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Laminin-5 is a major adhesion protein of the skin basement membrane and crucially
involved in integrin-mediated cell substrate attachment of keratinocytes, which is
important for hemidesmosomal anchorage as well as for keratinocyte migration during
epidermal wound healing. To investigate its role in keratinocyte migration, we analyzed
laminin-5-deficient cells of patients with a lethal variant of junctional epidermolysis
bullosa. Normal migrating keratinocytes adopted monopolar morphology with a distinct
front lamella and employed a continuous mode of translocation. In contrast, laminin-5-
deficient cells assumed a stretched bipolar shapewith two lamella regions andmigrated in a
discontinuous, saltatory manner characterized by significantly decreased directional
persistence and reduced migration velocity. The distinct morphology as well as the
migratory phenotype apparently resulted from a defect in the formation of cell substrate
adhesions that were completely missing in the cell body and less stable in the lamella
regions. Accordingly in normal keratinocytes, a bipolar shape and a saltatory migration
mode were inducible by blocking laminin-5-mediated substrate adhesion. Our findings
clearly point to an essential role of laminin-5 in forming dynamic cell substrate adhesion
during migration of epidermal keratinocytes and provide an explanation for the cellular
mechanisms that underlie the lethal form of junctional epidermolysis bullosa.

© 2007 Elsevier Inc. All rights reserved.
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Introduction

Cell substrate adhesion is pivotal for a variety of biological
processes such as maintenance of tissue integrity and cell
migration. Cell migration is indispensable to life as it serves
many biologically important processes such as embryonic
erzog).

er Inc. All rights reserved
organogenesis and the inflammatory response, as well as
tissue repair and regeneration including epidermal wound
healing. In addition, it plays a central role in cancer formation
andmetastasis. The onset of cell migration, which is triggered
bymotogenic growth factors, is indicated by the acquisition of
polarized cell morphology, representing the beginning of a
.
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coordinated sequence of events consisting of lamellipodia
extension at the cell front, their subsequent attachment to the
substrate, cytoskeleton-mediated contraction and detach-
ment of adhesion sites at the cell rear [1–4]. Cell substrate
adhesion is mediated by low-affinity transmembrane glyco-
protein adhesion receptors including members of the hetero-
dimeric integrin family [5–8] which bind highly specifically to
adhesion proteins of the extracellular matrix (ECM) such as
fibronectin, laminins and collagens. Apart from forming a
mechanical linkage, binding of adhesion proteins to their
specific integrin receptors can initiate cellular signalling
(“outside–in signalling”) and thereby exert motogenic effects.
Cells in turn are capable of modulating integrin-substrate
binding, thus rendering adhesions more or less dynamic
(“inside-out signalling”) [9].

In the epidermis, cell substrate adhesion is of dual im-
portance as it serves mechanical anchorage of the basal
keratinocyte layer to the ECM of the basement membrane via
hemidesmosomes but also contributes essentially to keratino-
cyte migration during epidermal wound healing. In the basal
keratinocytes of the epidermis, three major integrins, α2β1
binding to collagen, α3β1 specific for fibronectin and α6β4
mediating stable adhesion to laminin inhemidesmosomes, are
expressed [10]. On the basis of in vitro adhesion andmigration
studies, it has been shown that migrating keratinocytes
invading the wound bed express additionally α5β1 integrin
and can adhere to collagen, fibronectin and laminins [11].

Laminins constitute a family of glycoproteins with mole-
cularweightsbetween400and900kDacontributing essentially
to the formation and organization of basement membranes in
almost every tissue. They are responsible for cell adhesion via
binding to cell surface receptors and activation of intracellular
signaling cascades and interactwith components of the ECM to
form scaffolds for migrating cells.

All laminins are heterotrimeric molecules of one α, one β
and one γ chain, each of which being encoded by a different
gene [12]. To date, five α, three β and three γ subunits are
known which assemble into at least 15 different laminins
[13,14] with further diversity originating from proteolytic
processing and alternative splicing [15,16]. Each chain con-
tains stretches of approximately 600 amino acid residues at
the C-terminus, which form coiled coils with other non-
identical laminin subunits that become stabilized by disulfide
bonds [12,17]. Chain assembly results in a cross-shaped
trimer, in which the short arms of the cross are formed by
the N-terminal parts of the individual subunits.

