pressure 

stimulated murine colon cancer cell adhesi

on to murine surgical wounds by Src kinase 

and inhibition of this kinase by PP2 comple

tely blocked pressure stimulated adhesion 

to these wounds. 27 From these studies one 

can conclude that both PAK and Src kinases 

are involved in colon cancer cell adhesion to 

both matrix proteins and murine surgical 

wounds under increased pressure, shear and 

turbulence conditions. 

Until recently, we had postulated that 

FAK3 97 autophosphorylation within focal 



adhesions was an early event in the pres

sure-induced pathway, which is required 

for subsequent PAK-Src interaction and 

PAK5 76/5 77 phosphorylation by Src .9 In 

contrast, a more recent observation from 

our group suggests that PAK397 phospho

rylation in colon cancer cells responding 

to extracellular pressure actually requires 

prior activation of phosphatidylinositol 3-

kinase (PI3Kinase) . B oth PI3Kinase and 

Akt-1 are stimulated by extracellular pres

sure and required for the stimulation of 

colon cancer cell adhesion. The PI3-kinase/ 

Akt signaling pathway has also been corre

lated with prostatic metastasis34 and colon 

cancer cell invasion. 23 The overexpression of 

the PI3-kinase/ Akt pathway has also been 

described in human ovarian cancer. 2 5 Alt

hough the entire pathway has not yet been 

elucidated, it now seems that an intact cy

toskeleton is required for focal adhesion ac

tivation. Second, Src activation is required 

for PI3-kinase activation, which is in turn 

required for the activation of cytosolic PAK, 

next Akt-1 kinase translocates PAK to the 

cell membrane, where PAK associates with 

integrins and regulates integrin-mediated 

adhesion.35 Coprecipitating studies suggest 

that the N-terminal of PAK complexes with 

the cytoplasmic domain of the :fh-integrin 

subunit in response to pressure,34 sug

gesting that integrins could interact directly 

with PAK.35 

Indeed, it is likely that the intracellular cas

cade involved in colon cancer cell adhesion 

to extracellular matrix is very complex. Se

veral key structural proteins are involved in 

the mechanotransduction pathway, inclu

ding cytoskeletal elements,36 the adapter 

proteins paxillin37·38 and alpha actinin-1.39 

Both paxillin and alpha actinin-1 facilitate 

focal adhesion formation and physically 

links integrin-associated focal adhesion 

complexes with the cytoskeleton. These fo

cal adhesion associated proteins are often 

abnormally expressed or mutated in cancer 

cells.40-42 Therefore, they may be important 

in tumor biology in general. Indeed, in a 

preliminary proof of principle, knockout of 

alpha actinin-1 has been shown to abolish 

the effect of pressure on tumor-free survi

val in a murine transplantable tumor mo

del.28 In another study, increased extracellu

lar pressure increased adhesion and paxillin 

Y31 phosphorylation in S W620 colon can

cer cells, Caco-2 colon cancer cells, primary 

human colon cancer cells, and murine colo

nic adenocarcinoma. Paxillin reduction by 

siRNA decreased SW620 and Caco-2 paxil

lin without altering basal levels of phosp

horylated paxillin Y 31. Paxillin reduction 

decreased basal adhesion to collagen and 

inhibited pressure-stimulated adhesion, as 

well as paxillin Y31 ,  PAK39 7, PAK5 76, and 

Srq16 phosphorylation. Neither PP2 nor 

siRNA to PAK inhibited induction of paxil

lin Y 31 phosphorylation by pressure. In 

contrast, adhesion stimulated PAK, Src , and 

paxillin Y 3 1 phosphorylation regardless of 

paxillin reduction. This suggests that paxil

lin Y 3 1 phosphorylation in adherent cells 

may be downstream of the PAK and Src 

signaling cascade. Others have demonstra

ted that paxillin is phosphorylated by PAK 

and Src after integrin engagement and in 

turn binds to downstream proteins, facili

tating their recruitment into the signal cas

cade.37 ·43 ·44 Yet more importantly, our study 

has demonstrated that paxillin may be an 

upstream mediator of inside-out cell signa

ling that influences malignant cell adhesion 
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in response to physical forces such as pres

sure and shear stress. Although these focal 

adhesion associated proteins are not kina

ses themselves, these proteins facilitate the 

interaction of various kinases and other 

proteins required for this pathway to func

tion. This makes them a promising target to 

uncouple the pathway required for force-ac

tivated adhesion without actually inhibiting 

cellular kinases, possibly leading to less side 

effects. Unfortunately, there are no phar

macologic agents as of yet that target the 

paxillin protein. If such a drug is developed 

in the near future it will become important 

to perform animal studies before a human 

phase I study can commence. 

Clinical observations also suggest that physi

cal forces may contribute to carcinogenesis in 

head and neck cancers.37 ·45-47 Since PAK and 

Src both interact with paxillin37 •38•44 and a dif

ferent physical force, repetitive deformation, 

stimulates paxillin phosphorylation in other 

cell types, 37.48-49 we hypothesized that paxillin 

phosphorylation in response to extracellular 

pressure might interact with other inside-out 

signal proteins that modulate integrin-medi

ated adhesion of head and neck cancer cells. 

