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Abstract

Background: Endogenous electric fields (EFs) play an essential role in guiding the coordinated
collective migration of epidermal cells to the wound centre during wound healing. Although
polarization of leadercells is essential for collective migration, the signal mechanisms responsible
for the EF-induced polarization of leader cells under electrotactic collective migration remain
unclear. This study aims to determine how the leader cells are polarized and coordinated during
EF-guided collective migration of epidermal cell sheets.

Methods: Collective migration of the human epidermal monolayer (human immortalized ker-
atinocytes HaCaT) under EFs was observed via time-lapse microscopy. The involvement of
tetraspanin-29 (CD9) in EF-induced fibrous actin (F-actin) polarization of leader cells as well
as electrotactic migration of the epidermal monolayer was evaluated by genetic manipulation.
Blocking, rescue and co-culture experiments were conducted to explore the downstream signalling
of CD9.

Results: EFs guided the coordinated collective migration of the epithelial monolayer to the anode,
with dynamic formation of pseudopodia in leader cells at the front edge of the monolayer
along the direction of migration. F-actin polarization, as expected, played an essential role in
pseudopod formation in leader cells under EFs. By confocal microscopy, we found that CD9 was
colocalized with F-actin on the cell surface and was particularly downregulated in leader cells by
EFs. Interestingly, genetic overexpression of CD9 abolished EF-induced F-actin polarization in leader
cells as well as collective migration in the epidermal monolayer. Mechanistically, CD9 determined
the polarization of F-actin in leader cells by downregulating a disintegrin and metalloprotease
17/heparin-binding epidermal growth factor-like growth factor/epidermal growth factor receptor
(ADAM17/HB-EGF/EGFR) signalling. The abolished polarization of leader cells due to CD9 overex-
pression could be restored in a co-culture monolayer where normal cells and CD9-overexpressing
cells were mixed; however, this restoration was eliminated again by the addition of the HB-EGF-
neutralizing antibody.
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Conclusion: CD9 functions as a key regulator in the EF-guided collective migration of the epidermal
monolayer by controlling and coordinating the polarization of leader cells through ADAM17/HB-

EGF/EGFR signalling.
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Highlights

e This is the first study to reveal that EFs guide collective migration of the epidermal monolayer by downregulating CD9 in

leader cells.

* CD9 controls the EF-induced polarization of F-actin in leader cells by negatively regulating the sheddase of HB-EGE.

* CD9-mediated HB-EGF secretion might coordinate the EF-induced polarization of leader cells through paracrine effects.

Background

An essential feature of a healed wound is the restoration of an
intact epidermal barrier through wound epithelialization, also
known as re-epithelialization. The directed migration of ker-
atinocytes is critical to wound re-epithelialization, and defects
in this function are associated with the clinical phenotype of
chronic nonhealing wounds [1,2]. Directional migration of
epidermal cells towards the wound centre is a response to
various chemical and physical factors in the wound microen-
vironment [3]. Endogenous electric fields (EFs) are known
to play an important role in wound healing, mainly through
their effects on cell migration [4,5]. In wounds of epidermal
tissue, endogenous EFs are instantaneously generated after
injury due to the disruption of transepithelial potentials,
causing the wound centre to become more negatively charged
than the surrounding area. Electric signals can override other
cues to direct the migration of epithelial cells, a phenomenon
called cell electrotaxis or galvanotaxis [6-8].

The molecular mechanisms underlying the EF-induced
directional migration of isolated cells have been widely stud-
ied in vitro. However, epithelial cells migrate collectively as a
coherent sheet to heal wounds in vivo. Collective migration
is fundamentally different from the migration of isolated
cells. Interestingly, it has been found that the epithelial sheets
respond to an EF significantly better—more directionally and
efficiently—than cells in isolation, indicating better electro-
taxis in the epithelial sheets than in the isolated cells [9—
11]. However, it is still largely unknown how EFs guide the
collective migration of cell sheets and how this effect is more
efficient than that of isolated cells.