Laminin-5, which was originally described under three
different names (kalinin, epiligrin and nicein) [18–21], is
composed of one α3, β3 and γ2 chain and was therefore
recently renamed laminin-322 due to a simplified nomencla-
ture proposed by Aumailly et al. [22]. The main biological role
of laminin-5 is related to its function as the major adhesive
component of epithelial basement membranes where it
mediates stable adhesion of basal keratinocytes through
hemidesmosomes by binding to α6β4 integrin [23–26]. After
epidermal wounding, leading keratinocytes can adhere to
laminin-5, collagen or fibronectin [11], but for migration in
wounded monolayers only interactions of laminin-5 with
α3β1 integrin are indispensable [27–30]. Targeted disruption of
laminin-5 in mouse keratinocytes blocks epidermal adhesion
and inhibits migration of keratinocytes in response to EGF
[29,31]. Several reports have demonstrated a regulatory inter-
play between migration via α3β1 integrin in focal adhesions
and stable adhesion through α6β4 integrin in hemidesmo-
somes [28,30,32,33]. Other functions of laminin-5 relate to its
ability to promote gap junctional communication and cell–cell
interactions of keratinocytes in culture [26]. This may be the
reason for conflicting observations which led to the conclu-
sion that laminin-5 either induces [19,34,35] or inhibits cell
migration [28,36].

More recently the polarized state and linear, persistent
migration of keratinocytes have been shown to depend on the
deposition of laminin-5 [37,38]. Injury of the epidermis
activates transcription of laminin-5 genes in leading kerati-
nocytes and laminin-5 secretion into the provisional base-
ment membrane. Its deposition over exposed collagen and
fibronectin is crucial for the re-establishment of the integrity
of the dermal–epidermal junction [39]. Laminin-5 has been
attributed a critical role in the polarization of leading cells at
the wound edge. Hence, laminin-5 is an important ligand in
the process of keratinocyte migration, which is a prerequisite
for epidermal wound healing.

Absence of laminin-5 leads to the junctional form of epi-
dermolysis bullosa (JEB), which is a rare, recessively inherited
blistering disorder. The most severe Herlitz form (H-JEB),
characterized by early demise of the affected individual, is
caused by mutations in the genes encoding the α3, β3 or γ2
laminin chains, leading to absence, instability or truncation of
the respective RNA. Since laminin-5 assembly precedes
secretion, functional null mutations not only lead to zero
levels of the mutant laminin chain, but also of the two other
chains that become unstable when trimerized incompletely
[40]. The wide distribution of laminin-5 in stratified squa-
mous, transition and simple epithelia as well as in lung
epithelia explains the severe disease phenotype seen in H-JEB
patients. Failure to thrive due to widespread chronic erosions
of the skin with continuous loss of protein, fluid andminerals,
involvement of the upper digestive tract and respiratory
distress are common causes of death early in life. However,
whereas the molecular basis of JEB has been elucidated in the
past decade, the cellular consequences and the resulting
functional defects are not completely understood. It is there-
fore of particular interest to dissect the cellular mechanisms
that underlie the Herlitz form of JEB.

In this report we have analyzed the migration character-
istics of primary keratinocytes derived from H-JEB patients
which are incapable of secreting laminin-5 due to a pre-mature
stop in β3 chain translation. By combining live cell imaging
microscopy with the stroboscopic analysis of cell dynamics
(SACED) motility assay, we observed that migration of these
keratinocytes was strongly affected. In contrast to normal
human keratinocytes (NHK)which adoptmonopolarmorphol-
ogy and migrate continuously with high efficiency and
directional persistence, laminin-5-deficient keratinocytes
assumed a stretched, bipolar shape accompanied by reduced
migration efficiency resulting fromadistinct, discontinuous or
saltatorymode ofmigration. Our observations show that these
effects of laminin-5 deficiency are the consequence of sig-
nificantly reduced cell substrate adhesion in the central re-
gions of the cell as well as inefficient lamellipodia attachment



