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Hemidesmosomes and Focal Adhesions
Treadmill as Separate but Linked Entities during
Keratinocyte Migration

Anne Pora1, Sungjun Yoon1, Reinhard Windoffer1 and Rudolf E. Leube1
Hemidesmosomes anchor the epidermal keratin filament cytoskeleton to the extracellular matrix. They are
crucial for the mechanical integrity of skin. Their role in keratinocyte migration, however, remains unclear.
Examining migrating primary human keratinocytes, we find that hemidesmosomes cluster as ordered arrays
consisting of multiple chevrons that are flanked by actin-associated focal adhesions. These hemidesmosomal
arrays with intercalated focal adhesions extend from the cell rear to the cell front. New hemidesmosomal
chevrons form subsequent to focal adhesion assembly at the cell’s leading front, whereas chevrons and
associated focal adhesions disassemble at the cell rear in reverse order. The bulk of the hemidesmosome-focal
adhesion composite, however, remains attached to the substratum during cell translocation. Similar
hemidesmosome-focal adhesion patterns emerge on X-shaped fibronectin-coated micropatterns, during cell
spreading and in leader cells during collective cell migration. We further find that hemidesmosomes and focal
adhesions affect each other’s distribution. We propose that both junctions are separate but linked entities,
which treadmill coordinately to support efficient directed cell migration and cooperate to coordinate the dy-
namic interplay between the keratin and actin cytoskeleton.
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INTRODUCTION
Epithelial cell migration is a key process in physiological
situations, such as tissue morphogenesis, and in pathological
situations, such as wound healing or cancer metastasis. The
linkage of the cytoskeleton to extracellular matrix (ECM)
contacts provides the leverage for cellular translocation over
a substrate. Repeated cycles of protrusion at the front and
contraction at the back are accompanied by cycles of as-
sembly and disassembly of cell-ECM contacts (Lauffenburger
and Horwitz, 1996). ECM contact sites are grouped into focal
adhesions (FAs) and hemidesmosomes (HDs). FAs consist of
different integrin heterodimers, actin binding proteins, and
many associated linker and signaling proteins (Zaidel-Bar and
Geiger, 2010; Zaidel-Bar et al., 2007). They serve as bidi-
rectional hubs for multiple signaling pathways integrating
signals from the inside and outside of cells. By sensing me-
chanical characteristics of the environment FAs play crucial
roles in regulating cell migration (Geiger and Yamada, 2011).

Much less attention has been paid to HDs, epithelial-
specific celleECM adhesions that are linked to the keratin
intermediate filament cytoskeleton (Chaudhari and Vaidya,
2015; Hopkinson et al., 2014; Walko et al., 2015). They
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are characterized by HD-specific a6/b4 integrin hetero-
dimers, which are connected through plakins to keratins
(Nahidiazar et al., 2015). HDs are considered to be respon-
sible for the mechanical integrity of epithelial tissues,
because mutations of HD proteins lead to skin blistering
diseases (Tsuruta et al., 2011).

It was initially thought that FAs have a pro-migratory role as
highly dynamic structures, whereas HDs inhibit migration as
highly stable ECM attachment sites (e.g., Carter et al., 1990;
Rabinovitz et al., 1999). This simple view, however, has been
challenged by live cell imaging revealing highly dynamic
HDs in migrating cells (Geuijen and Sonnenberg, 2002;
Hiroyasu et al., 2016; Osmani et al., 2018; Ozawa et al.,
2010; Tsuruta et al., 2003). These analyses further sug-
gested that, instead, the intricate crosstalk between FAs and
HDs regulates speed and persistence of cell migration.

The current study focuses on the crosstalk between HDs
and FAs examining primary human epidermal keratinocytes
during cell migration. We show that HDs and FAs are orga-
nized in a hitherto unknown, highly ordered pattern con-
sisting of aligned hemidesmosomal chevrons with
intercalated FAs that are oriented in the direction of migra-
tion. The overall arrangement is characterized by topologi-
cally defined regions of assembly at the cell front, stability in
the cell center and disassembly in the rear to support directed
translocation of the cell body. The close-knit relationship
between HDs and FAs is also observed on micropatterns,
during cell spreading and in leader cells during collective cell
migration. In accordance, interference with either HDs or
FAs results in perturbation of the other. Taken together, our
study maps out the spatially and temporally coordinated
crosstalk between FAs and HDs as a major facilitator of
efficient keratinocyte migration.
uthors. Published by Elsevier, Inc. on behalf of the Society for Investigative Dermatology.
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RESULTS
Hemidesmosomal proteins cluster in chevron-shaped arrays
in migrating primary human keratinocytes

Primary normal human epidermal keratinocytes (nHEKs)
migrate spontaneously when seeded on fibronectin-coated
glass coverslips at low density. They adopt a D-shape with
a large lamellipodium at the front and a straight rear-end.
Immunostaining against HD-specific b4 integrin uncov-
ered a highly ordered pattern consisting of chevron-
shaped arrays (Figure 1a). The arrays extend from the
cell rear towards the semi-circular lamellipodial leading
edge. The same pattern was observed with antibodies
against a6 integrin, which associates with b4 integrin in
HDs (Figure 1b). To show that the a6/b4 integrinepositive
sites are HD-like structures, co-immunostaining was per-
formed for b4 integrin with hemidesmosomal plakin-type
plaque proteins BP230 and plectin. Extensive co-
localization was detected for BP230 (Figure 1c). The
anti-plectin staining also showed extensive co-
localization, but extended beyond because of the addi-
tional non-hemidesmosomal distribution of plectin (Wiche
et al., 2015). Double immunofluorescence microscopy
further showed that the b4 integrinepositive chevrons
were in close apposition to keratin intermediate filaments
(Figure 1e, Supplementary Figure S1 online). Taken
together, we conclude that chevrons are a unique type of
hemidesmosomal arrangement that is specific for
migrating keratinocytes.
Hemidesmosomal chevron arrays and focal adhesion sites
are spatially linked but segregated