Collective migration involves coordination between two
functionally distinct cell populations: leader cells and fol-
lower cells. The leader cells localize at the front of a mov-
ing group, where they receive guidance signals and migrate
through instructing actin-based structures such as pseudopo-
dia in the direction of cell movement [12]. The follower
cells, however, migrate following the leader cells by sens-
ing the guiding signals from the leader cells [13]. The for-
mation of pseudopodia (lamellipodia and filopodia in ker-
atinocytes) in leader cells is driven by fibrous actin (F-actin)

polymerization and polarization, a process tightly regulated
by signalling complexes [14]. Tetraspanin-29 (CD9), a mem-
ber of the tetraspanin superfamily, has been shown to colo-
calize with cytoskeletal F-actin in the filopodia on the cell sur-
face, where it regulates the arrangement of the actin cytoskele-
ton [15,16]. However, CD9 lacks receptor function compared
to numerous other membrane surface proteins. It has been
suggested that CD9 might engage in the organization of
polyprotein complexes on the surface via combination with
other molecules, thus mediating a variety of physiological
and cellular processes [17-19]. In our previous study, we
determined that CD9 and a disintegrin and metalloprotease
17 (ADAM17) colocalized on the surface of keratinocytes,
and the sheddase activity of ADAM17 was activated by CD9
downregulation [20]. ADAM17, a known ectodomain shed-
dase of epidermal growth factor receptor (EGFR) ligands such
as heparin-binding epidermal growth factor-like growth fac-
tor (HB-EGF), has been reported to enhance actin cytoskeletal
remodelling at the tip of the lamellipodium in hepatocellular
carcinoma (HCC) cells [21,22]. We have also shown the
important role of ADAM17-driven HB-EGF/EGFR signalling
in the EF-guided collective migration of epidermal sheets
[23]. Nevertheless, the mechanisms by which the polarization
of leader cells is controlled in EF-guided collective migra-
tion of the epidermal monolayer remain to be elucidated.
Intercellular communication is crucial for the efficiency of
collective migration [2,24,25]. Paracrine signalling is a main
form of intercellular communication, by which cells respond
to the factors produced from nearby cells [26,27]. It has been
shown that HB-EGF plays a variety of roles in cell prolifer-
ation, migration and inflammation through paracrine action
[28,29]. Whether such a paracrine mechanism between leader
cells coordinates their polarization and behaviour under EFs
also needs to be investigated.

In this study, we found that CD9 colocalized with F-actin
and was particularly downregulated in the leader cells of EF-
guided migrating epithelial monolayers. The downregulation
of CD9Y facilitated F-actin polarization in leader cells by acti-
vating ADAM17/HB-EGF/EGFR signalling, thus supporting
the directional migration of the epithelial monolayer under
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EFs. This CD9-mediated signalling coordinated the polariza-
tion of leader cells through HB-EGF paracrine signalling, pro-
viding new insights into how collective migration is initiated
and coordinated under EFs.

Methods

Cell culture

Human immortalized keratinocytes HaCaT cells were pur-
chased from the Cell Bank of the Chinese Academy of Sci-
ences and were cultured in RPMI 1640 medium containing
100 pg/ml streptomycin, 100 U/ml penicillin and 10% fetal
bovine serum. Cells were incubated at 37°C, 95% humidity
and 5% CO;.

EF stimulation and time-lapse image recording

To observe the migration of HaCaT cells, an experimen-
tal chamber previously developed by our group was used
[30,31]. To stimulate the cells by EFs, we generated EFs using
two carbon fibre electrodes immersed in Steinberg solution
(0.7 mM KCl, 0.8 mM MgSOy4, 60 mM NaCl, 0.3 mM
CaNOj3-4H; 0 and 1.4 mM Tris base, pH 7.4) and connected
the electrodes to the medium by two salt bridges (Steinberg’s
solution containing 2% agar). The cells were placed in an
EF, adjusted to the required EF intensity, and stimulated for
6h. Migration of the cell monolayer was monitored using a
Zeiss time-lapse imaging system (Carl Zeiss Meditec, Jena,
Germany). Images were analysed by Image].

Quantitative analysis of cell-migration directivity and
velocity

The movement of HaCaT cells was analysed by Image]
software. The central position of the cells was tracked and
the starting point was set as the origin. The directivity of
the cells was quantified by Cosf, which represents the angle
between the field vector and the line connecting the starting
point to the end point of the cells. Cosf ranges from —1
to +1, with 1 indicating that the cells migrate towards the
cathode, —1 indicating that the cells migrate towards the
anode, and near 0 indicating random migration without
direction. Displacement velocity (Td/t) is the absolute X-value
of the cell endpoint position divided by time, indicating the
migration velocity of cells along the EF vector. Trajectory
velocity (Tt/t) is the total length of the trajectory of cell
migration divided by time, indicating the migration velocity
of cells.