1577E X P E R I M E N T A L C E L L R E S E A R C H 3 1 3 ( 2 0 0 7 ) 1 5 7 5 – 1 5 8 7
at the cell front. When grown on fibronectin, a partial rescue
of migration efficiency was observed, which apparently was
the consequence of α5β1 integrin-mediated cell substrate
adhesion. Vice versa, by combined functional blocking of α5
integrin and laminin-5, the stretched morphology along with
a switch to the saltatory mode of migration could be induced
in NHK. Our results show that the impaired migratory
efficiency of laminin-5-deficient keratinocytes accounts for
the functional epidermal defects in human JEB.
Materials and methods

Cells

NHK were derived from foreskin biopsies (gift of Dr. Ulus,
Cologne, Germany). The immortalized non-tumorigenic
human keratinocyte cell line HaCaT [41] was kindly provided
by Dr. Norbert Fusenig (German Cancer Research Center,
Heidelberg, Germany). Laminin-5-deficient keratinocytes
were derived from skin biopsies of H-JEB patients carrying
the mutation R635X in the gene LAMB3. This mutation
changed a base triplet encoding the arginine at position 635
in the β3 chain of laminin-5 into a premature stop codon. The
patients died early after birth [42].

Cell culture

NHK were isolated from foreskin biopsies by digesting small
tissue pieces in dispase II (Roche, Mannheim, Germany)
overnight at 4 °C followed by mechanical separation of the
epidermis fromthedermiswith sterile tweezers. Keratinocytes
were isolated from the epidermis by incubation in medium
containing 0.5 mg/ml trypsin (Cambrex, East Rutherford, NJ,
USA) for 6 min at 37 °C in a shaker waterbath. This procedure
was terminated by the addition of trypsin inhibitor solution
(Cambrex, East Rutherford, NJ, USA). Undigested tissue frag-
ments were removed by centrifugation for 3 min at 1,000 rpm
in a cell centrifuge (Heraeus, Osterode, Germany). Cells were
resuspended in keratinocyte growth medium (KGM) supple-
mented with 120 μM CaCl2, bovine pituitary extract (30 μg/ml),
EGF (0.4 ng/ml), gentamycin and amphotericin. For migration
analysis, the cellswere cultivated in KGMwith 50 μMCaCl2 and
addition of 50 nM EGF one hour before observation.

Coating of observation chambers with the ECM substrates
human fibronectin (CellSystems, St. Katharinen, Germany),
collagen I (IBFB, Leipzig, Germany) or collagen IV (Sigma,
Karlsruhe, Germany) at concentrations of 5 μg/cm2 was
performed as follows: the substrates were diluted to concen-
trations of 5 mg/cm2 with KGM medium and placed onto
observation chambers at room temperature. After 1 h, the
supernatant fluid was discarded and the chambers briefly
washed with sterile PBS. For the use of ECM released by
HaCaT-cells, confluent cell layers were removed by replacing
the culture medium with PBS containing 10 mM EDTA. To
inhibit the interaction between integrins and their ligands,
antibodies known to block α5 integrin or laminin-5 (Chemicon,
Temecula, CA, USA) were applied at concentrations of 10 or
40 μg/ml. Non-specific binding was blocked before by incuba-
tion in 1 % BSA (Sigma, Karlsruhe, Germany) for 30 min.
Analysis of cell motility by the SACED Assay

Phase contrast image series of motile keratinocytes were
obtained using an inverted LSM 510 (Zeiss, Oberkochen,
Germany) controlled by the LSM 510 standard software and
equipped with a 63×1.4 NA Ph3 plan apochromat objective
and an incubation chamber for constant temperature. Lamella
dynamics and cell migration velocity were investigated by the
computer-assisted stroboscopic analysis of cell dynamics
(SACED) that has been described before [43] and renamed
recently as kymographic assay [44]. For each substrate, at least
15 individual cells were monitored for 10 min by capturing
digital images every 2 s. Subsequently, four areas of interest
were marked on each image by lines that crossed the cell
lamella. The resulting 1-pixel-wide areas were cut and lined
up in time space plots that allowed the quantification of
relevant motility data. In these stroboscopic time–space plots,
lamellipodia protrusions were represented by linear ascend-
ing contours. The slope of these lines corresponds to the
velocity of ruffle and lamellipodia movement (v=dx (μm)/dt
(min)). Projections of these lines along the x-axis (time) were
used to calculate the persistence of lamellipodia, that is, the
period a protrusion lasts before its retraction begins.

