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Abstract
CD9 is a trans-membrane protein, and has recently been implicated in different physiological
and cellular processes, such as cell migration and adhesion. According to previous study,
down-regulation of CD9 contributes to keratinocyte migration, critical for wound
re-epithelialization. Nevertheless, it is widely believed that tetraspanin CD9 does not have ligands or
function as the cell surface receptor, rather it is thought to associate with other transmembrane
molecules, thereby mediate keratinocyte migration. Little is known about how CD9 associates with
transmembrane molecules in migratory keratinocytes. Here, using confocal microscopy, we
observed that tetraspanin CD9 and ADAM17 co-localized on the surface of keratinocytes in the
course of wound repair in vivo and in vitro. Co-immunoprecipitation experiments demonstrated a
direct association between CD9 and ADAM17 in HaCaT cells and C57-MKs. Functional studies
revealed that down-regulation or over-expression of CD9 exerted negative regulatory effects on
ADAM17 sheddase activity. This activity is involved in CD9-regulated cell motility and migration.
Further studies found that ADAM17 inhibitor-TAPI-2 or siADAM17 significantly abolished the
enhanced effect of keratinocyte migration induced by CD9 down-regulation. Meanwhile, the
sheddase activity of ADAM17 was inhibited by TAPI-2, which decreased this release of AREG and
HB-EGF in CD9-silenced HaCat cells and C57-MKs. Importantly, neutralizing antibody against
HB-EGF significant weakened keratinocyte migration and motility in CD9-silenced keratinocytes,
and the inhibition of CD9-regulated keratinocyte migration by siADAM17 was rescued by addition
of recombinant HB-EGF, activating EGFR/ERK pathway. Collectively, our results suggest that
ADAM17 sheddase activity is activated by down-regulation of CD9, thereby mediating shedding of
HB-EGF and activation of EGFR/ERK signaling, which crucially affects the keratinocyte migration and
wound healing.
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Introduction
Re-epithelialization of wounds involves several
keratinocyte functions: proliferation, migration,
and differentiation. The key step is keratinocyte
migration, an essential aspect for understanding
chronic non-healing wounds [1, 2]. According to our
previous study, wound repair was delayed in
CD9-knockout mice, indicating that CD9 played a key
role in wound healing [3]. CD9 down-regulation is

beneficial to keratinocyte migration [3, 4]. CD9 is a
highly conserved and intact transmembrane protein
composed by two extracellular loops and short
intracellular ends as well as four transmembrane
domains; it plays an important role in cell migration,
motility and adhesion [5, 6]. By contrast with many
other cell surface proteins, CD9 does not have an
obvious receptor function, CD9 may participates in
http://www.ijbs.com
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the organization of surface multiprotein complexes
through association with other transmembrane
molecules, including integrins, ADAMs and signaling
receptors, thereby mediating various cellular and
physiological processes [7-9]. However, the regulation
mechanisms of interaction between CD9 and other
transmembrane molecules in keratinocyte migration
are poorly understood. Our previous study found that
CD9 down-regulation triggered the switch from αvβ5
to αvβ6 integrin in keratinocytes, a critical step for cell
migration; however, the functional regions mediating
CD9 and integrin αvβ5 interaction in keratinocyte
migration remains unclear [10]. Moreover, CD9
complexes with integrins including α2β1 or α3β1 do
not participate in keratinocyte migration [5, 10-12].
Therefore, CD9 may regulate keratinocyte migration
by activating other non-integrins transmembrane
molecules.
A disintegrin and metalloproteinases(ADAMs)
are a family of transmembrane proteinases which take
charge of proteolytic cleavage as well as release of
various substrates from the cell surface, which greatly
impact the wound healing, and tumorigenesis [7, 13].
The ADAM family consists of 22 known members;
however, only ADAM17 is thought to be a key
regulator in repair of skin [14]. ADAM17-/- mice are
short of various kinds of EGFR ligands, and, due to
the decreases of HB-EGF and TGF-α, suffer many
serious failures with regard to the epithelial
morphogenesis and maturation [15, 16]. In ADAM17
active epidermis, EGF family molecules such as
HB-EGF, TGF-α and amphiregulin (AREG) are
released, and EGFR activates enhancement [17]. It is
known that EGFR ligands promote the migration of
keratinocyte, thereby significantly improve wound
healing, especially in the early reaction to wounding
[18]. In particular, HB-EGF and TGF-α are responsible
for keratinocyte migration during wound healing,
meanwhile the HB-EGF contributes to the
re-epithelialization and accelerates wound healing
[19-21].The data showed that ADAM17 played a key
role in keratinocyte migration and wound
re-epithelialization. Nevertheless, the mechanisms of
ADAM17 maturation or activation have not been
elucidated in keratinocytes. According to a study
conducted recently using the super-resolution
microscopy, it seemed that a majority of tetraspanin
nanoclusters contain ADAMs [22]. This is beneficial
for explaining the specific function of tetraspanin CD9
with transmembrane metalloproteinases. Here, we
described investigations of the interactions between
CD9 and ADAM17 in keratinocyte migration. We
demonstrated that the sheddase activity of ADAM17
was activated by CD9 down-regulation, increasing
cleavage and release of HB-EGF, as well as activation
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of the EGFR/ERK signaling pathway, promoting
keratinocyte migration and wound healing.

