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Hemidesmosomes modulate force generation via
focal adhesions
Wei Wang1, Alba Zuidema1, Lisa te Molder1, Leila Nahidiazar1, Liesbeth Hoekman2, Thomas Schmidt3, Stefano Coppola3, and Arnoud Sonnenberg1

Hemidesmosomes are specialized cell-matrix adhesion structures that are associated with the keratin cytoskeleton. Although
the adhesion function of hemidesmosomes has been extensively studied, their role in mechanosignaling and transduction
remains largely unexplored. Here, we show that keratinocytes lacking hemidesmosomal integrin α6β4 exhibit increased focal
adhesion formation, cell spreading, and traction-force generation. Moreover, disruption of the interaction between α6β4 and
intermediate filaments or laminin-332 results in similar phenotypical changes. We further demonstrate that integrin α6β4
regulates the activity of the mechanosensitive transcriptional regulator YAP through inhibition of Rho–ROCK–MLC– and
FAK–PI3K–dependent signaling pathways. Additionally, increased tension caused by impaired hemidesmosome assembly
leads to a redistribution of integrin αVβ5 from clathrin lattices to focal adhesions. Our results reveal a novel role for
hemidesmosomes as regulators of cellular mechanical forces and establish the existence of a mechanical coupling between
adhesion complexes.

Introduction
The attachment of cells to the ECM is essential for the integrity
and function of multiple tissues (Michelson et al., 2000). In
(pseudo-)stratified epithelium, specialized structures called
hemidesmosomes (HDs) stably anchor epithelial cells to the
basement membrane through association of the cytoplasmic
keratin intermediate filaments (IFs) with laminin-332 in the
extracellular space (Walko et al., 2015). Classical type I HDs are
composed of integrin α6β4, plectin, bullous pemphigoid antigen
1 isoform e (BPAG1e, also called BP230), bullous pemphigoid
antigen 2 (BPAG2, also called BP180 or type XVII collagen), and
the tetraspanin CD151 (Litjens et al., 2006; Walko et al., 2015;
Sterk et al., 2000). Type II HDs are found in simple epithelial
tissues, such as the intestine, and consist of only integrin α6β4
and plectin (Fontao et al., 1999; Uematsu et al., 1994). Integrin
α6β4, the major transmembrane component of HDs, initiates HD
formation by interacting with the cytoskeletal cross-linker
plectin, which binds to IFs in the cytoplasm (Schaapveld et al.,
1998; Geerts et al., 1999; Rezniczek et al., 1998). The importance
of HDs in epithelial cell adhesion is illustrated by the fact that
mutations in any of the six genes encoding the structural com-
ponents of HDs cause the congenital inherited skin blistering
disorder epidermolysis bullosa (McGrath, 2015; Fine et al., 2014).
Beyond their adhesion function, HDs may also play an important
role in signal transduction through the integrin α6β4. Signals

arising from this integrin have been shown to regulate cell
proliferation, survival, and migration, as well as invasion of
tumor cells (Stewart and O’Connor, 2015; Cooper and Giancotti,
2019; Ramovs et al., 2017).

Other integrin-containing adhesion structures in epithelial
cells include focal adhesions (FAs) and podosomes. In contrast to
HDs, these adhesion structures connect to the actin cytoskeleton
(Burridge and Guilluy, 2016; van den Dries et al., 2013; Geiger
et al., 2001), which, along with its associated myosin II motor
proteins, forms the cell’s primary force-generating apparatus
(Houdusse and Sweeney, 2016; Kull and Endow, 2013). It has
been demonstrated that the cellular tension created by the
contractile actomyosin machinery is needed for the maturation
of FAs, which originate from smaller focal complexes that are
formed in a tension-independent manner at the cell’s edge
(Geiger et al., 2001). FAs act as both mechanosensors and sites of
force transduction. They sense and respond to both intrinsic and
extracellular forces (Iskratsch et al., 2014; Oria et al., 2017;
Schwartz, 2010) and play an important role in many cellular
processes that are driven by mechanotransduction, including
cell adhesion, polarized migration, and differentiation (Jansen
et al., 2017). In contrast to the FA-anchored actomyosin cyto-
skeleton, the HD-associated IF system enables cells to withstand
mechanical stress and tension (Sanghvi-Shah and Weber, 2017;
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De Pascalis et al., 2018; Goldmann, 2018). However, it is unclear
whether HD-associated IFs can also reduce cellular tension
generated by the actomyosin cytoskeleton.

As a protein that can link the keratin IF system with either
α6β4 or F-actin (de Pereda et al., 2009; Geerts et al., 1999),
plectin could play an important role in mechanotransduction
events at IFs and HDs. In line with such a role, it has been shown
that plectin contributes to protect cells from osmotic stress and
regulates nuclear mechanics in keratinocytes (Almeida et al.,
2015; Osmanagic-Myers et al., 2006). Furthermore, its absence
in fibroblasts has been associated with an increased number of
actin filaments and FAs, suggesting plectin is a regulator of actin
filament dynamics (Andrä et al., 1998).

In the present study, we assessed the contribution of HDs to
the generation of intrinsic cellular tension and traction forces
applied on the ECM in immortalized keratinocytes and multiple
carcinoma cell lines. Superresolution imaging and biochemical
analysis revealed a close association of integrin β4/HDs and FAs.
By using keratinocytes that either lack integrin β4 or stably
express wild-type β4 or a β4 mutant that cannot bind plectin or
laminin, we demonstrate that an intact laminin-integrin β4-
plectin linkage is essential for resisting actomyosin contractil-
ity and traction force generation. Similar results were obtained
by deleting plectin in integrin β4–expressing keratinocytes. In
addition, increased activation of FAK, myosin light chain (MLC),
and Yes-associated protein (YAP) is observed in cell lines lacking
intact HDs. Moreover, we show that the presence of intact HDs
affected the subcellular distribution of the integrin β5 subunit,
which is controlled by the amount of cellular tension. Taken
together, our data provide evidence for a role of HDs in the
counterbalance of FAs and actomyosin contractility.

Results
Inverse correlation between integrin β4 expression and FA
maturation
To assess whether HDs play a role in force generation via the
actomyosin cytoskeleton, we examined the interplay between
FA and HD adhesion complexes during cell migration in an
in vitro wound-healing setting. For migration to take place,
keratinocytes need to disassemble the cell-matrix adhesions that
provide anchorage to the underlying basementmembrane. After
reepithelization of the wound area has taken place, HDs have to
be reestablished, and FAs, through which mechanical forces are
transmitted, are dismantled (Hopkinson et al., 2014). To study
the interplay between HDs and FAs in this process, we allowed
immortalized junctional epidermolysis bullosa associated with
pyloric atresia (PA-JEB) keratinocytes that stably express wild-
type β4 (PA-JEB/β4 keratinocytes; Sterk et al., 2000) to form a
confluent cell monolayer around a cylindrical pillar with a di-
ameter of 3 mm stuck on a glass coverslip. After careful removal
of the pillar, we assessed the assembly and reorganization of FAs
andHDs in keratinocytes that startedmigrating into the cell-free
gap. Additionally, we evaluated the phosphorylation of MLC at
Ser19 (MLC-pS19), which was used as a readout of cell con-
tractility (Beningo et al., 2006; Pelham and Wang, 1999). Im-
munofluorescencemicroscopy showed increased levels of the FA

markers vinculin and phosphorylated paxillin (PAX-pY31; Oakes
et al., 2012), as well as of MLC-pS19 in the leading keratinocytes,
while the type I HD components BP230 and integrin β4 were
found to be diffusely distributed over the cell surface with some
enrichment at the free border (Fig. 1 A). On the contrary, in the
stationary cells located away from the wound interface, BP230
and integrin β4 concentrated in type I HD clusters along the
ventral surface. These findings were confirmed by quantitative
analyses (Fig. 1 A). The high level of MLC-pS19 in the leading
cells, compared with the stationary cells indicates increased
actomyosin contractility (Fig. 1 A) and suggests an inverse re-
lationship between the presence of type I HDs on the one hand
and FA maturation and cellular force generation on the other.

