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Abstract
Background—Repetitive deformation stimulates proliferation in human Caco-2 intestinal
epithelial cells via an ERK1/2-dependent pathway. We examined the effects of cytoskeletal
perturbation on deformation-induced signaling in Caco-2 cells.

Methods—The Caco-2 cell cytoskeleton was disrupted with either cytochalasin D, phalloidin,
colchicine, or paclitaxel. α-Actinin-1, -4, and paxillin were reduced by specific siRNA. Cells on
collagen I-precoated membranes were subjected to 10% repetitive deformation at 10cycles/min.
After 1h, cells were lysed for western blot analysis.

Results—Strain activated ERK1/2, FAK, and Src phosphorylation in DMSO-and/or NT siRNA-
treated control cell populations. Cytochalasin D and paclitaxel, but not phalloidin and colchicine,
blocked ERK1/2 phosphorylation. Reduction of α-actinin-1, but not α-actinin-4 and paxillin,
inhibited ERK1/2 and FAK phosphorylation, whereas Src activation appears to be independent of
these effects.

Conclusions—The intestinal epithelial cell cytoskeleton may transduce mechanical signals via α-
actinin-1 into the focal adhesion complex, culminating in ERK1/2 activation and proliferation.
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INTRODUCTION
Physical forces including strain, pressure, and shear can initiate intracellular signals that
regulate diverse aspects of cell biology1-3. Intestinal epithelial cells are subject to repetitive
physical deformation during peristalsis and villous motility4. Such cyclic deformation
stimulates signals within intestinal epithelial cells that cause cell differentiation and
proliferation in vitro4-7 and in vivo8. The mucosa atrophies during sepsis or ileus when such
stimuli are absent9, even if the patient is adequately nourished parenterally. Strain-induced
deformation has been shown to activate focal adhesion kinase (FAK), Src, and extracellular
signal regulated kinases (ERK1/2) in intestinal epithelial cells10, 11 and tyrosine kinase
signaling within the gut mucosa in vivo12. Although kinases activated by mechanical forces
are now well known, both in intestinal and other cells, the specific manner by which cells sense
mechanical stimuli and convert them into kinase-driven chemical signals remains poorly
understood.

Stretch-activated ion channels, mechanosensitive membrane-associated enzymes, distortion of
cytoskeletal filaments, and integrin-ECM interactions have all been shown to contribute to the
relay of mechanical signals in various cell models13-17. More specifically, it has been
theorized that the mechanical strain imposed by repetitive cell deformation may be transferred
to load-bearing filaments in the cytoskeleton and thence to cytoskeleton-associated molecules
in the focal adhesion complex18. We therefore sought to determine whether the cell
cytoskeleton and associated linking molecules α-actinin and paxillin play a role in the
mechanotransduction of strain-induced signals.

We used the actin polymerization inhibitor cytochalasin D, the actin stabilizer, phalloidin, the
microtubule polymerization inhibitor, colchicine, and the microtubule stabilizer, paclitaxel, to
examine the requirement for cytoskeletal integrity on strain-induced ERK1/2 phosphorylation
in Caco-2 cells. We also examined the effect of α-actinin-1, -4, and paxillin reduction by
siRNA. Due the higher specificity of siRNA-mediated perturbation of this phenomenon, the
effects of α-actinin-1, -4, and paxillin reduction on FAK and Src phosphorylation were also
studied.

MATERIALS AND METHODS
Cell culture

Human Caco-2 intestinal epithelial cells were isolated and maintained as previously
described19. Cells were grown to confluence on collagen I matrix-precoated Flexwell I plates
(Flexcell International Corp, Hillsborough, NC). All studies were performed on cells within 8
passages.