CD9-overexpressing recombinant adenovirus
transfection

Ad-CD9-GFP and the CD9 mimic vector Ad-GFP were
obtained from Shanghai Gene Chemistry. Briefly, HaCaT cells
were inoculated in 6-well plates at a cell density of 30-50%,
and HaCaT cells were infected with CD9-overexpressing
recombinant adenovirus (Ad-CD9-GFP) and CD9 mimic
vector (Ad-GFP) for 48 h. The cells were divided into the
control group (both Ad-CD9-GFP and Ad-GFP were not

transfected), vector group (transfected with Ad-GFP), and
Ad-CD9 group (transfected with Ad-CD9-GFP) according
to the treatment conditions. After 48 h of infection, it was
confirmed that >90% of HaCaT cells were infected by
observing green fluorescent protein (GFP) expression by
fluorescence microscopy (Figure S2a). Western blots also
verified effective overexpression of the CD9-GFP fusion
protein (Figure S2b, ¢). The molecular weight of CD9-GFP
was ~55 kDa.

Fluorescence labelling and co-culture of adherent cells
HaCaT cells were labelled with a cell plasma membrane stain-
ing kit with Dil (red fluorescence) and a cell plasma mem-
brane staining kit with DiO (green fluorescence) according
to the manufacturer’s protocol (Shanghai Beyotime Biotech-
nology). Briefly, the adherent cells in the 6-well plate were
washed 2-3 times with sterile phosphate buffer solution
(PBS). Staining working solution (1 ml) was added, gently
shaken to cover all cells, and incubated at 37°C in the dark
for 15-20 min. HaCaT cells labelled with Dil and DiO were
then co-seeded in the EF chamber, cultured into monolayer
and placed in a Zeiss time-lapse imaging system to observe
cell migration.

ADAM17 activity determination

ADAM17 activity was determined using an enzyme-linked
immunosorbnent assay (ELISA) kit for ADAM17 (Yun
clone Technology) according to the manufacturer’s protocol.
Briefly, each group of cell extracts was incubated in anti-
human ADAMI17 antibody-coated 96-well plates for 1 h
at room temperature, washed well, patted dry and then
incubated with fluorescently labelled substrate at 37°C. The
relative optical density values were detected at an emission
wavelength of 450 nm using a multifunctional enzyme
standardizer, and these data were normalized relative to the
control group.

Western blot analysis

HaCaT cell monolayers were washed with precooled PBS,
collected in 100-200 ul of protein lysis solution, lysed on
ice for 20-30 min and sonicated for 4 s. The supernatant
was collected by centrifugation. The protein concentration
was determined by a bicinchoninic acid assay (BCA) protein
analysis kit (Sigma, USA). Equal amounts of proteins were
separated by 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to polyvinyli-
dene difluoride membranes, which were blocked with 5%
skimmed milk for 2 h at room temperature, incubated with
primary antibody at 4°C overnight and incubated with sec-
ondary antibody for 1 h at room temperature for detection of
the blots. Primary antibodies were as follows: CD9 (1 : 500,
Santa, UK), EGFR (1 : 1000, Abcam, UK), phospho-EGFR
(1 : 1000, Abcam, UK) and B-actin (1 : 1000, CST, USA).
Secondary antibodies were as follows: anti-mouse IgG (1 :
2500, CST, USA) and anti-rabbit IgG (1 : 2500, CST, USA).
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Pharmacological reagent treatment

HaCaT cells were cultured into monolayers and treated
with a final concentration of 40 uM ADAMI17 inhibitor
TNF protease inhibitor 2 (TAPI-2; MCE, USA), 20 uM
EGFR inhibitor AG1478 (MCE, USA), 5 ug/ml of the F-
actin polymerization inhibitor cytochalasin B (CB; MCE,
USA) or 100 ng/ml of recombinant human heparin-binding
EGF (MCE, USA). Before performing the HB-EGF antibody
neutralization experiment, HB-EGF in the supernatant was
removed.

Immunofluorescence assay

Treated HaCaT cell monolayers were washed with precooled
PBS at 4°C, then incubated in 4% paraformaldehyde at room
temperature for 20-30 min, incubated with 10% goat serum
at room temperature for 1 h and incubated overnight at 4°C
with primary antibody CD9 (1 : 100, Santa, UK). After stain-
ing for 1 h in the dark with a fluorescent secondary antibody
(1 : 500, Abcam, UK), rhodamine-labelled phalloidin (1 :
1000, Proteintech, USA) and 4°,6-diamidino-2-phenylindole
(DAPL 1 : 1000, Sigma, USA), the cells were observed under
a laser confocal microscope (Olympus) and photographed.