Building further on this notion, we compared FA assembly in
PA-JEB keratinocytes that either lacked or expressed the HD
component integrin β4. These keratinocytes are maintained in
keratinocyte growthmedium (KGM) but treated with DMEM for
24 h to induce a cell migration arrest and allow for the formation
of robust HDs (Schaapveld et al., 1998). As shown by the coloc-
alization of β4 with plectin and laminin-332, HDs were abun-
dantly present in these cells and organize in a cauliflower-like
pattern (Fig. 1 B). In contrast, in the β4-deficient PA-JEB kera-
tinocytes, no HDs were detected, and plectin is diffusely dis-
tributed throughout the cytoplasm. Notably, these cells were
also more spread and form less tight cell islands compared with
the β4-proficient PA-JEB keratinocytes (Fig. 1, B and D). Fur-
thermore, larger FAs were observed in the β4-deficient cells
(Fig. 1, C and D).

Together, these data show that integrin β4 suppresses cell
spreading and FA maturation, which indicates that HDs likely
play a role in regulation of tensile forces in keratinocytes.

Close connection between HDs and FA components
HD protein complexes localize in close proximity to FAs (Ozawa
et al., 2010; Rid et al., 2005; Pora et al., 2019), which suggests
that these complexes might be interconnected to regulate trac-
tion forces. To provide evidence of a physical linkage between
FAs and HDs, we performed proximity-dependent biotin iden-
tification (BioID) assays using PA-JEB keratinocytes stably ex-
pressing integrin β4 or IL2R fused to a biotin ligase (BirA*).
Comparison of the proximity interactors of β4 and IL2R (used as
negative control; Data S1) revealed in addition to the already
known interactors of α6β4, BP230 (DYST), BP180 (COHA1), and
plectin, the FA components talin-1, zyxin, paxillin, tensin-3,
vinculin, tensin-4, and KANK1/2 as specific proximity inter-
actors of β4 (Fig. 2 A). The specificity of these β4 interactors was
validated by additional BioID experiments using integrin β4–
and IL2R-BirA*–expressing keratinocytes in the absence of
biotin to exclude any false-positive interactors. These data are
in line with a previous study in which some FA components,
such as tensin-3, were identified as interactors of integrin β4
(Myllymäki et al., 2019). Moreover, some of these β4 proximity
interactors were validated by Western blotting in the presence
or absence of biotin (Fig. S1 A). Irrespective of whether the cells
are grown in KGM or DMEM, we found the same FA proteins as
proximal interactors of β4, suggesting the proximity interaction
exists in both migratory and stationary cells.
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Figure 1. Inverse correlation between integrin β4 expression and FA maturation. (A) Immunofluorescence confocal images of migrating PA-JEB/β4
keratinocytes stained for BP230 (green), integrin β4 (Itg. β4; red), phosphorylated paxillin (PAX-pY31; blue), phosphorylated MLC (MLC-pS19; green), vinculin
(Vinc; red), and actin (Act; blue) 72 h after creating the gap. Nuclei were counterstained with DAPI (cyan). T means the trailing area, while L means the leading
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We also examined the association of FAs and HDs in PA-JEB/
β4 keratinocytes by superresolution microscopy and found that
in the cell periphery, plectin and, to a lesser extent, β4 localize in
linear arrays aligned with keratin filaments (Fig. 2, B–D). The
FA-associated protein vinculin was found in close association
with these hemidesmosomal protein arrays at the very edge
of the cells (Fig. 2, B and C). On the contrary, in β4-deficient
PA-JEB keratinocytes, plectin and keratin filaments displayed
a more irregular and wavy distribution (Fig. 2, C and D) and
the close association between FA and HD components seemed
diminished.

All in all, these findings confirm the close connection be-
tween HDs and FAs in β4-proficient keratinocytes.

Intact laminin-integrin β4-plectin linkage reduces FA size and
cell spreading
Integrin α6β4 is a transmembrane receptor for laminin-332 that
associates with IF network through interactions of the large
cytoplasmic domain of the β4 subunit with the cytoskeletal
linker proteins plectin and BP230 (Koster et al., 2003; Manso
et al., 2018 Preprint). To study whether the binding to the ECM
and/or the connection with IFs via plectin is required for the
observed integrin β4-mediated effects on cell area and FA size,
we generated two cell lines carrying mutations in the β4 subu-
nit. The missense mutation R1281W renders β4 unable to in-
teract with plectin (Koster et al., 2004), while three engineered
amino acid substitutions (D230A, P232A, and E233A) in β4 result
in an adhesion-defective (AD) integrin (Fig. 3 A; Russell et al.,
2003). We confirmed the impaired ability of PA-JEB/β4-AD to
bind to laminin-332 in in vitro cell adhesion assays (Fig. S2 A)
and showed that in the keratinocytes expressing β4-R1281W, the
association between β4 and the keratin IF system via plectin/
BP230 is abolished (Koster et al., 2004; Fig. 3 B). Previous
findings have shown that the β4 cytoplasmic domain is suffi-
cient to induce coclustering of an IL2R reporter domain and
plectin at the plasma membrane (Homan et al., 1998; Nievers
et al., 2000). In line with this finding, we found that the β4-AD
mutant was able to induce the formation of HD-like structures,
as judged from the similar distribution patterns of β4 and plectin
in β4-proficient cells (Figs. 1 B and 3 B). Yet, β4 clustered more
diffusely near the periphery of cell islands and showed limited
colocalization with the deposited laminin-332. Similar to the PA-
JEB cells lacking β4, BP230 could hardly be detected in the cells
expressing β4-R1281W or β4-AD, indicating the absence of type I
HDs (Fig. 3 B). Moreover, similar to β4-deficient PA-JEB kera-
tinocytes, PA-JEB/β4-R1281W and PA-JEB/β4-AD cells exhibited
larger and longer FAs probed by vinculin or paxillin and an

increasedmean cell area comparedwith PA-JEB/β4 (Fig. 3, C and
D; and Fig. S2, B–E).

Next, we disrupted the interaction between the F-actin and IF
networks by deleting plectin in PA-JEB/β4 using CRISPR/Cas9
technology. The deletion of plectin (Fig. S1 B) resulted in in-
creased FA size (both area and length) and cell spreading (Fig. 3,
E and F; and Fig. S2, B–E), which is in agreement with the ob-
servations in β4-R1281W–expressing keratinocytes (Fig. 3, C and
D). Disruption of integrin β4 binding to laminin by treatment
with a blocking antibody (ASC-8; Fig. S2 F) yielded results
similar to the β4-AD mutant with respect to the size of FAs and
the increase in cell area (Fig. 3 G).

Collectively, these results show that the interaction of in-
tegrin β4 with laminin-332 and plectin is required for sup-
pression of FA maturation and cell spreading.

Integrin α6β4 and plectin reduce cellular traction force and
tension
To investigate the ability of PA-JEB/β4 keratinocytes to exert
traction force, we seeded the cells on fibronectin-stamped pol-
ydimethylsiloxane micropillar arrays with an effective stiffness
of 137.1 kPa, roughly mimicking the stiffness of certain basement
membranes (van Helvert et al., 2018). We confirmed that the
keratinocytes formed both FAs and HDs when cultured on these
pillars (Fig. 4 A). These adhesion structures predominantly lo-
calized on the pillar tops, which is likely due to the fibronectin
coating of the pillars in combination with the efficient deposi-
tion of cellular laminin-332 at this area (Fig. S3 A). Traction
forces generated by these cells were determined by visualizing
the deflections of the pillar tops by confocal microscopy and
calculating the forces corresponding to these deflections (Tan
et al., 2003; van Hoorn et al., 2014). Deflected pillars could be
observed near the cell periphery. On the deflected pillars, both
vinculin and integrin β4 were present. Interestingly, vinculin
mainly occupied the part of the pillar directed toward the cell
periphery, while integrin β4 could be found on the pillar part
directed toward the cell nucleus (Fig. 4, A and B).