Transfection and inhibitor treatments
Cells were transfected with double-stranded small interfering RNA (siRNA) directed toward
the mRNA target 5′- CACAGAUCGAGAACAUCGAAG-3′ for α-actinin-1, toward 5′-
CCACAUCAGCUGGAAGGAUGGUCUU-3′ for α-actinin-4, and toward 5′-
GTGTGGAGCCTTCTTTGGT-3′ to inhibit paxillin expression. SiRNA duplexes were
synthesized by Dharmacon (Lafayette, CO). A Dharmacon siCONTROL Non-Targeting
siRNA #1 (siNT) sequence was used as a control. SiRNAs were introduced with
Oligofectamine according to the manufacturer's protocol (Invitrogen, Carlsbad, CA). Cell
transfectants were used for strain experiments after 48 hours. Alternate cell populations were
pretreated for 1 hour with either 5μM cytochalasin D, 10μM phalloidin, 10μM colchicine, or
10μM paclitaxel prior to strain application.
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Strain application
Once cell monolayers reached confluency, Flexwell plates were placed in a cell culture
incubator (5% CO2, 37°C) and the membranes were repetitively deformed, via a computer-
controlled vacuum manifold (FX3000; Flexcel, McKeesport, PA), by ∼20 kPa vacuum at 10
cycles/min, producing an average 10% strain on the adherent cells during deformation. Cells
were exposed to either static or strain conditions for 1 hour. Non-uniformity of strain in the
center of the flexible wells was addressed by placing a Plexiglass ring in the center, so that
cells could be plated peripheral to the ring where strain is relatively uniform. The cells remain
adherent under these conditions and experience parallel elongation and relaxation6.

Western blotting
Following strain, Caco-2 cells were lysed in lysis buffer containing 50 mM Tris pH 7.4, 150
mM NaCl, 1% Triton X-100, 10% glycerol, 1% deoxycholic acid, 0.1% SDS, 1 mM EDTA,
1 mM EGTA, 1 mM PMSF, 1 mM sodium vanadate, 50 mM NaF, 10 mM sodium
pyrophosphate, 2 μg/mL aprotinin and 2 μg/mL leupeptin. Cell lysate protein concentrations
were determined using a BCA protein assay kit (Pierce, Rockford, IL). Equal amounts of
protein were resolved by SDS–PAGE and transferred to Hybond ECL nitrocellulose membrane
(Amersham Pharmacia Biotech, Piscataway, NJ). Antibodies to phosphorylated ERK1/2
Y202/T204, total ERK1/2 (Cell Signaling, Beverly, MA), phosphorylated FAK Y397 and
Y576 (BD Transduction Laboratories, San Diego, CA), total FAK, clone 4.47 (Upstate,
Temecula, CA), phosphorylated Src (Y416), total Src, clone L4A1 (Cell Signaling), GAPDH
(Biodesign International, Saco, MN), α-actinin-1 (US Biological, Swampscott, MA), α-
actinin-4 (ALEXIS Corp., Lausen, Switzerland), and paxillin (BD Transduction Laboratories)
coupled with appropriate horseradish peroxidase-conjugated secondary antibodies (Cell
Signaling) were used for immunodetection of blotted proteins. Bands were detected with
enhanced chemiluminescence (Amersham) and analyzed with a Kodak Image Station 440CF
(Perkin Elmer, Boston, MA). All exposures were within the linear range of the system.

Statistical analysis
Statistical analysis was done using SigmaStat software (SPSS, Inc., Chicago, IL). Student t
tests or paired t tests were employed as appropriate. A 95% confidence interval was set a priori
as the desired level of statistical significance.

RESULTS
Strain-induced ERK1/2 phosphorylation requires both an intact cytoskeleton and the
capacity for microtubule rearrangement

