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ARTICLE

Keratin 6 regulates collective keratinocyte migration
by altering cell–cell and cell–matrix adhesion
Fengrong Wang1,2, Song Chen3, Hans B. Liu2, Carole A. Parent1,3, and Pierre A. Coulombe1,2,4

The a and b isoforms of keratin 6 (K6), a type II intermediate filament (IF) protein, are robustly induced upon injury to
interfollicular epidermis. We previously showed that complete loss of K6a/K6b stimulates keratinocyte migration,
correlating with enhanced Src activity. In this study, we demonstrate that this property is cell autonomous, depends on the
ECM, and results from elevated speed, enhanced directionality, and an increased rate of focal adhesion disassembly. We
show that myosin IIA interacts with K6a/K6b, that its levels are markedly reduced in Krt6a/Krt6b-null keratinocytes, and
that inhibiting myosin ATPase activity normalizes the enhanced migration potential of Krt6a/Krt6b-null cells. Desmoplakin,
which mediates attachment of IFs to desmosomes, is also expressed at reduced levels and is mislocalized to the nucleus in
Krt6a/Krt6b-null cells, correlating with defects in cell adhesion. These findings reveal that K6a/K6b modulate keratinocyte
migration by regulating cell–matrix and cell–cell adhesion and highlight a role for keratins in collective cell migration.

Introduction

Given its role as a vital barrier, the skin has the ability to rapidly
repair wounds after injury or other forms of aggression. Wound
healing is a complex process that involves several cellular and
noncellular elements including immune and endothelial cells,
fibroblasts, keratinocytes, and the ECM (Martin, 1997; Gurtner
et al., 2008). Upon injury, surviving wound-proximal keratinocytes transiently suspend terminal differentiation and undergo dramatic changes to prepare for migration (Coulombe,
2003). These entail dramatic changes in cell size and shape,
in cell–cell and cell–matrix adhesion, and in the cytoskeleton,
including changes in the composition and intracellular organization of keratin intermediate filaments (IFs; Paladini et al.,
1996). Normally restricted to ectoderm-derived epithelial appendages (e.g., hair follicle, nail, tooth, thymus, and various
glands) and palmar/plantar epidermis in adult skin epithelia,
the expression of the type II IFs K6a and K6b isoforms and their
type I partners K16 and K17 is rapidly and robustly induced
near the wound after injury (Paladini et al., 1996; McGowan
and Coulombe, 1998a; Takahashi et al., 1998). In epidermis,
this induction occurs at the expense of the K1/K10 keratin pair
normally expressed during terminal differentiation (McGowan
and Coulombe, 1998a; Jacinto et al., 2001; Bernot et al., 2002).
Expression of K6a, K6b, K16, and K17 persists at least until the
wound is closed and barrier function is restored, suggesting
an important physiological role during repair. Studies making

use of null mouse models have established that in addition to
affecting the growth (Kim et al., 2006) and migration (Wong
and Coulombe, 2003) of keratinocytes, these keratin proteins
modulate the expression of several inflammatory and immune
mediators in a cell-autonomous fashion (Depianto et al., 2010;
Lessard et al., 2013; Chung et al., 2015; Hobbs et al., 2015).
Mice carrying a germline null mutation at the Krt6a/Krt6b
locus physically appear normal at birth but die during the first
week of life secondary to massive oral epithelial blistering (reflecting tissue fragility), resulting in poor nutrition and ultimately a failure to thrive (Wong et al., 2000). When skin from
newborn Krt6a/Krt6b-null mice is seeded for explant culture
ex vivo, keratinocytes exhibit an enhanced migration potential
correlating with increased phosphorylation of specific tyrosine
epitopes (Wong and Coulombe, 2003), one of which is the tyrosine kinase Src (Rotty and Coulombe, 2012). Followup research
showed that K6a and/or K6b bind Src directly, dampening its
enzymatic activity and decreasing its partitioning to detergentresistant membranes in keratinocytes (Rotty and Coulombe,
2012). These findings suggest that the induction of K6a/K6b
proteins in wound-proximal keratinocytes attenuates their migration potential in vivo (Rotty and Coulombe, 2012).
We hypothesized that K6a/K6b may be important for the
proper coordination and regulation of collective keratinocyte
migration during reepithelialization. In this study, we report that
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the enhanced cell migration observed in the absence of K6a/K6b
proteins is both a cell-collective and cell-autonomous property
and is directly related to modulation of cell–cell and cell–matrix
adhesion. We uncover a new interaction between K6 and myosin
IIA, an F-actin–dependent motor protein with pleiotropic roles
in cytoarchitecture, adhesion, and force generation (VicenteManzanares et al., 2009), and a new interdependence between
K6 and desmoplakin (DP), which mediates attachment of keratin
IFs to desmosomes (Simpson et al., 2011). Our findings suggest
that the physiological basis for K6a/K6b induction in response to
injury lies in the need to optimize adhesion dynamics in a manner that fosters efficient collective cell migration and wound
reepithelialization.

Results

Enhanced migration of Krt6a/Krt6b-null keratinocytes is a
cell-autonomous trait
We first investigated whether the increased migration of Krt6a/
Krt6b-null keratinocytes represents a cell-autonomous property
or is influenced by motogenic factors present in the extracellular
milieu or expressed at the cell surface. To assess this, we devised
a coculture migration assay that uses keratinocytes isolated from
newborn mice constitutively expressing a reporter GFP-actin
fusion protein (Vaezi et al., 2002) as a tracer for cells featuring
normal migratory properties. These tracer cells were mixed in
a 1:4 ratio with keratinocytes derived from either newborn WT
or Krt6a/Krt6b-null mice (C57Bl/6 strain) and seeded for culture
on type I collagen–coated slides featuring inserts (Fig. 1 A; see
Materials and methods). Upon cell confluence, the inserts were
removed from the plates to allow for cell migration. 2 and 4 d
later, the samples were fixed, and the percentage of GFP-positive
keratinocytes at the migration front was quantified. In the event
that Krt6a/Krt6b-null keratinocytes secrete or display a factor
capable of enhancing migration, the tracer cells should keep pace
with Krt6a/Krt6b-null cells and exhibit a similar enhancement of
migratory properties with time.
For cocultures involving GFP-actin and WT keratinocytes, the
percentage of GFP-positive keratinocytes at the migration front
were similar after both 2 and 4 d of comigration (15.4 ± 0.8% vs.
13.6 ± 1.1%; Fig. 1, B and C), suggesting that introducing GFP-actin
into keratinocytes minimally impacted cell migration and that
GFP-actin and WT keratinocytes have an equivalent potential for
migration in this experimental setting. In cocultures involving
GFP-actin and Krt6a/Krt6b-null keratinocytes, by contrast, the
fraction of GFP-actin–labeled cells at the migration front underwent a marked decrease over the course of 2 d of comigration
(14.0 ± 2.3% after 2 d vs. 8.4 ± 0.6% after 4 d; P = 0.06; Fig. 1, B and
C), implying that Krt6a/Krt6b-null keratinocytes migrate faster
than GFP-actin–expressing “tracer” keratinocytes. A similar outcome was obtained when this competition assay was repeated
after mitomycin C treatment, which inhibits cell proliferation
(Fig. 1 C; Wawersik et al., 2001). From these results, we conclude
that the enhanced migration potential of Krt6a/Krt6b-null keratinocytes largely represents a cell-autonomous trait that does not
require active cell proliferation.
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Migrating Krt6a/Krt6b-null keratinocytes show enhanced
directionality and speed depending on the ECM substratum
Activated epidermal keratinocytes use distinct integrin pairs to
interact with the provisional ECM as they migrate into wounds
(O’Toole, 2001). Using live microscopy (Fig. 1 D and Video 1; see
Materials and methods), we next sought to determine whether
the increased migration of Krt6a/Krt6b-null keratinocytes depends on the ECM. Compared with WT control cells, we found
that Krt6a/Krt6b-null keratinocytes migrated faster when plated
on type I collagen (1.32-fold; P = 0.026) or fibronectin (1.30-fold;
P = 0.0003) and exhibited a similar trend on laminin (1.36-fold;
P = 0.096; Fig. 1 E). All three ECM proteins are enriched in the
provisional tissue matrix of wounds (Arnoux et al., 2005). By
contrast, no difference was observed when WT and Krt6a/Krt6bnull keratinocytes migrated on type IV collagen (1.02-fold; P =
0.817; Fig. 1 E), which is prevalent in the basal lamina of intact
skin. To better define the migration phenotype of migrating
cells, we next used particle image velocimetry (PIV; Petitjean et
al., 2010; Weiger et al., 2013; Lee et al., 2016; see Materials and
methods) to generate a velocity map of the entire sheet of migrating keratinocytes from time-lapse images (see Fig. S1). Images
were divided into subwindows (smaller than an individual cell),
and intracellular details within these subwindows were used as
tracers to calculate correlations between successive images, thus
generating a map of local displacements (Petitjean et al., 2010).
This PIV analysis revealed that Krt6a/Krt6b-null cells collectively
displayed enhanced speed when migrating on type I collagen, fibronectin, and laminin, and less so when plated on type IV collagen (Fig. 1 F). Relative to WT cells, Krt6a/Krt6b-null keratinocytes
also exhibited more coordinated movements when plated and
migrating on type I collagen, fibronectin, or laminin as indicated
by a smaller angular deviation in their displacement (see Materials and methods)—a behavior that was not observed on type
IV collagen (Fig. 1 G). The PIV analyses also clearly showed that
directionality vectors are similar across large fields of keratinocytes in each genotype, strongly suggesting that the cells largely
migrate as a coordinated sheet (Videos 2 and 3). These findings
show that the Krt6a/Krt6b knockout–induced enhancement of
keratinocyte migration depends on ECM composition and that it
leads to elevated speed and improved directionality for individual keratinocytes that make up the migrating sheet, highlighting
the complexity of this migration behavior.