Indeed, paxillin influences squamous cancer 

adhesion, both at ambient pressures and 

under conditions of increased extracellular 

pressures. Paxillin-overexpression, noted in 

some malignancies, appears to maximally 

upregulate adhesive properties, even at am

bient pressure. Paxillin phosphorylation on 

Tyr residue 118 in empty vector control cells 

is upregulated in response to pressure and 

the same phenomenon is seen for PAK397 

and Src416 in squamous head and neck can

cer cells.37 Although, the interaction of these 

focal adhesion kinases prior to adhesion has 
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not been investigated, it  is  possible that the

se signals play a pivotal role in the adhesion 

of squamous cancer cells subjected to incre

ased pressure conditions. However, before 

conclusions can be made, further studies will 

be necessary to unravel the cascade that is 

involved in squamous cancer cell adhesion to 

extracellular matrix. 

Increasing evidence suggests that tumor 

cells can regulate their own adhesion to ma

trix proteins, endothelial cells, or surgical 

wounds via intracellular signals that modu

late the binding affinity of matrix receptors 

through ih-integrin heterodimers. Several 

studies have shown that overexpression 

of FAK, Src and paxillin occur in breast,50 

head and neck37 and colon cancer cell lines8 

as well as in primary human colon cancer 

cell lines isolated directly from surgical spe

cimens. 9 Although the entire pathway has 

not yet been elucidated, work from our la

barotory suggest that the adhesiveness of 

metastasizing epithelial cancer cells may 

be increased by a force-activated pathway 

involving paxillin, alpha actinin-1, Src, PI3-

kinase, PAK and Akt-1. It is important to 

distinguish between the inside-out events 

by which intracellular signaling before ad

hesion regulates integrin binding affinity 

from the outside-in events that occur after 

adhesion when integrin binding induces 

the activation of focal adhesion kinases and 

subsequent downstream events. An intact 

cytoskeleton also seems to be required for 

FAK activation and the ultimate effect on 

adhesion, 36 so the cytoskeleton may act as 

a tensegrity style sensor for external for

ces that activate this pathway. Besides the 

pressure stimulated intracellular signaling 

pathway prior to adhesion, a pressure in-



dependent extracellular cation signaling 

pathway also plays a pivotal role in cell ad

hesion to surgical wounds. In the near fu

ture irrigation of the intra-abdominal cavity 

with calcium cations may be an acceptable 

treatment to decrease wound recurrence. 

However, systemic drugs targeting the in

tracellular signaling cascade may be of gre

ater clinical significance since they may not 

only decrease local recurrence in surgical 

wounds but also decrease cancer cell adhe

sion and subsequent metastasis at distant 

sites. The signals studied in our laboratory 

may prove important targets for therapeu

tic intervention to inhibit metastasis in the 

future. 
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Colorectal cancer is the third most common 

cancer and the third cause of cancer morta

lity in the United States. By the age of 70 

years, at least 50% of the western populati

on will develop some form of a colorectal tu

mor. These tumors span the spectrum from 

an early benign polyp to an invasive adeno

carcinoma. Over the past years, tremendous 

progress has been made in the management 

and prognosis of colorectal carcinoma due 

to advances in surgical techniques and ad

juvant therapies. These advances include 

total mesorectal excision, the resection of 

liver and lung metastases, and advances in 

chemoradiation and drug targeting strate

gies. Despite these advances, post-operative 

shedding of viable tumor cells into the cir

culation or the abdominal cavity may have 

severe clinical consequences in curable can

cer patients. 

Post-operative circulating or shed tumor 

cells are common in cancer patients. Most 

of these cells do not adhere to the abdomi

nal wall and progress to clinical metastases 

due to early apoptosis. Another important 

factor is that the implantation of tumor 

cells after surgery may be regulated in some 

way. The mechanisms that determine which 

tumor cells adhere to target organs and tis

sues are poorly understood. The adhesion of 

metastasizing cancer cells is often viewed as 

a passive process on the part of the cancer 

cells themselves. However, increasing evi

dence suggests that tumor cells can regulate 

their own adhesion through both extracel

lular and intracellular signals that modulate 

the integrin binding affinity. Adhesion of 

tumor cells occurs primarily through the in

tegrin family of receptors. Although the en

tire intracellular pathway has not yet been 

unraveled, previous work suggests that 

the involved signaling events occurred pri

marily within the focal adhesion complex. 

The signaling proteins of the focal adhesion 

complex are involved in cancer cell lines of 

the breast, head and neck and colon. These 

signaling proteins are also involved in hu

man colon cancer cells isolated directly 

from surgical specimens. The focal adhe

sion signaling proteins are activated when 

pressure acts on these cells. This results in 

an increased binding affinity of the ih-in

tegrin. The cellular biochemistry currently 

lies beyond the frontier. Further studies of 

the pathways that regulate integrin-driven 

cancer cell adhesion may identify ways to 

disrupt or block these signals. Disruption 

of these signals may prevent adhesion and 

metastasis in the future. 