Statistical analysis

Data were obtained from at least three independent replicate
experiments and statistically analysed using SPSS 24.0
statistical software. Measurement data are expressed as
mean + standard deviation (SD) or median (interquartile
range); Student’s t-test or the Mann—Whitney U test was
used for comparisons of two independent samples, one-way
ANOVA (Analysis of variance) or the Kruskal-Wallis H test
was used for comparison of multiple independent samples.
The least-significant difference t test or Nemenyi test was used
for post hoc multiple comparison after one-way ANOVA or
Kruskal-Wallis H test. Values of p <0.05 were considered
statistically significant and statistical plots were drawn using
GraphPad Prism V.5.

Results

EFs guided collective migration of the epidermal
monolayer in a voltage-dependent manner

To assess the electrotactic behaviour of the epidermal mono-
layer, we first visualized migration of the HaCaT monolayer
with or without EF application via time-lapse microscopy.
In the no EF-treated monolayer (0 mV/mm), the migration
of the HaCaT monolayer was random, with no significant
directional migration (Figure 1a, and Figure S1 and movie
S1, see online supplementary material). In an EF of 50—
200 mV/mm, the monolayer migrated in a collective man-
ner towards the anode directionally (Figure 1b—d and movie
S1). We then ascertained whether the collective electrotactic
behaviour was voltage dependent. In monolayers exposed
to EFs with strengths of 50, 100 and 200 mV/mm, the
directionality (cos(©)), displacement velocity (Td/t) and tra-
jectory velocity (Tt/t) of the HaCaT monolayer increased
gradually, reaching maximums at 200 mV/mm with values

of —0.98 (0.04),1.74 (0.31) pm/min and 1.81 (0.41) wm/min,
respectively (Figure le-g). These results indicate that EFs
drive the epidermal monolayer to migrate towards the anode
collectively in a field strength-dependent manner. An EF of
200 mV/mm was thus selected as the optimal strength for the
subsequent experiments.

F-actin polarization is required for the formation of
leader cells at the front edge of the migrating
monolayer under an EF

The formation of pseudopodia, characterized by F-actin
polarization along the direction of migration at the front
edge of the cell monolayer, is essential for the onset of directed
collective migration [12,32]. Cells with polarized F-actin and
pseudopodia are called leader cells. Time-lapse recording
showed that the anodic side cells in the EF-treated HaCaT
monolayer formed polarized pseudopodia along the direction
of migration compared to the no-EF control. By immunoflu-
orescence staining, significant F-actin polarization was found
in the pseudopodia at the anodic side cells in the EF-treated
HaCaT monolayer [Figure 2a, b, and movie S2 (see online
supplementary material), cyan arrows indicate pseudopodia].
Polarized F-actin was increased 3.4-fold in the EF-treated
monolayer compared to the no-EF control (Figure 2¢). These
results suggested a typical formation of leader cells induced by
EFs in the epidermal monolayer. Inhibition of F-actin polar-
ization by CB, a specific F-actin polymerization inhibitor,
abolished the EF-induced pseudopodia in leader cells as
well as the EF-induced collective migration of monolayers
(Figure 2a, b and movie S2), suggesting that F-actin polariza-
tion is a prerequisite for the formation of leader cells in the
collective migration of epidermal monolayers under EFs.

CD9 colocalizes with F-actin and is particularly
downregulated in leader cells by EFs

Previous studies have demonstrated that CD9 colocalizes
with cytoskeletal F-actin in the filopodia of the cell surface
and regulates the arrangement of the actin cytoskeleton
[15]. We have shown that CD9 downregulation contributes
to the migration of epidermal cells [20]. We hypothesized
that EF-induced polarization of F-actin in the leader cells
is associated with CD9. To test this hypothesis, we co-
labelled CD9 and F-actin by immunofluorescence staining.
As shown in Figure 3a, CD9 and F-actin showed obvious
colocalization at the membrane of epidermal cells in a
normal cultured monolayer (no-EF control, shown by cyan
arrows). After EF treatment, CD9 staining was significantly
attenuated as a whole when compared to the no-EF control
(Figure 3a). This result was also confirmed by western
blotting, which showed that the protein level of CD9
was significantly decreased in a time-dependent manner
in EF-treated monolayers (Figure 3b, ¢). Particularly, the
leader cells, which formed distinct polarized F-actin and
pseudopodia along the direction of motion (shown by
yellow arrows), showed lower CD9 staining (shown by blue
arrows) than the following cells (Figure 3a). These results
indicate that EFs induce a low level of CD9 in the epidermal
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Figure 1. EFs induced collective migration of HaCaT monolayer to the anode directionally. (a—-d) Representative images of the collective migration of HaCaT
monolayer under different EF strengths (0, 50, 100 and 200 mV/mm); yellow arrowheads and red curves indicate the cell-migration trajectories. Analysis of
(e) migration directionality, (f) displacement velocity and (g) trajectory velocity. *, **, ***p <0.05, 0.01 and 0.001, respectively, vs the 0 mV/mm group; #, ##,
###p < 0.05, 0.01 and 0.001, respectively, vs the 50 mV/mm group; % %358 p < 0.05, 0.01 and 0.001, respectively, vs the 100 mV/mm group. Scale bars 10 um (see
supplementary movie S1). EFs electrical fields, HaCaT human immortalized keratinocytes