To examine the relationship between hemidesmosomal
chevrons and actin-anchoring FAs in migrating nHEKs,
fluorescence microscopy analyses were performed
(Figure 2a). They revealed that paxillin-positive and actin
stress fiber-associated FAs are intercalated between hemi-
desmosomal chevrons. Actin fibers were clearly excluded
from b4 integrin-positive patches. Together, HDs and FAs
formed regularly patterned superstructures. To more pre-
cisely examine their spatial relationship, nHEKs were
seeded on X-shaped micropatterned fibronectin islands.
Immunostaining showed that b4 integrin clustered in
chevron-like structures, which were arranged symmetrically
along the four arms of the pattern (Figure 2b). Chevrons
increased in size towards the cell center. Anti-paxillin
staining further revealed that FAs were precisely localized
between the hemidesmosomal chevrons. As expected, FAs
were associated with prominent actin stress fibers, while
hemidesmosomal chevrons were not. When nHEKs were
grown on fibronectin-coated D-shaped patterns, a different
yet still non-overlapping distribution of hemidesmosomal
and FA proteins was detected (Supplementary Figure S2
online). b4 integrin signal was detected in a broad
circumferential region with multiple indentations on both
sides harboring FAs. The outer FA-rich region consisted of
small attachment sites and was directly next to the actin-
rich cell cortex, while larger, actin stress fiber-associated
FAs localized to the gaps along the inner border of the
HD region.
Focal adhesion-decorated hemidesmosomal chevrons are
formed at the cell front and are removed in the cell rear in
migrating keratinocytes

Time-lapse fluorescence microscopy was done to study HD
and FA dynamics in migrating nHEKs. To this end, nHEKs
were co-transfected with a b4 integrin-eGFP and a paxillin-
DsRed construct to label HDs and FAs, respectively. Assem-
bly of FAs and HDs was exclusively detected at the cell front
(Figure 3a). Paxillin-positive nascent FAs appeared first
(Figure 3b, Supplementary Movies S1, S2 online). They sub-
sequently enlarged into ellipsoid FAs at the lamellipodium-
lamellum interface. Pairs of ellipsoid FAs typically faced
each other. They were arranged at an oblique angle to the
direction of migration. The space between FAs was subse-
quently filled with hemidesmosomal b4 integrin extending
the pre-existing chevron-like structures towards the cell front
with FA enlargement occurring concurrently. Once the
characteristic FA-HD chevron pattern was established, it
stayed in place with respect to the substratum without posi-
tional changes of its components (Figure 3c, Supplementary
Movie S1). Yet, the size and shape of individual FAs were
subject to variation. The continuous growth of the FA-HD
chevrons at the cell front was paralleled by translocation of
the cell body in the direction of migration. As a result old FA-
HD chevrons, which remained tightly attached to the sub-
stratum, became localized towards the cell rear. At the very
back of the chevron arrays, a slight sliding of FAs occurred,
eventually leading to removal of paxillin-positive structures
just prior to retraction fiber formation (Supplementary Movie
S1, Figure 3c). Typically, b4 integrinepositive regions per-
sisted until retraction fibers were ripped off leaving behind
substratum-attached b4 integrin patches (see also Figure 2a).
Figure 3d summarizes the observed morphogenesis and
removal of the FA-HD chevron pattern.

Hemidesmosomal chevron patterns form during cell
spreading and polarization

The formation of hemidesmosomal chevrons in the leading
front of migrating cells suggested that a similar process may
occur in nHEKs during spreading and subsequent polariza-
tion. To test this idea, nHEKs were placed on fibronectin-
coated glass slides and fixed after defined time intervals for
staining (Figure 4a). Thirty minutes after seeding, cells were
circular, presenting multiple paxillin-positive FAs in the cell
periphery that were associated with phalloidin-positive actin
filaments. At this time point, only a multipunctate and
disordered b4 integrin distribution was detectable in the cell
center. By 75 minutes, cells had spread and FAs were not any
more restricted to the outermost cell periphery. Conversely,
b4 integrinepositive structures had formed nearby with no
visible overlap, but alignment of both adhesion sites had
emerged (arrows at 75 minutes after seeding in Figure 4a and
enlargement in Figure 4b). One hundred and sixty-five mi-
nutes after seeding, cells started to migrate. By this time,
aligned chevrons were discernible in the entire leading cell
front (Figure 4b).