Physical forces can activate intracellular sig

nals that modulate the biology of various 

cancer cell types in vitro. We hypothesized 

that shear stress and turbulence might incre

ase colon cancer cell adhesion to extracellu

lar matrix. The adhesion of cancer cells to ex

tracellular matrix may potentiate metastatic 

implantation. Chapter 2 involves the SW620 

colon cancer cell line and primary human 

colon cancer cells isolated from resected 

tumors. These cells were subjected to shear 

and turbulence by stirring the cells in sus

pension. Shear stress increased subsequent 

adhesion of the SW 6 20 cell line and primary 

human colon cancer cells when compared 

to control cells. In vitro kinase assay and 

Western analysis demonstrated a significant 

increase in Src kinase activity in the cells 

exposed to shear stress. The Src kinase inhi

bitors PP1 (0.1 uM) and PP2 (20 uM), and 

the actin-cytoskeleton stabilizer phalloidin 
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(10 uM) prevented the adhesion of cells to 

collagen I by shear stress. PP2 inhibited ba

sal Src activation and prevented shear stress 

induced Src activation. Pretreatment of cells 

with phalloidin did not induce these effects. 

These results raise the possibility that shear 

stress and turbulence may stimulate the ad

hesion of malignant cells shed from colon 

cancers. The mechanism of adhesion requi

res both actin cytoskeletal organization and 

an independent physical force activation of 

Src kinase. 

Colon cancer cells shed viable tumor cells 

during both open and laparoscopic proce

dures. During these procedures, cells may 

be released into the abdominal cavity or 

the circulation. These cells may adhere at 

distant sites and metastasize. Previous in 

vitro studies by Thamilselvan and colle

gues reported that an increase in extracel

lular pressure activates intracellular signals. 

These signals modulate colon cancer cell 

adhesion to purified matrix proteins and 

to endothelial monolayers. In Chapter 3 we 

hypothesized that pressure stimulates co

lon cancer cell adhesion to surgical wounds. 

We quantified the adhesion of murine 26 

and 51 transplantable colon cancer cells by 

cell counting or 5 1Cr-labeling. Tumor cells 

were added to murine surgical wounds after 

preincubation under ambient or increased 

pressure. Pressure stimulated the adhesion 

of colon 26 and 51 cells to murine surgical 

wounds and also induced Src phosphoryla

tion in colon 26 cells. The phophorylization 

of Src was assayed through immunoblot

ting. The Src inhibitor PP2 did not inhibit 

Src phosphorylation at ambient pressure 

but prevented pressure induced Src phosp

horylization. Therefore, increased pressure 
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may activate cancer cell adhesion to surgi

cal wounds via Src and the Src inhibitor PP2 

might inhibit this process. 

Metastasizing colon cancer cells bind target 

tissues primarily via integrins. Extracellular 

pressure or shear stress stimulates integrin

mediated cell adhesion to matrix proteins 

or endothelial cells. Cell adhesion occurs 

through activation of the focal adhesion pro

teins FAK and Src. This effect is blocked by 

cytoskeletal perturbation. Paxillin, a focal 

adhesion associated protein, may link the 

cytoskeleton to the focal adhesion complex. 

Therefore, in Chapter 4 we evaluated the role 

of paxillin in pressure-induced malignant 

colonocyte adhesion. First, we studied the 

role of paxillin in SW620 colon cancer cells. 

The key results in SW620 cells were then 

confirmed in Caco-2 colon cancer cells, pri

mary human colon cancer cells, and murine 

colonic adenocarcinoma. The adhesion of 

these cells to collagen was studied at am

bient pressure and increased pressure after 

30 minutes. The phosphorylation of paxillin, 

FAK and Src prior to cell adhesion was also 

studied at ambient and increased pressure. 

Cells were treated with siRNA to either paxil

lin or FAK, or the cells were treated with the 

Src inhibitor PP2. Pressure-induced signals 

in suspended cells were compared to pres

sure-induced signals in cells adherent to col

lagen. Pressure stimulated the phosphoryla

tion of paxillin and the cell adhesion in all 

the studied cell types (SW620 cells, Caco-2 

cells, human primary colon cancer cells and 

murine carcinoma cells). SiRNA to paxillin 

decreased SW620 and Caco-2 total paxillin 

without altering basal levels of phosphoryla

ted paxillin. SiRNA to paxillin decreased ba

sal adhesion and inhibited pressure-stimula-



ted adhesion of SW620 and Caco-2-cells to 

collagen. The phosphorylation of paxillin, 

FAK3 97, FAK576 and Src416 were inhibited 

by siRNA to paxillin under increased pres

sure conditions for both SW620 and Caco-

2-cells. Neither PP2 (inhibition of Src) nor 

siRNA to FAK inhibited the phosphorylation 

of paxilllin by pressure. In contrast, adhe

sion stimulated FAK397, FAK576, Src416 

and paxillin phosphorylation regardless of 

paxillin reduction. In summary, pressure 

caused paxillin phosphorylation in colon 

cancer cells. Reduced paxillin levels inhibited 

the basal adhesion of SW620 and Caco-2 cell 

adhesion. In addition reduced paxillin levels 

blocked the pressure-mediated increase in 

SW620 and Caco-2-cell adhesion. In non

adherent SW620 and Caco-2-cells inhibition 

of paxillin by siRNA blocked pressure-indu

ced FAK, Src and paxillin phosphorylation. 