Krt6a/Krt6b-null cells display increased focal adhesion
turnover on type I collagen
Actively migrating cells exhibit a self-sustained polarized cytoarchitecture (Kriebel et al., 2003; Ridley et al., 2003; Mayor
and Etienne-Manneville, 2016). At their front end, they extend
lamellipodia and filopodia, in the direction of migration, that
then attach to the ECM via the formation of new integrin-based
focal adhesions, and at their rear end, they dismantle previously
formed focal adhesions to detach from the substratum and enable forward movement. The observation that Krt6a/Krt6b-null
keratinocytes show enhanced migration on type I but not type IV
collagen is intriguing in light of the fact that adhesion of keratinocytes to both ECM molecules is mediated by the same integrin
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Figure 1. Increased migration of Krt6a/Krt6b-null keratinocytes is cell autonomous and a result of enhanced speed and more coordinated movement. (A) Schematic of the coculture migration assay. GFP (green) labeled tracer keratinocytes were mixed with either WT or Krt6a/Krt6b-null keratinocytes
and plated within a culture insert placed on top of a coverslip coated with type I collagen. K14 (red) labeled all keratinocytes. When cells were confluent,
the culture insert was removed to allow for cell migration. The cells at migration front (rectangular area with dashed lines) were imaged, and the percentage
of GFP-positive cells within these areas (≥15 images) was quantified. (B) WT and tracer keratinocytes seemed to have equivalent potential for migration,
whereas Krt6a/Krt6b-null keratinocytes migrated at a faster rate than tracer keratinocytes. Representative images show cells that were treated with PBS
vehicle control. K14 is in red, and DAPI is in blue. GFP (green) staining represents tracer keratinocytes expressing GFP-tagged actin. Arrows point toward the
direction of migration. (C) Data represent the mean + SEM for at least three biological replicates. **, P < 0.01, Student’s two-tailed t test. (D) Phase-contrast
imaging was performed to monitor cell migration (Video 1). Representative images show WT and Krt6a/Krt6b-null keratinocytes migrating on type I collagen.
Wang et al.
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receptor α2β1 (Vandenberg et al., 1991; Tuckwell et al., 1995). This
prompted us to probe deeper into cell–matrix adhesion and focal
adhesions in particular.
We found that skin keratinocytes freshly harvested from
Krt6a/Krt6b-null and WT newborn mice differed in their adhesive properties to type I collagen, with significantly higher adhesion observed for null cells, but showed no difference when
plated on type IV collagen (Fig. 2 A). Followup studies showed
that both WT and Krt6a/Krt6b-null keratinocytes exhibit a
higher total number of focal adhesions when plated on type IV
relative to type I collagen; otherwise there was no difference between genotypes on each of these matrices (Fig. 2 B). Breaking
down focal adhesions by size revealed ECM-specific differences
between genotypes. Krt6a/Krt6b-null keratinocytes showed a
lesser number of large focal adhesions (≥2 µm2) than WT keratinocytes on type I collagen (Fig. 2, C and E), suggesting enhanced
turnover of focal adhesions in the absence of K6a/K6b. In contrast, the distribution of focal adhesion sizes was indistinguishable in Krt6a/Krt6b-null and WT keratinocytes plated on type IV
collagen (Fig. 2, D and E).
Next, we investigated focal adhesion dynamics in WT and
Krt6a/Krt6b-null keratinocytes undergoing migration on type I
or IV collagen. mCherry-tagged paxillin, a highly reliable marker
of focal adhesion (Laukaitis et al., 2001; Webb et al., 2004; Hu et
al., 2007), was used as a reporter for live-imaging studies (see
Materials and methods). We found that focal adhesions first
appeared at the leading edge of both WT and Krt6a/Krt6b-null
migrating cells and became larger as a function of time as they
moved gradually toward the center of cells (Fig. 2, F and G; and
Videos 4 and 5). Interestingly, the focal adhesions that formed
in Krt6a/Krt6b-null keratinocytes plated on type I collagen followed a similar spatiotemporal pattern but appeared to turn over
more rapidly compared with WT keratinocytes (Fig. 2, F and G).
To confirm this, we used ImageJ to systematically measure the
intensity of the mCherry fluorescence associated with individual
focal adhesions for every time frame recorded from formation to
disappearance. From these individual intensity measurements,
we calculated the rates of focal adhesion assembly and disassembly and their lifetime using an established algorithm (Stehbens
et al., 2014; Stehbens and Wittmann, 2014). When plated on type
I collagen, mCherry-paxillin–labeled focal adhesions disassemble at markedly faster rates (by 1.47-fold; P = 0.0005) in Krt6a/
Krt6b-null keratinocytes relative to WT keratinocytes. When
combined with the slightly increased assembly rate occurring
in Krt6a/Krt6b-null keratinocytes (by 1.15-fold; P = 0.1), this
yields a significantly shorter overall focal adhesion lifetime in
the mutant cells (P = 0.006; Fig. 2 H and Video 4). This behavior
was specific for cells plated on type I collagen as no statistically
significant differences were seen in the assembly and disassem-

bly rates and lifetime of focal adhesions in Krt6a/Krt6b-null and
WT keratinocytes migrating on type IV collagen (Fig. 2 I and
Video 5). These findings suggest that the enhanced migration of
Krt6a/Krt6b-null keratinocytes on type I collagen is facilitated
in part by an enhanced rate of disassembly and overall turnover
of focal adhesions.
K6 interacts with and stabilizes myosin IIA
We next explored how K6a/K6b might regulate focal adhesion
disassembly by searching for proteins that impact focal adhesion turnover and interact with keratins. Myosin II plays essential roles in adhesion and migration in part by regulating the
rates of maturation and disassembly of focal adhesions through
actin-myosin contraction (Vicente-Manzanares et al., 2009;
Parsons et al., 2010). Fibroblasts deficient in a specific myosin II
isoform, myosin IIA, exhibit reduced contractile properties and
enhanced migration as single cells (Even-Ram et al., 2007). Myosin IIA also functions as a tumor suppressor in squamous cell
carcinoma (Schramek et al., 2014). Myosin IIA was previously
shown to interact with K8/K18 in A549 cells in culture and in
mouse liver (Kwan et al., 2015). We therefore probed for a potential interaction between K6 and myosin IIA in mouse skin
keratinocytes. Coimmunoprecipitation assays revealed that endogenous myosin IIA and K6 proteins physically interact in keratinocytes (Fig. 3 A). Proximity ligation assays (PLAs) suggested
that K6 and myosin IIA are physically proximal (<40 nm) in the
cytoplasm of skin keratinocytes (Fig. 3 B). Far-Western assays
involving purified proteins in vitro suggested that purified myosin II and K6 can directly interact with each other (Fig. 3 C). Accordingly, we next examined the status of myosin IIA in Krt6a/
Krt6b-null keratinocytes. Relative to WT cells, actively migrating
Krt6a/Krt6b-null cells exhibited a marked reduction in myosin
IIA protein levels (P = 0.009; Fig. 3, D and E) whereas the Myh9
mRNA remained within normal range (Fig. 3 F), suggesting that
K6 plays a role in stabilizing myosin IIA protein levels in normal
skin keratinocytes.
We next tested for a functional role for myosin IIA in migrating skin keratinocytes by inducing a Cre recombinase–mediated
deletion of the Myh9 allele. Although this strategy significantly
lowered myosin IIA protein levels (Fig. 3 G), it had no impact on
migration efficiency as a whole (Fig. 3 H) or on migration speed
and directionality in particular (Fig. 3, I and J). However, depletion of myosin IIA had a sizable impact on cell–cell adhesion as
manifested through the occurrence of unusual gaps between migrating keratinocytes (Fig. S2 A and Video 6) along with a reduction in the levels of DP (Fig. 3 G). Additional information relating
K6a/K6b to cell–cell adhesion is reported below.
The lack of an impact of Myh9 silencing on keratinocyte collective migration may reflect redundancy among myosin II isoform