To investigate the role of the actin cytoskeleton and microtubule network in conveying strain-
induced intracellular signals, human Caco-2 intestinal epithelial cell monolayers were
pretreated with either DMSO, cytochalasin D, phalloidin, colchicine, or paclitaxel, then
subjected to an average 10% repetitive deformation at 10 cycles per minute for 1 hour (Fig.
1). Lysates were analyzed by western blot for relative ERK1/2 phosphorylation. DMSO-treated
control cells displayed a 29±10% increase (n=7; p<0.02) in ERK1/2 phosphorylation following
strain application compared with cells under static conditions. Inhibition of actin
polymerization by cytochalasin D significantly reduced basal ERK1/2 phosphorylation and
prevented any strain-induced effect (n=7; p<0.01). However, actin filament stabilization by
phalloidin, an inhibitor of actin depolymerization, did not inhibit strain-induced ERK1/2
phosphorylation (n=7; p<0.01). Cells treated with colchicine also still exhibited a 26±8%
increase in deformation-induced ERK1/2 activation (n=7; p<0.04), while microtubule
stabilization by paclitaxel inhibited this effect (n=7; p<0.01).
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Strain-induced ERK1/2 phosphorylation requires α-actinin-1, but not α-actinin-4 or paxillin
We next investigated whether the cytoskeleton-associated molecules α-actinin and paxillin
were necessary for strain-induced mechanotransduction. α-Actinin facilitates focal adhesion
formation and physically links integrin-associated focal adhesion complexes with the
cytoskeleton20, whereas paxillin is a focal adhesion-associated protein that functions as a
multi-domain adapter molecule21. α-Actinin isoforms, α-actinin-1 and -4 are found in colonic
epithelial cells22, 23. We therefore sought to assess whether strain-induced signaling involved
a specific α-actinin isoform. Individual isoform-specific siRNA sequences and transfection
conditions were optimized to achieve a 50−70% knockdown of α-actinin-1 and -4, and paxillin
protein in Caco-2 cells (Fig. 2A). Cells transfected with siNT served as a control group for
each cell population. Following repetitive deformation (Fig. 2B), siNT transfectants displayed
a 23±5% increase (n=5; p<0.01) in ERK1/2 phosphorylation. α-Actinin-1 reduction blocked
strain induced ERK1/2 phosphorylation (n=5; p<0.02), whereas neither α-actinin-4 nor paxillin
reduction had any effect (n=5; p<0.03).

SiRNA-mediated reduction of α-actinin-1 blocks strain-induced FAK phosphorylation, but
not Src

We have previously reported that Caco-2 strain-induced ERK1/2 mitogenic signaling requires
activation of both FAK and Src11. Because siRNA-mediated perturbation of cytoskeletal
signaling is more specific, we used this technique rather than pharmacologic manipulation to
further evaluate the role of the cytoskeleton in strain-induced FAK and Src phosphorylation,
again reducing α-actinin-1, -4, and paxillin by siRNA (Fig. 3). Following strain, siNT-
transfected cells displayed 23±7% (Fig. 3A; n=5; p<0.02) and 31±6% (Fig. 3B; n=5; p<0.01)
increased FAK Y397 and Y576 phosphorylation, respectively. SiNT transfectants also
exhibited a 28±7% increase in Src Y416 phosphorylation (Fig. 3B; n=5; p<0.01), consistent
with previous results11. SiRNA-mediated reduction of α-actinin-1 blocked strain-induced
phosphorylation of FAK Y397 (Fig. 3A; n=5; p<0.02) and Y576 (Fig. 3B; n=5; p<0.01), but
did not affect Src (Fig. 3C; n=5; p<0.02). Similar to the siNT controls, cells with reduced α-
actinin-4 and paxillin expression displayed a 33±8% (Fig. 3A; n=5; p<0.01) and 37±10% (Fig.
3A; n=5; p<0.02) increase in strain-induced FAK Y397 phosphorylation and a 29±9% (Fig.
3B; n=5; p<0.02) and 34±10% (Fig. 3B; n=5; p<0.03) increase in phospho-FAK Y576.
Reducing α-actinin-4 or paxillin also did not alter strain-mediated Src Y416 phosphorylation
(Fig. 3C; n=5; p<0.02).

DISCUSSION
Mechanical forces in the gut contribute to intestinal homeostasis by influencing intestinal
epithelial cell proliferation and differentiation. We have previously reported repetitive
deformation stimulates proliferation in human Caco-2 intestinal epithelial cells in an integrin-
and matrix-dependent manner via an ERK1/2-dependent pathway that requires activation of
both FAK and Src11, 24. In our current investigation, actin disruption with cytochalasin D,
but not phalloidin, blocked strain-induced ERK1/2 phosphorylation, whereas microtubule
perturbation by paclitaxel, but not colchicine, also inhibited this effect. These opposing results
suggest that while an intact actin cytoskeleton is required for strain-induced signaling, the
capacity for microtubule reorganization is also necessary. Further, reduction of the actin-
associated molecule, α-actinin-1, inhibited deformation-induced ERK1/2 phosphorylation and
activation of FAK, while α-actinin-4 and paxillin silencing had no effect. The failure of α-
actinin-1, -4, and paxillin reduction to influence strain-induced Src phosphorylation suggests
that Src and FAK activation may be independently regulated.