Paxillin may be an upstream mediator of 

pressure-stimulated adhesion, important in 

metastasis. 

Some studies suggest that paxillin may be 

important in tumor biology. Overexpres

sion of paxillin has been noted in various 

aggressive tumors such as head and neck 

cancers and osteosarcomas. In Chapter 5 

we hypothesized that paxillin plays a role 

in modulating squamous cancer cell adhe

sion both at baseline and under conditions 

of increased extracellular pressure. For the 

purpose of this study, SCC25 tongue squa

mous cancer cells were stably transfected 

with either an empty selection vector or a 

paxillin overexpression vector. We studied 

adhesion to collagen in cells maintained un

der ambient or 15 mm Hg increased pres

sure for 30 minutes. The expression and 

phosphorylation of paxillin, FAK and Src 

were studied under identical circumstances. 

Under ambient pressure, paxillin-overex

pressing cells exhibited increased adhesion 

compared with vector-only cells. Under 

ambient pressure, paxillin-overexpression 

reduced FAK3 97 but not Srq16 phopho

rylation. Pressure increased the adhesion in 

vector only cells when compared to ambient 

pressure, similar to its effect in the parental 

line. Paxillin, FAK and Src phosphorylation 

was also stimulated by increased pressure 

in the vector-only cells. However, the adhe

sion or phosphorylation of paxillin, FAK or 

Src was not further increased by pressure in 

paxillin-overexpressing cells. Metastasizing 

squamous cancer cell adhesiveness may be 

increased by paxillin-overexpression or by 

paxillin activation by extracellular pressure 

during surgical manipulation or growth wit

hin a constraining compartment. Targetting 

paxillin in patients with a malignancy and 

minimal tumor manipulation during surgi

cal resection may be important therapeutic 

adjuncts. 

Cell adhesion to extracellular matrix is me

diated by diverse receptors, most notably 

by members of the integrin superfamily. 

Previous studies have demonstrated that 

during cutaneous injury, extracellular ca

tion concentrations in animal wound fluids 

were substantially different from those ob

served in normal extracellular fluid. Small 

changes in divalent cation concentrations 

can substantially stimulate or inhibit inte

grin binding under physiological conditi

ons. In Chapter 6 we decided to study the 

influence of divalent cations on colon can

cer cell adhesion in vivo. We added CaCl
2

, 

MgCl
2 

or MnCl
2 

to murine colon 26 cell 

suspensions in murine wounds for 30 mi-
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nutes. We washed away non-adherent cells 

and quantified adhesion by 5 1 Cr-counting. 

In parallel studies, wounds were closed and 

mice observed for 90 days. The addition of 

magnesium and manganese increased adhe

sion to murine surgical wounds. However, 

calcium inhibited cell adhesion to murine 

surgical wounds. In the survival studies, 

7 2% of controls developed tumors during 

follow-up. Tumor formation was stimulated 

in both magnesium and manganese to 96% 

and 92% respectively. However, calcium re

duced tumor formation to 56% without al

tering serum calcium. These outcomes dif

fered by log rank (p< o.01) and Holm-Sidak 

tests (p< o.05). This study demonstrated 

that magnesium and manganese potenti

ate cancer cell adhesion to murine wounds 

while calcium inhibits cancer cell adhesion 

and subsequent tumor development. Dilute 

CaCl could inhibit local tumor recurrence. 

Chapter 7 reviews recent advances in surgi

cal techniques and adjuvant therapies for 

colorectal cancer and foreshadows some 

interventions that may lie just beyond the 

frontier. In particular, little is known about 

the intracellular and extracellular cascades 

that influence colorectal cancer cell adhe

sion and metastasis. Although "outside-in 

integrin signaling" is well described, the 

stimulation of cell adhesion by intracel

lular signals activated by pressure prior to 

adhesion represents a different signal para

digm. Several studies have suggested that 

increased pressure and shear stress activate 

cancer cell adhesion. These physical forces 

influence focal adhesion kinases and struc

tural proteins that are necessary to enable 

integrin expression on the cell membrane. 

Further studies of the pathways that re-
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gulate integrin-driven cancer cell adhesion 

may identify ways to disrupt these signals 

or block integrin-mediated adhesion. This 

may help reduce or possibly even prevent 

metastasis in the future. 

Increasing evidence suggests that tumor 

cells can regulate their own adhesion to ma

trix proteins, endothelial cells, or surgical 

wounds via intracellular signals that modu

late the binding affinity of matrix receptors 

through f h-integrin heterodimers. Several 

studies have shown that overexpression of 

PAK, Src and paxillin occur in breast, head 

and neck and colon cancer cell lines as well 

as in primary human colon cancer cell lines 

isolated directly from surgical specimens. 