Bars, 200 µm. (E) Krt6a/Krt6b-null keratinocytes had an increased area of migration when migrating on type I collagen, fibronectin, and laminin but not on type
IV collagen. Data represent the mean + SEM of three or more biological replicates. *, P < 0.05; **, P < 0.01, Student’s two-tailed t test. (F and G) PIV analysis
showed that compared with a WT cell sheet, a Krt6a/Krt6b-null cell sheet had an enhanced speed of migration on type I collagen, fibronectin, laminin, and to
a lesser extent, type IV collagen. Krt6a/Krt6b-null cell sheet was more coordinated than WT cell sheet on type I collagen, fibronectin, and laminin, but not on
type IV collagen (Videos 2 and 3). Experiments from the same day were paired and linked with a line. Paired difference was calculated by subtracting value of
WT cells from that of Krt6a/Krt6b-null cells.
Wang et al.
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Figure 2. Increased disassembly rate results in shorter lifetime of focal adhesions in Krt6a/Krt6b-null keratinocytes. (A) Krt6a/Krt6b-null keratinocytes
adhered more efficiently to type I collagen than WT keratinocytes. WT and Krt6a/Krt6b-null keratinocytes had similar adhesion efficiency to type IV collagen.
Data represent the mean + SEM of six biological replicates. (B) Cells possessed increased number of focal adhesions on type IV collagen than cells on type I
collagen. Data represent the mean + SEM of 30 cells from two or three biological replicates. (C) On type I collagen, Krt6a/Krt6b-null keratinocytes have less
large focal adhesion than WT keratinocytes. Data represent the mean + SEM of 30 cells from three biological replicates. (D) The size of focal adhesions was
not affected by the loss of K6a/K6b when keratinocytes were migrating on type IV collagen. Data represent the mean + SEM of 30 cells from two biological
replicates. (E) Immunofluorescence images of endogenous paxillin (green) in WT and Krt6a/Krt6b-null keratinocytes on type I and type IV collagens. Cells were
located at the migration leading edge. DAPI, blue. (F and G) Time-lapse apotome microscopy of mCherry–paxillin accumulation in focal adhesions in WT and
Krt6a/Krt6b-null cells (Video 4). Arrowheads followed the same focal adhesion over time. Bars, 20 µm. (H) Compared with WT keratinocytes, Krt6a/Krt6b-null
keratinocytes had an enhanced rate of disassembly and a decreased focal adhesions lifetime on type I collagen (Video 4). Data represent the mean + SEM of
10 cells. *, P < 0.05; **, P < 0.01, Student’s two-tailed t test. (I) WT and Krt6a/Krt6b-null keratinocytes have similar focal adhesion turnover rate on type IV
collagen (Video 5). Data represent the mean + SEM of five cells.

A (Myh9), B (Myh10), and C (Myh14; see Vicente-Manzanares
et al., 2009; Human Protein Atlas, http://www.proteinatlas
.org), prompting us to resort to a pharmacological approach to
Wang et al.
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directly inhibit myosin contractility. Phosphorylation on Ser 19
of myosin II regulatory light chain by myosin light chain kinase
(MLCK) regulates actomyosin contractility (Somlyo and Somlyo,
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Figure 3. K6a/K6b may regulate cell migration via interacting with myosin IIA. (A) Coimmunoprecipitation assay demonstrated that myosin IIA interacted with K6. n = 3 biological repeats.
IB, immunoblot; IP, immunoprecipitation. (B) PLA
showed that myosin IIA associated with K6. n =
4 biological repeats. Bar, 50 µm. The white values for all signals were set the same in WT and
Krt6a/Krt6b-null keratinocytes. (C) Far-Western
assay indicates that K6 may directly interact
with myosin II via K6 head domain. Myosin II was
the bait protein. Myosin IIA antibody was used
to detect the binding of myosin II to proteins
on the membrane. (D and E) Myosin IIA protein
level was reduced in whole-cell lysates harvested
from 6-d Krt6a/Krt6b-null skin explant culture.
β-Actin was used as a loading control. Each bar
represents the mean + SEM of six biological
replicates. (F) The absence of K6a/K6b proteins
did not affect the mRNA level of myosin IIA as
measured by qRT-PCR with Gapdh and Rn18s as
loading controls. Each bar represents the mean
+ SEM of three biological replicates. (G) Western
blot analysis of whole-cell lysates harvested from
6-d skin explant culture indicated that adenovirus-delivered Cre (Ad-Cre)–induced Myh9 deletion in WT keratinocytes led to a decrease in DP
protein level. Data represent the results of three
biological repeats. (H) Cre-recombinase–mediated knockout of floxed-Myh9 did not result in
increased connective cell migration (Video 6).
Data represent the mean + SEM of four biological replicates. (I and J) PIV analysis indicated that
neither speed nor angular deviation was affected
by Cre-mediated knockout of Myh9. Experiments
from the same day were paired and linked with a
line. Paired difference was calculated by subtracting the value derived from GFP-expressing control cells from that of the Cre-expressing cells.
(K) On type I collagen, MLCK inhibitor, ML-7,
inhibited the migration of WT and Krt6a/Krt6bnull keratinocytes. Inhibition of myosin II by blebbistatin significantly decreased migratory potential of Krt6a/Krt6b-null keratinocytes but only
minimally affected that of WT keratinocytes on
type I collagen. Data represent the mean + SEM
of four to five biological replicates. (L) On type
IV collagen, blebbistatin reduced the migration
of both WT and Krt6a/Krt6b-null keratinocytes.
Data represent the mean + SEM of four biological replicates. *, P < 0.05; **, P < 0.01, Student’s
two-tailed t test.