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde in cytoskeleton
buffer (150 mM NaCl, 5 mM MgCl2, 5 mM EGTA, 5 mM glucose,
10 mM MES pH 6.1) for 20 min at 37 °C, washed in PBS
containing 30 mM glycine, permeabilized in PBS containing
10% Triton X-100 for 30 min and then incubated with primary
antibodies against laminin-5 (clone 8LN5, a kind gift from
Manuel Koch, Center of Biochemistry, University of Cologne) or
against vinculin (clone hVin-1, Sigma, Taufkirchen, Germany)
diluted 1:100 in PBS containing 0.3% BSA at 4 °C overnight.
Samples were washed three times with PBS and incubated for
1 h at 37 °C with goat anti-rabbit Cy3-conjugated secondary
antibodies (Jackson Laboratories, West Grove, PA, USA).

Interference reflection microscopy

To determine the distribution of cell substrate adhesions,
interference reflection microscopy was applied according to
previously described protocols [45]. Briefly,monochromatic and
polarized light is reflected at the border between the surface of
the observation chamber and themedium. Light reflected at the
cell surface leads to a delay of waves causing an interference
effect with the other light waves. Hence, in regions where the
cell formed close contacts to the surface of the observation
chamber the reflected light was erased (dark regions), whereas
regions inwhich cellswere detached from the surface increased
amounts of light were detectable (bright regions).

Long-time migration analysis

For long-time analyses, cells were cultured in chamber slides
and parameters were determined using an inverted micro-
scope (Nikon, Düsseldorf, Germany) with an incubation
chamber for constant temperature of 37 °C and CO2 partial
pressure of 5%. The cellsweremonitored for up to 6h capturing
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pictures every 60 s. The average migration velocity of the cells
was determined by overlaying two pictures of a series with a
time distance of 15 min applying Image Pro Plus software
(Media Cybernetics, Silver Spring, MD, USA). For this purpose,
the nucleus of a given cell was marked and the distance
between both positions measured. To visualize the saltatory
migration mode of laminin-5-deficient cells, single cells were
analyzed by overlaying two pictures with a time distance of
1 min followed by the procedure described above.

Persistence coefficient

As a measure for the directionality of cell migration, the
persistence coefficient was determined over time periods of
60 min. This coefficient represents the quotient of the linear
distance between starting and finishing point and the total
length of the path the cell moved to reach the finishing points
including all bends and directional changes. Migration of cells
was monitored and pictures of the time series analyzed with
DIAS software (Solltech Inc., Oakdale, IA, USA) by marking the
nuclei and recording the tracks of the migrating cells.

Statistical analysis

Statistical evaluation of SACED-derived motility data, average
migration velocities and persistence coefficients was per-
formed using SPSS software (SPSS Inc., Chicago, IL, USA).
Fig. 1 – Immunofluorescence staining revealed a regular express
distinctmigration track at the cell rear (a; c, phase contrast). In con
in the peri-nuclear region due to the polyclonal antibodies recog
laminin-5 did not occur in deficient cells (b; d, phase contrast). D
Results were expressed asmean valueswith bars representing
95% confidence intervals of mean values. Differences between
data groups were analyzed statistically by Whitney U-test and
considered to be significant at p-values <0.05 and highly
significant at p-values <0.01.
Results

Loss of the β3 chain abolishes secretion of laminin-5

Immunofluorescence staining revealed a regular expression of
laminin-5 within the compartments of the secretory pathway
in NHK as well as its deposition as ECM component, resulting
in a distinct migration track at the rear of motile cells (Figs. 1a
and c). In contrast but yet in agreement with previous results
[46], laminin-5-deficient keratinocytes displayed only a faint
perinuclear staining due to the polyclonal antibodies recog-
nizing low levels of the α3 and γ2 chains of laminin-5, whereas
no secretion of laminin-5 occurred (Figs. 1b and d).

Laminin-5-deficient cells assume a stretched, bipolar
morphology

Onall tested ECMsubstrates,migratingNHKadopted a distinct
monopolar morphology with a broad front-lamella forming
dynamic lamellipodia and filopodia and extended retraction
ion of laminin-5 in NHK as well as its secretion resulting in a
trast, laminin-5-deficient cells displayed only a faint staining
nizing also the α3-and γ2-chains of laminin-5. Secretion of
otted lines in a and b, cell boundary. Scale bar, 10 μm.