Although the entire pathway has not yet 

been elucidated, our work suggests that the 

adhesiveness of metastasizing epithelial 

cancer cells may be increased by a force

activated pathway. This pathway involves 

paxillin, alpha actinin-1, Src, PI3K, PAK and 

Akt-1. It is important to distinguish inside

out events (intracellular signaling that re

gulates the integrin binding affinity prior to 

cell adhesion) from outside-in events. Out

side-in events occur after adhesion when 

integrin binding induces the activation 

of focal adhesion kinases and subsequent 

downstream events. An intact cytoskeleton 

also seems to be required for PAK activa

tion and the ultimate effect on adhesion. 

The cytoskeleton may act as a tensegrity 

style sensor for external forces that activate 

this pathway. Besides the pressure stimula

ted intracellular signaling pathway prior to 

adhesion, a pressure independent extracel

lular cation signaling pathway also plays 

a pivotal role in cell adhesion to surgical 

wounds. In the near future irrigation of the 



intra-abdominal cavity with calcium cations 

may be an acceptable treatment to decrease 

wound recurrence. However, systemic drugs 

targeting the intracellular signaling cascade 

may be of greater clinical significance. These 

systemic drugs may not only decrease local 

recurrence in surgical wounds but also de

crease cancer cell adhesion and subsequent 

metastasis at distant sites. The signals stu

died in our laboratory may prove important 

targets for therapeutic intervention to inhi

bit metastasis in the future. 
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Het colorectaal carcinoom is de derde meest 

voorkomende kanker en tevens de derde 

oorzaak van kanker gerelateerde mortaliteit 

in de Verenigde Staten. Rand het zeventigste 

levensjaar ontwikkelt tenminste 50% van de 

westerse bevolking een colorectale tumor. Dit 

kan varieren van een vroeg benigne poliep 

tot een invasief adenocarcinoom. Gedurende 

de afgelopen jaren is er veel vooruitgang ge

boekt met betrekking tot de behandeling en 

prognose van het colorectaal carcinoom. Dit 

is met name te danken aan verbeteringen in 

de chirurgische technieken en adjuvante be

handelingen. Deze vooruitgangen zijn totale 

mesorectale excisie, de resectie van lever- en 

longmetastasen, verbeteringen in chemora

diatie en de "drug targetting" therapieen te

gen het colorectaal carcinoom. Ondanks deze 

nieuwe ontwikkelingen kunnen postopera

tief losgeraakte tumorcellen in de bloedcir

culatie of in de buikholte nadelige gevolgen 

hebben op de overleving van patienten die in 

opzet curatief zijn behandeld. 

Postoperatief circulerende of losgeraakte 

turnorcellen komen vaak voor bij kankerpa

tienten. Bij het merendeel van de patienten 

on tstaan geen metastasen op afstand door 

vroege apoptose van deze cellen. Daarnaast 

is het ook waarschijnlijk dat de implanta

tie van tumorcellen wordt gereguleerd. Het 

mechanisme dat verantwoordelijk is voor de 

adhesie van tumorcellen aan extracellulaire 

matrix of doelorganen is nog steeds niet 

ontrafeld. Tot zeer kart geleden werd adhe

sie van gemetastaseerde cellen als een pas

sief proces beschouwd. Tegenwoordig zijn er 

steeds meer aanwijzingen dat tumorcellen 

hun eigen adhesie kunnen bei:nvloeden. De 

adhesie van tumorcellen vindt plaats via de 

farnilie van integrine receptoren. Verschil-

lende intracellulaire en extracellulaire sig

nalen kunnen de bindingsaffiniteit van de 

integrine op de celmembraan moduleren. Al

hoewel de volledige signaalcascade nog niet 

duidelijk is, blijkt uit eerdere studies dat de 

meeste signalen afkomstig zijn vanuit bet 

focale adhesie complex. De focale adhesie 

signaal eiwitten zijn betrokken bij mamma

carcinoom, hoofd/hals maligniteiten en bij 

het coloncarcinoom. Deze eiwitten kunnen 

geactiveerd warden door uitwendige druk 

op de eel met als gevolg een toename van de 

bindingscapaciteit van de :fh-integrine. Het 

fosforylering proces van de verschillende fo

cale adhesie kinasen en focale adhesie geas

socieerde eiwitten is uitgebreid beschreven 

bij cellen waarbij adhesie al heeft plaatsge

vonden ("outside-in" integrine signalering). 

Stimulatie van intracellulaire signalen door 

uitwendige druk voorafgaand aan celadhesie 

is een mechanisme waarover niet veel bekend 

is. Nieuwe studies zijn nodig om de cascade 

te doorgronden die verantwoordelijk is voor 

:fh -integrin expressie wanneer tumorcellen 

warden blootgesteld aan uitwendige druk. 

Het streven is om in de toekomst bepaalde 

eiwitten in de cascade te blokkeren zodat de 

kans op adhesie en eventuele metastasen ge

reduceerd kan warden. 