Next, we investigated the effect of HDs on the ability of
keratinocytes to exert traction forces and evaluated the role of
substrate stiffness in this process. To this end, β4-proficient, β4-
deficient, β4-R1281W, and β4-AD cells were seeded on micro-
pillars with effective stiffnesses of 137.1 and 29.5 kPa, the latter
mimicking the stiffness of granulation tissue, which forms on
the surface of a wound during the healing process (van Helvert
et al., 2018). The cellular spreading area was increased by ∼20%
in the absence of β4, regardless of the stiffness of the pillars
(Fig. 4 C). Furthermore, β4-proficient PA-JEB cells applied the

area of migrating cell monolayer. Yellow arrowheads indicate the enrichment of hemidesmosomal structure at the leading border, and red arrowheads indicate
the higher level of MLC-pS19 and larger FAs in the leader cells. Scale bars: 20 µm. For quantification, type I HD (based on β4 and BP230 colocalization), MLC-
pS19, and vinculin-positive areas are calculated as a percentage of the total ROI area. The values represent the mean (± SD) of three independent experiments,
with ∼18 images per experiment. ***, P < 0. 001; ****, P < 0.0001. (B) Representative confocal fluorescence microscopy images of PA-JEB (β4 −) and PA-JEB/
β4 (β4 +) keratinocytes cultured for 1 d in complete KGM medium and then switched to DMEM (10% FCS) for 16 h. Cells were immunostained for β4 (green),
plectin (Plec; red), and laminin-332 (Ln332; blue). Colocalization of β4, plectin, and laminin-332 is visualized in the overlay images. Nuclei were counterstained
with DAPI (cyan). (C) Cells were immunostained for β4 (green), vinculin (Vinc; red), and actin (Act; blue). Nuclei were counterstained with DAPI (cyan). Scale
bars: 10 µm. (D) Cell area and FA size probed by vinculin were quantified with ImageJ. The values represent the mean (± SD) of three independent experiments,
with ∼20 images per experiment. ****, P < 0.0001.
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Figure 2. Close connection between HDs and FA components. (A) Proximity biotinylation assays were performed with PA-JEB/β4 keratinocytes expressing
integrin β4 fused to the biotin ligase BirA*. An IL-2R-BirA* fusion protein, which is dispersed over the cell membrane, was used as negative control to identify
the specific proximity interactors of integrin β4. The volcano plot shows the results from three independent experiments (threshold false discovery rate: 0.01
and S0: 2). Significant proximity interactors of β4 and IL-2R are indicated in light blue (IL-2R interactors, left, and integrin β4 interactors, right), red (FA
components), or green (HD proteins). (B) Representative superresolution microscope image of β4 (+) cells showing vinculin (red) and integrin β4 (cyan).
(C) Representative superresolution microscope image showing vinculin (red) and plectin (green) in β4 (+) and β4 (−) PA-JEB cells. (D) Representative su-
perresolution microscope image showing vinculin (red) and keratin 14 (green) in β4 (+) and β4 (−) PA-JEB cells. Scale bars: 1 µm.
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Figure 3. Intact laminin-integrinβ4-plectin linkage reducesFA size and cell spreading. (A)Domain structure of integrinβ4andplectin. Dots indicate the relative locations
of the R1281W mutation in β4-R1281W and of the D230A, P232A and E233A mutations in β4-AD. ABD, actin-binding domain. (B) Representative confocal fluorescence mi-
croscopy images of β4 (−), β4 (+), β4-R1281W, and β4-AD PA-JEB keratinocytes. Cells were cultured for 24 h in DMEM (10% FCS) and then fixed and stained for β4 (green),
plectin (Plec; red) or BP230 (red), and keratin-14 (K14; blue) or laminin-332 (Ln322; blue). Nuclei were counterstainedwith DAPI (cyan). Scale bars: 10 µm. (C) Inverse black-and-
white images of confocal micrographs of β4 (−), β4 (+), β4-R1281W, and β4-AD PA-JEB keratinocytes showing cell morphology and vinculin-stained FAs (black). Scale bars: 10
µm. (D)Quantification of cell area and FA sizewith ImageJ. The data are presented as themean (± SD) from three independent experiments, with∼20 images per experiment.
****, P < 0.0001. (E) Confocal microscopy images of vinculin-stained FAs (red) and plectin-stained HDs (green) in β4 (+) and plectin-deficient β4 (+) keratinocytes (Plec KO).
Nuclei (blue) were visualized with DAPI staining. Scale bars: 10 µm. (F) Quantification of cell area and FA size from three independent experiments, with ∼20 images per
experiment. ****, P <0.0001. (G)PA-JEB/β4 keratinocyteswere cultured for 24h inDMEM(10%FCS)with orwithout theβ4blocking antibodyASC-8 (supernatant diluted 1:5).
Shown are quantification of cell area and FA size from three independent experiments, with ∼20 images per experiment. **, P < 0.01; ****, P < 0.0001.
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Figure 4. Integrin α6β4 and plectin reduce cellular traction force and cellular tension. (A) Representative confocal image of β4 (+) cells exerting forces
on stiff pillars. The cell seeded on the pillar top was stained for actin (green), vinculin (blue), and integrin β4 (red). The secondary fluorescence antibody against
vinculin has a strong nuclear background (blue). The pillar tops were coated by fibronectin tagged by fluorescence (gray). Deflection of pillars is shown by
arrows, whose length is relative to force magnitude. The cyan line represents the cell periphery. Scale bars: 10 µm. (B) Intensity profile of vinculin, integrin β4
(Itg. β4), and the pillar tops from the green line drawn following the deflection of pillars in A. (C and D) Cell spreading area and total cellular force of β4 (−), β4
(+), β4-R1281W, and β4-AD keratinocytes adhering on soft (29.5 kPa) and stiff (137.1 kPa) pillars. The data are presented as the mean (± SD) from three
independent experiments, with∼70 cells in total. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. (E) Representative images from confocal microscopy comparing
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lowest traction force of 137 (± 112) nN on stiff pillars, which
increased to 365 (± 226) nN for β4-deficient and 337 (± 322) nN
for β4-AD cells. The β4-R1281W mutant displayed an interme-
diate force behavior of 257 (± 152) nN (Fig. 4 D). A similar trend
in total generated force could be observed on soft pillars, with
the exception of β4-R1281W cells, which showed low total force
generation, comparable to the force generated by β4-proficient
cells (Fig. 4 D). This result shows that in contrast to β4-AD, the
β4-R1281W mutation does not completely mimic the β4-null
phenotype. The total force generated by each cell has two con-
tributions: the percentage of deflected pillars with respect to
the total number of pillars and the force applied to each pillar.
Analysis of both yields a more subtle change of the mechanical
response to HD formation and substratum stiffness (Fig. S3 B).
In line with previous findings in 3T3 fibroblasts and MCF-7
cells (van Hoorn et al., 2014), we observed that the number of
deflected pillars decreases with increased substratum stiff-
ness, while the force per pillar increases. Similar to their ef-
fects on total force, cells with different β4 mutants show
significant differences in the amount of force generated on
single stiff pillars. The β4-proficient cell line applied the
lowest force per pillar, which significantly increased for β4-
deficient, β4-R1281W, and β4-AD cells.

Traction force generation is dependent on actomyosin con-
tractility through the small GTPase RhoA–Rho kinase (ROCK)–
MLC signaling axis (Amano et al., 1996; Lessey et al., 2012). To
assess whether HD assembly also regulates myosin activity, we
visualized the level of MLC-pS19 in a co-culture of PA-JEB cells
expressing GPF-tagged integrin β4 and PA-JEB, PA-JEB/β4-
R1281W, or PA-JEB/β4-AD cells. Cells that do not express GPF-
tagged wild-type β4 showed an increased MLC phosphorylation
(Fig. 4 E), indicating that actomyosin contractility is increased in
keratinocytes that do not assemble intact HDs. This data were
confirmed by Western blotting (Fig. 4 F). In line with this, MLC
phosphorylation was strongly increased in plectin-deficient PA-
JEB/β4 compared with plectin-knockout PA-JEB/β4 and PA-JEB
keratinocytes (Fig. 4 G). Upstream of MLC phosphorylation,
lower levels of GTP-bound (active) RhoA were detected in PA-
JEB/β4 keratinocytes, indicating a decreased activation of ROCK
and MLC phosphorylation (Fig. S3, C and D). The reduced RhoA
activation in the presence of wild-type β4 indicates that HDs
negatively modulate contractile forces through RhoA–ROCK–
MLC signaling, even though the variation of active RhoA is not
as dramatic as the level of MLC-pS19. The dramatic increase in
MLC phosphorylation can also be attributed to the enhanced
adhesion strength induced by larger FAs that compensate for the
loss of HDs (Stricker et al., 2011).

In summary, these results demonstrate that integrin β4 and
plectin reduce cellular traction force and actomyosin contractility.