Transmembrane integrin adhesion receptors provide a structural bridge between the
extracellular matrix (ECM) and the interior cell cytoskeleton. They are well-positioned to
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mediate and convey bi-directional mechanical signals between the ECM and intracellular
signaling molecules25. The necessity of α-actinin-1 in strain-induced mechanotransduction
may reflect its function as a physical link between the actin cytoskeleton and integrins18, 26.
This idea is consistent with Ingber's “cellular tensegrity” model, in which physical distortion
of the cell cytoskeleton is proposed to transfer mechanical loads through actin-associated
molecules and initiate intracellular signaling. This concept is further supported by our previous
observation that pharmacologic perturbation of the cell cytoskeleton inhibits pressure-
stimulated cell adhesion and FAK activation, but not Src27.

Apart from the structural role of α-actinin-1 as a tethering molecule, its ability to function as
a scaffolding protein and directly interact with ERK1/2 may potentially be of similar
importance in this phenomenon28. However, α-actinin-1 strain-induced protein-protein
interactions were deemed outside of the scope of the current investigation. The focal adhesion
adapter protein paxillin has also been implicated in mitogenic signaling pathways29 and
previously was found to be necessary for pressure-stimulated cell adhesion30, 31. Interestingly,
in contrast to pressure-induced signaling, paxillin does not appear to play a seminal role in
strain-activated mechanotransduction. This difference may be due to a lesser dependence on
focal adhesion formation and turnover in the strain-induced signaling of already adherent cells
as opposed to pressure-activated signaling in suspended cells.

In summary, our data suggest that the intestinal epithelial cytoskeleton may sense and transduce
mechanical signals via α-actinin-1 into the focal adhesion complex, culminating in ERK1/2
activation and proliferation. The orchestrated response of these signaling elements to
mechanical stimuli is crucial for the maintenance of intestinal homeostasis. Aberrations in this
signaling pathway during ileus or fasting may contribute to mucosal atrophy and offer potential
targets for therapy.
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Figure 1. Effect of pharmacologic cytoskeletal perturbation on strain-induced ERK1/2
phosphorylation
Caco-2 cells grown on collagen I and subjected to 1 hour of cyclic strain show increased
ERK1/2 phosphorylation. Cells treated with either DMSO, cytochalasin D (5μM), phalloidin
(10μM), colchicine (10μM), or paclitaxel (10μM), were assessed for ERK1/2 phosphorylation
under static (open bars) and strain (closed bars) conditions. Western blots were probed for
phosphorylated ERK1/2, then stripped and reprobed for total ERK1/2. All bars are normalized
against the DMSO-treated static control and expressed as mean ± SEM. (*P<0.05; n=7)
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Figure 2. Effect of siRNA-mediated reduction of α-actinin-1, -4, and paxillin on strain-induced
ERK1/2 phosphorylation
(A) Typical reduction of total α-actinin-1, -4, and paxillin protein in Caco-2 cells transfected
with siRNA targeted to α-actinin-1 (siACTN1), α-actinin-4 (siACTN4), and paxillin (siPAX)
as measured by western blot. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
as a loading control and target protein expression is normalized against that of non-target
siRNA (siNT) transfectant controls (P<0.01; n=5). (B) Caco-2 cell siRNA transfectants were
grown on collagen I and subjected to 1 hour of cyclic strain, then assessed for ERK1/2
phosphorylation. Western blots were probed for phosphorylated ERK1/2, then stripped and
reprobed for total ERK1/2. All bars are normalized against the siNT-transfected static control
and expressed as mean ± SEM. (*P<0.05; n=5)
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Figure 3. Effect of siRNA-mediated reduction of α-actinin-1, -4, and paxillin on strain-induced FAK
and Src phosphorylation
Following reduction of α-actinin-1, -4, and paxillin protein, Caco-2 cell transfectants were
grown on collagen I and subjected to 1 hour of cyclic strain, then lysed for western blot analysis.
(A-C) Western blots were probed for phosphorylated FAK Y397, FAK Y576, and Src Y416,
then stripped and reprobed for total FAK and Src. All bars are normalized against their
respective siNT-transfected static control and expressed as mean ± SEM. (*P<0.05; n=5)
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