1994) and enhances myosin II ATPase activity (Sellers et al., 1981).
We treated WT and Krt6a/Krt6b-null keratinocytes with ML-7,
an inhibitor for MLCK (Totsukawa et al., 2004; Sarkar et al.,
2009), and blebbistatin, an inhibitor of myosin II ATPase activity (Kovács et al., 2004). Similar to previous research involving
fibroblasts (Totsukawa et al., 2004), ML-7 treatment attenuated
the migration of WT and Krt6a/Krt6b-null keratinocytes plated
on type I collagen to a comparable degree, i.e., by ∼71% (P = 0.002)
and ∼78% (P = 0.004), respectively (Fig. 3 K). Interestingly, this
was accompanied by increased average size for focal adhesions
Wang et al.
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(Fig. S2 B). Treatment with blebbistatin significantly decreased
the migration of Krt6a/Krt6b-null keratinocytes plated on type I
collagen (by ∼50%; P = 0.021) but minimally impacted that of WT
keratinocytes (Fig. 3 K). On type IV collagen, blebbistatin treatment decreased the migration of both WT and Krt6a/Krt6b-null
keratinocytes, i.e., by ∼48% (P = 0.025) and ∼47% (P = 0.005),
respectively (Fig. 3 L). Further, blebbistatin treatment disrupted
focal adhesion structure in both Krt6a/Krt6b-null and WT keratinocytes (Fig. S2, B and C). These findings establish that myosin II
ATPase activity is essential for the enhanced migration potential
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exhibited by Krt6a/Krt6b-null keratinocytes plated on type I
collagen. They also support a novel role for K6a/K6b protein in
interacting with and regulating myosin II, adding to the notion
that the role of myosin II in the setting of keratinocyte migration
is complex (see Discussion).
Actively migrating Krt6a/Krt6b-null cells show striking
alterations in DP and cell–cell adhesion
Keratin IFs are robustly tethered at sites of desmosome cell–cell
adhesion in the intact epidermis (Simpson et al., 2011). Such
anchorage of keratin IFs at desmosomes is key to maintaining
the integrity and resilience of keratinocyte sheets and keratinocyte-rich tissue assemblies (Kröger et al., 2013). Mechanistically,
the amino-terminal head region of select type II keratins (including K1, K2, K5, and K6) directly associates with the carboxy terminus of DP, a key constituent of desmosomal plaques (Kouklis
et al., 1994). After wounding, however, keratinocytes proximal to
the wound edge display a reduced number of desmosomes along
with intercellular gaps (e.g., Paladini et al., 1996; Garrod et al.,
2005; Savagner et al., 2005), suggesting that attenuated cell–cell
adhesion favors reepithelialization. In support of the latter, overexpression of a deletion mutant that contains only the first 584
amino acids of DP protein (thus missing the entire C-terminal
tail domain) uncouples IFs from desmosomes and leads to accelerated keratinocyte migration ex vivo (Setzer et al., 2004).
We observed that migrating Krt6a/Krt6b-null keratinocytes
show clear signs of defective cell–cell adhesion. 4 d after inserts were removed from the culture chambers (see diagram in
Fig. 4 A), we found that WT keratinocytes that had migrated into
the wound space were tightly packed and organized as a cohesive cell sheet on type I collagen (Fig. 4 B). In contrast, for Krt6a/
Krt6b-null keratinocyte sheets on type I collagen, we observed
frequent gaps between cells (Fig. 4 C), pointing to defects in cell–
cell adhesion and sheet formation. Similar findings were also
observed for Krt6a/Krt6b-null keratinocyte cultures after 2 d migration (not depicted). These observations were extended by immunostainings for DP, E-cadherin, plakophilin 1, and β-catenin
(Fig. 4, B–C″; and Fig. S3 A–D′). As expected, DP localized to the
outer cellular membrane and the cytoplasm in WT keratinocytes
(Fig. 4, B–B″). Although this also proved true in Krt6a/Krt6b-null
keratinocytes, these cells exhibited decreased DP signal at cell–
cell borders relative to WT controls and showed DP inside the
nucleus (Fig. 4, C–C″; and Fig. S4). Quantitation of microscopy
images showed that 25.5 ± 2.4% (migration front) and 31.5 ± 6.5%
(adjacent to migration front) of Krt6a/Krt6b-null keratinocytes
had prominent intranuclear staining for DP (Figs. 4 D and S4).
By contrast, only 3.0 ± 1.4% and 3.0 ± 1.5% of WT keratinocytes
showed distinct intranuclear DP staining, respectively, at the
migration front and area behind it (Figs. 4 D and S4). Such alterations in subcellular localization were paralleled by a marked
reduction (∼52% for DPI, P = 0.003; ∼45% for DPII, P = 0.016) in
the steady-state levels of DP protein in whole-cell lysates prepared from 6-d skin explant cultures (Fig. 4, E and F). Among
several other adhesion proteins examined, a difference was also
observed in the level of plakophilin 1, given an approximately
threefold increase in Krt6a/Krt6b-null keratinocytes upon Western blot analysis (P = 0.029; Figs. 4 E and S3 E). Plakophilin 1 has
Wang et al.
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been shown to be critical for maintaining desmosomal adhesion
and tight junction (Rietscher et al., 2016). Although they colocalized in both WT and Krt6a/Krt6b-null keratinocytes, plakophilin
1 and β-catenin were not organized in a fine line at cell–cell interfaces in Krt6a/Krt6b-null compared to WT keratinocytes (Fig. S3,
C–D′). Moreover, in the absence of K6a/K6b, there was increased
plakophilin 1 in the nucleus and in the cytoplasm (Fig. S3 D). Target-specific quantitative PCR assays indicated that mRNA levels
for genes encoding for both adherens junction and desmosomal
proteins were similar between WT and Krt6a/Krt6b-null cultures (Fig. S5 A), suggesting that the alterations reported above
reflect altered posttranscriptional regulation of select adhesion
proteins in the absence of K6a/K6b.
Followup studies provided evidence that altering DP levels
impacts the migratory properties of keratinocyte sheets. On one
hand, overexpression of DP in faster-migrating Krt6a/Krt6b-null
keratinocytes resulted in a modest, albeit significant, reduction
in migration area (by 14%; P = 0.03) relative to controls (Fig. 4 G;
note that transfection efficiency in these primary cell cultures
was only ∼23%). On the other hand, Cre-mediated deletion of
Dsp in Dspfl/fl keratinocytes, in which the Krt6a/Krt6b locus is
intact, resulted in a ∼1.30-fold increase in migration area (P =
0.02; Fig. 4 H and Video 7). These findings suggest that the increased migratory potential of Krt6a/Krt6b-null keratinocytes is
related in part to a reduction in the levels of DP protein and the
associated changes in cell–cell adhesion.
Confluent cultures of Krt6a/Krt6b-null cells exhibit weakened
cell–cell adhesion
We next investigated the strength of cell–cell adhesion by subjecting keratinocyte sheets forming postconfluence to dispase
lifting followed by mechanical stress–induced tumbling in solution (Yin et al., 2005; Kröger et al., 2013). We found that relative to WT keratinocytes, confluent sheets formed by Krt6a/
Krt6b-null keratinocytes on type I collagen fragmented earlier
(not depicted) and yielded an approximately threefold increase
in the number of fragments (P = 0.022; Fig. 5, A and B). This differential outcome is likely not due to cell fragility or lysis since
the activity level of soluble lactate dehydrogenase (LDH), an
intracellular marker (Yin et al., 2005), was comparable in cells
corresponding with the two genotypes and markedly lower than
that observed in WT keratinocytes subjected to deliberate lysis as
a positive control (Fig. S5 B). Relative to WT controls, cell sheets
formed by culturing Krt6a/Krt6b-null keratinocytes on type IV
collagen also fragmented earlier (not depicted) and yielded more
fragments (Fig. 5, C and D), pointing to an interesting difference
with findings focused on cell–matrix adhesion.
Next, we used Western immunoblotting to assess the steadystate level of key proteins residing at adherens junctions and
desmosomes in whole-cell protein lysates prepared from keratinocytes under the conditions used for the dispase assay. When
cultured on type I collagen and relative to WT cells, Krt6a/Krt6b
hemizygous null cells showed 25% (P = 0.056) and 38% (P = 0.012)
decreases, respectively, in the levels of DPI and DPII. Krt6a/Krt6b
homozygous null cells showed as much as 47% (P = 0.041) and
56% (P = 0.002) decreases in DPI and DPII, respectively (Fig. 5,
E and F). No significant change was observed in the level of any
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Figure 4. Migrating Krt6a/Krt6b-null keratinocytes show disrupted cell–cell adhesion, and loss of DP promotes collective keratinocyte migration. (A) Schematic of the experiment. The rectangular area (with dashed lines) shows area adjacent to migration front. (B and C) In the absence of K6a/K6b proteins, the amount of
DP at cell–cell adhesion (B′, B″, C′, and C″) was reduced, and DP localized to the nucleus of keratinocytes on type I collagen. Asterisks mark the gaps between keratinocyte
sheets. Arrowheads point to nuclear DP. Bars: 50 µm (B, B′, C, and C′); 10 µm (B″ and C″). (D) The percentage of cells that showed a distinct nuclear localization of DP is
presented as the mean + SEM of three biological replicates. (E) Western blot analysis of whole-cell lysates harvested from 6-d skin explant culture showed that Krt6a/
Krt6b-null keratinocytes had a reduced level of DP and increased level of plakophilin 1. β-Actin was used as a loading control. n = six biological repeats. (F) Quantification
of Western blot results of six biological replicates. Data represent the mean + SEM. (G) The overexpressing of DP-GFP in Krt6a/Krt6b-null keratinocytes led to a reduction
in migration area. Data represent the mean + SEM of five biological replicates. (H) Adenovirus delivered Cre (Ad-Cre)–induced Dsp deletion in WT keratinocytes resulted
in an increase in migration area (Video 7). Data represent the mean + SEM of three biological replicates. *, P < 0.05; **, P < 0.01, Student’s two-tailed t test.
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Figure 5. The loss of K6a/K6b proteins impairs the mechanical integrity of keratinocyte sheets in stationary culture. (A and C) Dispase-based assay
revealed that Krt6a/Krt6b-null keratinocyte sheets display compromised stress resilience. (B) Quantification of the total number of fragments generated
after 200 inversions. Data represent as the mean + SEM of four biological replicates. (D) Quantification of the total number of fragments generated after 100
inversions. Data represent the mean + SEM of two biological replicates. (E) By Western blot, the protein level of DP was reduced in the absence of K6a/K6b.
Whole-cell protein lysates were harvested from keratinocytes that were grown in the same condition as that for the keratinocytes used in dispase-based assay.
β-Actin was used as a loading control. n ≥ three biological repeats. (F) Data shown represent the mean + SEM of three biological replicates. *, P < 0.05; **, P <
0.01, Student’s two-tailed t test. M.W., molecular weight.

of the other adhesion proteins tested, including E-cadherin,
p120-catenin, β-catenin, plakoglobin, and plakophilin 1 (Fig. 5 E).
These findings establish that keratinocytes lacking K6a/K6b exhibit weakened cell–cell adhesion strength in both stationary
and migratory settings, correlating with markedly reduced levels of DP protein.