Mechanotransduction-related signaling pathways are
inactivated by integrin α6β4 and plectin
Cellular mechanoresponses not only require a rapid remolding
of adhesion structures and the cytoskeleton but also involve the
activation of several specific signaling pathways. As key mole-
cules in mechanosensing, the transcriptional regulators YAP/
TAZ (transcriptional coactivator with a PDZ-binding motif)
control FA formation and actomyosin cytoskeleton stability in
response to mechanical cues (Nardone et al., 2017; Piccolo et al.,
2014). YAP and TAZ are inactivated and localized in the cyto-
plasm when endogenous tensile forces are inhibited (Halder
et al., 2012; Dupont et al., 2011). We analyzed the effect of HDs
on the subcellular distribution of YAP and found that YAP dis-
played a strong nuclear localization in the β4-deficient and
mutant cell lines, while in PA-JEB/β4 cells, the level of nuclear
YAP was reduced (Fig. 5, A and B).

It is well established that FA assembly and maturation occurs
concomitantly with a change in cellular tension (Riveline et al.,
2001; Oakes and Gardel, 2014; Stricker et al., 2011), which can be
achieved by autophosphorylation of FAK at Y397 (Oakes and
Gardel, 2014). To assess how inhibition of HD assembly influ-
ences FA maturation, we determined the extent of phosphoryl-
ation of FAK (at Y397) and paxillin (at Y31) in the four cell lines.
A low level of FAK phosphorylation was detected in PA-JEB/β4
keratinocytes, while in the cells that lacked β4 or expressed β4
mutants that are unable to bind laminin-332 or plectin, the
phosphorylation levels were elevated (Fig. 5 C). Similar ob-
servations were made for paxillin (Fig. 5 C).

Recent studies have shown that FAK phosphorylation posi-
tively regulates YAP activity and localization (Lachowski et al.,
2018) through the Src–PI3K–PDK1 axis (Kim and Gumbiner,
2015). To investigate if β4-mediated YAP activity involves the
FAK–PI3K axis, β4-deficient and plectin-knockout keratinocytes
were treated with FAK (VS-4718) and PI3K (GDC-0941) in-
hibitors. Additionally, we treated the cells with the compounds
AZD-8055 and MK-2206, which inhibit mTORC2 and AKT, re-
spectively, two downstream effectors of PI3K. All the inhibitors
effectively blocked phosphorylation of their target protein and
subsequently prevented the activation of their downstream
targets along the FAK–PI3K–AKT–mTOR axis. Both the FAK and
PI3K inhibitors stimulated the phosphorylation of YAP (at S127),
while inhibition of AKT and mTOR did not obviously alter YAP
activity (Fig. 5, D and E). To directly address whether the ac-
cumulation of dephosphorylated nuclear YAP occurs due to
the increased cellular tension, we reduced cellular tension in β4-
deficient and plectin-knockout keratinocytes by treatment
with Y27632 or blebbistatin. Y27632 inhibits ROCK and thereby
blocks the phosphorylation of MLC at S19. Blebbistatin instead
inhibits myosin ATPase activity and thus keepsmyosin detached

the phosphorylation of MLC at S19 (red; MLC-pS19) in PA-JEB cells stably expressing β4-GFP (green) with that in β4-deficient PA-JEB cells (left), PA-JEB cells
expressing β4-R1281W (middle), or cells expressing β4-AD (right). Scale bars: 10 µm. Graph showing the quantification of the intensity of MLC-pS19 in different
cell lines, expressed as a ratio of the total pixel intensity of MLC-pS19 staining divided by cell area. (F)Western blot analysis of whole-cell lysates from β4 (−),
β4 (+), β4-R1281W, and β4-AD keratinocytes probed with antibodies against MLC-pS19 and GAPDH. PA-JEB cells treated with Y27632, a ROCK inhibitor, served
as a negative control for validation of the MLC-pS19 antibody. A representative Western blot is shown (n = 3). (G)Western blot analysis of whole-cell lysates
from integrin β4 (+), β4 (−) keratinocytes, and two plectin-knockout clones probed with antibodies against MLC-pS19 and GAPDH. A representative Western
blot is shown (n = 2).
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Figure 5. Mechanotransduction-related signaling pathways are inactivated by integrin α6β4 and plectin. (A) Representative images from confocal
microscopy showing the distribution of YAP (red in merge) and cell nuclei (blue in merge) in β4 (−), β4 (+), β4-R1281W, and β4-AD PA-JEB keratinocytes. Scale
bars: 10 µm. (B) Quantification of the percentage of nuclear YAP. The percentage of nuclear YAP was calculated by dividing the YAP staining overlapped with
DAPI with the total YAP staining intensity. The data are presented as the mean (± SD) from three independent experiments, with ∼60 cells in total. ****, P <
0.0001. (C) Western blot analysis showing the levels of phosphorylated FAK (Y397) and paxillin (PAX-pY31) in β4 (−), β4 (+), β4-R1281W, and β4-AD PA-JEB
keratinocytes. A representative Western blot is shown (n = 2). (D)Western blot analysis showing the levels of MLC-pS19, FAK (at Y397), AKT (at S473), mTOR
(at S2448), and YAP (S127) of β4 (−) and plectin (−) keratinocytes treated with ROCK (Y27632; 10 µM), myosin (blebbistatin; 10 µM), FAK (VS-4718; 1 µM), PI3K
(GDC-0941; 1 µM), AKT (MK-2206; 1 µM), or mTOR (AZD-8055; 100 nM) inhibitors. Inhibitors were added 45 min before cell lysate. β4 (+) cells are used as a
control group. DMSO was used as vehicle control. (E) The relative ratios of phosphorylated FAK/total FAK (pFAK/tFAK) and phosphorylated YAP/total YAP
(pYAP/tYAP) were calculated and normalized to β4 (+) group treated by DMSO. Data are presented as the mean (± SD) from two independent experiments.
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from actin but does not affect its phosphorylation state. Both
inhibitors rescued the reduction of phosphorylated YAP induced
by the loss of β4 or plectin, suggesting a RhoA–ROCK–MLC
signaling axis plays a critical role in driving the altered cyto-
skeletal tension in the β4-deficient cells (Fig. 5 D).

In summary, these results indicate that integrin β4 and
plectin decrease cell contractility and mechanotransduction
through inhibition of RhoA–ROCK–MLC and FAK–PI3K signal-
ing axes. Subsequently, decreased cellular tension prevents
nuclear accumulation and dephosphorylation of YAP.

HD assembly controls the localization of integrin αVβ5
Integrin αVβ5 can reside in both flat clathrin lattices and FAs in
a variety of cell lines and cell types (Lock et al., 2019). According
to our recently published work, in PA-JEB/β4 keratinocytes, low
levels of cytoskeletal force facilitate clustering of αVβ5 in
clathrin lattices, while in highly contractile cells, αVβ5 is pre-
dominantly localized in FAs (Zuidema et al., 2018). Here, we
analyzed whether increased cellular tension as a result of im-
paired HD assembly on stiff matrices also leads to changes in the
subcellular distribution of integrin αVβ5. In β4-deficient cells,
integrin β5 mainly followed the pattern of FAs, which were
marked by vinculin staining. In the presence of integrin β4,
integrin β5 redistributed and localized predominantly with
clathrin (Fig. 6, A and B), suggesting that integrin β4 influences
the localization of integrin β5. To confirm that integrin β4 alters
the localization of β5 by reducing actomyosin-generated tension,
we treated β4-deficient PA-JEB keratinocytes with the myosin
inhibitor blebbistatin. As expected, blebbistatin treatment re-
sulted in the redistribution of integrin β5 from FAs to clathrin
lattices (Fig. 6, C and D).

Next, we analyzed the localization of integrin β5 in PA-JEB
keratinocytes containing β4-R1281W or β4-AD and observed that
similar to β4-deficient cells, integrin β5 predominantly clustered
to FAs (Fig. 6, E and F). In addition, we found that integrin β5
was mostly assembled in FAs in plectin-deficient PA-JEB/β4
keratinocytes (Fig. 6, G and H). These data corroborate earlier
findings (Zuidema et al., 2018) and demonstrate that impaired
laminin-integrin β4-plectin linkage leads to high cellular tension,
which consequently promotes integrin β5 clustering in FAs.

