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Abstract

Cell detachment is central to a broad range of physiopathological changes, but there are no
quantitative methods to study this process. Here we report programmed subcellular release, a method
for spatially and temporally controlled cellular detachment, and present quantitative results of the
detachment dynamics of 3T3 fibroblasts at the subcellular level.

The dynamic attachment and detachment of cells to and from their extracellular milieu
regulates cell motility and is critical for embryonic development, the inflammatory immune
response, wound repair and metastasis of cancerous cells®. Cells on substrata form focal
adhesion complexes that are spatially and temporally organized over the interface between the
cell and the underlying extracellular matrix (ECM), and mediate a wide range of signaling and
transduction functions2. Quantitative studies of cell adhesion have led to important mechanistic
insights into the architecture and function of focal adhesions, as well as the regulatory processes
that drive their assembly. A widely used method to study focal adhesion assembly is the cell-
spreading assay3~6, whereby a cell initially in suspension is allowed to adhere to an underlying
surface and focal adhesion formation is monitored using live-cell microscopy. This assay has
a well-defined reference point in time that allows determination of the dynamics of focal
adhesion formation. Current methods for studying cell detachment and focal adhesion
disassembly include bulk microtubule disassembly by nocadozole7, a pharmacological
approach that leads to uncontrolled off-target effects, and laser-induced disruption of actin
stress fibers®:? that does not allow for the investigation of the full cascade of subcellular events
from the ECM to the subsequent reorganization of actin filaments and focal adhesion proteins.

The platform for programmed subcellular release (Fig. 1a) is a chip-based device comprising
an array of gold lines on a glass substrate fabricated using photolithography (Fig. 1b,c and
Supplementary Methods online). We chemically tethered an adhesion-promoting arginine-
glycine-aspartic acid (RGD) peptide sequence to the gold lines via a thiol linkage. When cells
are plated on a device, the RGD sequence specifically binds integrins, the major receptors for
cell-ECM adhesion. A computer-controlled low-voltage pulse to an individual gold line results
in rapid (<1 s) desorption and detachment of the thiol groups (Supplementary Fig. 1 online).
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As an additional control, cells plated on devices with arginine-alanine—aspartic acid (RAD)-
terminated thiol did not release (data not shown). Using lithographic techniques, the electrode
width and spacing can be easily controlled and various device configurations can be used. Cell
spreading and focal adhesion formation can be modified by functionalizing the glass surface
with polyethylene glycol to limit focal adhesion formation between the gold lines. Unless
otherwise stated, for all experiments reported here, we did not modify the glass, allowing focal
adhesions to form on both the glass and gold electrodes (Fig. 1d). The gold lines are individually
addressable, allowing for both spatial and temporal control of detachment at the subcellular
level (Fig. 1e). Cells remained viable after release, and in some cases sequential release
experiments could be performed (Supplementary Fig. 2 online).

Upon local release of RGD peptides from a preselected electrode at the cell periphery (Fig.
1le), there was a delay in the overall morphological response of the cell (which we termed
‘induction time”), after which the cell contracted and eventually reached a new configuration
of smaller area in contact with the substratum (Fig. 1e and Supplementary Movies 1-3 online).
We plotted the normalized extent of cell contraction as AL(t)/ALy, (Fig. 1f), where AL(t) is the
change in cell length at time t (Linita) — L(t)) divided by the maximum change in cell length
(Linital — Lina1)- The solid line in Figure 1f shows a good fit to the equation: AL(t)/AL, =1 —
exp(—(t — tg)/t), where tg is the induction time before retraction of the cell, and t is the
characteristic contraction time.

The morphological response of cells to local release is relatively uniform (Fig. 1g) with an
average induction time of 57 + 14 s (mean * s.e.m.) and an average contraction time of 39 +
7 s. High-resolution microscopy analysis revealed that after release of the RGD-thiol from the
electrode there was no apparent change in cell morphology during the induction time
(Supplementary Movie 3). After the induction period, the cell began to contract, and the ensuing
change in cell morphology can be described by a macroscopic model of a cell under tension
with a global contraction that is damped by both the internal viscoelastic friction and the friction
between the cell surface and the substratum.

To establish the biological relevance of our method, we compared our subcellular release
method to the spontaneous cell retraction, or tail snap, observed during normal cell motility on
glass. The contraction associated with tail snap followed the same exponential dynamics with
acharacteristic contraction time within the limits reported above (Supplementary Fig. 3 online).
A feature of normal cell locomotion is the observation that cellular material is often left behind
on the substratum%:11, We often observed debris along the contraction axis after both
programmed subcellular release and spontaneous cell contraction (Supplementary Fig. 4
online). We observed integrins in the debris but not elsewhere along the contraction axis
(Supplementary Fig. 4).

To determine whether programmed subcellular release can be used to study cytoskeletal
regulators of cell detachment and focal adhesion disassembly, we used molecular inhibitors
known to be associated with contractility (Fig. 2). The addition of blebbistatin, which inhibits
the ATPase activity of the nonmuscle motor protein myosin 1112, resulted in a progressive
increase in both induction and contraction times with increasing concentration (Fig. 2a—c). This
increase in contraction time was consistent with the decrease in tensile forces in the cell
resulting from myosin Il inhibition. The addition of the actin-depolymerizing drug latrunculin
B13 decreases the stiffness and contractile forces in adherent cells14. The increase in contraction
time of cells treated with latrunculin B (Fig. 2d—f) can be explained by a reduction of the
intracellular stiffness and prestress in the cytoplasm. Treatment of cells with upstream
regulators of actin filament contraction, such as myosin light chain kinase inhibitor ML-7,
greatly increased the average contraction time and slightly increased the average induction
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time (Fig. 2d-f). Taken together, these results implicate actomyosin contractility in the control
of both the induction and contraction phases of release.

