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One of the primary functions of any
epithelium is to act as a barrier.
To maintain integrity, epithelia migrate
rapidly to cover wounds and there is
intense interest in understanding how
wounds are detected. Numerous soluble
factors are present in the wound environ-
ment and epithelia can sense the presence
of adjacent denuded extracellular matrix.
However, the presence of such cues is
expected to be highly variable, and here
we focus on the presence of edges in the
epithelial sheets as a stimulus, since they
are universally and continuously present
in wounds. Using a novel tissue culture
model, free edges in the absence of any
other identifiable cues were found to trig-
ger activation of the epidermal growth
factor receptor and increase cell motility.
Edges bordered by inert physical barriers
do not activate the receptor, indicating
that activation is related to mechanical
factors rather than to specific cell-cell
interactions.

The fundamental role of epithelia is to
provide barriers between different com-
partments of the organism and to the out-
side environment. During development
and in adulthood, epithelial cells employ
their inherent ability to migrate as a col-
lective sheet to generate or restore barrier
function. Collective migration is essential
for processes such as organogenesis and
wound healing, and similar migratory
mechanisms can go awry and contribute to
cancer metastasis. Therefore, a consider-
able amount of research has been directed
at understanding the cellular signals that
initiate and sustain epithelial migration.'?

In numerous epithelia, the epidermal
growth factor receptor (EGFR) is acti-
vated by wounding, and blocking the
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activity of the receptor pharmacologically
or by genetic techniques inhibits heal-
ing. Conversely, experimental stimulation
of the EGFR results in enhancement of
wound healing in many instances, under-
scoring the central role of the EGFR in
the healing process.”® Wounding induces
proteolytic release of ligands, such as
heparin-binding EGF-like growth factor
(HB-EGF), from precursors located in the
cell membrane in a mechanism that resem-
bles EGFR transactivation by G-protein
coupled receptors.””’
model of epithelial morphogenesis, eyelid

In a mammalian

closure in mice, epithelial sheet movement
is also dependent on the proteolytic release
of HB-EGF, which activates the EGFR."
Therefore, not only are the biomechani-
cal processes that control epithelial move-
ments during morphogenesis and wound
healing similar, but the signals that induce
this motility are similar as well.

Given its importance, it is not surpris-
ing that many mechanisms have evolved
to regulate epithelial wound healing.
Starting immediately after wounding,
the epithelium is inundated with a large
number of growth factors and cytokines
produced by bordering tissues and infil-
trating inflammatory cells."'"'* In addi-
tion, epithelial cells themselves possess
mechanisms that detect the presence of
wounds. Epithelial cells in a monolayer
are not stationary, but appear to move
around in a lively fashion, which could
theoretically produce wound
because the cells could simply fill up the
space that is opened up after wounding.
In support of this, computer modeling
has shown that the behavior of individu-
ally randomly moving cells can approxi-
mate the observed collective migration
as a sheet.” However, human corneal
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Figure 1. Models to study cues that initiate and sustain migration of epithelial cell sheets. (A) A wound induced acutely by scraping for instance

with a pipette tip. Mechanical stresses and cell breakage are prominent and released molecules can act as stimuli. (B) Migration at later stages. New
interactions can be formed continuously with extracellular matrix as the cells move. (C) Cells grown at a non-adhesive interphase. Free edges are
present and the cells can extend various protrusions. Whether free edges are also detected in (A and B) is not known. Plastic is depicted as very dark
grey, polyHEMA light grey. (D) A cell sheet bordering a physical barrier (agarose, textured grey). Notably, EGFR activation and increased cell motility is
increased in all situations where physically unconstrained edges are present (A-C).

limbal epithelial (HCLE) and other cells
react to wounding by increasing their
velocities near edges,' so they respond to
wounds by changes in behavior and must
therefore contain appropriate detection
mechanisms.

Different Roles of Stimuli
during Wound Healing

Tissue culture models have been useful in
understanding molecular mechanisms in
healing of wounds in epithelial cell sheets.
Although some important aspects of
wound healing are lost, for instance effects
of blood-derived factors and other interac-
tions with adjacent tissues, the models do
reproduce the closure of gaps introduced
in the cell layer and important features of
signaling in the induction of movement
are retained. Even in culture, wounding
is a complex event and generates many
potential stimuli that can be detected by
cells. In the most commonly used model,
scratching a cell layer with a pipette tip or
similar instrument (Fig. 1A), there is inev-
itably cell breakage that results in release
of intracellular components such as ATP.
In addition, the initial trauma induces
mechanical perturbation, the extracellu-
lar matrix is laid bare and free edges are
created. Some of the potential stimuli
may act only at the time of infliction of
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wounds. This is clearly the case for the
initial mechanical perturbation. Also,
wounding induces an instant Ca** signal
at the edge, but the signal is extinguished
after a couple of minutes.” Signaling by
extracellular ATDP is also likely to be tran-
sient. It is mainly generated from broken
cells and is expected to be removed by exo-
nucleases or washed out.