Materials and methods
Ethics Statement
C57 mice (male and female, about 1.5 g) used in
the experiment were provided from the Experimental
Animal Department of the Army Medical University
(Third Military Medical University). All the animal
experimental procedures had obtained the approval
from the Animal Experiment Ethics Committee of the
Army Medical University. Methods employed here
were carried out following the Care and Use of
Laboratory Animals published by the National
Institutes of Health (NIH Pub. No. 85–23, revised
1996).

Cell culture
Primary keratinocytes culture
Keratinocytes were taken from the skin of
newborn C57 mice one to three days after birth, as
previously stated [23]. 0.25% trypsin/0.04% EDTA
solution (Invitrogen, USA) was used to isolate
keratinocytes from mice’s skin at 4 °C overnight.
Then, the obtained keratinocytes were plated into
dishes and then cultured in RPMI 1640 medium
(Hyclone SH30809.01, USA) which contained 100
U/ml penicillin (Invitrogen, USA), 100 mg/ml
streptomycin (Invitrogen, USA), and 10% fetal bovine
serum (Hyclone SV30087.02, USA). The cells then
accepted 24h incubation at 37 °C in 5% CO2 and 95%
humidity, followed by a gentle washing by using
warm phosphate-buffered saline (PBS) aiming at
eliminating non-adherent cells. Subsequently, the
media were refreshed. The study used the
keratinocytes at passage 2 or passage 3.

HaCaT cells culture
HaCaT cells used in the experiment were
provided by the Cell Bank of the Chinese Academy of
Sciences (CAS), China. Cells were cultured in RPMI
1640
medium
which
contained
100mg/ml
streptomycin, 100U/ml penicillin, as well as 10% FBS.
The HaCaT cells were incubated at 37°C, in the
environment with 5% CO2, and 95% humidity.

Immunohistochemistry and
immunocytochemistry
A biopsy punch was used to punch a
full-thickness wound of which the diameter was 3
mm on the dorsal midline of 8-week-old C57 male
mice. Wound specimen sections firstly accepted
dewaxing and rehydration, and microwave treatment
was adopted to carry out 6 min antigen retrieval at
http://www.ijbs.com
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650 W in citrate buffer (pH 6.0). HaCaT cell line were
then cultured on glass cover slips (16-mm), followed
by being fixed with a solution of PBS containing 4%
paraformaldehyde. For double-staining, rabbit
anti-CD9 primary antibody (1:100 dilution; Abcam
ab92726, UK) was used to incubate the fixed
keratinocytes at 4°C overnight, then it was properly
washed, followed by another 1h incubation at 37°C
using FITC goat anti-rabbit (1:100 dilution;
Proteintech
SA00003-11,
USA).
Next,
goat
anti-ADAM17 primary antibody (1:100 dilution;
Abcam ab13535, UK) was used to incubate the fixed
keratinocytes at 4°C overnight, then it was properly
washed, followed by another 1h incubation at 37°C
using CY3 donkey anti-goat (1:100 dilution;
Proteintech SA00009-3, USA). DAPI (Sigma F6057,
USA) was adopted to stain Nuclei for 3min (Sigma
F6057, USA). A Leica confocal microscope (Leica
Microsystems, Wetzlar, Germany) was used to
observe the fluorescence.