monolayer, which may be involved in the formation of
cellular F-actin and pseudopodia in the leader cells and
therefore benefit the EF-guided collective migration of the
monolayer.

Upregulation of CD9 inhibits F-actin polarization of
leader cells and collective migration of the epidermal
monolayer under EFs

To determine whether the EF-induced F-actin polarization
was regulated by CD9, a recombinant adenoviral vector over-

expressing CD9 (Ad-CD9) was constructed and used to infect
the HaCaT monolayer before EF treatment (Figure S2, see
online supplementary material). As shown in Figure 4a, EF-
induced F-actin polarization and pseudopod formation in the
leader cells of the monolayer were mostly inhibited by CD9
overexpression (the yellow arrow indicates F-actin polariza-
tion). The directed collective migration of the monolayer was
largely abolished by CD9 overexpression (Figure 4b, and Fig-
ure S3 and movie S3, see online supplementary material). The
directionality (cos@) decreased from —0.99 (0.01) to —0.55
(0.17) (Figure 4c), the displacement velocity (Td/t) decreased
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Figure 2. F-actin polarization was required for leader cells formation at the front edge of migrating monolayer under EFs. (a) Representative images of the
collective migration of HaCaT monolayer; yellow arrowheads and red curves indicate the cell-migration trajectories, cyan arrows indicate pseudopodia. (b)
Immunofluorescence staining of F-actin in HaCaT monolayer; cyan arrows indicate F-actin polarization. (¢) Statistical analysis indicating the F-actin distribution
of HaCaT monolayer. ***p<0.001 vs the no EF group; ##p < 0.001 vs the EF group. Scale bars 10 um (see supplementary movie S2). F-actin fibrous actin, EFs
electrical fields, HaCaT human immortalized keratinocytes
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Figure 3. CD9 co-localized with F-actin and was down-regulated in leader cells by EFs. (a) Immunofluorescence staining of CD9 and F-actin in HaCaT monolayer;
cyan arrows indicate colocalization of CD9 and F-actin, yellow arrows indicate polarized F-actin and pseudopodia. (b) The expression of CD9 in HaCaT monolayer
was determined by western blot. (¢) The results were quantified by relative intensity. *, ** p< 0.05 and 0.01, respectively, vs the no EF group; #p < 0.05 vs the EF
3 h group. Scale bars 10 um. CD9 Tetraspanin-29, F-actin fibrous actin, EFs electrical fields, HaCaT human immortalized keratinocytes

from 1.87 (0.42) to 0.34 (0.16) wm/min (Figure 4d) and the
trajectory velocity (Tt/t) decreased from 2.00 (0.41) to 0.52
(0.21) um/min (Figure 4e). Our findings suggest that CD9
negatively regulates collective electrotaxis by the epidermal
monolayer by inhibiting F-actin polarization and pseudopod
formation in the leader cells.

CD9 controls the F-actin polarization of leader cells by

negatively modulating the ADAM17/HB-EGF/EGFR axis
We have previously demonstrated that CD9 negatively
modulates the sheddase activity of ADAM17 to promote the
shedding of HB-EGF and activation of EGFR in keratinocytes
[20]. We hypothesized that CD9 controls EF-induced F-actin
polarization in leader cells by negatively modulating the
ADAM17/HB-EGF/EGFR axis. As shown in Figure 5a—c, EF
exposure resulted in a significant increase in the activation