Discussion

The findings reported in this study significantly expand emerging evidence showing that IFs and associated elements exert a
substantive impact on collective cell migration. For instance,
the genetic loss of plectin, a pleiotropic “cytolinker” protein
integrating IFs with other cytoskeletal elements at cell–matrix
adhesion sites, at the surface of the nucleus, and elsewhere in
the cell enhances keratinocyte migration and gives rise to enhanced Src kinase activity (Osmanagic-Myers et al., 2006; see
also Seltmann et al., 2013) as is the case for Krt6a/Krt6b-null keratinocytes (Rotty and Coulombe, 2012). Keratinocytes that are
deficient for all keratin proteins (global knockout) also exhibit
increased migration and velocity, and in such cells, integrin β4 is
misregulated and fails to interact with plectin (Seltmann et al.,
2013, 2015). In addition, suppressing the expression of keratin
8, or alternatively of plakoglobin, a keratin-binding protein that
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occurs in the intracellular plaques of desmosomes and adherens
junction, impairs the collective migration of Xenopus laevis endodermal cells ex vivo and in vivo. The latter trait entails a loss
of cadherin (and tension)-mediated cell polarization (Weber et
al., 2012) along with defects in the spatial regulation of traction
forces resulting from altered focal adhesion dynamics, reorganization of the actin cytoskeleton, increased phosphomyosin II
light chain levels, and elevated Rho-GTPase activity (Sonavane et
al., 2017). Similarly, the compound loss of vimentin, glial acidic
fibrillary protein, and nestin IFs restricts the collective migration of astrocytes in primary culture secondary to alterations
in actin-driven treadmilling of adherens junctions and in focal
adhesion dynamics and mechanical coupling to the actomyosin
system (De Pascalis et al., 2018). A common thread across these
studies is that altering IFs invariably results in altered regulation
of key protagonists involved in cell migration including F-actin,
the actomyosin system, cell–matrix adhesion (focal adhesions in
particular), and relevant protein kinases.
The impact of K6a/K6b’s loss depends on the ECM since Krt6a/
Krt6b-null keratinocytes are faster on type I collagen, fibronectin, and laminin but not on type IV collagen. Type I and type IV
collagens interact with keratinocytes through a common integrin
receptor, α2β1, but via distinct determinants on their extracellular domains (Vandenberg et al., 1991; Tuckwell et al., 1995). We
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find that the steady-state levels of α2 integrin are similar, but
interestingly, those of β4 integrin (which interacts with plectin)
are lower in migrating Krt6a/Krt6b-null keratinocytes relative
to WT keratinocytes (Fig. S5 C). Further studies are needed to
elucidate why the interaction of Krt6a/Krt6b-null keratinocytes
with type I and IV collagens triggers distinct downstream effects
and behaviors (e.g., cell attachment, cell migration, focal adhesion dynamics, response to blebbistatin) even though they may
proceed through the same integrin receptors. There is evidence
in the literature showing that stiffer substrate promotes more directed, faster migration along with enhanced formation of focal
adhesions (Ng et al., 2012; Yeh et al., 2017). We envision that the
fibrillar organization and rigidity of type IV and type I collagen
along with how they each relate to mechanically sensitive signaling pathways in skin keratinocytes differ in significant ways.
Atomic force microscopy has been used to assess the mechanical
properties of collagen fibers (McDaniel et al., 2007; Wenger et
al., 2007) and may be brought to bear to address this possibility.
Keratinocytes adhere to the ECM via actin-associated focal
adhesions and keratin-associated hemidesmosomes (Simpson et
al., 2011). Seltmann et al. (2015) showed that K5, a type II keratin
related to K6, represses keratinocyte migration by regulating the
localization and dynamics of hemidesmosome cell–matrix adhesion complexes. A recent study revealed that IFs can also interact
with focal adhesions, affecting their size, number, and turnover
(De Pascalis et al., 2018). In this study, we showed that the enhanced migration of Krt6a/Krt6b-null keratinocytes entails
striking alterations in focal adhesion dynamics. We previously
reported that several integrin-bound targets of Src kinase exhibit
enhanced activity in the absence of K6a/K6b protein (Rotty and
Coulombe, 2012), and thus it appears likely that K6a/K6b impact focal adhesion dynamics through regulating Src kinase as
well as myosin II. Src activity is a key driver of cell migration,
and one of the specific mechanisms involved is enhancement
of focal adhesion turnover, possibly coupled to increased actomyosin contractility (Webb et al., 2004). We also uncovered an
interaction and interdependence between K6a/K6b and myosin
IIA, along with a role for myosin II motor activity during keratinocyte migration. We propose that the impact of K6a/K6b loss on
focal adhesion size and rate of turnover is related to the markedly
reduced levels of myosin IIA protein. Although not required for
the assembly and stability of nascent focal adhesions initially
forming in lamellipodia, myosin II plays a role during their subsequent maturation, in part via an impact on F-actin bundling
and contractility (Choi et al., 2008; Vicente-Manzanares et al.,
2009; Pasapera et al., 2010). Likewise, low myosin IIA levels may
contribute to the failure of focal adhesions to mature long enough
to reach larger sizes in Krt6a/Krt6b-null keratinocytes plated on
type I collagen. Additionally, our finding that loss of myosin IIA
reduces DP protein level in WT keratinocytes is consistent with
a recent study showing that myosin IIA is essential for assembly
of junctional complexes (Ozawa, 2018).
The functional importance of keratin for cell–cell adhesion
between nonmigrating keratinocytes is already established.
Mouse skin keratinocytes deficient for all keratins exhibit reduced levels of DP, desmoglein, and plakophilin 1 at the plasma
membrane along with cell–cell adhesion defects (Kröger et al.,
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2013). In this study, we have shown that cell–cell adhesion is
significantly weakened in the absence of K6a/K6b in both stationary and migrating keratinocytes. The notion that Krt6a/
Krt6b-null keratinocyte sheets display enhanced directionality
and speed while having partially disrupted cell–cell adhesion is
intriguing. It may be that wound-proximal keratinocytes display
enhanced desmosome disassembly and dynamics (Paladini et
al., 1996; Garrod et al., 2005; Savagner et al., 2005) to promote
directionality and migration speed during reepithelialization.
Our data show that in both stationary and migration settings,
reduced expression of DP occurs at the protein, not the mRNA,
level, and otherwise that DP is redistributed away from the cell
surface and into the nucleus. Others have shown that deletion
of other key components of desmosomes including plakophilin
1 (South et al., 2003) and plakoglobin (Yin et al., 2005) each results in enhanced migration of skin keratinocytes akin to what
is observed in Krt6a/Krt6b-null cells. Additionally, loss of Perp, a
component of tessellate junctions and other junctional and nonjunctional plasma membrane regions, also leads to enhanced
migration in vitro but delays wound healing in vivo, suggesting
that efficient wound reepithelialization requires proper regulation of desmosomes and cell–cell adhesion (Beaudry et al., 2010;
Franke et al., 2013).
Experiments in which DP was overexpressed in Krt6a/Krt6bnull keratinocytes or silenced in WT keratinocytes converge in
establishing that this desmosome constituent plays a significant
role during keratinocyte migration. Although one might reasonably assume that DP’s impact on migration entails an impact on
desmosome regulation or function, our results raise the prospect
that mislocalization of DP to the nucleus may play a role as well.
This observation builds on our recent demonstration of the presence of keratin proteins inside the nucleus of skin keratinocytes
(Hobbs et al., 2015, 2016). Vasioukhin et al. (2001) reported that
a transfected DP mutant lacking the keratin-interacting domain
at the C terminus localizes to the nucleus when expressed in Dspnull keratinocytes, but the associated functional consequences
have not been determined. Other key components of desmosomes, including plakophilins 1–3 and plakoglobin, have been
shown to localize to the nucleus where they carry out specific
functions (Mertens et al., 1996; Schmidt et al., 1997; Bonné et al.,
1999; Maeda et al., 2004). Thus, plakophilin 1 binds to DNA and
influences cell survival after DNA damage (Sobolik-Delmaire
et al., 2010), whereas plakoglobin acts as a transcriptional activator (Maeda et al., 2004). Nuclear localization of DP in skin
keratinocytes thus represents another observation that merits
further investigation.
How the alterations in cell–matrix and cell–cell adhesion are
interrelated in the absence of K6a/K6b proteins in collectively
migrating keratinocytes is unclear at present. Key activities
with an already identified role given our studies, such as Src
kinase, PKC, and myosin IIA, could be part of this integration.
Whether other proteins, such as the receptor for activated kinase
1 (RACK1), may also play a key role as part of a broader interdependent network involving plectin, keratin, adhesion proteins,
PKC (and possibly other proteins) now emerges as an issue of
interest. RACK1 is a scaffolding protein that interacts with plectin and is involved in the trafficking of key signaling effectors,
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including PKCδ and Src, to specific subcellular locations (Ron
et al., 1994; Chang et al., 2002; Osmanagic-Myers and Wiche,
2004). RACK1 has been reported to regulate focal adhesion and
migration through its Src binding site (Cox et al., 2003). RACK1
and PKCα have been implicated in the regulation of desmosome
cell–cell adhesion (Kröger et al., 2013). Of interest, we recently
reported that expression of K16, a key type I partner protein for
K6a/K6b, is associated with the release of RACK1 from the keratin filament cytoskeleton, along with misregulation of PKCδ in
skin keratinocytes (Kerns et al., 2016). Owing to their roles as
multifaceted scaffolds, RACK1, plectin, and IFs are examples of
proteins and assemblies that are poised to coordinate and integrate the regulation of cell–matrix and cell–cell adhesion events
and facilitate collective cell migration in vivo.
In summary, the data reported in this study support the hypothesis that the wound-inducible K6a/K6b proteins foster
collective keratinocyte migration in part by stabilizing integrin-mediated cell–matrix adhesion and desmosome-mediated
cell–cell adhesion (Fig. S5 D). Upon injury to the skin, keratinocytes at the wound edge tend to down-regulate the surface
display of adhesion molecules as part of a strategy to facilitate
mobilization and increase their speed of migration. Induction
of K6a/K6b and other proteins in this setting may represent a
countermeasure that promotes cell–matrix and cell–cell adhesion to a degree that promotes cohesive collective cell migration
and efficient wound closure.