Immunoprecipitation
Cells underwent cytolysis in 1 ml RIPA buffer,
followed by 10 min incubation on ice. Total cell
lysates accepted 10 min centrifugation at 10000 xg, at
4°C. Then the supernatants received 30 min
incubation using 20ul protein A/G PLUS- agarose
(Santa Cruz sc-2003) at 4°C. Pellet beads received 5
min centrifugation at 2,500 rpm, at 4°C. 10ul of
primary antibody was used to incubate the
supernatants for 60min. The complexes were then
precipitated through the addition of 20ul protein A/G
PLUS- agarose into the lysate, followed by being
incubated at 4°C for overnight. The 30 s centrifugation
on beads was performed at 2,500 rpm, at 4°C, then
ice-cold RIPA buffer was employed to wash the beads
four times. The samples were then suspended and
denatured in SDS sample buffer (which contained 100
mM dithiothreitol, 10% glycerol, 50 mM Tris pH 6.8,
2% SDS, and 0.01% bromophenol blue).

Recombinant adenovirus vector to silence
CD9 expression
The recombinant adenovirus vector to silence
CD9 expression (CD9-shRNA-GFP) and the
negative-control adenovirus vector which contained
non-specific shRNA (Vector) were provided by
Shanghai GeneChem, Co. Ltd. Before the further
experiments, keratinocytes received infection with
CD9-shRNA or mock vector at a multiplicity of
infection (MOI, known as infection index) of 10 for 48
hours.

Recombinant adenovirus vector for CD9
overexpression
Ad-CD9-GFP and CD9 mock vector were
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purchased by Shanghai GeneChem, Co. Ltd. The GFP
sequences were encoded by vectors as a marker gene.
Western blotting was employed to test the transgene
expression of all recombinant adenoviruses in
keratinocytes. Before the further experiments,
keratinocytes received infection with Ad-CD9 or a
negative vector at a multiplicity of infection (MOI,
known as infection index) of 10 for 48 hours.

siRNA knockdown of ADAM17 and
pharmacological reagents
On-target siRNA specific to ADAM17
(GenePharma, China) was used to carry out siRNA
knockdown on cells under culture. Briefly, penicillinand streptomycin-free medium, which contained 0.1
μM ADAM17 or non-targeting pool (NTP) siRNA,
were used to incubate the keratinocytes for 24 h.
Western blot was employed to evaluate ADAM17
expression. Keratinocytes were treated with ADAM17
inhibitor TAPI-2(Sigma CAS 187034-31-7, USA) at
final concentration 40 μM and recombinant human
heparin-binding EGF (Abcam ab167830, UK) at final
concentration 50 mg.

ADAM17 Activity Assay
As above mentioned, the fluorimetric SensoLyte
520 TACE/ ADAM17 (α-Secretase) Aactivity Aassay
Kkit (AnaSpec AS-72085, USA) was adopted to
determine the ADAM17 shedding activity according
to the protocol of manufacturer [24], which applies a
FRET peptide substrate to continuously measuring
the ADAM17 enzyme activity. After using active
enzyme for FRET peptide cleavage, the complete
FRET
peptide
5-carboxyfluorescein
normally
quenched via the QXL 520 saw fluorescence recovery,
followed
by
being
monitored
at
the
excitation/emission of 490/520 nm. During assay,
trypan blue as well as a hemocytometer were used to
count the number of viable cells as above mentioned.

Scratch wounding assay of keratinocyte
Scratch wounding assay, is an in vitro incisional
model and was carried out, as previously described
[25]. Six-well plates (BD Biosciences, USA) were
incubated 24 hours in RPMI 1640 medium containing
40μg/ml human fibronectin (PROSPEC, Tany
TechnoGene Ltd. ,USA). Cells gradually covered in
the plates coated with fibronectin in medium RPMI
1640 (serum conditioned). A sterile p10 pipette tip
was used to create scratch wounds were created in
confluent monolayers. For standardizing quantitative
analysis, three perpendicular marks were made on
each scratch on the outside surface of the well. We
first washed the suspended cells for three times, and
then put the wounded monolayers in RPMI 1640
medium for culture. Following 24h incubation,
http://www.ijbs.com
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phase-contrast microscopy (OLYMPUS, Japan) was
employed to observe repopulation of the wounded
areas. The NIH ImageJ image processing program
was used to confirm the scale of the denuded area at
each time point from the digital images. Keratinocytes
were treated with ADAM17 inhibitor TAPI-2 or
siRNA knockdown of ADAM17 to clear the
dependency of migration on ADAM17. Anti-AREG
and anti-HB-EGF as neutralizing antibodies, were
used to remove the EGF family growth factors from
the supernatant.