Fysische krachten hebben invloed op de in

tracellulaire signalen van coloncarcinoom 

cellen in vitro. Wij veronderstellen dat de 

adhesie van coloncarcinoom cellen zal toe

nemen bij blootstelling aan schuifspanning 

en turbulentie. Dit proces zou kunnen leiden 

tot metastasen op afstand. In hoofdstuk 2 

wordt beschreven hoe coloncarcinoom cel

len warden blootgesteld aan schuifspanning 

en turbulentie. De coloncarcinoom cellen 

die hiervoor werden gebruikt zijn de SW620 
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coloncarcinoom cellijn en primaire colon

carcinoom cellen ge'isoleerd uit gereseceerde 

tumoren. Schuifspanning en turbulentie 

werden toegepast door de celsuspentie met 

een magnetische roerstaaf te roeren. Schuif

spanning verhoogde de adhesie van zowel 

de SW620 coloncarcinoom cellen en de pri

maire coloncarcinoom cellen aan collageen 

ten opzichte van de controle cellen. In vitro 

kinase assay en Western blot analyse toonde 

een significante toename van Src kinase ac

tiviteit in de cellen die blootgesteld werden 

aan schuifspanning. Src kinase inhibitoren 

PP1 (0. 1 µM), PP2 (20 µM) en een actine

cytoskelet stabilisator genaamd phalloidin 

(10 µM) inhibeerden schuifspanning gei:ndu

ceerde celadhesie aan collageen. Bovendien 

verhinderde PP2 zowel basale Src fosforyle

ring als ook schuifspanning gei:nduceerde Src 

fosforylering. Schuifspanning gei:nduceerde 

celadhesie werd niet gezien na behandeling 

met phalloidin. Deze resultaten lijken erop 

te duiden dat schuifspanning en turbulentie 

de adhesie van losgelaten coloncarcinoom 

cellen mogelijk bevorderen door zowel ac

tine-cytoskelet reorganisatie alsmede door 

onafhankelijke activatie van het Src kinase 

eiwit. Het blokkeren van deze kinase zal in 

de toekomst hopelijk leiden tot minder me

tastasen na chirurgische resectie van kwaad

aardige colon tumoren. 

Tijdens open en laparoscopische chirurgie 

kunnen losgeraakte coloncarcinoom cellen 

in de buikholte of in de bloedsomloop te

recht komen. Dit kan resulteren in adhesie 

van deze cellen en tenslotte in metastasen 

op afstand. Eerdere in vitro studies lieten 

zien dat een toename van uitwendige druk 

fosforylering van de intracellulaire signalen 

veroorzaakte. Hierdoor nam de adhesie van 
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coloncarcinoom cellen aan endotheelmono

lagen en aan gepurifeerde matrix eiwitten 

toe. In hoofdstuk 3 veronderstellen wij dat 

uitwendige druk de adhesie van coloncarci

noom cellen zal stimuleren aan chirurgische 

wonden. De adhesie van transplantabele co

loncarcinoom muiscellijnen 2 6 en 51 werd 

gekwantificeerd door celtelling met een tel

kamer of door cellen te merken met 5 1Cr. 

De tumorcellen werden in lieswonden van 

muizen ge'implanteerd na pre-incubatie on

der controle omstandigheden of onder om

standigheden van toegenomen uitwendige 

druk. Een toename van uitwendige druk sti

muleerde adhesie van de muiscellijnen 26 en 

51  in de lieswonden. Daarnaast stimuleerde 

toegenomen uitwendige druk Src activatie in 

muiscellijn 26. De invloed van toegenomen 

druk op de activatie van Src werd bevestigd 

door middel van immunoblotting voor ge

fosforyleerd Src. De Src kinase remmer PP2 

had geen inhiberend effect onder controle 

omstandigheden, maar verhinderde fosfo

rylatie van Src bij toegenomen uitwendige 

druk. Hieruit blijkt dat toegenomen uitwen

dige druk de adhesie van tumorcellen in 

chirurgische wonden bevordert via Src. Dit 

proces kan mogelijk in de toekomst warden 

verhinderd door een Src kinase remmer. 

Gemetastaseerde coloncarcinoom cellen bin

den aan een doelorgaan door middel van in

tegrines. Toegenomen extracellulaire druk of 

schuifspanning stimuleert integrine geme

dieerde adhesie aan matrix eiwitten of aan 

endotheelcellen door activatie van de focale 

adhesie eiwitten PAK en Src. Dit effect wordt 

echter teniet gedaan door verstoring van het 

cytoskelet met phalloidin. In hoofdstuk 4 be

sloten wij de rol van paxillin te bestuderen 

bij de adhesie van coloncarcinoom cellen on-



der omstandigheden van toegenomen druk. 

Paxillin is een focale adhesie geassocieerd 

eiwit die mogelijk het cytoskelet aan het fo

cale adhesie complex bindt. In deze studie 

werden SW620 coloncarcinoom cellen en 

Caco-2 coloncarcinoom cellen bestudeerd. 