HDs counteract actomyosin contractility in carcinoma
cell lines
Although HDs have been most extensively studied in the epi-
dermis, these adhesions can also be found in several other tis-
sues, including lung (Chapman et al., 2011) and mammary gland
(Klinowska et al., 2001). Furthermore, many tumor cells contain
(rudimentary) HDs. We visualized HD assembly in several
cancer cell lines by confocal microscopy. The results show that
HaCaT keratinocytes and MCF10A mammary gland epithelial,
A431 epidermoid, and A549 lung carcinoma cells expressed in-
tegrin β4 and plectin and deposited laminin-332 on the sub-
stratum. However, their ability to assemble HDs varied greatly
(Fig. 7, A and B). HaCaT keratinocytes formed typical HDs in a
cauliflower-like pattern, comparable to PA-JEB/β4 cells. In A431
and A549 cells, integrin β4 efficiently colocalized with plectin,
although the distribution of these proteins was not completely

comparable to that in normal keratinocytes. In MCF10A cells,
integrin β4 and plectin showed limited colocalization (Fig. 7, A
and B), suggesting that HDs are not efficiently assembled in
these cells.

Next, we deleted integrin β4 in these cell lines and evaluated
its effect on cell contractility by analyzing the level of MLC
phosphorylation (Fig. 7 C). HaCaT, A431, and A549 cells all ex-
hibited a decreased level of phosphorylated MLC upon the de-
letion of integrin β4. In contrast, the deletion of integrin β4 in
MCF10A cells had no obvious effect on MLC phosphorylation. In
conclusion, these data suggest that integrin β4 can reduce cell
contractility in different cell types, but this may only be appli-
cable to cells that can form HD-like structures.

Discussion
Cells sense and respond to mechanical stimuli, which involves
cooperation between adhesion structures and the cytoskeleton.
In this study, we used micropillar-based and biochemical assays
to demonstrate an important role for integrin α6β4 and plectin
in regulating intracellular tension and traction force generation.
We show that the presence of α6β4 and its binding to keratin
filaments via plectin and to laminin-332 lowers the ability of
keratinocytes to exert traction forces on the substratum. As a
consequence, cell spreading and maturation of FAs is reduced in
the presence of α6β4. In line with our previous observations
(Zuidema et al., 2018), we show that HDs promote the redistri-
bution of integrin αVβ5 from FAs to clathrin structures by re-
ducing cellular tension. These findings together support an
important role for HDs in cell mechanical features and cross-talk
between integrin-containing adhesion structures in response to
altered intracellular tension.

The function of integrin-mediated FAs as primary sites for
cellular force transduction during cell adhesion has been widely
documented. HDs represent an additional type of adhesion
structure that in contrast to FAs is connected not to actomyosin
but to IFs. IFs are not associated with motor proteins and,
therefore, cannot by themselves mediate traction forces. How-
ever, because IFs form an integrated network with F-actin
through cytoskeletal linker proteins such as plectin and fim-
brin (Jiu et al., 2015; Tang and Gerlach, 2017; Correia et al., 1999),
they may influence traction forces exerted by actomyosin
contractility.

We confirm the close association between FA and HD com-
ponents and the IF network by BioID assays and superresolution
imaging. Moreover, we demonstrate for the first time that HDs
counteract cellular tension and traction-force generation. These
findings build on previous studies that reported increased cel-
lular tension in U2OS osteosarcoma cells in the absence of vi-
mentin IFs (Jiu et al., 2017) and in plectin-deficient keratinocytes
and endothelial cells (Bonakdar et al., 2015; Osmanagic-Myers
et al., 2015).

However, these phenotypical changes observed after deletion
and/or mutation of HD components might be very cell type
specific. We validated the role of HDs in the regulation of cellular
tension in HaCaT keratinocytes and A431 and A549 carcinoma
cells. In contrast, deletion of integrin β4 in MCF10A cells had no
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effect on myosin activity, which could be attributed to the lim-
ited colocalization of integrin β4, plectin, and laminin-332. In
line with this, cells that do not assemble HDs (i.e., myoblast and
fibroblasts) can show opposite phenotypical changes compared
with those observed in keratinocytes (Bonakdar et al., 2015; Na
et al., 2009; Gregor et al., 2014). The reasons for the cell type–
specific mechanical response on HD and IFs are not yet clear.

Possible explanations include differences in how IFs are me-
chanically anchored to the plasma membrane, i.e., only via FAs
or via FAs and HDs. Similarly, individual HD components might
also have distinct functions during keratinocyte migration, in
which type I HDs are disassembled and cannot be efficiently
linked to the IF network to counteract force generation. Under
these conditions, it was reported that the HD component BP180

Figure 6. HD assembly controls the localization of integrin αVβ5. (A) Confocal images showing the distribution of β5 (green) together with either clathrin
(Cla; red) or vinculin (Vinc; red) in β4 (−) and β4 (+) PA-JEB keratinocytes. Nuclei were counterstained with DAPI (blue). Scale bars: 10 µm. (B) Quantification of
the colocalization of β5 with clathrin or vinculin. (C) Representative images showing integrin β5 clustering in clathrin lattices in β4 (−) cells, untreated or
treated with the myosin inhibitor blebbistatin (20 µM) for 30 min. (D) Quantification of the colocalization of β5 with clathrin. (E) Confocal images showing the
distribution and colocalization of β5 (green) and vinculin (red) in β4 (−), β4 (+), β4-R1281W, and β4-AD PA-JEB keratinocytes. Nuclei are shown in blue. Scale
bars: 10 µm. (F)Quantification of the colocalization of β5 with vinculin. (G) Confocal images showing the distribution of β5 (green) together with either vinculin
(red) or clathrin (red) in PA-JEB/β4 wild-type (close-up in the middle panel) and plectin knockout PA-JEB/β4 (close-up in the left panel) keratinocytes. Plectin is
shown in blue, and nuclei are shown in cyan. Scale bars: 10 µm. (H) Quantification of the colocalization of β5 with vinculin. Data are presented as the mean
(± SD) from three independent experiments, with ∼60 cells in total. ****, P < 0.0001.
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was directly binding to and stabilizing actin bundles and, sub-
sequently, its depletion resulted in a minor decrease in traction
force (Hiroyasu et al., 2016).

Here, we propose that HDs are mechanically coupled to FAs
in keratinocytes and reduce cellular traction forces through a
mechanism that involves binding of IF-anchored HDs to the
actomyosin cytoskeleton in FAs (Fig. 8). Indeed, in β4-proficient
cells, keratin IFs could be found closely associated with FAs
(Fig. 2 D). These IFs appear to be more linear than IFs that do not
seem to be associated with FAs, and we hypothesize that this
might be the result of IF stretching by actomyosin-generated
tension.

Furthermore, our data indicate that the regulation of cellular
force by HDs further affects activation of YAP through the
RhoA–ROCK–MLC and FAK–PI3K signaling axes. Since IFs are
elastic and can be stretched several times their original lengths
without breaking (Charrier and Janmey, 2016), we speculated
that the effects of HD perturbation on traction forces should be
most dramatic on stiff substrates at which cells can generate
high traction forces (Zhao et al., 2018). Consistent with this
notion, we observed a more dramatic effect of HD pertubation

on stiff compared with soft pillars. Moreover, on soft pillars, we
detected an effect of β4-AD, but not the plectin-binding deficient
mutant (Fig. 4, C and D). Although not statistically significant,
we observed a trend suggesting that on stiff pillars, the effect of
β4-AD on force generation was larger than that of the β4-
R1281W mutant. It thus seems that α6β4 can regulate force
generation in a somewhat IF-binding–independent but adhesion-
dependent manner. It is also important to note that in the absence
of α6β4-mediated cell adhesion, adhesion by the interaction of
α3β1 or α6β1 with the available vacant laminin-332 might be
promoted, and therefore, it is not clear whether the effects of
the β4-AD on force generation are actually due to a loss of α6β4-
mediated adhesion or a gain of α3β1-mediated cell adhesion.
Adding to complexity of the issue is the notion that α3β1 may
regulate the actin cytoskeleton through its interaction with the
tetraspanin CD151 (Hemler, 2005; te Molder et al., 2019).