Cell motility assay
Cell motility was analyzed as previously
reported [26]. Cells were seeded at a density of 0.5 ×
104/ml. Twenty-four-well plates (BD Biosciences,
USA) received overnight incubation in 0.6 mL RPMI
1640 media which contained 10% FBS. A Zeiss
imaging system (Carl Zeiss Meditec, Jena, Germany)
equipped with a CO2- controlled and temperaturecontrolled chamber was used to carry out the
time-lapse imaging and acquired the image each five
minutes. NIH ImageJ software was used to analyze
the time-lapse image. Anti-AREG (Proteintech
66433-1-lg, USA) and anti-HB-EGF (Abcam ab89241,
UK) as neutralizing antibodies, were used to remove
the EGF family growth factors from the supernatant.

ELISA
For evaluating the production of ADAM17
substrates, the keratinocytes of scratch wound assay
received 24h incubation in medium which did not
contain any exogenous EGFR ligands, and were then
collected following the process above mentioned [17].
Relevant DuoSet ELISA kits (Cloud-clone Corp,
AREG SEA006Hu, HB-EGF SEB479Hu, TGF-α
SEA123Hu, China) were used to analyze the collected
medium specimens regarding the proteins.
Supernatants were collected in triplicate for each cell
line, and results from the vector and CD9-silenced
keratinocytes treated with ADAM17 inhibitor TAPI-2
(Sigma, USA) at final concentration 40 μM.

Western blot analysis
Ice-cold PBS was used to wash the cells which
were then harvested in 100-200 μL lysis buffer,
followed by being homogenized. 15 minutes
centrifugation at 14000 rpm at 4°C was performed to
separate lysates.BCA protein assay kit (Sigma, USA)
was used to determine the concentration of protein.
The lysates which contained 10 or 20 μg proteins were
separated on 10% SDS–PAGE gel, followed by being
transferred to polyvinylidene difluoride (PVDF)
membranes in an electrophoretic manner. The
primary antibodies were used at 1:1000 dilution, the
loading control anti-GAPDH was used at 1:5000
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dilution, and the secondary antibody was used at
1:4000 dilution. The blots were probed using primary
antibodies: anti-GAPDH (Proteintech HRP-60004,
USA), anti-EGFR (Abcam ab52894, UK) and
anti-p-EGFR (Abcam ab24928, UK), anti-CD9,
anti-ADAM17, anti-JNK (Abcam ab176662, UK),
anti-p-JNK (Abcam ab207477, UK), anti-ERK(Abcam
ab54230, UK) and anti-p-ERK (Abcam ab192591, UK),
anti-p-P38 (Cell Signaling #4511, USA) and anti-P38
(Cell
Signaling
#8690,
USA).
Horseradish
peroxidase-conjugated GAPDH were used as loading
control. An improved chemiluminescence detection
kit (Amersham Pharmacia) was used to image the
immunocomplexes on ChemiDoc imaging system
(Bio-Rad, USA). Quantity One 4.1 software (Bio-Rad,
USA) was adopted to quantify the images.

Statistical analysis
Data obtained in the study were represented as
the mean ± standard error of mean (SEM).The
differences between various groups was measured by
two-tailed Student’s t-tests. Comparison in different
groups was performed by carrying out the Tukey’s
HSD test or Dunnett’s test. P < 0.05 was considered
statistically significant.

Results
1. CD9 and ADAM17 were associated on
epidermal cells
For evaluating the possible connection between
ADAM17 and CD9 on HaCaT cell lines and C57-MKs,
double immunofluorescence staining was performed
on these molecules before the confocal microscopy
analysis. Although CD9 and ADAM17 were
expressed both on the cell surface and in
the cytoplasm, co-localization of ADAM17 and CD9
was particularly evident on the cell surface (Fig. 1A).
The co-localization in optical microscopy
indicated that these molecules were associated with
each other on the cell surface, IP approach was
applied to further proving the certain interaction
between CD9 and ADAM17. As shown in Fig.1B, CD9
immunoprecipitates of both cell types saw bands
which correspond to the mature form of ADAM17,
suggesting that these two proteins exhibited a
cross-linking on the cell surface. These results suggest
that CD9 and ADAM17 physical association and
direct functional linkage on the cell membrane.