To find out how the morphogenesis of HD chevrons relates
to keratin network organization, spreading cells were co-
stained for b4 integrin and keratin. Co-localization was
obvious 45 minutes after seeding when HD-like structures
www.jidonline.org 1877
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Figure 1. Hemidesmosomal proteins localize to arrays of chevron-shaped structures in migrating normal human epithelial keratinocytes. The

immunofluorescence images (aed, epifluorescence microscopy, scale bars ¼ 10 mm; e, confocal laser scanning microscopy, scale bars ¼ 2.5 mm) depict single

polarized normal human epithelial keratinocytes 2 days after seeding on fibronectin-coated glass coverslips. (a, b) Anti-b4 and anti-a6 integrin antibodies stain

similar arrays consisting of aligned chevron-shaped structures radiating from the rear to the front. (c, d) Anti-b4 integrin antibodies co-localize with anti-BP230

(c) and anti-plectin antibodies (d) in chevron-like structures (e) show maximum intensity projections recording anti-b4 integrin and anti-keratin

immunofluorescence in the front of a migrating normal human epithelial keratinocytes (further details in Supplementary Figure S1).
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Figure 2. Focal adhesions intercalate in hemidesmosomal chevrons in migrating keratinocytes and keratinocytes grown on X-shaped micropatterns.

Quadruple epifluorescence images show anti-b4 integrin immunofluorescence, anti-paxillin immunofluorescence, Alexa 488 phalloidin labeling and DAPI

labeling either alone or in different combinations (false white color for anti-paxillin fluorescence) in single normal human epithelial keratinocytes. (a) Normal

human epithelial keratinocytes were seeded on fibronectin-coated glass coverslips and fixed with paraformaldehyde and acetone after 2 days, prior to labeling.

(b) Normal human epithelial keratinocytes were seeded on fibronectin-coated X-micropatterns and were fixed after 1 day with paraformaldehyde and acetone

before labeling. Note that paxillin-positive focal adhesions align next to but do not overlap with b4 integrin-positive hemidesmosomal chevrons. Furthermore,

actin stress fibers associate selectively with paxillin-positive structures. Scale bars ¼ 10 mm.
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Figure 3. Focal adhesions and hemidesmosomes treadmill coordinately during keratinocyte migration. Time-lapse fluorescence confocal microscopy of a

migrating nHEK producing GFP-b4 integrin (GFP-hb4) and paxillin-DsRed2 (complete image series in Supplementary Movies S1, S2). (a) Paxillin-positive focal

adhesions form near the front prior to the appearance of nearby but non-overlapping b4 integrinepositive patches. (b) Magnification of boxed area; nascent

focal adhesions marked by white arrows. Note the subsequent positional stability of the hemidesmosomal chevrons with intercalated focal adhesions (yellow

and blue arrows) until paxillin-positive focal adhesions are removed prior to b4 integrin in the cell rear. (c) The kymograms were prepared along the lines shown

in (a). Scale bars ¼ 10 mm in (a); 5 mm in (b); and 3 mm in (c). (d) Summary scheme of hemidesmosome-focal adhesion dynamics.
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Figure 4. Chevron-like hemidesmosomes are formed next to focal adhesions and in association with keratin filaments during substrate adhesion. (a)

Quadruple epifluorescence microscopy of single normal human epithelial keratinocytes at different times after seeding. Note that actin fiber-associated paxillin-

positive focal adhesions appear in the periphery, moving toward the center during maturation, while b4 integrin is initially localized centrally accumulating later

close to focal adhesions during polarization (enlargements in b). (c) Immunofluorescence of normal human epithelial keratinocytes 45 minutes after seeding

(left, maximum intensity projection of entire cell; right, single focal plane of delineated area). Note the abundant perinuclear keratin with radial filaments

attached to b4 integrinepositive dots and variably sized keratin particles in the periphery. Scale bars ¼ 10 mm in (a, c) (left); 2.5 mm in (b, c) (right).
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started to appear. Each of the b4 integrin dots in the cell
periphery was associated with radial keratin intermediate
filaments (Figure 4c). In the outermost part of the spreading
cells, many small filamentous keratin particles, known to
correspond to nascent keratin intermediate filaments
(Windoffer et al., 2011), were seen in the vicinity of new FAs.

Focal adhesions and hemidesmosomes affect each other’s
distribution during chevron pattern formation

To test whether HD chevrons were able to form when FA
formation was impaired, nHEKs were treated with anti-b1
integrin blocking antibody (Figure 5a). Although fewer cells
adhered, FAs still formed. However, they were smaller and
remained exclusively in the cell periphery. b4 integrin
formed patches around these residual FAs but lacked the
characteristic chevron shape. Quantitative comparison of FA
and HD adhesion areas (Figure 5c) showed that both were
reduced at early time points after seeding reaching control
levels later, indicating less efficient adhesion.

We then investigated how, conversely, the distribution of
FAs is affected by HD impairment. To this end, nHEKs were
treated with blocking antibodies against a6 integrin
(Figure 5b). Although b4 integrin-positive patches still
remained in the cell periphery after this treatment, HD
chevrons were completely absent until 75 minutes after
seeding. By 165 minutes, HD chevrons started to form, but
were smaller and less distinctive compared to those of
untreated cells. Quantitative comparison of junctional
adhesion areas (Figure 5d) showed that a6 integrin block-
ing antibodies significantly reduced FA and HD areas 75
and 165 minutes after seeding. Taken together, the obser-
vations suggest that a crosstalk between FAs and HDs is
needed for the formation of ordered HD chevrons with
intercalated FAs.