The distribution of induction times was not random (that is, it did not follow Poisson statistics;
Fig. 1g), which suggests that the cell acted as a signal integrator and that this initial “incubation’
phase was not a stochastic but rather an activated process that depends critically on actomyosin
contractility (Fig. 2b). The ensuing contraction phase was well-described by a viscoelastic
relaxation model, which depends on actin filament assembly and contractility.

To determine the dynamics of focal adhesions and actin stress fibers during the induction and
ensuing cell contraction, we imaged live cells expressing GFP-labeled paxillin (GFP-paxillin;
Fig. 3) or GFP-labeled actin (lifeact-GFP1°; Supplementary Fig. 5 online). Cells transfected
with either GFP-paxillin (Fig. 3b,c) or lifeact-GFP (Supplementary Fig. 5¢) showed the same
contraction dynamics as described above with induction and contraction times in the range
observed for nontransfected cells, indicating that the contraction dynamics were not influenced
by transfection. Live-cell imaging of GFP-paxillin revealed that focal adhesions on the release
electrode disappeared during the induction period (59 s) (Fig. 3a,b) whereas focal adhesions
on the glass adjacent to the release electrode remained visible during the induction time (Fig.
3c). The number of focal adhesions decreased slightly during the first 40 s but then decreased
dramatically before the onset of global cell contraction (Fig. 3d,e). We obtained similar results
in a population-averaged morphometric analysis of vinculin, another focal adhesion protein
(data not shown). Subsequent image analysis revealed no change in focal adhesion size and
shape during the induction time (data not shown). Control experiments with the Rho inhibitor
C3 transferase confirmed that the focal adhesions are Rho-dependent. The disappearance of
focal adhesions on the release electrode before the onset of cell contraction was most likely
associated with the contraction of actin stress fibers in the cell (Supplementary Fig. 5).

Live-cell imaging of actin dynamics revealed that the actin stress fibers began to contract before
cell contraction (Supplementary Fig. 5a—f). In this example, the induction time for cell
contraction was 65 s; however, the actin stress fibers began to contract after 38 s. Furthermore,
the contraction of the stress fibers exhibited exponential dynamics, with a characteristic
contraction time of 95 s that was similar to the contraction time of the cell of 91 s. These results
suggest that the detachment and the contraction of the actin stress fibers before the onset of
global cell contraction is associated with the disappearance of the focal adhesions on the release
electrode.

Here we demonstrated that programmed subcellular release of cells can be used to functionally
probe focal adhesion, actin filament and cell detachment dynamics by releasing cells in a
spatially and temporally controlled manner.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Programmed subcellular release. (a) Left schematic illustration showing RGD-integrin
complexes formed at RGD-terminated thiols on gold electrodes. Right, electrochemical
desorption of the tethered RGD peptide from a gold electrode, triggered by a small voltage
pulse, results in local release of the RGD-integrin complexes. (b) Photograph of a device
showing the electrode array (center of the device) and contact pads. (c) Low-resolution phase
contrast image of one end of the electrode array (red box in b), with cells plated on the device.
(d) Overlaid fluorescence images of a fixed 3T3 fibroblast spanning multiple electrodes (dark
diagonal lines) stained for actin fibers (Alexafluor 568 phalloidin, red), vinculin (FITC anti-
vinculin, green) and cell nucleus (DAPI, blue). (e) Phase contrast images during a typical cell
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release experiment. A voltage was applied to an electrode (red arrow) at t = 0 s. After release
of the cell from the gold line on the left, there was an induction period before the cell began to
contract. Scale bars, 4 mm (b), 40 um (c) and 10 um (d,e). (f) Plot of normalized cell contraction
versus time for the cell shown in e. The induction time (tp) and contraction phase (t) are
indicated by the arrows. The solid line is a fit to the equation AL(t)/ALy, = 1 — exp(—(t—tg)/7),
with ty =43 s and T = 16 s. (g) Plot of the normalized cell contraction curves for 22 cells.
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Figure 2.

Programmed subcellular release in the presence of cytoskeleton inhibitors. (a—c) Normalized
cell contraction curves and mean induction and contraction times with 0 uM (n = 18), 2.5 uM
(n=4),10 pM (n=3) and 50 uM (n = 3) blebbistatin. (d—f) Normalized cell contraction curves
and mean induction and contraction times for cells treated with: 0.3 pM (n = 3) latrunculin B
and 20 uM (n = 3) ML7 on cell release. *P < 0.05; **P < 0.01; ***P < 0.001. Error bars, s.e.m.
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Figure 3.

Cell detachment and focal adhesion dynamics. (a) Phase contrast images of cell release (top
electrode) of a 3T3 fibroblast transfected with GFP-paxillin. Cellular debris is seen along the
contraction trajectory after release (98 and 158 s). (b) Fluorescence images of the regions of
the cell (left box in a): focal adhesions on the release electrode during release and cell
contraction (the contrast was enhanced for clarity; see Supplementary Methods. (c)
Fluorescence images of the regions of the cell in a indicated by the white box at the right: focal
adhesions on the glass during release and cell contraction. All bars, 5 um. (d) Normalized cell
contraction versus time for the cell in a with tg = 68 s and T = 85 s. () The total number of
focal adhesions versus time for the cell shown in a.

Nat Methods. Author manuscript; available in PMC 2010 June 8.

]
150