2. CD9 negatively regulated the shedding
activity of ADAM17 in keratinocytes
To assess the role of CD9 in ADAM17
maturation and activation in keratinocytes, we
constructed recombinant lentivirus vectors to silence
CD9 (CD9-shRNA) and overexpress CD9 (Ad-CD9)
http://www.ijbs.com
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Figure 1. Co-localization and association of ADAM17 and CD9 on keratinocytes. (A) Immunofluorescence staining of ADAM17 and CD9 on keratinocytes in vitro and
in vivo; (B) Immunoprecipitation analysis of the association between ADAM17 and CD9 in HaCaT cells and C57-MKs. Bar = 50μm.

by infecting HaCaT cells and C57-MKs, and then
carried out the Western blotting on CD9 and
ADAM17. The enzyme activity of ADAM17 was
assessed using a TACE protease activity kit. As shown
in Fig. 2A and 2C, the mature form of ADAM17 was
not influenced by down-regulation of CD9 or
over-expression of CD9 compared with the vector or
mock group (p>0.05). However, compared with the
vector group, CD9-silenced keratinocytes caused
significant increases of ADAM17 sheddase activity,
58% in HaCaT cells, and 67% in C57-MKs (Fig. 2B and
2D).
Compared
with
the
mock
group,
CD9-overexpression in keratinocytes caused a
significant decrease of ADAM17 sheddase activity,
decreasing 22.6% in HaCaT cells, and 35% in C57-MKs
(Fig. 2B and 2D). These date suggest that CD9
associates with ADAM17 via negatively regulating
the shedding activity of ADAM17 in keratinocytes.

3. ADAM17 involvement in keratinocyte
migration regulated by CD9
Our results suggested that CD9-regulated
ADAM17 activity in keratinocytes. Then whether
ADAM17 participated in the keratinocyte migration
regulated by CD9 was determined. A cell scratch
wound assay was used to evaluate keratinocyte
migration taking the ADAM17 inhibitor TAPI-2 and
siADAM17 as siRNA-mediated knockdown of

ADAM17. As shown in Fig. 3A and 3B, untreated
HaCaT cells or C57-MKs failed to heal wound after 24
h; however, CD9-silencing caused almost complete
wound closure in HaCaT cells and 27% growth of
wound closure in C57-MKs. Both TAPI-2 treatment
and si-ADAM17 transfection significantly impaired
keratinocyte migration (Fig. 3B). After TAPI-2
treatment, area of wound closure was reduced 27% in
CD9-silenced HaCat cells, and 25% in CD9-silenced
C57-MKs (Fig. 3B-C). Furthermore, down-regulation
of CD9 promoted migration of HaCaT cells and
C57-MKs could be blocked by si-ADAM17. After
si-ADAM17 transfection, the area of wound closure
was reduced 3.7-fold in CD9-silenced HaCat cells and
4.3-fold in CD9-silenced MKs (Fig. 3 B-C). These
results suggest that ADAM17 plays a key role in
CD9-regulated keratinocyte migration.

4. CD9-regulated keratinocyte motility
dependence on ADAM17
An in vitro cell motility assay was then
performed to further confirm the regulatory role of
ADAM17 in CD9-regulated keratinocyte motility.
Notably, the ranges of cell migration and motility
speeds were enhanced by CD9 down-regulation in
HaCaT cells and C57-MKs (Fig. 4A-C). However, the
improvement in cell motility by CD9-silenced was
suppressed by TAPI-2 treatment, and was abolished
http://www.ijbs.com
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by siADAM17 transfection (Fig. 4A). As shown in Fig.
4B, after TAPI-2 treatment, the trajectory speed of
keratinocytes was reduced 1.7-fold in CD9-silenced
HaCat cells, and 1.3-fold in CD9-silenced-MKs. The
decreased amplitude of trajectory speed was 2.1-fold
in CD9-silenced HaCat cells, and 2.0-fold in
CD9-silenced-MKs after si-ADAM17 transfection. The
displacement speed was analyzed to further confirm
the effect of ADAM17 in CD9-regulated keratinocyte
motility (Fig. 4C). Hence, these results suggest that
ADAM17 plays a pivotal role in CD9-regulated
keratinocyte motility.