During wound healing, cellular traction forces and cell con-
tractility are the main drivers for epithelial restoration through
regulating cell contraction at wound edges and cell crawling
toward the wound bed (Brugués et al., 2014; Fenteany et al.,
2000). At the early stage of wound healing, dissolved HDs can

Figure 7. HDs counteract actomyosin contractility in carcinoma cell lines. (A) Confocal images showing the distribution of β4 (red) together with plectin
(green) and laminin (blue) in HaCaT, A431, A549, and MCF10A cells. Font in red indicates cells are skin derived, green indicates lung-derived cells, and blue
indicates breast-derived cells. Scale bars: 10 µm. (B) Colocalization efficiency between the integrin β4 (Itg. β4) channel and the plectin channel, shown by
Pearson’s R value. Data are presented as box-and-whisker plots in which the box extends the 25th to 75th percentiles, the middle line indicates the median, and
whiskers go down to the smallest value and up to the largest (∼60 cells in total). The statistical analysis compares the PA-JEB/β4 group with each of the other
groups. ****, P < 0.0001. (C) Western blot analysis of whole-cell lysates from PA-JEB, HaCaT, A431, A549, and MCF10A cells either expressing integrin β4 or
lacking integrin β4 probed with antibodies against integrin β4, MLC-pS19, and GAPDH.
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be found in keratinocytes at the wound edge, in which cells
exhibit elongated and flattened morphology, with long lamelli-
podia extending into the matrix (Koivisto et al., 2014). Previous
studies showed that type I HDs are only reformed after com-
pletion of reepithelialization, since cells at wound margin par-
tially disassemble HDs in order to detach from the basement
membrane (Hopkinson et al., 2014). Even though both integrin
β4 and BP230were found at the leading front of keratinocytes in
a scratch-wound assay (Hamill et al., 2009) and an in vivo in-
cisional wound (Underwood et al., 2009), they were much less
clustered in the leading area than in the trailing area of the
wound. Furthermore, integrin α6β4 was shown to move into
assembling lamellipodium at the leading edge of the wound and
interact with actin fibers, but not to associate with keratin fil-
aments (Tsuruta et al., 2011; Svitkina et al., 1997), indicating that
typical type I HDs were not efficiently formed. Consistent with
this notion, our own data indicate that type I HDs are less
abundantly present in keratinocytes at the wound edge. Al-
though different mechanismsmay underlie the high cytoskeletal
tension in the front wound edge, the loss of HDs in leading cells
may be one of the factors that have contributed to this increased
tension.

Interestingly, in many tumors, the distribution and expres-
sion of integrin α6β4 have been altered as well (Davis et al.,
2001; Stewart and O’Connor, 2015; Ramovs et al., 2017). It is
therefore feasible that alterations and/or loss of HDsmay change
the mechanical properties of these cells and contribute to tumor
dissemination. In agreement with this hypothesis, we demon-
strated that the regulatory role of HDs in cellular tension cor-
relates with efficient HD assembly in tumor cells.

In summary, we demonstrate the crucial role of integrin
α6β4 and plectin in force modulation. Impaired HD assembly
leads to increased cellular tension and traction forces and sub-
sequently promotes the maturation of FAs. Our results reveal a
novel role for HDs as regulators of cellularmechanical forces and

establish the existence of a mechanical coupling between ad-
hesion complexes.

Materials and methods
Construction of expression plasmids
Full-length human β4A cDNA was cloned as a 5.6-kb EcoRI
fragment into the EcoRI site of retroviral expression vector
LZRS-IRES-zeo, a modified LZRS retroviral vector conferring
resistance to zeocin (Kinsella and Nolan, 1996). β4-R1281W was
made through mutating the CGG to TGG in codon 1,281 of β4,
which was found from a human patient (Pulkkinen and Uitto,
1998). The R1281W mutation was introduced into human β4
cDNA by sequence overhang extension PCR (Geerts et al., 1999).
The mutagenesis primers were 59-GACAACCCTAAGAACTGG
ATGCTGCTTATTG-39 and 59 CAATAAGCAGCATCCAGTTCTTAG
GGTTGTC-39. The β4-AD construct (a kind gift from M.P. Mar-
inkovich, Stanford University School of Medicine, Stanford, CA)
was produced through cloning the EcoRI β4 cDNA insert into the
EcoRI site of pSK and performing mutagenesis using the Gene-
Editor in vitro site-directed mutagenesis system (Promega). The
primer used for the point mutation of β4 sequence was β4-AD
(D230A, P232A, and E233A, incorporatingwith a novel NaeI site):
59-GGCAACCTGGCTGCTGCTGCCGGCGGCTTCG-39 (Russell
et al., 2003).

The coding sequence of the BirA* (R118G) enzyme was am-
plified by PCR from the pcDNA3.1 MCS-BirA*(R118G)-HA plas-
mid (a kind gift from K. Roux, University of South Dakota, Sioux
Falls, SD; plasmid 30647; Addgene; Roux et al., 2012) with the
oligonucleotides 59-CCCAAGCTTGAATTCGGATCCAAGGACAAC-39
and 59-GCTCTAGATCAGCGGTTTAAACTTAAGGC-39. The ampli-
fied fragment was cut with HindIII and Xbal and ligated into
pCMV-IL-2R (a kind gift from K.M. Yamada, National Institutes of
Health, Bethesda, MD; LaFlamme et al., 1992). Subsequently, the
pcDNA3-IL-2R-BirA*(R118G) was cut with PmeI and NheI, blunt

Figure 8. Proposed model for the role of HDs in cellular tension regulation. Contractile forces generated by the actomyosin cytoskeleton can prestress
IFs, which can counterbalance a further increase in force generation. Binding of the prestressed IFs to β4 in HDs and F-actin–anchored FAs is mediated by
plectin (situation on the left). When the HD constraint on actomyosin generated force is eliminated, force transduction across integrins will increase and FAs
can further grow and reorganize into larger and more complex structures (situation on the right). Upon increased cellular tension, more FAK can be phos-
phorylated and subsequently trigger the activation of the PI3K–YAP signaling pathway.
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ended with Klenow fragment, and finally cloned into the SnaBI site
of the LZRS-IRES-zeo retroviral expression vector.

The β4-BirA* construct was created by a three-point ligation.
The full-length β4 cDNA was cut from pUC18-β4A (Delwel et al.,
1993) using EcoRI and EcoRV, generating a 5-kb EcoRI–EcoRV
and 0.6-kb EcoRV–EcoRI fragment. After removal of the stop
codon and the introduction of a new EcoRI site in the 0.6-kb
fragment, the two fragments were ligated in the pcDNA3.1MCS-
BirA*(R118G)-HA plasmid digested with EcoRI. Subsequently,
the β4-BirA* cDNA was released from pcDNA3.1 by digestion
with HpaI and PmeI, and the resulting fragment was ligated into
LZRS-IRES-zeo cut with SnaBI. Primers used to introduce re-
striction enzyme site and remove the stop codon of β4 were 59-
CGGAATTCAGTTTGGAAGAACTGTTG-39 and 59-CGGGATCCC
ACCCGCAGAGCCCA-39.

Cell culture and generation of stable cell lines
Immortalized PA-JEB keratinocytes were isolated from a patient
with JEB associated with pyloric atresia (Schaapveld et al., 1998).
Since the derivation of this cell line was done for diagnostic
purposes, the study using these cells was exempt from the re-
quirement for ethical approval. PA-JEB keratinocytes were cul-
tured in KGM (Invitrogen) supplemented with bovine pituitary
gland extract (50 µg ml−1), EGF (5 ng ml−1), and streptomycin/
penicillin (100 U ml−1 for each; Sigma-Aldrich). The human
carcinoma cell lines HT29, SW620, Caco-2, A431, and A549
(obtained from American Type Culture Collection), HaCaT ker-
atinocytes (Boukamp et al., 1988), and UM-SCC 22B cells
(Brenner et al., 2010) were grown in DMEM (Gibco) containing
10% fetal bovine serum (Serana Europe) and 100 U ml−1 each of
streptomycin and penicillin (Sigma-Aldrich). Human mammary
gland–derived MCF 10A cells (American Type Culture Collec-
tion) were cultured in DMEM/F12 Ham’s mixture supplemented
with 5% horse serum (Sigma-Aldrich), EGF (20 ng ml−1; Sigma-
Aldrich), insulin (10 µg ml−1; Sigma-Aldrich), hydrocortisone
(0.5 mg ml−1; Sigma-Aldrich), and cholera toxin (100 ng ml−1;
Sigma-Aldrich). MDA-MB-231 cells were maintained in RPMI
medium 1640 (Thermo Fisher Scientific) containing 10% fetal
bovine serum and streptomycin/penicillin.

Retroviral vectors were introduced into the Phoenix pack-
aging cells by the calcium phosphate precipitation method, and
virus-containing supernatant was collected (Kinsella and Nolan,
1996). PA-JEB cells were infected with the recombinant virus by
the 1,2-dioleoyl-3-trimethylammonio-propane (DOTAP) method
(Boehringer). After infection overnight at 37°C, infected cells
were selected with 0.2 mg ml−1 zeocin (Invitrogen). Cells ex-
pressing α6β4 or IL-2R at their surface were isolated by using a
Beckman Coulter Moflo Astrios cell sorter.