Fig. 2 – Distinctmorphology ofNHK (a–d) and laminin-5-deficient cells (e–h). On fibronectin (a), HaCaT-matrix (b), collagen I (c) and
collagen IV (d) NHK assumed a monopolar phenotype. Monopolar morphology was also adopted by laminin-5-deficient cells on
fibronectin and HaCaT-matrix (e and f), whereas a stretched bipolar morphology was observed on collagens I and IV due to the
formation of two lamellae at distal regions of the cells (arrows in g and h). Scale bar, 10 μm.
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Fig. 3 – Diagrams displaying the migration velocity of NHK
(dashed lines) and laminin-5-deficient cells (full lines) over a
period of 60 min. NHK migrated with almost constant
velocities on all substrates. In contrast, laminin-5-deficient
cells moved continuously only on fibronectin and
HaCaT-matrix switching to a discontinuous migration mode
on collagens I and IV (full lines) which was characterized by
short periods of very high velocity.
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fibres at the rear (Figs. 2a–d). Laminin-5-deficient keratino-
cytes assumed monopolar morphologies only when grown on
fibronectin or on HaCaT-matrix (Figs. 2e and f). In contrast, on
collagens I and IV laminin-5-deficient cells displayed a
stretched bipolar morphology with the cell body spanned
between two opposite lamella regions (Figs. 2g and h).

Laminin-5-deficient keratinocytes migrate discontinuously
and with reduced directional persistence

Single cell migration analysis revealed that NHK migrate
continuously, i.e., with almost constant velocity andwith high
directional persistence on the different ECM substrates (Fig. 3,
dashed lines). Laminin-5-deficient cells were capable of
continuous and persistent migration only when seeded on
fibronectin or HaCaT-matrix that was chosen due to its high
concentrations of laminin-5 as revealed by immunoblot
analysis (data not shown). In contrast, laminin-5-deficient
cells cultured on collagens I and IV showed a discontinuous,
saltatory mode of migration with short periods of extremely
high translocation velocities (Fig. 3, full lines). This saltatory
mode of migration was accompanied by a significant reduc-
tion of directional persistence (Figs. 4g and h). Accordingly, the
persistence coefficient was significantly decreased for lami-
nin-5-deficient cells on collagen I with values of 0.27 (±0.24)
and on collagen IV with 0.43 (±0.23), as compared to NHK with
0.85 (±0.08) on collagen I and with 0.85 (±0.07) on collagen IV.
On fibronectin and HaCaT-matrix, the persistence coefficients
of NHK and laminin-5-deficient cells differed only slightly.

Laminin-5-deficient keratinocytes migrate with reduced
efficiency due to reduced lamellipodia persistence

On all ECM substrates, the average migration velocity of
laminin-5-deficient cells was significantly decreased in com-
parison with NHK (Fig. 5). For NHK, we determined an average
migration velocity range from 1.2 (±0.7) μm/min on collagen I to
1.8 (±0.74) μm/min on HaCaT-matrix, whereas deficient cells
reachedvelocities between0.6 (±0.4)μm/minon fibronectin and
1.2 (±0.6) μm/min on collagen IV. Corresponding to these data,
the lamella protrusion persistence was highly significantly
decreased for laminin-5-deficient cells as compared to NHK on
all substrates (Fig. 5). Employing the SACED motility assay, we
could show that the reduced migration velocity of the deficient
cells was clearly correlated with a significant reduction of
lamellipodia persistence ranging from 0.69 min on collagen IV
to 0.96 min on HaCaT-matrix for NHK and only 0.5 min on
collagen IV and 0.74min onHaCaT-matrix for deficient cells. As
shown before [47], efficient cell migration strictly depends on
the formation of persistent lamellipodia due to their attach-
ment to the substrate by ECM-integrin interaction.