5. Down-regulation of CD9 drove shedding of
AREG and HB-EGF via activation of ADAM17
shedding enzyme
In the foregoing scratch assay, CD9-silenced
keratinocytes presented a more obvious migration
compared with the controls under no exogenous EGF
(Fig. 4B). It is not clear which EGF molecules
participated in keratinocyte migration regulated by
CD9. Consequently, ADAM17’s substrates were
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examined in term of shedding, including
amphiregulin (AREG), HB-EGF and TGF-α, during
the period that cells were cultured without
exogenous EGF. At 12h of scratch assay, AREG and
HB-EGF exhibited an obvious higher shedding in
CD9-silenced keratinocytes than in controls
(Fig. 5A-C). At 24h of the scratch assay, shedding of
AREG in CD9-silenced keratinocytes fluctuated slight,
but was significantly higher than of control. Shedding
of HB-EGF in CD9-silenced keratinocytes showed a
sharp increase that was significantly higher than that
of control (Fig. 5A-B). Shedding of TGF-α increasing
in CD9-silenced keratinocytes, but there was no
significant difference compared with control at
process of scratch assay (Fig. 5C). For AREG and
HB-EGF, the elevated shedding significantly reduced
by ADAM17 inhibitors-TAPI-2 in CD9-silenced
keratinocytes (HaCaT cells and C57-MKs) (Fig. 5D-I).
These results suggest that shedding of AREG and
HB-EGF is promoted by down-regulation of CD9,
dependent on activation of ADAM17 shedding
enzyme.

Figure 2. The expression or enzyme activity of ADAM17 in CD9 down-regulation or over-expression keratinocytes. (A) Western blots showing expression of
ADAM17 in CD9 silence or over-expression HaCaT cells; (B) TACE activity assay kit measurement of the effect of CD9 on ADAM17 enzyme activity in HaCaT cells; (C)
Western blots showing the expression of ADAM17 in CD9 silence or over-expression C57-MKs; (D) TACE activity assay kit measuring the effect of CD9 on ADAM17 enzyme
activity in C57-MKs. Data were obtained from at least three independent experiments and shown as the mean ± SEM. **P< 0.01 vs. Vector group. #P< 0.01 vs. Mock group. Bar
= 50μm.
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Figure 3. Involvement of ADAM17 in keratinocyte migration regulated by CD9. (A) Expression of ADAM17 is shown in HaCaT cells and C57-MKs after being
transfected with NTP siRNA, or siRNA against either ADAM17; (B) The ADAM17 inhibitor- TAPI-2 or si-ADAM17 effect on the wound closure in CD9-silenced keratinocytes;
(C) Quantification analysis the diminution of the wound closure area over time with Image J software. Data were obtained from at least three independent experiments and
shown as the mean ± SEM. *, P<0.05; **P< 0.01 vs. Vector group. #P< 0.01 vs. CD9-shRNA group. Bar = 50μm.
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Figure 4.CD9 regulates keratinocyte motility depends on ADAM17. (A) The effect of ADAM17 inhibitor-TAPI-2 or si-ADAM17 on cell motility trajectories in
CD9-silenced keratinocytes; (B) Analysis of the trajectory speed of keratinocyte migration; (C) Analysis of the displacement speed of keratinocyte migration. Data were obtained
from at least three independent experiments and shown as the mean ± SEM. *, P<0.05; **P< 0.01 vs. Vector group. #P< 0.01 vs. CD9-shRNA group. Bar = 50μm.

Figure 5. Shedding of ADAM17 substrates in keratinocytes. (A) The shedding of ADAM17 substrates include AREG, HB-EGF as well as TGF-α in a scratch assay of 24h
in CD9-silenced keratinocytes; (B-C) This increased shedding was significantly reduced by ADAM17 inhibitor-TAPI-2 in HaCaT cells(B) and C57-MKs(C). Data were obtained
from at least three independent experiments and shown as the mean ± SEM. *, P<0.05; **P< 0.01 vs. Vector group. #P< 0.01 vs. CD9-shRNA group. Bar = 50μm.
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Figure 6.The effect of AREG and HB-EGF on keratinocyte migration and motility regulated by CD9. (A) The effects of AREG or HB-EGF on wound closure in
CD9-silenced keratinocytes; (B) Quantification analysis of the diminution of wound closure area over time using Image J software; (C) The effect of AREG or HB-EGF on cell
motility trajectories in CD9-silenced keratinocytes. (D) Analysis of the trajectory speed of keratinocyte migration; (E) Analysis of the displacement speed of keratinocyte
migration. Data were obtained from at least three independent experiments and shown as the mean ± SEM. *, P<0.05; **P< 0.01 vs. Vector group. #P< 0.01 vs. CD9-shRNA
group. Bar = 50μm.