To generate plectin-deficient PA-JEB/β4 keratinocytes (te
Molder et al., 2019) and integrin β4-deficient cell lines, target
sgRNAs against PLEC (exon2; 59-GAGGTGCTTGTTGACCCACTT
GG-39) and ITGB4 (exon1; 59-AGGCGCGGAGGGAGCGAGTC-39)
were cloned into pX330-U6-Chimeric_BB-CBh-hSpCas9 (plas-
mid 42230; Addgene; deposited by Feng Zhang; Cong et al.,
2013). The plasmids containing sgRNA against PLEC or ITGB4,
together with a blasticidin cassette (Blomen et al., 2015), were
transfected into cells using Lipofectamine 2000 (Invitrogen) in

accordance with the manufacturer’s instructions. Cells were
incubated overnight with the transfection mixture, after which
the solution was replaced by medium supplemented with Blas-
ticidin (4 µg ml−1; Sigma-Aldrich). 4 d after selection, cells were
trypsinized and washed twice with PBS containing 2% FCS and
incubated with PE-conjugated anti-human integrin β4 antibody
(439-9B; dilution 1:200; BD Biosciences), and the PE-negative
populations were sorted using a Beckman Coulter Moflo Astrios
cell sorter.

Antibodies for immunofluorescence
Primary antibodies used are listed in Table S1. Secondary antibodies
used were goat anti-mouse Alexa Fluor 561, goat anti-guinea pig
Alexa Fluor 488, goat anti-rat Texas Red, goat anti-rabbit Alexa
Fluor 647, goat anti-human Alexa Fluor 488, goat anti-rabbit
Alexa Fluor 488 (Invitrogen), and goat anti-mouse Dylight 405
(BioLegend).

Immunofluorescence imaging and image analysis
For immunofluorescence microscopy, integrin β4–deficient, β4-
proficient, β4-R1281W, and β4-AD PA-JEB keratinocytes were
seeded on glass coverslips and cultured for 24 h in complete
KGM and then cultured for a further 24 h in DMEM with 10%
FCS. Additionally, β4-deficient cells were treated with Blebbis-
tatin (20 µM; Sigma-Aldrich) for 30 min before fixation or β4-
proficient cells were treated with β4-blocking antibody mAb
ASC-8 (supernatant diluted 1:5; gift form A. Skubitz, University
of Minnesota, Minneapolis, MN) for 24 h. Cells were fixed in 2%
paraformaldehyde and permeabilized with 0.2% Triton X-100
for 5 min, blocked with PBS containing 2% BSA (Sigma-Aldrich)
for 45 min, and subsequently incubated with primary and sec-
ondary antibodies for 1 h. Between antibody steps, the coverslips
were washed three times with PBS. Actin fibers were visualized
by staining with Flash Phalloidin Green 488 (BioLegend) or
Phalloidin Alexa Fluor 647 (Cell Signaling Technology). Nuclei
were stained with DAPI. Samples were mounted on glass
slides in Mowiol after three washing steps with PBS. Images
usually were acquired with a Leica TCS SP5 confocal micro-
scope with a 63× (NA 1.4) oil objective, except images for cell
migration, which were acquired with a 40× (NA 1.3) oil ob-
jective. The software used for image acquisition was Leica
LAS AF 3.0.2.

Image analysis was performed using ImageJ (Schindelin
et al., 2012). For wound-healing assays, the FAs (based on vin-
culin staining), type I HDs and MLC-pS19 were quantified in
the keratinocytes at the leading wound edge (two or three rows
of keratinocytes near the cell-free area [region of interest {ROI}
L]) versus in stationary cells at the trailing area (ROI T). Type I
HD was defined by the colocalization of integrin β4 and BP230
using the multiply function (Image calculator) to merge these
two channels. Background staining of vinculin was subtracted
(command “Subtract Background…”; rolling ball radius: 10.0
pixels), and the Analyze Particle function was used to calculate
the FA area, MLC-pS19 area, and HD area per ROI as a per-
centage of the total ROI area. Cell area was measured by drawing
an ROI at the cell periphery, and FA size was calculated using the
Particle Analyze function. The percentage of nuclear YAP was
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calculated by dividing the YAP staining overlapped with DAPI
with the total YAP staining intensity. Colocalization of integrin
β5 with FAs or clathrin lattices was determined by calculating
the area of β5 clusters overlapping with FAs or clathrin lattices
out of the total integrin β5 area per cell, as described previously
(Zuidema et al., 2018). The colocalization efficiency of β4 and
plectin was performed using Pearson’s coefficient analysis in the
JACoP module of ImageJ (Bolte and Cordelières, 2006).

Superresolution microscopy
According to an established method (Nahidiazar et al., 2015),
cells for superresolution microscopy were fixed in 4% parafor-
maldehyde and permeabilized with 0.2% Triton X-100, blocked
with PBS containing 5% BSA (Sigma-Aldrich), and subsequently
incubated with primary and secondary antibodies with washing
steps in between. Imaging was performed with a Leica SR-GSD
microscope (Leica Microsystems) equipped with 405-nm/30-
mW, 488-nm/300-mW, and 642-nm/500-mW lasers, with
samples immersed in OxEA buffer (Nahidiazar et al., 2016). A
160× oil-immersion objective (NA 1.47) and an EMCCD iXon
camera (Andor Technology) were used to collect images. Be-
tween 10,000 and 50,000 frames were collected, with a frame
rate of 100 Hz. All the datasets were analyzed with the
ThunderSTORM module of ImageJ software (Ovesný et al.,
2014).

Micropillar-based traction force microscopy
Cellular traction force measurements were performed using
elastic micropillar arrays produced in our laboratories. A hex-
agonal array of polydimethylsiloxane (Sylgard 184; Dow Corn-
ing) micropillars of 2 µm diameter, 4 µm center-to-center
distance, and 6.1 µm (Young’s modulus 29.5 kPa effective stiff-
ness) or 3.2 µm (137.1 kPa effective stiffness) height were pro-
duced using replica molding from a silicon wafer (van Hoorn
et al., 2014). The pillar arrays were flanked by integrated 50-µm-
high spacers to allow the inversion onto glass coverslips, without
compromising the limited working distance of a high-NA ob-
jective on an inverted microscope. The mounting buffer is PBS
and imaging was performed in room temperature. The tops of
the micropillars were coated with a mixture of unlabeled and
Alexa Fluor 647–labeled fibronectin (1:5; Life Technologies) us-
ing microcontact printing. The position of the pillar tops was
observed by confocal fluorescence microscopy with same setting
mentioned in the Immunofluorescence imaging and image
analysis section and determined down to subwavelength ac-
curacy using custom software (MATLAB; MathWorks). Forces
were obtained by multiplying the pillar deflections by the ar-
ray’s characteristic spring constant (41 nN μm−1 and 191 nN
μm−1, respectively, determined by finite element modeling; van
Hoorn et al., 2014). The pillars’ spring constants were converted
to an equivalent Young’s modulus for continuous substrates
(Ghibaudo et al., 2008) of 30 kPa (soft pillars) and 137 kPa
(stiff pillars), respectively. Only pillars closer to cell perimeter
(<3 µm) and with a deflection (<65 nm for soft pillars and
<75 nm for stiff pillar) were considered for the calculation of
the average force per pillar (per cell), total cellular forces,
and percentage of deflected pillars (per cell). The deflection

thresholds, which reflect the positional accuracy by which in-
dividual pillars could be localized, were determined for each
confocal image as the 75th percentile of the displacements of
pillars outside the cell area (i.e., not bent by the cells). The cell
area was determined by thresholding the fluorescence signal of
FlashPhalloidin Green 488–labeled actin filaments using a tri-
angulation method (Zack et al., 1977).