Materials and methods

Mouse lines
All experiments involving mice were reviewed and approved
by the Institutional Animal Care and Use Committee at Johns
Hopkins University and the University of Michigan. Krt6a/
Krt6b hemizygous null mice (Wong et al., 2000) are viable and
were maintained in the inbred C57Bl/6 background (Rotty and
Coulombe, 2012). K14-GFP-actin mice (Vaezi et al., 2002), Dspfl/fl
mice (Vasioukhin et al., 2001), and Myh9fl/fl mice (Ma et al., 2009;
Jacobelli et al., 2010; Nguyen-Ngoc et al., 2017) were gifts from A.
Ewald (Johns Hopkins University, Baltimore, MD).
Coculture migration assay
Skin keratinocytes were isolated from P0–P2 pups as described
(Rotty and Coulombe, 2012). GFP-actin expressing keratinocytes
(Vaezi et al., 2002) were mixed (1:4 ratio) with WT or Krt6a/
Krt6b-null keratinocytes (C57Bl/6 strain). A coverslip was placed
within each well of a six-well plate, and type I collagen (354236;
Thermo Fisher Scientific) was used to precoat the coverslip for
30 min at 37°C. A culture insert (80209; Ibidi) was firmly placed
on top of each coverslip. Cells (3.2 × 105) were plated within the
insert. Keratinocytes were cultured to confluence in mKER medium (DMEM [3 parts], Ham’s F-12 [1 part], 10% FBS, 1 nM cholera
toxin, 5 µg/ml insulin, 10 ng/ml EGF, 25 µg/ml gentamicin, 400
ng/ml hydrocortisone, 5 µg/ml transferrin, 2 nM 3,3′,5-triiodol-thyronine, and 60 µg/ml penicillin; see Wang et al., 2016) for
2 d. In some experiments, cells were treated with 10 µg/ml mitomycin C (Sigma-Aldrich) or PBS (vehicle control) immediately
after removing the culture insert for 2 h on day 3. After migratWang et al.
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ing for the indicated time period, cells were fixed and stained for
GFP (green); K14 (red), which stains all keratinocytes; and DAPI
(blue), which stains DNA. Images of cells at the migration front
were taken with a 10× objective, and the percentage of GFP-positive cells within these areas was calculated by dividing the number of GFP-positive cells by the number of K14-positive cells (the
total cell number).
Immunofluorescence staining and imaging
Keratinocytes were fixed in 4% PFA for 10 min, permeabilized
with 0.5% Triton X-100/PBS for 5 min, and blocked with 5%
normal goat serum (NGS)/1× PBS for 30 min at room temperature. Primary antibodies were diluted in 2.5% NGS/1× PBS and
incubated with samples overnight at 4°C. Secondary antibodies
were diluted in 2.5% NGS/1× PBS and incubated with samples
for 1 h at room temperature. Primary antibodies used include
chicken anti-K14 (1:500; 906001; BioLegend), rabbit anti-DP
(1:200; NW6; K. Green, Northwestern University, Evanston, IL),
rabbit anti-GFP (1:200; 29A1; M. Matunis, Johns Hopkins University, Baltimore, MD), mouse anti-paxillin (1:200; 612405;
BD), rabbit anti–E-cadherin (1:100; 3195S; Cell Signaling Technology), rabbit anti–plakophilin 1 (1:100; ab183512; Abcam), and
mouse anti–β-catenin (1:50; 610153; BD). Secondary antibodies
used were goat anti–chicken IgY (1:1,000), goat anti–mouse IgG
(1:1,000), or goat anti–rabbit IgG (1:1,000), all labeled with Alexa
Fluor (Thermo Fisher Scientific). Immunofluorescence microscopy was performed using a Zeiss AxioObserver Z1 microscope
equipped with a Plan Apochromat 10×/0.45 M27 objective or a
Plan Apochromat 20×/0.8 M27 objective, an Apotome attachment, and Zen software (Zeiss) or a Zeiss LSM 800 confocal laser
scanning microscope equipped with a Plan Apochromat 63×/1.40
oil differential interference contrast (DIC) M27 objective and Zen
software. All images in a given experiment were taken under
identical imaging parameters.
Phase-contrast microscopy of collective cell
migration and analysis
Skin keratinocytes were isolated from P0–P2 pups as described
(Rotty and Coulombe, 2012). 3.2 × 105 cells were plated within a
culture insert in a chamber slide (155380; Thermo Fisher Scientific) or in a 12-well glass-bottom plate (P12-1.5H-N; Cellvis). 50
µg/ml type I collagen (354236; Thermo Fisher Scientific), type IV
collagen (356233; Thermo Fisher Scientific), fibronectin (354008;
Corning), or laminin (354232; Thermo Fisher Scientific) was used
to precoat the chamber slide for 30 min at 37°C. Keratinocytes
were cultured in mKER medium for 2 d and upon reaching confluence, culture inserts were removed to create a “wound” space
allowing for migration. For inhibitor treatment migration assay,
20 µM ML-7 (ab120848; Abcam) or 30 µM blebbistatin (ab120425;
Abcam) was added to cells immediately after the removal of inserts. Because it took 1 h to set up imaging, the videos and quantifications represented the effect of 1-h pretreatment with each drug
and 16-h migration in the presence of each drug. Phase-contrast
imaging (McGinnis et al., 2015) was performed using an AxioObserver Z1 microscope equipped with an incubation chamber (37°C
and 5% CO2), a Zeiss EC Plan Neofluar 10×/0.3 Ph1 objective, and
AxioVision software at 10-min intervals for 16 h. The migration
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area was calculated by subtracting the area measured at time
0 from the area measured after 16 h. PIV analysis of live-cell
phase-contrast time-lapse videos was performed using MatLab as
described (Weiger et al., 2013; Lee et al., 2016). Two interrogation
window sizes (64 × 64 and 32 × 32 pixels) were used to segment the
images. Then, multiple iterations, with 50% overlap for each interrogation step, were performed. Because the area of an interrogation window is smaller than that of an individual cell, the resulting
flow field shows the collective migration dynamic on a subcellular
level. After the images were processed to emphasize the edges of
each cell sheet, they were binarized, and the edges were identified
using Dijkstra’s algorithm (Dijkstra, 1959). We filtered out the flow
vectors that were outside the cell edges to collect information on
actual motion within the cell sheets. Based on this motion information, the mean flow speed and angular deviation across each entire
cell sheet can be calculated. We defined the angular deviation as
follows (Lee et al., 2016):
Angular deviation =
_____________________________
 ____________________________________

  

2
    
* [1 − √(   
 ∑ Ni=1 cos θi    / N)  2  + ( ∑ Ni=1 sin θi    / N)  2 ] .

√

θi denotes the angle of the ith velocity vector. N is the number of
velocity vectors in the flow fields. According to this definition,
the value_of angular deviation ranges from 0 (coordinated motion) to √2  (chaotic motion; Lee et al., 2016). We then averaged
the mean speed and angular deviation derived from all cell edges
in each experiment.
Adhesion assay
96-well microplates (CLS3603; Sigma-Aldrich) were coated with
50 µg/ml type I collagen (354236; Thermo Fisher Scientific) or
type IV collagen (356233; Thermo Fisher Scientific) at 37°C for 30
min. After washing with PBS, wells were blocked by incubation
with 0.5 mg/ml heat-treated BSA in PBS-ABC (containing 1 mM
CaCl2 and 1 mM MgCl2) for 1 h at 37°C (Levy et al., 2000). Freshly
isolated keratinocytes (2 × 104) were plated in each well in mKER
medium and incubated at 37°C for 2 h. The nonadherent cells
were washed off with PBS-ABC. The adherent cells were lysed
with medium containing 1% Triton X-100. The relative efficiency
of cells to matrix was determined by measuring the level of LDH,
which is released upon cell lysis, using the using the Cytotoxicity
Detection Kit (4744926001; Sigma-Aldrich).
Quantification of focal adhesion number and size
Keratinocytes isolated from P0–P2 pups (3.2 × 105 cells) were
plated within a culture insert in each well in a 12-well glass-bottom
plate (P12-1.5H-N; Cellvis). 50 µg/ml type I collagen or type IV collagen was used to precoat each well for 30 min at 37°C. Keratinocytes were cultured in mKER medium for 2 d, and upon reaching
confluence, culture inserts were removed to create a wound space
allowing for migration. After 1 d, cells were fixed and stained for
paxillin. Imaging was performed using a Zeiss LSM 800 confocal laser scanning microscope equipped with a Plan Apochromat
63×/1.40 oil DIC M27 objective and Zen software. All images in a
given experiment were taken under identical imaging parameters.
30 WT and 30 Krt6a/Krt6b-null keratinocytes on each collagen
matrix were quantified. Counting the number of focal adhesions
Wang et al.
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per cell was done manually, and the size of individual focal adhesions was measured using ImageJ (National Institutes of Health).
Time-lapse microscopy of focal adhesion turnover
Freshly isolated keratinocytes were transfected with a plasmid
encoding mCherry-tagged paxillin (50526; Addgene) using the
nucleofection method (Lonza) before plating in chamber slides
with culture inserts. The chamber slides were coated with either 50 µg/ml type I collagen or type IV collagen. After removing
the culture inserts, keratinocytes were allowed to migrate for at
least 8 h before imaging using an AxioObserver Z1 fluorescence
microscope equipped with an incubation chamber (37°C and 5%
CO2), a EC Plan Neofluar 40×/1.30 oil DIC M27 objective or a Plan
Apochromat 63×/1.40 oil DIC M27 objective, and AxioVision software or MetaMorph microscopy automation and image analysis
software at 3-min intervals for 3 h. Oil was used as the imaging
medium. At each time point, five slices of z stack images were
captured for every cell, spanning a height of 1.48 µm in the z axis.
Quantification of focal adhesion dynamics
An established algorithm (Stehbens and Wittmann, 2014) was
used to calculate the rates of assembly, disassembly, and lifetime
of focal adhesions. The focal adhesions (FAs) that had their entire lifespan within the video-recording interval, did not split or
merge, and showed very similar sizes between WT and Krt6a/
Krt6b-null cells were selected for analysis. ImageJ was used to
measure the intensity of focal adhesion–associated mCherry-paxillin, designated as I(FA). A region near the focal adhesion
was chosen as background, designated as I(BKG). The signal derived from one adhesion plaque at any given time was calculated
by subtracting I(BKG) from I(FA). A three-frame running average
of these intensity values was then applied to smooth variations
between frames (Stehbens and Wittmann, 2014):
t+1