De belangrijkste resultaten in deze twee cel

lijnen hebben wij daarna onderzocht en be

vestigd in primaire humaan coloncarcinoom 

cellen en de muiscellijn 26 coloncarcinoom 

cellen. De adhesie van cellen aan collageen 

werd bepaald na 30 minuten blootstelling 

van de cellen aan controle omstandigheden 

of aan omstandigheden met 15 mm Hg toe

genomen extracellulaire druk. Daarnaast 

werd in celsuspensies gekeken naar de fos

forylatie van paxillin, FAK en Src. Sommige 

cellen zijn tevens behandeld met siRNA te

gen paxillin of FAK, of door de Src kinase 

remmer PP2. Druk ge'induceerde signalen 

van cellen in suspensie werden vergeleken 

met de signalen van cellen na adhesie aan 

collageen. Verhoogde extracellulaire druk sti

muleerde adhesie en paxillin fosforylatie in 

SW620 cellen, Caco-2 cellen en in primaire 

humane coloncarcinoom cellen. Deze bevin

dingen werden bevestigd in de muiscellijn 

2 6 coloncarcinoom cellen. Het siRNA tegen 

paxillin reduceerde adhesie onder controle 

omstandigheden en inhibeerde een toename 

van adhesie bij verhoogde extracellulaire 

druk. Paxillin siRNA verminderde ook de 

fosforylatie van paxillin, FAK3 97, FAK576 

en Srq16. De Src kinase remmer PP2 noch 

siRNA tegen FAK had een inhiberend effect 

op paxillin fosforylatie onder verhoogde ex

tracellulaire druk omstandigheden. Daar

en tegen werd fosforylatie van FAK, Src, en 

paxillin in adhesieve cellen niet gereduceerd 

door siRNA tegen paxillin. Dit betekent dat 

toegenomen extracellulaire druk fosforylatie 

van paxillin induceert. Het reduceren van 

paxillin door middel van siRNA verminderde 

celadhesie onder controle omstandigheden 

en blokkeerde celadhesie onder toegenomen 

extracellulaire druk. FAK en Src kinasen wer

den tevens gei:nhibeerd door paxillin onder 

toegenomen extracellulaire druk. Hierdoor 

is paxillin waarschijnlijk een bovenstrooms 

eiwit in het proces van druk gestimuleerde 

adhesie. Paxillin speelt mogelijk een rol bij de 

metastasering van tumorcellen. 

Een aantal studies suggereert dat paxillin een 

belangrijke rol speelt in de biologie van de 

tumor. Overexpressie van paxillin is gezien 

in verschillende agressieve hoofd-hals ma

ligniteiten en osteosarcomen. In hoofdstuk 

5 wordt een overzicht gegeven van welke rol 

paxillin speelt bij de adhesie van plaveiselcel

carcinomen onder controle omstandigheden 

en verhoogde extracellulaire druk. Voor onze 

studie onderzochten wij SCC25 plaveisel

celcarcinoom cellen van de tong. Deze cellen 

werden getransfecteerd met een lege vector 

of met een paxillin overexpressie vector. De 

adhesie van deze cellen aan collageen werd 

bestudeerd onder controle omstandigheden 

of onder omstandigheden van toegenomen 

extracellulaire druk. Tevens werden de ex

pressie en fosforylatie van paxillin, FAK en 

Src onder deze omstandigheden bepaald. 

Onder controle omstandigheden toonden 

de cellen met paxillin overexpressie een toe

genomen adhesie ten opzichte van de lege 

vector cellen. De paxillin overexpressie cellen 

toonden tevens verminderde FAK fosforyla

tie. Onder toegenomen druk omstandighe

den toonden de lege vector cellen een toege

nomen adhesie en een verhoogde activatie 

van paxillin, FAK en Src. Echter, de adhesie 

of fosforylatie van FAK, Src en paxillin onder 
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toegenomen druk werd niet gestimuleerd 

in cellen met paxillin overexpressie. Het is 

wellicht mogelijk dat de bindingscapaciteit 

van plaveiselcelcarcinoom cellen verhoogd 

wordt door paxillin overexpressie of paxillin 

activatie. Het fosforyliseren van paxillin kan 

ontstaan door toegenomen extracellulaire 

druk ten gevolge van chirurgische manipula

tie of door de groei van tumoren in een be

perkt compartiment. Bij patienten met een 

maligniteit is het van belang om losgeraakte 

tumorcellen door chirurgische manipulatie 

te beperken. Wellicht is het in de toekomst 

mogelijk om een therapie te ontwikkelen te

gen het paxillin eiwit. 

Celadhesie aan extracellulaire matrix wordt 

bewerkstelligd door verschillende recepto

ren. De belangrijkste hiervan zijn de is-inte

grines. Eerdere studies met proefdieren heb

ben aangetoond dat extracellulaire kation 

concentraties in subcutane wonden anders 

zijn clan normale extracellulaire kation con

centraties. Kleine veranderingen in divalente 

kation concentraties kunnen de affiniteit van 

integrines bei:nvloeden onder fysiologische 

omstandigheden. In hoofdstuk 6 wordt een 

overzicht gegeven hoe divalente kationen 

invloed kunnen hebben op de adhesie van 

in vivo tumor cellen. In deze studie werd ge

durende 30 minuten CaCl
2

, MgCl
2 

of MnCl
2 

toegevoegd aan de muiscellijn 26 celsuspen

sies in lieswonden van Balbi c muizen. De 

non-adherente cellen werden weggespoeld 

en adhesie werd gekwantificeerd door mid

del van 5 1Cr-telling. In een parallelle studie 

werden de lieswonden gesloten en de muizen 

gedurende 90 dagen geobserveerd. Het toe

voegen van magnesium en mangaan stimu

leerde adhesie aan de chirurgische wonden. 