Many of these immediate, transient
stimuli can undoubtedly contribute to
promote cell migration. For instance,
stimulation of cells with ATP clearly
induces activation of the EGFR,'*'® and
ATP accelerates healing when present
continuously at high concentrations in
the culture medium. However, no single
one of these signals seems to be necessary
for induction of movement. For instance,
neither wounding sheets of epithelial
cells under conditions that minimize cell
breakage,®'"2
of extracellular ATP with apyrase has any
detectable effect on healing of wounds in
sheets of corneal epithelial cells.” In addi-
tion, the early activation of the EGFR,
which occurs after a few seconds, is not
absolutely required for induction of move-
ment because blocking the receptor by a
chemical inhibitor (tyrphostin AG 1478)
at the time of wounding and subsequently
washing it out at later time points does not
impede healing."

nor the effective removal
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Some stimuli are expected to be pres-
ent continuously as cell sheets migrate
to cover a wound or during development
(Fig. 1B). For instance, an epithelial cell
sheet that migrates over a basement mem-
brane is expected to constantly form new
interactions with cell surface integrins,
which is known to induce activation of
the EGFR.?' Blocking EGFR signaling at
various times after infliction of wounds
with either tyrphostin AG 1478 or neu-
tralizing antibodies has shown that con-
tinuous activity of the EGFR is required
for progression of wound closure.

A Model to Determine the Effects
of Free Edges on Signaling
in Epithelial Cell Sheets

Wounds are very heterogeneous in
nature, and the presence of individual
stimuli is expected to be highly incon-
sistent. To decipher the roles of different
stimuli, we and others have developed
models that reduce the number of sig-
naling inputs that may influence heal-
ing.#141920 A common factor shared by
epithelial sheets during wound heal-
ing and development is the presence
of free edges, and we therefore created
a new model to test the effects edges
in the absence of other cues in epithe-
lial cell sheets." Petri dishes are coated
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Figure 2. A model to determine the effects of free edges in epithelial cell sheets (cf. Fig. 1C)." (A) Schematic of plates covered with polyHEMA and
plastic strips. Light gray, polyHEMA; dark gray, plastic; inset, phase contrast microscopy of HCLE cells grown on plastic strips. (B) x-z section of a
confocal image of HCLE cells at the edge of a plastic strip. The strips and poly-HEMA were labeled with fluorophores (green and blue, respectively),
and the cells were labeled with the membrane dye Vybrant DiD (depicted in red). (C) Immunoblot of extracts with an antibody against EGFR
phosphorylated on tyr-1173. The blots were stripped and reprobed with antibodies that recognize total amounts of the EGFR. The same blots were
also probed with an antibody against B-actin as load control. (D) Immunoblot of extracts with an antibody against activated ERK1/2. The blots were
stripped and reprobed with antibodies that recognize total amounts of the ERK1. The columns in (C and D) are means of six determinations £SD.

with poly(2-hydroxyethyl methacrylate)
(polyHEMA), which does not allow
cell adherence and cells are seeded on
0.5 mm wide plastic strips cast on top of
this layer (Figs. 1C and 2A). Examination
by confocal microscopy reveals that the
cells extend over the edges of the plastic
strips and are thus physically uncon-
strained (Fig. 2B). In this model there
is no acute cell damage and new adhe-
sions cannot form with adjacent extra-
cellular matrix. Also, activation is not
due to extracellular ATP signaling or to
breakdown of segregation of EGFR and
its ligands at edges. As controls, cells are
seeded on dishes that are totally coated
with plastic, and signaling can therefore
be compared in cultures that contain
many free edges with cultures that con-
tain no introduced edges.

Using this model, we found that edges
induce activation of the EGFR and its
down-stream effectors extracellular sig-
nal-regulated kinases 1 and 2 (ERK1/2)
in HCLE and MDCK cells (Fig. 2C
and D). Activation results from proteo-
lytic cleavage of precursors of ligands
for the receptor, as is the case after acute
wounding, and similarly to wounding,
secretion of the ligands is under the con-
trol of Src family kinases. In HCLE cells,
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the EGFR appears downregulated, which
is in agreement with the chronic nature
of the stimulation. Cells near the edges
migrate at increased velocities thus dem-
onstrating a similar biological response as
is seen after acute wounding. This shows
that the presence of free edges in itself is a
signal that is detected by the cells.

Sensing Free Edges

It is significant that the presence of edges
that are mechanically constrained do not
cause activation of the EGFR. When
HCLE cells are physically constrained by
agarose (Fig. 1D), the EGFR is not acti-
vated. Because edges constrained by these
acellular barriers block activation, the free
edge sensor is unlikely to be the absence
of cell-cell interaction mediated by spe-
cific molecules as has been suggested in
classical formulations of contact inhibi-
tion.”>* More likely, cells sense free edges
by the lack of mechanical forces opposing
the cells at the free edges, which can be
provided by other cells in the cell sheets
or by the presence of agarose barriers.