of ADAM17 and EGFR in the epidermal monolayer, which
was largely suppressed by CD9 overexpression, confirming
a role for CD9 in the regulation of ADAM17 and EGFR
under an EE Immunofluorescence staining showed that F-
actin was rapidly redistributed in the extended pseudopodia
at the anodal side of the leader cells after exposure to the
EF (Figure 5d, yellow arrows). Overexpression of CD9 and
treatment with TAPI-2 (a specific ADAM17 inhibitor) or
AG1478 (an EGFR tyrosine kinase inhibitor) completely dis-
rupted the polarization of F-actin (Figure 5d). Interestingly,
the disrupted polarization of F-actin by CD9 overexpression
or TAPI-2 treatment, but not by AG1478 treatment, was
restored by the addition of recombinant HB-EGF (Figure 5d,
green arrows), suggesting that CD9-mediated ADAM17/HB-
EGF/EGFR signalling is responsible for F-actin polarization
in leader cells under EFs. Meanwhile, time-lapse recording
showed that the collective electrotactic response of the
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Figure 4. Up-regulation of CD9 inhibited F-actin polarization of leader cells and collective migration of epidermal monolayer under EFs. (a) Immunofluorescence
staining of F-actin in HaCaT monolayer; yellow arrows indicate polarized F-actin and pseudopodia. (b) Representative images of the collective migration of HaCaT
monolayer; yellow arrowheads and red curves indicate the cell-migration trajectories. Analysis of (¢) migration directionality values of HaCaT monolayer, (d)
displacement velocity of HaCaT monolayer and (e) trajectory velocity of HaCaT monolayer. ***p <0.001 vs the vector group; ###p < 0.001 vs the EF + vector
group. Scale bars 10 um (see supplementary movie S3). CD9 Tetraspanin-29, F-actin fibrous actin, EFs electrical fields, HaCaT human immortalized keratinocytes,

Ad-CD9 adenovirus vector for overexpressing CD9

monolayer was significantly decreased by CD9 overexpres-
sion and TAPI-2 or AG1478 pretreatment. The addition of
recombinant HB-EGF, however, rescued the electrotaxis
suppressed by CD9 overexpression or TAPI-2 pre-treatment
(Figure Se~h, and supplementary Figure S4 and movie S3, see
online supplementary material). Taken together, these results
clearly demonstrate that EFs activate the ADAM17/HB-
EGF/EGFR axis by downregulating CD9 to induce F-
actin polarization, leading to the induction of leader cells
and the consequent directional collective migration of
monolayers.

The paracrine effect of HB-EGF released through
CD9-mediated signalling coordinates the polarization
of leader cells

The epithelial monolayer is known to exhibit greater sensi-
tivity and more effective electrotaxis than isolated cells, sug-
gesting that there must be some communication mechanism
between cells to coordinate the electrotaxis behaviour of col-
lective cells. Paracrine signalling is an important form of inter-
cellular communication by which cells can elicit responses
to the factors produced from nearby cells [9,10,26,27]. In
this study, we have demonstrated that EFs promote HB-EGF
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Figure 5. CD9 controlled F-actin polarization of leader cells by negatively modulating the ADAM17/HB-EGF/EGFR axis. (a) ADAM17 activity of HaCaT monolayer
under EFs. (b) The expression of p-EGFR was determined by western blot. (c) Results were quantified by relative intensity. ***p < 0.001 vs the vector group;
##, ###p < 0.01 and 0.001, respectively, vs the EF + vector group. (d) Immunofluorescence staining of F-actin in HaCaT monolayer; yellow and green arrows
indicate polarized F-actin and pseudopodia. (e) Representative images of the collective migration of HaCaT monolayer under EFs; yellow arrowheads and red
curves indicate the cell-migration trajectories. Analysis of (f) the migration directionality of HaCaT monolayer, (g) displacement velocity of HaCaT monolayer
and (h) trajectory velocity of HaCaT monolayer. *** p< 0.001 vs the EF group; ##, ###p < 0.01 and 0.001, respectively, vs the EF + Ad-CD9 group; $ $%%p < 0.05 and
0.001, respectively, vs the EF + TAPI-2 group. Scale bars 10 um (see supplementary movie S3). CD9 Tetraspanin-29, F-actin fibrous actin, ADAM17 a disintegrin
and metalloprotease domain 17, HB-EGF heparin-binding EGF-like growth factor, EGFR epidermal growth factor receptor, p-EGFR phospho epidermal growth
factor receptor, TAPI-2 TNF protease inhibitor 2, AG1478 EGFR tyrosine kinase inhibitors, EFs electrical fields, HaCaT human immortalized keratinocytes, Ad-CD9
adenovirus vector for overexpressing CD9
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secretion by downregulating CD9 to induce F-actin polariza-
tion in leader cells. Therefore, we hypothesized that there is
a mechanism undertaken by the leader cells to coordinate
their polarization through a paracrine effect of HB-EGE
To explore this, we labelled CD9-overexpressing cells with
DiO (green fluorescence, Ad-CD9) and normal HaCaT cells
with Dil (red fluorescence, Con), and co-cultured the two
cell lines to form a mixed-cell monolayer. The movement
behaviour of cells in the mixed-cell monolayer under EFs was
observed by time-lapse microscopy. As shown in Figure 6a,
the CD9-overexpressing monolayer showed no pseudopod
formation in cells at the anodal side of the EF, indicating failed
induction of leader cells. As a result, no directional migration
in the CD9-overexpressing monolayer was observed under
the EF. However, the pseudopodia in CD9-overexpressing
cells (shown by cyan arrows) at the anodal side of EFs
were restored in the co-culture monolayer, indicating that
the CD9-overexpressing cells regained the ability to become
leader cells (Figure 6a, and supplementary Figure S5 and
movie S4, see online supplementary material). Compared
to the cells in the Ad-CD9 monolayer, the Ad-CD9 cells
in the co-culture system increased their directionality (cosO
—) from —0.58 (1.46) to —0.89 (0.17) (Figure 6b), their
displacement velocity (Td/t) from 0.16 (0.21) to 0.48 (0.28)
um/min (Figure 6¢) and their trajectory velocity (Tt/t) from
0.35 (0.23) to 0.58 (0.25) um/min (Figure 6d). The elec-
trostatic response of the mixed-cell monolayer in migration
directedness was comparable to that of the normal HaCaT
monolayer (Figure 6b vs. Figure 1e, and supplementary Fig-
ure S5 and movie S4). The results indicated that the normal
HaCaT cells in the mixed-cell monolayer produced a highly
coordinated effect, enabling CD9-overexpressing cells in the
mixed-cell monolayer to regain electrotaxis. Interestingly, the
ability to become leader cells and the restoration of electro-
taxis in the CD9-overexpressing cells in the mixed monolayer
could be completely inhibited by addition of the HB-EGF
neutralizing antibody (Figure 6a, b, and supplementary Fig-
ure S5 and movie S4), suggesting that the HB-EGF released
from the normal HaCaT cells activated the neighbouring
CD9-overexpressed cells through a paracrine effect. Given
all the above findings, we propose that CD9-mediated sig-
nalling coordinates the polarization of leader cells through a
paracrine effect of HB-EGE, facilitating robust electrotaxis in
the mixed-cell monolayer.