6. Neutralizing anti-HB-EGF mAbs inhibited
the migration of CD9-silenced keratinocytes
Scratch wound assays were carried out on
keratinocyte monolayers with or without EGFR
neutralizing antibody (Ab), aiming at making sure
how AREG and HB-EGF greatly affect the
keratinocyte migration. As shown in Figure 6A, the
presence of anti-HB-EGF and anti-AREG helped to
reduce the scratch wound-induced migration.

However, incubation of keratinocytes with
anti-AREG, had only modest effects on area of wound
closure, it was reduced 7.3% in CD9-silenced HaCaT
cells, and 4.9% in CD9-silenced C57-MKs (Fig. 6B)
(p>0.05). Anti-HB-EGF displayed stronger inhibition
of keratinocyte migration, area of wound closure was
reduced 27.4% in CD9-silenced HaCat cells (p<0.01),
and 21% in CD9-silenced C57-MKs (Fig. 6B) (p<0.01).
The strongest inhibition of keratinocyte migration in
http://www.ijbs.com
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cell scratch wound assay occurred with a cocktail of
two neutralizing Abs (AREG and HB-EGF), area of
wound closure was reduced 37.7% in CD9-silenced
HaCat cells (p<0.01), and 23.9% in CD9-silenced
C57-MKs (Fig. 6B) (p<0.01). Both AREG and HB-EGF
were
massively
released
in
CD9-silenced
keratinocytes, yet neutralizing antibodies against
HB-EGF were more effective in blocking keratinocyte
migration than were AREG mAbs. The analysis of
motility was used to further confirm the effect of
HB-EGF in CD9-regulated keratinocyte motility. The
cell motility assay showed that neutralizing
anti-HB-EGF mAbs significantly suppressed the
motility speed of CD9-silenced keratinocytes
(Fig. 6C-E). No differences in the range of cell
migration and motility speeds were detected in the
presence of neutralizing anti-AREG mAbs (Fig. 6C-E).
These results suggest that the release of HB-EGF
depending on ADAM17 plays a pivotal role in
CD9-regulated keratinocyte migration.

7. HB-EGF promoted keratinocyte migration
via activation of EGFR/ERK
To make an evaluation on the functional
correlation of HB-EGF-dependent EGFR/MAPK
signaling in CD9-regulated keratinocyte migration,
we performed in vitro scratch wounding assay of
HaCaT cells or C57-MKs in the presence or absence of
siADAM7 or recombinant HB-EGF. CD9-stimulated
migration of keratinocytes was blocked by
si-ADAM17 transfection, also resulting in decreased
motility of CD9-silenced keratinocytes (Fig. 7A-C).
The inhibition of CD9-regulated keratinocyte
migration by siADAM17 was rescued by addition of
recombinant HB-EGF, including wound healing and
keratinocyte motility (Fig. 7A-E). These results
suggest that HB-EGF is indispensable to
CD9-regulated keratinocyte migration. A Western
blot analysis of similarly treated cultures
demonstrated that down-regulation of CD9 increased
phosphorylation of EGFR, ERK and JNK in
keratinocytes, this was prevented by si-ADAM17
transfection (Fig. 7F-I). Importantly, adding the
recombinant HB-EGF to cultures treated with
si-ADAM17 of CD9-silenced keratinocytes greatly
stimulated
the
EGFR/ERK
phosphorylation
(Fig. 7F-I). As HB-EGF shows requirement for
CD9-regulated migration of keratinocytes, HB-EGF is
more likely to be a key intermediate in the EGFR/ERK
signaling pathway.