The bipolar morphology of laminin-5-deficient cells on collagen
matrices is a consequence of inefficient cell substrate adhesion

As the characteristic shape of cells on ECM-coated surfaces is
mainly determined by the strength and distribution of cell
substrate contacts we applied interference reflection micro-
scopy toNHKand laminin-5-deficient keratinocytes to visualize
cell substrate adhesion sites. Migrating NHK showed the
characteristic monopolar morphology resulting from the for-
mation of a broad front lamella (Fig. 6a) and displayed a distinct
pattern of cell substrate contacts regularly distributed over the
cell body reaching highest density at the lamella region as



Fig. 4 – Migration plots of NHK and laminin-5-deficient cells.
NHK showed high directional persistence represented by
almost straight migration paths and a high persistence
coefficient (CP) on all substrates (a–d). In contrast,
laminin-5-deficient cells migrated with high directional
persistence only on fibronectin and HaCaT-matrix (e and f),
whereas on collagens I and IV a significantly reduced
directional persistence was measured leading to a markedly
lower CP (g and h).

Fig. 5 – Migration velocity (top) and lamellipodia persistence
(bottom) of NHK and laminin-5-deficient cells. On all
substrates the velocity of laminin-5-deficient cells (deficient
cells) was significantly lower than that of NHK.
SACED-derived motility data showed that NHK formed
lamellipodia with a significantly higher persistence on all
substrates. Bars, standard deviation.
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visualized by interference reflection microscopy (Fig. 6e, dark
regions) and by immunocytochemical labeling of the focal
adhesion protein vinculin (Fig. 6c). Laminin-5-deficient cells
showed this characteristic array only on fibronectin. In contrast,
on collagens I and IV laminin-5-deficient cells adopted a bipolar
morphology (Fig. 6b) with the formation of vinculin-containing
substrate adhesion sites being limited to distinct areas at the
opposing poles (Figs. 6d, f) while the stretched cell body
remained completely devoid of these contacts sites. This char-
acteristic distribution of cell substrate adhesion sites may
explain the frequently observed phenomenon that laminin-5-
deficient cells on collagens I and IV were able to migrate
underneath each other without building cell–cell or cell–matrix
contacts. This “tunnel effect” allowed the cell tomigrate through
the gap built by a stretched bipolar cell within 20 min (Fig. 6g).



Fig. 6 – Morphology of NHK (a-c) and of laminin-5-deficient keratinocytes (d–f) and characteristic subcellular “tunnels” formed
by laminin-5-deficient cells on collagen IV (g). Monopolar morphology (a; phase contrast) and a regular distribution of cell
substrate adhesions was revealed in NHK by immunocytochemical localization of vinculin (b) and by interference reflection
microscopy (c, dark grey regions). In contrast, laminin-5-deficient cells adopted a bipolar morphology when cultured on
collagen I (d; phase contrast) or IV with the sites of substrate adhesion restricted to the opposing cell poles (d, phase contrast;
e, immunocytochemical detection of vinculin; f, interference reflection microscopy). These contacts were completely lacking
in the region of the stretched cell body (c and f). Sequence of migratory steps (g) of a monopolar keratinocyte (asterisk)
underneath the “tunnel” formed by a bipolar laminin-5-deficient cell on collagen IV. Scale bars, 10 μm.
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Induction of a migratory phenotype by blocking α5 integrin on
fibronectin

As the laminin-5-deficient cells assumed the characteristic
bipolar morphology and employed a discontinuous mode of
migration only when grown on collagens I and IV while
showing regular NHK-like monopolarity on fibronectin and
the fibronectin containing HaCaT-matrix, we speculated on a
fibronectin-dependent process of regulation. To test this
hypothesis, we blocked binding of fibronectin to its main
receptor α5β1 integrin by growing the deficient cells on
fibronectin in the presence of antibodies blocking the binding
sites of α5 integrin. After an incubation time of 30 min the
laminin-5-deficient cells switched from a monopolar to a
stretched bipolar phenotype (Fig. 7b) and from a continuous to
a discontinuousmode ofmigration (Fig. 7c, full line). In control
experiments, treatment of laminin-5-deficient cells only with
BSA had no impact on cell morphology (Fig. 7a) or on themode
of migration (Fig. 7c, dashed line).