I(t)  =  _31     ∑  [ IF  A(n)   − IB  KG(n)].
n=t−1
The data I(t) were fitted to a model that assumes that the focal adhesion assembly phase and disassembly phase follow a sigmoid,
logistic function and a single exponential decay, respectively.
Doing so enabled us to then calculate, for each focal adhesion,
the rate of assembly (ka), rate of disassembly (kd), and lifetime
(tlife; Stehbens and Wittmann, 2014):
fm
  ax
1 + e  a

I assembly(t)  =  _
 ,
−k  (t−t  )
1/2



I disassembly(t)   = f0   e  −kd  (t−a),
ln ( _ )
2 f0  
  − t 1/2.
t life  = a −  _
kd  
fm
  ax

10 focal adhesions per cell, 10 cells per genotype on type I collagen, and five cells per genotype on type IV collagen were selected
for the analysis of focal adhesion turnover.
Harvesting protein lysates from skin explant culture
Ex vivo explant cultures derived from P0–P2 mouse skin were
seeded as described (Mazzalupo et al., 2002; Wong and Coulombe,
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2003; Rotty and Coulombe, 2012). In brief, skin punches (4.0
mm; Acuderm) were used to make circular skin biopsies. After
the skin punches had been cultured for 6 d in mKER medium, cellular outgrowths from skin explants of the same genotype were
pooled together and solubilized with 6.5 M urea buffer (50 mM
Tris, pH 7.5, 1 mM EGTA, 6.5 M urea, 2 mM DTT, 1 mM PMSF,
50 mM NaF, 1 mM Na3VO4, and proteinase inhibitors including
2 µg/ml antipain, 10 µg/ml aprotinin, 10 µg/ml benzamidine,
1 µg/ml leupeptin, 1 µg/ml chymostatin, and 1 µg/ml pepstatin
A) to obtain whole-cell lysates. Protein concentration was determined using a commercial kit (Bio-Rad), with BSA (Thermo
Fisher Scientific) as a standard. Cell lysates were prepared in
Laemmli SDS-PAGE sample buffer (with 5% β-mercaptoethanol)
and stored at −20°C until use.
Western blotting
Protein lysates were subjected to electrophoresis on SDS-PAGE
gels (4–15% precast polyacrylamide gels [Bio-Rad] were used
for DP and myosin IIA; 10% polyacrylamide gels were used for
the remaining proteins in this study) and transferred onto
0.45-µm nitrocellulose membranes (Bio-Rad). Analyses of DP
and myosin IIA required a transfer buffer containing a high
concentration of both Tris and glycine (50 mM Tris, 380 mM
glycine, 0.1% SDS, and 20% methanol) for ∼10–16 h at 20 V at
4°C; for other proteins, a regular buffer (25 mM Tris, 190 mM
glycine, 0.1% SDS, and 20% methanol) was used for 1 h and 20
min at 100 V at 4°C. Membranes were blocked with 5% milk
in TBST for 30 min at room temperature. Primary antibodies
were diluted in 5% BSA in TBST and applied to membranes
overnight at 4°C. The primary antibodies used include rabbit
anti-DP (1:1,000), rabbit anti–myosin IIA (1:1,000; 909801; BioLegend), rabbit anti-K6 (1:5,000; McGowan and Coulombe,
1998b), rabbit anti–E-cadherin (1:1,000), mouse anti–β-catenin
(1:1,000), rabbit anti–p120-catenin (1:1,000; 4989; Cell Signaling Technology), chicken anti-plakoglobin (1:5,000, 1,407, or
1,408; K. Green), rabbit anti–plakophilin 1 (1:1,000; ab183512;
Abcam), rabbit anti–integrin α2 (1:1,000; ab181548; Abcam),
mouse anti–integrin β4 (1:100; sc-514252; Santa Cruz), and
mouse anti–β-actin (1:2,000; A5441; Sigma-Aldrich). Membranes were washed three times (5 min each time) with TBST
before incubation with HRP-conjugated secondary antibodies
(1:5,000) for 1 h at room temperature. Proteins on membranes
were detected using SuperSignal West Pico Chemiluminescent Substrate (34080; Thermo Fisher Scientific) or ECL Select Western Blotting Detection Reagent (45-000-999; Thermo
Fisher Scientific). The FluorChem Q imaging system (ProteinSimple) was used to detect signals, and ImageJ was used for
quantification.
Analysis of mRNA from skin explant culture
RNA was extracted from keratinocytes after 6 d of skin explant
culture using the NucleoSpin RNA kit (740955; Macherey-Nagel)
according to the manufacturer’s instructions. cDNA Synthesis
was performed with the iScript cDNA Synthesis Kit (1708891;
Bio-Rad). Quantitative RT-PCR (qRT-PCR) was performed with
the iTAQ Universal SYBR master mix (1725121; Bio-Rad) on a
Bio-Rad CFX96 machine. Oligonucleotide primers for the target
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genes analyzed were as follows: Myh9 (forward, 5′-GGCCCTGCT
AGATGAGGAGT-3′; reverse, 5′-CTTGGGCTTCTGGAACTTGG-3′),
Cdh1 (forward, 5′-CAGGTCTCCTCATGGCTTTGC-3′; reverse, 5′CTTCCGAAAAGAAGGCTGTCC-3′), Ctnna1 (forward, 5′-AAGTCT
GGAGATTAGGACTCTGG-3′; reverse, 5′-ACGGCCTCTCTTTTT
ATTAGACG-3′), Ctnnb1 (forward, 5′-ATGGAGCCGGACAGAAAA
GC-3′; reverse, 5′-CTTGCCACTCAGGGAAGGA-3′), Ctnnd1(forward, 5′-GTGGAAACCTACACCGAGGAG-3′; reverse, 5′-CGTCTA
GTGGTCCCATCATCTG-3′), Dsp (forward, 5′-GGATTCTTCTAG
GGAGACTCAGT-3′; reverse, 5′-TCCACTCGTATTCCGTCTGGG3′), Jup (forward, 5′-TGGCAACAGACATACACCTACG-3′; reverse,
5′-GGTGGTAGTCTTCTTGAGTGTG-3′), Pkp1 (forward, 5′-AAC
CACTCTCCGCTCAAGAC-3′; reverse, 5′-CTTCTGCCGTTTGACGGT
CAT-3′), Dsg1a (forward, 5′-ACTGTGTTAAATGTCATCGAGGG-3′;
reverse, 5′-TGCCTGTTCTTGAGTCAACAAC-3′), Dsc1 (forward,
5′-GGTCAAGGAATCAAAACACAGC-3′; reverse, 5′-CCAAGCCGA
GGTTGAGTGAAA-3′), Gapdh (forward, 5′-AAATGGTGAAGGTCG
GTGT-3′; reverse, 5′-ACTCCACGACATACTCAGCAC-3′), and Rn18s
(forward, 5′-CCTGTGCCTTCCTTGGA-3′; reverse, 5′-CATTCGAAC
GTCTGCCCTATC-3′).
Immunoprecipitation
Confluent WT keratinocyte primary cultures were lysed in 1%
Triton X-100 buffer (40 mM Hepes, pH 7.5, 120 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 10 mM sodium pyrophosphate, 50 mM
NaF, 1 mM Na3VO4, 1 mM PMSF, and protease inhibitors including 2 µg/ml antipain, 10 µg/ml aprotinin, 10 µg/ml benzamidine,
1 µg/ml leupeptin, 1 µg/ml chymostatin, and 1 µg/ml pepstatin
A), incubated for 15 min on a shaker at 4°C, and spun down at
maximum speed (16.1 × 1,000 g) for 10 min at 4°C. Cell lysates
were precleared with 30 µl protein G–coupled Sepharose beads
(17-0618-01; GE Healthcare) for 30 min at 4°C. The Bradford
assay was used to determine the concentration of protein lysates.
Mouse anti–myosin IIA antibodies (ab55456; Abcam) or mouse
IgG antibodies (sc-2025; Santa Cruz) were added to lysates (1 µg
antibody per 1 mg lysates) and incubated for 3 h on a shaker at
4°C. Protein G–coupled Sepharose beads (30 µl) were then added
for an additional 45-min incubation with the protein lysates/
antibody mixture. Bead-bound proteins were eluted by adding
2× SDS sample buffer containing 5% β-mercaptoethanol and
analyzed via Western blotting.
PLA
Glass coverslips were placed in each well of 12-well plates and
coated with type I collagen, and a culture insert was firmly placed
on the coverslip. Keratinocytes were isolated from P0–P2 pups,
plated within a culture insert at 3.2 × 105 cells per insert and
cultured in mKER medium for 2 d. Upon reaching confluence,
culture inserts were removed to trigger cell migration. After
1 d, cells were fixed with 4% PFA at room temperature for 15 min,
permeabilized with 0.1% Triton at room temperature for 10 min,
and blocked with 2.5% donkey serum in PBS at room temperature
for 1 h. Fixed cells were incubated overnight at 4°C with mouse
anti–myosin IIA and rabbit anti-K6a primary antibodies (see
above). Donkey anti-mouse secondary antibody conjugated to
oligonucleotide (minus; DUO92004; Sigma-Aldrich) and donkey
anti-rabbit secondary antibody conjugated to oligonucleotide
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(plus; DUO92002; Sigma-Aldrich) were added to the cells and
incubated for 1 h at 37°C. The ligation and amplification steps
were performed according to the manufacturer’s instructions
(Duolink PLA; Sigma-Aldrich). Fluorescence was detected using
an AxioObserver Z1 microscope equipped with an EC Plan Neofluar 40×/1.30 oil DIC M27 objective, an Apotome attachment,
and Zen software. All images in a given experiment were taken
under identical imaging parameters.
Cloning of mouse K6b fragments
The regions encoding head domain, rod domain, and rod and
tail domains in the mouse K6b cDNA cloned in a pET-8c vector
(Chung et al., 2012; Rotty and Coulombe, 2012) were obtained
via PCR and subcloned into a pT7-HMT vector, which contains a
His-tag for protein purification (Feng and Coulombe, 2015). The
oligonucleotide primers used were as follows: K6b head domain
(1–471 bp; forward, 5′-CCCCATATGGCTAGCAAAACCACCATC
AA-3′; reverse, 5′-CGGGATCCTTACCTGACCCGCTGGAT-3′); K6b
rod domain (472–1,419 bp; forward, 5′-CCCCATATGACTGAGGAG
AGGGAGCAGAT-3′; reverse, 5′-CGGGATCCTTACAACCTGCACTCC
TCTCC-3′); and K6b rod and tail domains (472–1,689 bp; forward,
5′-CCCCATATGACTGAGGAGAGGGAGCAGAT-3′; reverse, 5′-CGG
GATCCTCAGTGCCTGTAGCTCTT-3′).
Protein purification
Plasmids encoding K5 (pET-K5; Lee and Coulombe, 2009), K6b
(pET-K6b; Rotty and Coulombe, 2012), K17 (pET-K17; Chung et
al., 2012), and different subdomains of K6b were transformed
into Escherichia coli strains BL21 (DE3) or BL21 (DE3) plysS to
produce the corresponding recombinant proteins (Coulombe
and Fuchs, 1990). Inclusion bodies were recovered, dissolved in
6.5 M urea buffer (Wang et al., 2016), and applied to HiTrapQ
column followed by a MonoQ column for purification (Feng and
Coulombe, 2015; Wang et al., 2016).
Far-Western assay
5 µg of each bait protein (purified recombinant keratin proteins: e.g., K5, K6, and K17) was electrophoresed on duplicate
10% SDS-PAGE gels. One gel was stained with Coomassie dye to
assess protein loading. The other gel was electroblotted to a nitrocellulose membrane (Bio-Rad) with 0.45-µm pore size. The
membrane was blocked in 5% milk in TBST for 30 min. After
washing briefly with TBST, the membrane was incubated with
the target protein, myosin protein (1.5 µg/ml; MY02-A; Cytoskeleton) in 5% BSA in TBST on a shaker at room temperature for 4 h. After several washes in TBST, the membrane was
blocked in in 5% milk in TBST for 30 min at room temperature.
Primary antibody (mouse anti–myosin IIA; ab55456; Abcam)
was diluted (1:1,000) in 5% BSA in TBST and applied to the
membrane overnight at 4°C. Membranes were washed three
times (5 min each) with TBST before incubation with HRP-conjugated secondary antibody (1:2,000) for 1 h at room temperature. After three TBST washes (5 min each), membrane bound
proteins of interest were detected using Amersham ECL Select
Western Blotting Detection Reagent and the FluorChem Q imaging system (ProteinSimple).
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Nucleofection
Plasmids (e.g., DP-GFP, 32227, Addgene; or pEGFP-N1 control,
a gift from C. Machamer, Johns Hopkins University, Baltimore,
MD) were transfected into freshly isolated keratinocytes using the
nucleofection method (Lonza). Briefly, 16.4 µl nucleofection solution and 3.6 µl supplement solution from the P1 Primary Cell 4DNucleofector X Kit (V4XP-1032; Lonza) was mixed with plasmid
DNA (0.64 µg). Keratinocytes (6.4 × 105) were pelleted by centrifugation (500 g for 5 min at 4°C) and resuspended in the nucleofection mixture. The mixture was transferred into one well in a
16-well strip and placed into the 4D-nucleofector system (Lonza).
At 5 min after an electrical pulse (generated using the proprietary
“Primary” program provided by the manufacturer), medium was
added into the strip to suspend cells. Finally, the cell suspension
was plated and then cultured for ∼48 h before analysis.
Dispase and LDH release assays
Keratinocytes were isolated from newborn mice (P0–P1), plated
onto a type I or type IV collagen (50 µg/ml)-coated six-well
plate at 1.5–2 million cells per well and incubated in mKER medium for 24 h. Cells were switched to CnT57 medium (CELLnTEC), cultured until confluence (∼8 d), and finally, switched to
CnT57 medium supplemented with 1.2 mM calcium for an additional 2 d. Cell sheets formed were lifted off the plate using 3 ml
dispase II/PBS solution (2.4 U/ml; 04942078001; Roche) and
transferred into a 15-ml conical tube in a total volume of 10 ml
PBS buffer. The tubes were then inverted using a SCILOGEX
MS-RD-Pro LCD Digital Tube Rotator at 60 rpm for 20 rounds
(for cells on type I collagen) or 10 rounds (for cells on type IV
collagen; 1 round = 10 inversions). After each round, cell sheets
were inspected for fragmentation. To obtain whole-cell protein
lysates from such cultures, the cell sheets were lysed in urea
buffer (50 mM Tris, pH 7.5, 1 mM EDTA, 6.5 M urea, and 2 mM
DTT) supplemented with protease and phosphatase inhibitors
(50 mM NaF, 1 mM Na3VO4, 1 mM PMSF, 2 µg/ml antipain, 10
µg/ml aprotinin, 10 µg/ml benzamidine, 1 µg/ml leupeptin, 1
µg/ml chymostatin, and 1 µg/ml pepstatin A) instead of being
lifted with dispase.
To access the occurrence of cell lysis during the sheet fragmentation assay, LDH activity was measured using the Cytotoxicity Detection Kit (4744926001; Sigma-Aldrich; Huen et
al., 2002) according to the manufacturer’s instructions. Briefly,
background control was obtained from the mixture of 7 ml PBS
and 3 ml dispase solution. After transferring the detached cell
sheet along with dispase solution into PBS, the mixture was
used as a low-activity control. A high-activity control was measured by lysing cells with 100 µl lysis buffer, rocking the lysate
at room temperature for 15 min, and adding 100 µl lysate into
the mixture of 7 ml PBS and 3 ml dispase solution. 50 µl from
each sample was used for LDH detection. The absorbance of
each sample was read at 490 nm using Spectra Max M5 (Molecular Devices).
Adenovirus infection
Newborn skin keratinocytes (2 × 105) in primary culture were
infected with 2 µl adenovirus (1 × 1010 PFU/ml) delivering either
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GFP (1060; Vector Biolabs) or Cre recombinase (1045; Vector
Biolabs) for 1 h (Di Cunto et al., 1998) in DMEM (11885092; Life
Technologies). Cells were then cultured in CnT57 medium (CELLnTEC) for 2 d before experimentation.