Discussion

Acute and chronic skin wounds are a significant threat to
public health. Aiming at restoring injured tissue, new methods
based on regenerative medicine, tissue engineering, bioma-
terials and biological physics have attracted much attention
during the past few decades [33-36]. In our previous study,
we showed that the application of exogenous EFs significantly
accelerated the migration of the neonatal epithelium and the
re-epithelialization of wounds, providing in vivo evidence for
the clinical application of bioelectric fields [37]. Nevertheless,

the mechanism of EF-induced collective directional migration
of epidermal cells remains unclear. Here, we identified that
EFs activated the ADAM17/HB-EGF/EGFR axis by down-
regulating CD9 to induce and coordinate F-actin polarization
and leader-cell induction, revealing a novel mechanism for the
electrotactic migration of epidermal monolayers (Figure 7).

Although numerous studies have been conducted on the
EF-guided migration of cells in isolation, they could not
completely replicate wound healing iz vivo, where healing
occurs through epidermal collective migration [38]. There-
fore, understanding the behaviour of the epidermal mono-
layer under EFs would be of great clinical significance. In fact,
recent studies have described EF-induced collective migration
in sheets of keratinocyte, corneal epithelial or mammary
epithelial cells [9,39,40]. Compared with cells in isolation,
the epithelial sheets exhibit greater sensitivity, more effective
electrotaxis and directional persistence in responding to EFs
[9]. In our study, we did find that EF at a strength as low
as 50 mV/mm induced a robust electrotactic response in the
epidermal monolayer, with a directedness of —0.70 (0.08)
(Figure 1le).

Collective migration is a biological behaviour coordinated
by two types of cells: leader cells and follower cells [41]. The
formation of pseudopodia along the direction of migration
is an important feature of leader cells by which they secure
front—rear polarity in collective migration [42,43]. The for-
mation of pseudopodia is known to be dependent on the
redistribution of cellular F-actin [14,44]. In our study, F-actin
was dynamically polarized along the leader edge of the cell
monolayer under EFs; the polarization of F-actin towards
the anode was increased 3.4-fold (Figure 2c). Depolymeriza-
tion of F-actin by cytorelaxin B inhibited the formation of
pseudopodia and the electrotactic migration of the epidermal
monolayer, confirming F-actin polarization as the key to pseu-
dopod formation and the initiation of the collective migration
of cell sheets.