Migrating nHEKs secrete laminin-332 along their migration
path and laminin-332erich substrate enhances keratinocyte
migration by accelerating FA/HD chevron formation

To explore the idea that keratinocytes secrete laminin-332 to
form proper HDs, immunofluorescence microscopy was
performed. Images of migrating nHEKs 36 hours after seeding
showed that laminin-332, along with b4 integrin, is deposited
at the cell front and is left behind marking the migration path
(Figure 6ae6c).

To test whether prior laminin-332 deposition has an effect
on migratory behavior, nHEKs were separately seeded on
laminin-332-rich 804G cell-derived matrix (Spinardi et al.,
1995) and fibronectin-coated matrix. Immunofluorescence
images of FAs and HDs revealed that formation of mature
chevrons and cell polarization were accelerated in nHEKs
grown on laminin-332-rich matrix (Figure 6d, 6g). To study
the effect on cell migration, single nHEK motility was
monitored in time-lapse images. Tracking revealed drastically
increased directionality and speed of migration on the lami-
nin-332erich matrix (Figure 6e, 6f, 6h, and 6i).

Hemidesmosomal chevron patterns are formed in the leader
cells of collectively migrating keratinocytes

To examine whether chevron-like superstructures can be
observed in cells during collective migration, nHEKs were
Journal of Investigative Dermatology (2019), Volume 139
grown within a removable barrier until confluent. Four hours
after removing the barrier, collectively migrating cells were
subjected to immunofluorescence analysis. The resulting
images revealed that leader cells expressed typical inter-
calating FA-HD chevron patterns extending in the direction
of migration, whereas follower cells did not (Figure 7). In
accordance, confluent monolayers were also negative for
chevron patterns (Supplementary Figure S3 online).

DISCUSSION
Our study uncovers a spatially and temporally coordinated,
unique chevron-like organization of HDs with aligned FAs in
migrating primary human keratinocytes that has not been
reported so far, and differs from the less structured and more
localized cat paw pattern described in other migrating
epithelial cells (Colburn and Jones, 2018; Tsuruta et al.,
2003; see also (Geuijen and Sonnenberg, 2002, Spinardi
et al., 2004). We observed a very similar pattern in kerati-
nocytes growing on micropatterned fibronectin-coated X-
shapes, during cell spreading and, most importantly, in leader
cells of collectively migrating sheets. All situations are char-
acterized by highly localized stresses, as evidenced by the
restricted distribution of actin stress-fiber associated force-
bearing FAs (De Pascalis et al., 2018; van Hoorn et al.,
2014). Less-localized FA distribution occurring, for
example, in keratinocytes on D-shaped micropatterns did not
result in chevron pattern formation.

A major feature of the FA-HD chevrons is their coordinated
treadmilling with assembly occurring at the leading front of
the cell and disassembly near the cell rear. It is unlikely that
de novo synthesis and degradation of all polypeptide com-
ponents or diffusion of components suffice to support the
treadmilling. Instead, transport machinery is probably
involved, which takes up components at the cell rear and
delivers them at the cell front. An exciting finding in this
context is the recent observation of Arf6-dependent traf-
ficking of hemidesmosomal integrins in human keratinocytes
(Osmani et al., 2018). Even more, the proposed stretch-
induced a6b4 integrin delivery may explain how HDs are
formed next to actin stress fiber-associated FAs in migrating
keratinocytes. This mechanism would pave the way to couple
environmental probing with persistent HD-supported cell
migration.

Despite treadmilling, FAs and HDs remain in place the
entire time between assembly and disassembly, although size
changes occur, and intrinsic polypeptide turnover likely oc-
curs throughout (Geuijen and Sonnenberg, 2002; Tsuruta
et al., 2003). The overall structural persistence of the FA-
decorated hemidesmosomal arrays suggests that they pro-
vide leverage for the associated cytoskeletal filaments to
translocate the cell body over the substrate in the direction of
migration. The tension forces needed for pulling the com-
posite and highly flexible keratin network, together with
nucleus and other cellular components, is provided by the
actomyosin system (Lauffenburger and Horwitz, 1996; Le
Clainche and Carlier, 2008; Sheetz et al., 1998).

Our observations differ from previous reports, which
investigated the relationship between HDs and FAs in
migrating rat 804G urothelial cells and immortalized human



c

210 min 45 min 105 min 210 min105 min45 min
0.3 focal adhesions hemidesmosomes

0.2

ad
he

si
on

 a
re

a 
/ c

el
l a

re
a

0.1

anti-β1 integrin Ab

0.0

** *** ns

** * ns

co
nt

ro
l

blo
ck

ed

co
nt

ro
l

blo
ck

ed

co
nt

ro
l

blo
ck

ed

co
nt

ro
l

blo
ck

ed

co
nt

ro
l

co
nt

ro
l

blo
ck

ed

blo
ck

ed

anti-α6 integrin Ab

165 min 30 min 75 min 165 min75 min30 min

focal adhesions hemidesmosomes

***

****

**

**

ns

ns

0.4

0.3

ad
he

si
on

 a
re

a 
/ c

el
l a

re
a

0.2

0.1

0.0

co
nt

ro
l

blo
ck

ed

co
nt

ro
l

blo
ck

ed

co
nt

ro
l

blo
ck

ed

co
nt

ro
l

blo
ck

ed

co
nt

ro
l

blo
ck

ed

co
nt

ro
l

blo
ck

ed

d

b
anti-α6 integrin Ab

anti-paxillin/DAPI anti-β4 integrin merge

16
5 

m
in

75
 m

in
30

 m
in

control

anti-paxillin/DAPI anti-β4 integrin merge

a
anti-β1 integrin Ab

anti-paxillin/DAPI anti-β4 integrin merge

21
0 

m
in

10
5 

m
in

45
 m

in
control

anti-paxillin/DAPI anti-β4 integrin merge

Figure 5. Hemidesmosomal chevrons

and focal adhesions affect each

other during substrate adhesion.
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*P < 0.05, **P < 0.01, ***P < 0.001.