A discontinuous mode of migration in NHK can be induced by
blocking laminin-5

To confirm that the specific phenotype of laminin-5-deficient
cells on collagen was the consequence of the absence of
laminin-5, we blocked laminin-5 in NHK grown on collagen IV
Fig. 7 – Induction of bipolar morphology and a discontinuous m
Functional blocking of α5 integrin resulted in a bipolar morpholo
incubation with BSA had no effect on themorphology (a) and them
Scale bars, 10 μm.
by specific antibodies. The antibody-treated NHK adopted a
bipolar morphology with two lamella regions (Fig. 8a) which
clearly resulted from the absence of cell substrate adhesion
sites from the cell body as shown by interference reflection
microscopy (Fig. 8b). Similar to laminin-5-deficient cells grown
on collagen IV (see above), the adoption of a bipolar morphol-
ogy went along with a switch to a discontinuous mode of
migration (Fig. 8c, full line). To show the importance of both
laminin-5 and fibronectin for a regularmonopolarmorphology
and a continuous migration we performed a simultaneous
antibody-mediated blocking of laminin-5 and α5 integrin in
NHKgrown on fibronectin. Againwe observed the transition to
a bipolarmorphology (Fig. 8d), lamella-restricted cell adhesion
sites (Fig. 8e) and a switch to a discontinuous mode of mi-
gration (Fig. 8f).
Discussion

In the epidermis, basal keratinocytes are tethered by integrins
[7,8] to the basement membrane, a layer of specialized ECM
[12] rich in laminin-5. H-JEB, a fatal disease caused by
inherited laminin-5 deficiency, is characterized by amassively
weakened adhesion of basal keratinocytes to this ECM layer
leading to widespread epidermal blistering. In this report, we
focus on the cellular effects of laminin-5 deficiency in
ode of migration in laminin-5-deficient cells on fibronectin.
gy (b) and a saltatory mode of migration (c, full line), whereas
ode of migration (c, dashed line) of laminin-5-deficient cells.



Fig. 8 – Induction of a bipolar morphology and a saltatory mode of migration in NHK by blocking laminin-5 on collagen IV (a–c)
or simultaneous blocking of laminin-5 and α5 integrin on fibronectin (d–f). On collagen IV a bipolar morphology (a) with cell
substrate contacts restricted to the cell poles (b) as well as a discontinuous mode of migration (c) was induced in NHK by
blocking laminin-5. On fibronectin additional blocking of α5 integrin was necessary to induce the bipolar phenotype (d), with
lamella restricted cell substrate contacts (e) and a saltatory mode of migration (f). Scale bars, 10 μm.
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keratinocytes: striking changes of morphological cell polarity,
severely reduced average migration velocity by adoption of a
specific, saltatory mode of migration.

Laminin-5-deficient keratinocytes adopt a specific bipolar
morphology

The migration tracks of NHK consist of several ECM constitu-
ents including laminin-5 [48], which is shown here to be
absent from the tracks of keratinocytes lacking the laminin β3
chain. A faint perinuclear immunostaining (see Fig. 1) is
presumably due to the polyclonal antibody recognizing also
the α3 and γ2 chains of laminin-5 which are not secreted and
may be downregulated to low expression levels in the absence
of the β3 chain. Besides motogenic growth factors, several
ECM components have been shown to be capable of turning
isodiametric into polarized keratinocytes [37,47,49]. This
report extends these observations, strongly depending on
the nature of the ECM chosen as substrate, to laminin-5-
deficient keratinocytes. The monopolar NHK-like phenotype
is induced in laminin-5-deficient cells when cultured on
fibronectin or on the fibronectin-containing HaCaT-matrix,
whereas on collagens I and IV the deficient cells assume a
characteristic bipolarmorphology. Apparently, if fibronectin is
provided, laminin-5 is not strictly necessary for the establish-
ment of a regular monopolar morphology. The receptor of
keratinocytes for laminin has been reported to be α3β1
integrin [50] whereas α5β1 integrin specifically binds to
fibronectin [51,52]. Therefore, NHK may use two alternative,
partly redundantmechanisms to efficiently adhere to the ECM
[53]. Laminin-5-deficient keratinocytes on collagen I lack both
of these adhesion mechanisms and therefore adopt a char-
acteristic bipolar morphology. Detailed analyses using inter-
ference reflection microscopy and immunocytochemical
staining of the focal adhesion protein vinculin indicate that
this morphology results from a specific pattern of lamella-
restricted adhesion sites leaving the central cell body unat-
tached. This is shown also by the formation of cellular tunnels
through which other cells may migrate. The binding of
keratinocytes to collagens I and IV is mediated by α2β1
integrin, which in the absence of laminin-5 is not sufficient
to establish regular monopolar morphology.