Daarentegen veroorzaakte calcium inhibitie 
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van celadhesie aan de chirurgische wonden. 

In de overlevingsstudie ontwikkelde 72% 

van de controle muizen tumoren tijdens de 

follow-up. Magnesium stimuleerde tumor 

ontwikkeling in 96% van de muizen en man

gaan tot 92%. Daarentegen reduceerde het 

calcium kation de ontwikkeling van tumo

ren tot 56% zonder dat er veranderingen 

ontstonden in het serum calciumgehalte. 

De resultaten zijn statistisch significant na 

analyse door middel van log rank (p<o.01) 

en Holm-Sidak tests (p<o.05). Deze studie 

toont aan dat magnesium en mangaan adhe

sie bevorderen, terwijl calcium een remmend 

effect heeft op adhesie van tumorcellen aan 

chirurgische wonden in muizen. Misschien 

zal het peroperatief spoelen met CaCl
2 

in 

de toekomst het aantal wond recidieven ver

minderen. 

Hoofdstuk 7 behandelt recente ontwikkelin

gen in chirurgie en neo-adjuvante therapieen 

voor het colorectaal carcinoom. In dit hoofd

stuk zullen ook therapieen worden benoemd 

die in de nabije toekomst mogelijk tot de 

standaardbehandeling zullen gaan behoren. 

Tot dusver is er weinig bekend over druk ge

induceerde intracellulaire en extracellulaire 

cascades die van belang zijn voor adhesie en 

metastasen van colorectale cellen. Het me

chanisme van "outside-in" integrine signa

lering waarbij fosforylatie van focale adhesie 

eiwitten ontstaat na adhesie van cellen is 

uitgebreid beschreven. Recent zijn er echter 

studies verschenen waarin fysische krachten 

de adhesie van tumor cellen stimuleerde. 

Deze fysische krachten bevorderen focale 

adhesie kinasen en structurele eiwitten die 

van belang zijn voor integrine expressie op 

de celmembraan. Aanvullend onderzoek is 

nodig om de cascades te onderzoeken die be-



trokken zijn bij de regulatie van integrine af

bankelijke celadhesie. In de toekomst is bet 

wellicbt mogelijk om deze signalen te onder

breken en adhesie en metastasen op afstand 

te voorkomen. 

bandeling met systemiscbe tberapie zal niet 

alleen lokale wand recidieven verminderen, 

maar mogelijk ook metastasen op afstand. 

De intracellulaire signalen die door ons zijn 

onderzocbt zijn wellicbt te inbiberen door 

tberapeutiscbe interventie. Het uiteindelijke 

Er is steeds meer bewijs dat tumorcellen bun doel is bet aantal wand recidieven en metas-

adhesie aan matrix eiwitten, endotbeliale tasen op afstand te reduceren. 

cellen of aan cbirurgiscbe wonden reguleren 

via intracellulaire signalen. Deze intracellu

laire signalen regelen bindingsaffiniteit van 

matrix receptoren door middel van :fh-inte

grine beterodimeren. Het blijkt dat overex

pressie van PAK, Src en paxillin voorkomt 

bij verscbillende tumoren. Deze eiwitten zijn 

betrokken bij mammacarcinoom, boofd/hals 

maligniteiten, verscbillende coloncarcinoom 

cellijnen en tevens bij primair bumaan colon

carcinoom cellen ge'isoleerd vanuit cbirurgi

sche specimens. Het exacte mecbanisme is 

nog steeds niet bekend. Het is van belang 

om onderscbeid te maken tussen bet "inside 

out" en bet "outside-in"mecbanisme. Bij bet 

"inside out" mecbanisme be'invloeden intra

cellulaire signalen voorafgaand aan adhesie 

de integrine affiniteit en bij bet "outside-in" 

mecbanisme warden focale adbesie eiwitten 

na adhesie geactiveerd. Het blijkt dat een in

tact cytoskelet ook van belang is voor PAK 

fosforylatie en celadbesie. Mogelijk fungeert 

bet cytoskelet als een externe sensor die bij 

fysiscbe kracbten de focale adhesie eiwitten 

stimuleert. Daarnaast is er ook een druk 

onafhankelijk extracellulair mecbanisme be

trokken bij celadbesie. Wellicbt is bet in de 

toekomst mogelijk om de buikbolte perope

ratief te spoelen met calcium kationen om 

bet aantal wand recidieven te verminderen. 

Niettemin zal systemiscbe bebandeling ge

ricbt tegen de intracellulaire signalen waar

schijnlijk van grater kliniscb belang zijn. Be-
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