A Pora et al.
Hemidesmosomes and Focal Adhesions
keratinocytes (Ozawa et al., 2010; Tsuruta et al., 2003). We
were not able to detect movement of either FAs or HDs with
respect to the substrate. Most importantly, we did not observe
sequential occupation of FA adhesion sites by hemi-
desmosomal proteins. Instead, FAs and HDs remained in
place without spatial overlap or detectable exchange
between both. Our observations therefore do not support the
"substitution" model proposed by Tsuruta et al. (2011)
(Ozawa et al., 2014; see also Spinardi et al., 2004),
whereby FAs prepare a specialized membrane domain that is
subsequently populated by hemidesmosomal proteins.
Instead, we propose a "linkage" model, which posits that HD
www.jidonline.org 1883
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Figure 7. Hemidesmosomal chevrons are expressed at the leading front of collectively migrating cells. Fluorescence confocal microscopy of the front of

collectively migrating normal human epithelial keratinocytes 4 hours after insert removal detecting paxillin-positive focal adhesions and b4 integrin-positive

hemidesmosomes. Note that only leader cell 1 shows abundant focal adhesion-hemidesmosome chevron patterns, whereas the following cells 2e7 do not.

Focal adhesion-hemidesmosome chevrons are extended in the direction of cell migration with focal adhesion formation slightly preceding hemidesmosome

formation. The initial border of the insert is demarcated by accumulation of b4 integrin (dotted line). Scale bars ¼ 10 mm.
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formation occurs in close proximity of FAs through mecha-
nisms involving spatial, mechanical or biochemical cues. FAs
play a central role in both models, however, by facilitating
intimate ECM attachment of a plasma membrane patch. The
proponents of the substitution model further hypothesized
that a6/b4 integrins interact with actin filaments prior to HD
formation (Spinardi et al., 2004; Tsuruta et al., 2011). We did
not find evidence for this mechanism in either migrating or
spreading keratinocytes. Instead, the latter process provided
strong evidence for immediate linkage of keratin intermediate
filaments to nascent HDs without prior engagement of actin
filaments. A major reason for the discrepancies between the
previous studies (e.g., Geuijen and Sonnenberg, 2002;
Spinardi et al., 2004; Tsuruta et al., 2003) and our current
study may be that the previously used cell systems, which
employed transformed or immortalized epithelial cells, do
not support the formation of the conspicuous FA-studded
hemidesmosomal chevron patterns that we detected in pri-
mary nHEKs. Fully mature FA-HD chevrons may be needed
to form stable ECM connections, in the absence of which
slippage occurs.

An important outcome of our experiments is that the
relationship between FAs and HDs is not purely hierarchical
but that it is also mutual. Thus, FAs are obviously a prereq-
uisite for the formation of hemidesmosomal chevron arrays
and, conversely, HDs are also needed for FA maturation and
localization. The crosstalk between HDs and FAs likely in-
volves different mechanisms.
Sterical facilitation. FAs may be needed to bring the adjacent
plasma membrane in ideal apposition to the ECM to promote
a6/b4 integrin clustering.

Mechanical linkage. Structural proteins, such as plectin, with
its long rod domain (cf. Wiche and Winter, 2011), or acto-
myosin fibers may bridge the space between FAs and HDs
by directly binding to components of both junctions.

Ligand competition. It is known that FA a3/b1 integrins and
HD a6/b4 integrins compete for the ECM ligand laminin-332
(Baker et al., 1996; Mizushima et al., 1997). In addition, the
cytoskeletal cross-linker plectin associates with FAs and HDs
(Geerts et al., 1999; Litjens et al., 2006), as do the tetraspanin
CD151 (Penas et al., 2000; Sterk et al., 2000, Winterwood
et al., 2006) and actinin family members (Gonzalez et al.,
2001; Hamill et al., 2013, 2015; Hiroyasu et al., 2016;
Otey et al., 1990). The alternative associations may allow
localization of the respective FA and HD components to
juxtaposed plasma membrane regions, where the individual
components will then be sorted locally according to binding
strength to either junction and its respective components.

Signaling. Recent observations have provided evidence that
mechanical signals are involved in HD formation (Osmani
www.jidonline.org 1885
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et al., 2018). Such mechanical signals may be elicited by FA-
attached actin stress fibers. Alternatively, the FA proteins
kindlin and syndecan have been implicated in regulating
hemidesmosome protein localization (Hopkinson et al., 2014;
Larjava et al., 2008; Wang et al., 2010). The signaling crosstalk
is apparently bidirectional, involving a6b4 integrin signaling
through Rac1 (Colburn and Jones, 2018; Russell et al., 2003;
Sehgal et al., 2006) and may even extend to biosynthetic
regulation as a6b4 integrinedependent activation of the Akt-
mTOR pathway affects synthesis of a2 and a3 integrins
(Kligys et al., 2007, 2012).