BioID assay
PA-JEB expressing β4-BirA* cells cultured in KGM or DMEM
were treated with 50 µM biotin (Sigma #B4501) overnight. After
washing with cold PBS, cells were lysed at 4°C in lysis buffer (1%
Nonidet P-40, 20mMTris-HCl, pH 7.5, 100mMNaCl, and 4 mM
EDTA) supplemented with Na3VO4 (1.5 mM), NaF (15 mM), and
protease inhibitor cocktail (1:1,000; Sigma-Aldrich) and cleared
by centrifugation at 14,000 ×g for 1 h at 4°C. Cell lysates were
incubated together with Streptavidin Sepharose High Perfor-
mance beads (GE Healthcare) overnight at 4°C. After washing
the beads with lysis buffer and cold PBS, bound proteins were
eluted from the beads at 95°C for 5 min in SDS-loading buffer
(50 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 12.5 mM EDTA,
0.02% Bromophenol Blue, and 2% β-mercaptoethanol) and an-
alyzed by gel electrophoresis. Biotinylated proteins were de-
tected by Western blotting or mass spectrometry

Mass spectrometry and data analysis
Samples from BioID experiment were separated on a 4–12% SDS-
PAGE gel. The gel was stained with Coomassie Blue, and lanes
were excised and then reduced by treating with dithiothreitol
and alkylated with iodoacetamide. After digestion with trypsin
(mass spectrometry grade; Promega), peptides were extracted
with acetonitrile. A vacuum centrifuge was used to dry the di-
gests, which were resuspended in 10% formic acid for mass
spectrometry analysis. Peptides were analyzed by nano-liquid
chromatography–tandem mass spectrometry on an Orbitrap
Fusion Tribrid mass spectrometer equipped with a Proxeon
nLC1000 system (Thermo Fisher Scientific). Next, samples were
eluted from the analytical column at a constant flow of 250 nl
min−1 in a 140-min gradient, containing a 124-min linear in-
crease from 6% to 30% solvent A (0.1% formic acid/water), fol-
lowed by a 16-min wash at 100% solvent B (0.1% formic acid/
80% acetonitrile).

We applied MaxQuant (version 1.6.5.0; Cox et al., 2014) with
standard settings to our raw data for label-free quantitation. The
human Swiss-Prot database (20,432 entries, release 2019_09)
was used as data source. Tandem mass spectrometry data were
concatenatedwith the reversed version of all sequences from the
database. Trypsin/P was selected as cleavage specificity allowing
two missed cleavages; Carbamidomethylation (C) was set as
a fixed modification, while oxidation (M) was used as variable
modification. Label-free quantitation intensities were log2
transformed in Perseus (version 1.6.7.0; Tyanova et al., 2016),
after which proteins were filtered for at least two valid values
(out of three total). Missing values were replaced by imputation
based a normal distribution using a width of 0.3 and a downshift
of 1.8. Differentially expressed proteins were determined using a
t test (threshold false discovery rate: 0.01 and S0: 2).
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Western blotting
Integrin β4–deficient, β4-proficient, β4-R1281W, and β4-AD PA-
JEB keratinocytes were grown to 50–60% confluence and treated
with inhibitors of ROCK (Y27632, 10 µM; Sigma-Aldrich), my-
osin (blebbistatin, 10 µM; Abcam), FAK (VS-4718, 1 µM; Selleck
Chemicals), PI3K (GDC-0941, 1 µM; Selleck Chemicals), AKT
(MK-2206, 1 µM; Selleck Chemicals), or mTOR (AZD-8055, 100
nM; Selleck Chemicals) for 45 min before cell lysis. Cells were
lysed in radioimmunoprecipitation assay buffer supplemented
with Na3VO4 (1.5 mM), NaF (15 mM), protease inhibitor cocktail
(1:1,000; Sigma-Aldrich), and Phosphatase Inhibitor Cocktail 3
(1:100; Sigma-Aldrich) and cleared by centrifugation at 14,000
×g for 1 h at 4°C. Samples for gel electrophoresis were prepared
in SDS-loading buffer supplementedwith 2% β-mercaptoethanol
and heated for 5 min at 95°C. After separation of the proteins
on Novex 4–12% or 3–12% gradient Bis-Tris gel (Invitrogen) or
15% homemade SDS-PAGE, proteins were transferred onto
Immobilon-P transfer membranes (Millipore). The membranes
containing the blotted proteins were incubated in TBS buffer
containing 2% BSA and 0.1% Tween-20 for 1 h and then treated
with primary antibodies. Antibodies used are listed in Table S1.
After several washing steps with TBS containing 0.1% Tween-20
and TBS, membranes were incubated with secondary antibodies
(goat anti-mouse IgG conjugated with horseradish peroxidase
[Bio-Rad] or goat anti-rabbit HRP-conjugated Ab [Dako]). Fi-
nally, proteins were visualized using Clarity Western ECL Sub-
strate (Bio-Rad) or SuperSignal West Dura Extended Duration
Substrate (Thermo Fisher Scientific). Signal intensities were
quantified using ImageJ.

Adhesion assay
Microtiter plates (96-well; Greiner Bio-one) coated with a
laminin-332–rich matrix were prepared as previously described
(Delwel et al., 1993). Briefly, mouse RAC-11P cells grown to
confluence were incubated overnight at 4°C in PBS containing
20 mM EDTA. Subsequently, the cells were removed from the
plate as a single continuous sheet by brief but forceful pipetting
and washed three times with PBS. Integrin β4–proficient PA-JEB
cells were resuspended in serum-free KGM in the presence or
absence of ASC-8 antibody (supernatant diluted 1:5) and/or anti-
α3-blocking mAb (J143; 20 µg ml−1). The cells, together with β4-
AD PA-JEB cells, were seeded in the precoated plates at a density
of 105 cells per well and incubated at 37°C for 45 min. After
removing the nonadherent cells by washing, the adherent cells
were fixed with 4% paraformaldehyde for 10 min, washed twice
with water, and stained for 10 min with 0.2% crystal violet.
Next, the plates were washed with water and air-dried over-
night. The violet-stained cells were lysed by 2% SDS and ab-
sorbance was measured at 490 nm using a microplate reader
(Bio-Rad). Data were exported with MPM6 software and sta-
tistically processed.

Cell migration assay
Coverslips were coated by RAC-11P–secreted matrix in advance.
PA-JEB/β4 keratinocytes were plated on coverslips whose cen-
tral region was occupied by a round metal pillar with a diameter
of 3 mm and allowed to grow to confluence surrounding the

pillar. The metal pillar was removed to create a gap in the cell
monolayer and induce cell migration. After 72-h culture in KGM
medium, the cell monolayer with the gap was fixed and sub-
jected to immunofluorescence staining with primary and sec-
ondary antibodies.

RhoA activity assay
Integrin β4–deficient, β4-proficient, β4-R1281W, and β4-AD PA-
JEB keratinocytes at 50–60% confluency were treated overnight
with DMEM containing 10% FCS. Cells were lysed in NP-40
buffer (1% Nonidet P-40, 150 mM NaCl, and 50 mM Tris, pH 8)
supplemented with protease inhibitor cocktail and cleared at
14,000 ×g for 60 min. Lysates were incubated with 50 µg
glutathione-Sepharose–bound (ab193267; Abcam) or GST–
rhotekin–binding domain for 30 min at 4°C. Beads were then
washed three times in NP-40 lysis buffer. Proteins bound to
beads were released by adding SDS-loading buffer supple-
mented with a final concentration of 2% β-mercaptoethanol.
Subsequently, released proteins and whole-cell lysates as input
control were subjected to Western blotting analysis and probed
with an antibody against RhoA.

Statistical analysis
The Mann–Whitney U test was used to calculate significance
between two groups using GraphPad Prism 7.2. Graphs were
made in GraphPad Prism, and values represent the mean (± SD)
of three independent experiments. Statistically significant val-
ues are indicated as *, P < 0.05; **, P < 0.01; ***, P < 0.001; and
****, P < 0.0001.

Online supplemental material
Fig. S1 validates the integrin β4 interactors belonging to FA and
HD proteins and the successful knockout of plectin from β4 (+)
PA-JEB cells. Fig. S2 shows the impaired adhesion ability of β4-
AD PA-JEB keratinocytes and the effect of the β4 blocking an-
tibody ASC-8 on cell adhesion; FA size and length probed by
paxillin staining are also quantified. Fig. S3 shows the deposition
of laminin-332 by cells seeded on fibronectin-coated micropillar;
extra data for the micropillar assay comparing the percentage of
deflected pillars and traction force applied on each pillar among
β4-deficient, β4-proficient, β4-R1281W, and β4-AD PA-JEB ker-
atinocytes; and comparison of the level of active RhoA in these
cells. Table S1 lists detailed information regarding the primary
antibodies used in our work. Data S1 is an Excel file with the
mass spectrometry data for the proximity interactors of the
integrin β4 analysis.
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