formed the experiments and analyzed the data; S. Chen and C.A.
Parent conducted the PIV analyses; F. Wang and P.A. Coulombe
collated the data and wrote the manuscript. All authors contributed to the manuscript.

Statistical analysis
The Student’s two-tailed t test was applied to assess statistical significance.
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Online supplemental material
Fig. S1 shows a representative example of PIV analysis of WT keratinocytes migrating on laminin. Fig. S2 shows the impact of
disrupting myosin II function by silencing Myh9 or with ML-7
and blebbistatin treatments on cell–cell adhesion and the size
and organization of focal adhesions. Fig. S3 illustrates the status
of E-cadherin, plakophilin 1, and β-catenin in migrating Krt6a/
Krt6b-null keratinocytes. Fig. S4 shows that DP accumulates in
nucleus in Krt6a/Krt6b-null keratinocytes adjacent to or at the
migration front edge. Fig. S5 shows mRNA levels for genes encoding protein components of adherens junctions and desmosomes,
shows the degree of cytolysis and integrin α2 and β4 levels in
WT control and Krt6a/Krt6b-null keratinocytes, and illustrates
the possible role of K6a/K6b in wound healing. Video 1 shows
phase-contrast time-lapse imaging of WT and Krt6a/Krt6bnull keratinocytes migrating on type I collagen. Video 2 shows
time-lapse videos assessing the directionality and speed of WT
control and Krt6a/Krt6b-null keratinocytes migrating on type
I collagen over the course of ∼16 h. Video 3 shows time-lapse
videos of directionality and speed for WT and Krt6a/Krt6b-null
keratinocytes migrating on type IV collagen over the course of
∼16 h. Video 4 shows time-lapse imaging of mCherry–paxillin
dynamics comparing WT with Krt6a/Krt6b-null keratinocytes
migrating on type I collagen. Video 5 shows time-lapse imaging of mCherry–paxillin dynamics comparing WT with Krt6a/
Krt6b-null keratinocytes migrating on type IV collagen. Video 6
shows phase-contrast time-lapse imaging comparing Myh9+/+
with Myh9−/− keratinocytes migrating on type I collagen. Video 7
shows phase-contrast time-lapse imaging comparing Dsp+/+ with
Dsp−/− keratinocytes migrating on type I collagen.
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