The induction of F-actin polarization in epidermal cells
involves a series of events, including extracellular stimulation,
membrane receptor activation and intracellular signalling
[45,46]. Studies from Zhao et al. [47] and Fang et al. [48]
have indicated a crucial role for HB-EGF/EGFR signalling
in F-actin relocalization and polarization in a physiologi-
cal EE Our study further found that the release of HB-
EGF was controlled by ADAM17 shedding, which indirectly
induced EGFR activation and subsequent F-actin polarization
in leader cells. More importantly, for the first time, we found
that the activity of ADAM17 was negatively modulated by
CD9, a highly conserved tetraspanin family protein that was
shown to physically interact with ADAM17 in our previous
study [20] and was found to be downregulated, particularly in
leader cells, by EFs in this study. Overexpression of CD9 com-
pletely disrupted the polymerization of F-actin (Figure Se).
Therefore, F-actin polarization in leader cells is tightly con-
trolled by CD9. In summary, CD9 acts as the key regulatory
molecule upstream of the ADAM17/HB-EGF/EGFR axis in
EF-guided collective migration of the epithelial monolayer.
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Figure 6. Paracrine effect of HB-EGF released through CD9-mediated signalling coordinated the polarization of leader cells. (a) Representative images of the
collective migration of monolayer under EFs; yellow arrowheads and red curves indicate the cell-migration trajectories, cyan arrows indicate pseudopodia.
Analysis of (b) migration directionality values of monolayer, (c) displacement velocity of monolayer and (d) trajectory velocity of monolayer. ***p < 0.001 vs the
EF + Ad-cd9 group; ###p < 0.001 vs the EF + Ad-CD9 + Con group. Scale bars 10 um (see supplementary movies S4). CD9 tetraspanin-29, HB-EGF heparin-binding
EGF-like growth factor, anti-HB-EGF heparin-binding EGF-like growth factor antibody, Con Control, HaCaT Human immortalized keratinocytes, EF electrical field,

Ad-CD9 adenovirus vector for overexpressing CD9

Future studies should determine how CD9 is downregulated
by EFs and how it affects the activity of ADAM17 in leader
cells of migrating epithelial monolayers under EFs.

The migration of epithelial monolayers is known to share
signalling mechanisms with single cells that migrate in EFs.
For example, Zhao et al. [49] have found that pharma-
cological blockade of PI3K signalling or knockout of the
catalytic subunit of phosphoinositide 3-kinase (PI3K p110y)
abolishes the electrotaxis of both single cells and cell sheets.

In our study, HB-EGF/EGFR signalling accounted for the
EF-induced directional collective migration of the epithe-
lial monolayer; it is also responsible for the electrotactic
migration of epithelial cells in isolation [47,48]. However,
there must be other, unique mechanisms that govern the
coordinated movement of the cohesive cell monolayer, since
epithelial monolayers exhibit more effective electrotaxis than
isolated cells. Previous studies have identified that mechanical
coupling between cells through E-cadherin is one of the
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Figure 7. Schematic model depicts that CD9-mediated ADAM17/HB-EGF/EGFR signalling plays a key role in EF-guided collective migration by controlling the
polarization of leader cells through autocrine and paracrine effects. EFs electrical fields, CD9 tetraspanin-29, ADAM17 a disintegrin and metalloprotease domain
17, HB-EGF heparin-binding EGF-like growth factor, EGFR epidermal growth factor receptor, F-actin fibrous actin

key factors in the collective migration of epithelial sheets.
When E-cadherin junctions are disrupted with antibodies, cell
groups lose their coupling and their coordinated directional
migration [9]. In our study, we revealed an important role
for the paracrine effect of HB-EGF in the increased collective
migration of the epithelial monolayer. We found that the abol-
ished polarization of leader cells and directional migration
of monolayers due to CD9 overexpression could be restored
by the co-culture system; more importantly, this restora-
tion was inhibited by HB-EGF antibody (Figure 6). These
results provide evidence that HB-EGF released through CD9-
mediated signalling can activate neighbouring cells through a
paracrine effect, resulting in coordinated migration of mono-
layers under EFs.

Conclusions

In conclusion, our findings suggest that EFs induce direc-
tional collective migration by epidermal monolayers through
downregulation of CD9 in leader cells. This downregulation
accounts for the polarization of leader cells by controlling
F-actin redistribution through ADAM17/HB-EGF/EGER sig-
nalling, and the released HB-EGF might also coordinate the
polarization of neighbouring leader cells via its paracrine
effects. Our study, therefore, not only sheds new light on the
mechanisms of EF-guided collective migration of epidermal
sheets but also may provide potential targets for the treatment
of acute or chronic wounds.
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