It is increasingly apparent that cells
are exquisitely responsive to mechanical
forces.?** At a molecular level, cells can
sense the presence of forces by partial
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unfolding of proteins revealing cryptic
sites that may serve to initiate signaling.*®
Candidate proteins are in many instances
part of, or associated with the cyto-
skeleton. Actin-based protrusions could be
associated with sensory functions and, for
instance, filopodia have been suggested to
have a major role in probing the environ-
ment.?”?8 Also, cells can sense mechanical
signals in the plasma membrane through
stress-activated ion channels,” and it is
possible that the part of the cell membrane
at the free edge has very different levels of
tensions compared to the membrane of
cells interior in the cell sheet. Clearly, a
major focus for future research should be
to identify the molecular sensor that trig-

gers edge signaling.
Perspectives

Wounding typically induces many poten-
tial cues that promote damaged epithelia
to migrate and cover areas that are laid
bare. The cues commonly induce acti-
vation of the EGFR and they therefore
seem to have at least partially redundant
effects. Wounding is a messy event and
the extent and duration of each cue is
expected to be highly variable. We there-
fore speculated that the very presence of
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edges, which per definition are always pres-
ent in wounds, might in itself be a cue for
induction of EGFR activation and migra-
tion. This is not a new thought; in 1915
Herbert W. Rand formulated the famous
dictum that “an epithelium will not toler-
ate a free edge™ and that epithelia tend to
move to form uninterrupted sheets during
development or after wounding. Indeed,
with very few exceptions epithelia in adult
organisms are continuous. However, when
edges form after wounding or during
development, subsequent movement is now
known to be guided by interplay of many
types of cues. We developed a simple model
that allows analysis of signaling induced
by free edges in epithelial cell sheets with a
minimal influence of other cues including
molecules released from broken cells or for-
mation of new connections to extracellular
matrix. We found that the very presence of
edges is sufficient to induce activation of
the EGFR and to increase motility of cells.
Although the details may vary (for instance,
other receptor systems could be involved),
this type of mechanism could explain the
universal propensity of epithelia to migrate
at edges.

Elucidation of the signaling pathway
that detects free edges should be valuable
for answering questions concerning its
roles. This will likely allow monitoring
and specifically blocking the pathway even
when other signals that trigger the EGFR
are activated, because edges appear to
induce unique intracellular signaling. For
instance, exogenous ATP or interaction
with extracellular matrix signals through
Pyk2 (a kinase related to focal adhesion
kinase®) but free edges do not signal
through Pyk2 (Block and Klarlund,** data
not shown).

Many questions need to be addressed:
Is the pathway activated acutely after
wounding? The model (Fig. 1C) reflects a
chronic stimulation and it is possible that
rearrangements within the cell layer after
wounding are necessary for the appropri-
ate tensions to develop to trigger signal-
ing. The size and geometry of wounds are
known to determine whether wounds heal
by a formation of a contractile actin cable
or by lamellipodia-dependent migration,
which are regulated by the small GTPases
rho, rac and cdc42. Which GTPases
are activated through the pathway, and
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can the signaling stimulate both mecha-
nisms of healing? Finally, elucidation of
the pathway should allow gene knockout
strategies to study the role of the pathway
in vivo.

Chronic wounds are characterized by
continued defects in epithelial coverage
and since the model provides a persistent
stimulation, it should be a useful in vitro
tool to study defects in signaling at edges
in such wounds. It is noteworthy that the
EGEFR is downregulated at the edges of
the epidermis in chronic venous ulcers,”
as is predicted by the model. During
acute wounding, or when movement of
the epithelial sheet is progressing (Fig. 1A
and B), additional stimuli are present
that can further enhance motility and
fine-tune the motile phenotype of the epi-
thelial cells. For instance, the presence of
edges alone results in slightly enhanced
secretion of MMP9 in HCLE cells, but
the levels of MMP9 production are greatly
increased when the cells are allowed to
spread on adjacent tissue culture space
(Fig. 1C vs. B)." Production of MMP9
is known to be influenced by integrins
binding to extracellular matrix proteins*
and signals derived from such interactions
are probable cues that induce maximal
MMP9 production in combination with
signals from the EGFR.

The response to edges is quite pos-
sibly graded, and the level of activation
of the pathway could be influenced by
the mechanical properties of the tissues
through which an epithelium migrates.
The biological effects of matrix metal-
loproteases and other extracellular pro-
teolytic enzymes in tumors is extremely
complicated, but is thought overall to
promote progression of malignancies.®
Proteolysis is expected to soften the extra-
cellular matrix in the microenvironment
of the tumor cells, and decreased mechan-
ical resistance could provide a mechanism
that promotes activation of the EGFR in
invading epithelial tumor cells. Many pro-
teases are associated with the cell mem-
brane, and such a mechanism could act
very locally at the surface of the cells, and
may act in conjunction with additional
mechanisms that register other mechani-
cal properties of the tumor environment.*®
Clearly, the existence of a detection
mechanism implies that attention should
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be given to the mechanical properties at
edges in epithelia.
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