An interesting consideration in trying to understand the
peculiar pattern of FA-HD arrangement is their differing af-
finity to fibronectin versus laminin-332. The FA integrins,
notably a5/b1, bind preferentially to fibronectin, whereas the
hemidesmosomal integrin dimer a6/b4 binds to laminin-332
(Hopkinson et al., 2014). Therefore, coating the glass slide
with fibronectin provided a suitable matrix for FAs only. Our
observation of laminin-332 deposition at the leading front of
migrating nHEKs and co-distribution of b4 integrin (Figure 6)
provides evidence that laminin-332 is secreted to support HD
formation on fibronectin matrix. This is in agreement with the
reported deposition of laminin-322 during wound healing
(Goldfinger et al., 1999; Nguyen et al., 2000).

Furthermore, migrating cells leave laminin-332erich
streaks and membrane-containing macroaggregates behind,
which serve as tracks for following cells (Figures 2a, 6b)
(Geuijen and Sonnenberg, 2002; Rigort et al., 2004). Type I
macroaggregates contain FA integrin b1 and type II macro-
aggregates contain hemidesmosomal integrin b4. The mac-
roaggregates are generated by ripping off retraction fibers.
The different types of macroaggregates are spatially segre-
gated with FA-derived structures forming spherical and
tubular structures in a "pearls on a string" arrangement,
whereas HD-derived structures are spherical and fill the
space in between. In this way, the ECM retains a mold of the
FA-HD arrangement that can be used by follower cells (Rigort
et al., 2004). A reflection of this feature may be the highly
organized supracellular HD arrangement in native tissues
(Owaribe et al., 1990, 1991).

What are the advantages of the ordered FA-HD chevron
pattern? (i) HDs stabilize FA positioning and regulate FA
density, which has been shown to modulate actin flow (Mohl
et al., 2012), affecting speed and persistence of migration
(Maiuri et al., 2015); (ii) the polarized nature of the chevrons
reinforces migration persistence; and (iii) the coordination of
FAs and HDs supports coordinated cytoskeletal remodeling
and dynamics. The unique properties of the FA-HD chevron
pattern become particularly important in coordinated col-
lective cell migration requiring highly ordered force distri-
bution and cytoskeletalejunction interactions in leader and
follower cells (De Pascalis and Etienne-Manneville, 2017; De
Pascalis et al., 2018; Vishwakarma et al., 2018).

MATERIALS AND METHODS
Cell culture

nHEKs from neonatal foreskin were purchased from Cell Systems

(Kirkland, WA). Details on growth conditions, drug treatments, and

antibody blocking experiments are provided in the Supplementary

Material. Patient consent for the experiments was not required
Journal of Investigative Dermatology (2019), Volume 139
because all cells used for the experiments were acquired via

accredited, commercially available source.

Immunofluorescence microscopy

Detailed protocols and a complete list of antibodies and dyes are

provided in the Supplementary Material and Supplementary Tables

S1, S2, S3.

Transfections and constructs

Cells were transiently transfected 1 day after seeding with transit-

keratinocyte transfection reagent (Mirus Bio, Madison, WI). A total

amount of 2.5 mg DNA was mixed with 3.75 ml reagent and 250 ml
medium for each 35-mmediameter dish.

The paxillin-pDsRed2-N1 construct encoding paxillin-DsRed2

was kindly provided by Rick Horwitz (Webb et al., 2004). A

construct encoding the GFP-b4 integrin fusion protein GFP-hb4 was

kindly provided by Jonathan Jones (Tsuruta et al., 2003).

Micropatterning

Deep-UV micropatterning was performed according to the protocol

described in Azioune et al. (2010) and as detailed in Supplementary

Material.

Imaging

Structured Illumination Microscopy for Optical Sectioning (OS-SIM)

was performed with an ApoTome.2.microscope (Zeiss, Oberkochen,

Germany) equipped with an oil immersion objective �63 (N.A. 1.4,

DIC, Plan apochromat). Live-cell imaging and imaging of immuno-

stained samples were done using an LSM 710 DUO confocal mi-

croscope (Zeiss) equipped with a DefiniteFocus device (Zeiss) and

an oil immersion objective �63 (N.A. 1.4, DIC M27). Live-cell im-

aging was performed in a humidified chamber with 5% CO2 at

37�C.

Image Analysis

Fiji software (Schindelin et al., 2012) was used to track cell motility

and to quantify adhesion areas. Detailed protocols are provided in

the Supplementary Material.
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Cell culture

nHEKs (Cell Systems) were grown in Dermalife K Medium
Complete (Cell Systems) without TGFa to avoid differentia-
tion and in the presence of penicillin-streptomycin (100 mg/
ml). nHEKs were passaged using Trypkit (Cell Systems) for
trypsinization. They could be frozen at any passage in Cryo-
SFM freezing medium (Promocell, Heidelberg, Germany).
Cells were routinely used for experiments at passage P3
corresponding to approximatively 10 population doublings.
nHEKs were seeded at a density of 5,000 cells per cm2 either
on 24 mm-diameter high-precision glass coverslips (#1.5
from Marienfeld) that had been coated with human fibro-
nectin (VWR) by a 30 minutes incubation in 1.5 ml of a so-
lution containing 17 mg/l fibronectin at 37�C for high
resolution confocal microscopy, on 12-mmediameter cov-
erslips (#1.5 from ThermoScientific, Waltham, MA) for
structured illumination microscopy, or on 35 mm-diameter
glass bottom dishes (MatTek, Ashland, MA) for live-cell
imaging.