Reduced migration velocity and directional persistence

On all matrices laminin-5-deficient keratinocytes show sig-
nificantly lower average migration velocities than NHK,
confirming that laminin-5 is an essential adhesion protein of
keratinocytes during cell migration [27–29,31,48]. Intriguingly,
the migration velocity is also lower when keratinocytes are
seeded on HaCaT-matrices although these matrices contain
laminin-5. Apparently, laminin-5 freshly released by migrat-
ing keratinocytes is indispensable for efficient locomotion as
suggested before [54]. In addition, on all matrices the
persistence of lamellipodia protrusion is markedly reduced
in deficient cells as compared to NHK which may be
responsible for the decreased migration efficiency. The
directional persistence is another important parameter of
cell migration [55], which has been shown to be regulated by
motogenic growth factors [56]. Here we have determined the
directionality coefficient by analyzing time lapse recordings.
As for cell polarity, laminin-5-deficient cells and NHK show no
differences in their directionality coefficient when grown on
fibronectin. Significantly lowered coefficients are observed,
however, with laminin-5-deficient cells on matrices consist-
ing of collagen I or IV. The directionality ofmigration in NHK is
usually increased in the presence of motogenic growth factors
[57,58] or by the presence of specific ECM constituents.
Obviously, the laminin-5-deficient keratinocytes used here
display an adhesion defect which becomes most apparent on
collagen I or IV matrices and which bears dramatic con-
sequences on the velocity and the directionality and therefore
on the efficiency of migration.

Saltatory mode of migration in laminin-5-deficient
keratinocytes

In addition to their significantly reduced migratory efficiency,
the laminin-5-deficient keratinocytes grown on collagen I or IV
employ a distinct, discontinuousmode ofmigration referred to
here as saltatory migration. This saltatory mode is character-
ized by short phases of very rapid motion interrupting the
usually slow migration. The saltatory mode of migration may
beexplained inpart by the specific pattern of cellular adhesions
that are restricted to the lamellar ends of these stretched
bipolar cells leaving the central cell portion unattached.
Usually, during migration one of the lamellar ends loses its
contact to the matrix followed by a very rapid cellular con-
tractionand translocationof thecell body towards theopposite,
still adherent pole. This saltatorymotion results in a significant
decline in the directionality and the efficiency of keratinocyte
migration. To our knowledge, this mode of migration has not
been described before and is clearly distinct from the “leap frog
model of migration” which applies to NHK during wound
healing and which describes the suprabasal keratinocyte
migration over basal cells in the wound bed [59,60].

As fibronectin, which interacts with NHK via α5β1 integrin,
is able to compensate in part for the loss of laminin-5,
antibodies against α5 integrin should therefore be able to
induce the saltatory mode of migration in deficient cells
cultured on fibronectin. Indeed, masking of α5 integrin by
suitable antibodies triggered almost immediately a switch to
the saltatory mode of migration. More importantly, the
saltatory mode of migration can also be initiated in NHK in a
substrate-independent fashion when cells are treated simul-
taneously with antibodies against α5 integrin as well as
against laminin-5. These experiments relate well to an
organismic counterpart: circulating auto-antibodies against
laminin-5 can mimic JEB [61] and induce a closely related
phenotype named epidermolysis bullosa acquisita. Such auto-
antibodies have been reported to be directed against the α3
chain [62,63], the β3 [64] or the γ2 chain of laminin-5 [65]. In an
animal model, Fab fragments directed against laminin-5
induce sub-epidermal blisters in neonatal mice [66] thus
reflecting closely human EB acquisita.

It is well documented that keratinocyte migration is a
prerequisite for efficient wound healing [67–69], which is
severely impaired in JEB, followed by chronic erosions
containing exuberant granulation tissue [70]. Our observations
on the laminin-5-deficient cells, which reflect closely the
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features of the human disease, indicate that disturbed
polarity, reduced migration velocity and the specific saltatory
migration mode of these cells provide an explanation for an
important part of the clinical phenotype of JEB at the cellular
level.
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