Collective cell migration assay

Thirty-five-millimeter m-Dishes (Ibidi, Martinsreid, Germany)
were first coated with human fibronectin using the method
described. The culture-insert 2 well (Ibidi) was then attached
to the dish and 70 ml of culture medium containing 20,000
cells were added immediately afterwards to each well of the
insert. Cells were then grown for 24 hours and the insert was
removed to initiate collective cell migration. Cell culture was
continued for another 4 hours until paraformaldehyde-
acetone fixation.

Drug treatments and antibody blocking experiments

The following antibodies were used in blocking experiments:
anti-b1 integrin (polyclonal, 1:200, rabbit, kindly provided
by Staffan Johansson (Maschler et al., 2005) and anti-a6
integrin CD49f clone GoH3 (1:100, IgG2a, rat; Beckman
Coulter IM0769). For antibody blocking experiments, 10,000
cells were suspended in 100 ml medium with the antibodies
and subsequently seeded on a fibronectin-coated glass
coverslip.

Immunofluorescence microscopy

Fixation was performed without any prior washing steps in
order to avoid cell contraction. Two different fixation
methods were used: (i) For methanol-acetone fixation, cells
were fixed for 2 minutes in methanol at e20�C and imme-
diately permeabilized in acetone at e20�C for 20 seconds.
(ii) For paraformaldehyde-acetone fixation, cells were first
fixed for 10 minutes at room temperature in 4% (w/v) para-
formaldehyde (Merck, Kennilworth, NJ) in phosphate buff-
ered saline and were then permeabilized in acetone at
e20�C for 30 seconds.

For staining, fixed cells were saturated for 20 minutes at
room temperature in a solution containing 5% (w/v) bovine
serum albumin (Serva, Heidelberg, Germany) in phosphate
buffered saline. Incubation with primary antibodies in a so-
lution of 1% bovine serum albumin in phosphate buffered
saline was performed for 90 minutes at room temperature
and followed by three washing steps in phosphate buffered
saline. Incubation with the secondary antibodies suspended
in phosphate buffered saline with 1% bovine serum albumin
was performed for 35 minutes at room temperature and fol-
lowed by three washing steps. When phalloidin was used, it
was mixed with the primary antibodies. When DAPI
(Supplementary Table S3) was used, it was mixed with the
secondary antibodies. Mounting reagent was Mowiol (Carl
Roth, Karlsruhe, Germany).

Quantification of adhesion areas

Structured Illumination Microscopy for Optical Sectioning
(OS-SIM) was performed with an ApoTome.2.microscope
(Zeiss) equipped with an oil immersion objective �63 (N.A.
1.4, DIC, Plan apochromat). Images were recorded from 10
single cells for each experimental condition.

For segmentation of cells, Fiji plugin WEKA (Arganda-
Carreras et al., 2017) was used. Three separate classifiers
were trained using representative images from the re-
cordings to discretize FAs, HDs, and cell body from back-
ground. These classifiers were used for segmentation of all
images. In some cases “Huang dark” thresholding was used
for cell body detection. Next, the Fiji routine “Analyze
particles” was applied to remove structures of unwanted
size, that is, cell groups, clutter, and structures with a
circularity <0.1, and to determine the area data of the
defined target particles.

The resulting data were further analyzed with GraphPad
Prism 7 software (GraphPad, La Jolla, CA) to quantitatively
compare adhesion areas per cell of cells treated with block-
ing antibodies and untreated control cells.

Micropatterning

Deep-UV micropatterning according to the protocol of
(Azioune et al., 2010) was performed as follows. High pre-
cision coverslips (24-mm diameter) were spin-coated with TI
PRIME (MicroChemicals, Ulm, Germany), then with poly-
styrene (Sigma-Aldrich, St Louis, MO). Afterwards, they were
exposed to deep UV. They were incubated in poly(L-lysine)e
grafted poly(ethylene glycol) (Surface Solutions, Maplewood,
NJ), and then exposed to deep UV using a mask manufac-
tured by Compugraphics (Watertown, CT). The coverslips
were then incubated in 100 mM NaHCO3 supplemented
with human fibronectin (5 mg/ml). Finally, nHEKs were seeded
at a density of 6,600 cells per cm2.

Laminin-332erich 804G matrix preparation

Laminin-332erich matrix was prepared using 804G cells
(Langhofer et al., 1993). The cells were cultured for 3e4 days
until confluent on surfaces to be coated, and were then de-
tached by incubating in cold (4�C) 20 mM NH4OH for 10
minutes. The solution was then discarded, followed by three
washing steps with distilled water to remove all remaining
debris. Finally, surfaces were washed with phosphate buff-
ered saline without Ca2þ/Mg2þ and stored at e28�C for up to
2 months before use.

Tracking of migrating cells

nHEKs were seeded on fibronectin- or 804G-derived matrix-
coated glass-bottom dishes at low density. Interference
contrast images were recorded using the transmission de-
tector of an LSM 710 confocal microscope. Images were
recorded from nine positions every 180 seconds using oil
www.jidonline.org 1888.e1
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immersion objective �63 (N.A. 1.4, DIC M27). A total of 75
time points was used for each analysis.

For segmentation of cells, the Fiji plugin WEKA
(Arganda-Carreras et al., 2017) was used as described for
quantification of adhesion areas to discretize between cells
and background. Tracks of cells were detected using the
Fiji plugin TrackMate. Cells were identified using the LoG
detector and the simple LAP tracker was used for tracking.
The resulting data were further analyzed with custom-
written Matlab routines and with GraphPad Prism, version
7. Only the first 20 time points of each track were
considered.
Supplementary Figure S1. Keratin

filaments associate with

hemidesmosomal chevrons in

migrating keratinocytes. The pictures

depict the immunofluorescence in

successive 0.1435-mmethick focal

planes of the peripheral part of a fixed

migrating normal human epithelial

keratinocyte stained for b4 integrin

and keratin (for corresponding

maximum intensity projection images

see Figure 1e). Scale bar ¼ 2.5 mm.

Journal of Investigative Dermatology (2019), Volume 139

http://refhub.elsevier.com/S0022-202X(19)31446-0/sref56
http://refhub.elsevier.com/S0022-202X(19)31446-0/sref56
http://refhub.elsevier.com/S0022-202X(19)31446-0/sref56
http://refhub.elsevier.com/S0022-202X(19)31446-0/sref56
http://refhub.elsevier.com/S0022-202X(19)31446-0/sref57
http://refhub.elsevier.com/S0022-202X(19)31446-0/sref57
http://refhub.elsevier.com/S0022-202X(19)31446-0/sref57
http://refhub.elsevier.com/S0022-202X(19)31446-0/sref57
http://refhub.elsevier.com/S0022-202X(19)31446-0/sref58
http://refhub.elsevier.com/S0022-202X(19)31446-0/sref58
http://refhub.elsevier.com/S0022-202X(19)31446-0/sref58
http://refhub.elsevier.com/S0022-202X(19)31446-0/sref58
http://refhub.elsevier.com/S0022-202X(19)31446-0/sref59
http://refhub.elsevier.com/S0022-202X(19)31446-0/sref59
http://refhub.elsevier.com/S0022-202X(19)31446-0/sref59
http://refhub.elsevier.com/S0022-202X(19)31446-0/sref59


Supplementary Figure S2.

Hemidesmosomes and focal

adhesions are non-overlapping and

intercalated on micropatterned

D-shapes. Quadruple epifluorescence

of a single paraformaldehyde-acetone

fixed normal human epithelial

keratinocytes that had grown for 1 day

on a fibronectin-coated half-circle

micropattern (dimensions in upper left

micrograph). Actin was detected with

phalloidin-Alexa 488 nm, nuclear

DNA was labeled with DAPI, and

staining for b4 integrin and paxillin

was done with antibodies. Note that

the b4 integrin signal is sandwiched

between focal adhesions (false white

in lower left image) at the outermost

cell periphery next to the cortical

actin and actin stress fiber-associated

focal adhesions located in the more

central part of the cell.

Scale bar ¼ 10 mm.

Supplementary Figure S3. Spatial

linkage between hemidesmosomes

and focal adhesions is not apparent in

confluent keratinocytes. Shown are

immunofluorescence images

(epifluorescence) of confluent normal

human epithelial keratinocytes seeded

on fibronectin-coated glass coverslips

and fixed with paraformaldehyde-

acetone 7 days after seeding. Staining

for b4 integrin and paxillin was

performed with antibodies. Note that

hemidesmosomal chevron patterns

with intercalated focal adhesions

cannot be detected.

Scale bar ¼ 10 mm.
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Supplementary Table S1. Primary antibody

Protein Target Antibody Name
Manufacturer/Catalogue Number/

Name of Individual Providing Antibody
Species
Raised

Dilution
Used

Integrin b4 CD104 clone 439-9B BD Pharmingen, 55719 Rat 1:300

Integrin b1 Anti-integrin b1 Staffan Johansson Rabbit 1:200

Integrin a6 CD49f clone GoH3 Beckman Coulter, IM0769 Rat 1:100

Pan keratin PAN-CK ThermoFisher MA5-13203 Mouse 1:180

Paxillin Clone 349 BD Biosciences, 610051 Mouse 1:100

Plectin Anti-plectin Harald Herrmann Mouse 1:100

BPAG1 BP230 clone 279 CosmoBio NU-01-BP1 Mouse 1:100

Laminin-332 Anti-laminin-332 Monique Aumailley Rabbit 1:5,000

Supplementary Table S2. Secondary antibody

Antibody Name
Manufacturer/

Catalogue Number
Dilution
Used

Alexa-555 goat anti-rat IgG (HþL) Invitrogen, A-21434 1:200

DyLight TM 405 donkey
anti-rat IgG (HþL)

Jackson-Dianova,
712-476-153

1:100

Alexa-633 goat anti-mouse IgG (HþL) Invitrogen, A-21053 1:500

Alexa-488 goat anti-mouse IgG (HþL) Invitrogen, A-11029 1:1 000

Alexa-488 goat anti-guinea
pig IgG (HþL)

Invitrogen, A-11073 1:1 000

Alexa-488 goat anti-rabbit IgG (HþL) Invitrogen, A-11070 1:1 000

Supplementary Table S3. Additional dyes

Dye Name
Manufacturer/

Catalogue Number
Dilution
Used

Alexa-Fluor-488 phalloidin Invitrogen, A12379 1:100

DAPI Roche, 10236276001 2 ng/mL
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