Discussion
Several studies have shown that tetraspanin CD9
form complexes by interacting with other
transmembrane molecules, that are required for cell
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migration and adhesion [27, 28]. Nevertheless, the
mechanisms of regulation of interaction between CD9
and transmembrane molecules in keratinocyte
migration remain largely unknown. In this study, we
demonstrated that CD9 interacted primarily with the
mature form (i.e. catalytically active) of ADAM17 in
migratory keratinocytes, localizing the major site of
ADAM17 activity at the plasma membrane.
Furthermore, we found that shedding of HB-EGF
depended on ADAM17 sheddase activity; that was
regulated by CD9 down-regulation, promoting
keratinocyte migration and wound healing via the
EGFR/ERK signaling pathway (Fig. 8).
Tetraspanins can be combined with integrins,
signaling receptors as well as ADAMs, thereby
generating microdomains on the cell surface enriched
with tetraspanin, which serves as one of its unique
feature [29]. The association of CD9 with specific
integrins, including α2β1, α3β1 and α6β4, are
implicated in development, cell adhesion, migration
[30]. However, CD9 forms a complex with α2β1 or
α3β1 and does not participate in keratinocyte
migration [11, 31]. Indeed, CD9 association with α6β4
is involved in keratinocyte motility, whereas CD9
does not co-localize with α6β4 in vivo [32]. Therefore,
CD9 may regulate keratinocyte migration by
interacting with other non-integrins transmembrane
molecules. Importantly, ADAM17 is a key factor for
defensing against injury, including by regulating
keratinocyte migration and promoting cutaneous
wound re-epithelialization [33]. Although ADAM17
has significant biological function, the interaction
between CD9 and ADAM17 has not be elucidated in
migratory keratinocytes. Different approaches have
been adopted, such as co-localization and
co-immunoprecipitation,
to
demonstrate
the
emergence of these complexes. In our studies,
important clues to ADAM17 regulation by CD9 were
the findings that ADAM17 co-immunoprecipitated
with CD9 in HaCaT cell lines and C57-MKs. The
association of CD9 with ADAM17 was also observed
in cell types, include monocytic and endothelial cells
[34]. To our knowledge, this study was the first to
report an interaction between CD9 and ADAM17 in
keratinocytes. Furthermore, the expression of CD9
and ADAM17 could be observed on the cell surface as
well as in the cytoplasm. Interestingly, cell–cell
contact areas saw a particularly obvious
co-localization of ADAM17 and CD9. The subcellular
localization of CD9 and ADAM17 complexes is
intimately involved in ADAM17-regulatory function
[34, 35]. According to these studies, there is physical
association as well as direct functional linkage
between CD9 and ADAM17 on the cell membrane of
keratinocytes.
http://www.ijbs.com
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Figure 7. The role of HB-EGF-dependent EGFR/MAPK signaling in CD9-regulated keratinocyte migration. (A) The effect of recombinant HB-EGF on the wound
closure in CD9-silenced keratinocytes treated with siADAM17; (B) Quantification analysis on the diminution of the wound closure area over time with Image J software; (C) The
effect of recombinant HB-EGF on cell motility trajectories in CD9-silenced keratinocytes treated with siADAM17. (D) Analysis of the trajectory speed of keratinocyte migration;
(E) Analysis of the displacement speed of keratinocyte migration. (F-I) Representative Western blot results showing the effect of recombinant on phosphorylation of EGFR/ERK
in CD9-silenced keratinocytes treated with siADAM17 (F), with no alteration to JNK pathway(G), increased phosphorylation of the EGFR(H) and ERK pathway(I). Data
were obtained from at least three independent experiments and shown as the mean ± SEM. *, P<0.05; **P< 0.01 vs. Vector group. Bar = 50μm.
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Figure 8. Schematic illustrating that CD9/ADAM17 axis plays a key role in keratinocyte migration via activation of EGFR/ERK signaling pathway.

It is well established that most tetraspanins
participate in ADAMs maturation, transport,
localization or activation [7]. For example, the
maturation process and surface expression of
ADAM10 were significantly changed due to
over-expression or siRNA-mediated knockdown of
tetraspanin15, regulating the activity of ADAM10 in
HeLa cells [36]. In human umbilical vein endothelial
cells, knockdown of tetraspanin14 significantly
reduces ADAM10 surface expression and activity [37].
However, another special case about the regulatory
mechanisms is that ADAM17 association with CD9 to
modulate sheddase activity of ADAM17. Our
experiments,
using
over-expression
and
down-regulation of CD9 in HaCaT cell lines and
C57-MKs, found a negative influence of CD9 on
ADAM17 sheddase activity, whereas CD9 did not
affect the expression and maturation of ADAM17.
Several lines of evidence suggest that the
conformational changes between tetraspanins and
ADAMs are responsible for ADAMs sheddase activity
[7, 38]. Tetraspanins–ADAMs interactions are greatly
mediated by major extracellular region of the
tetraspanins [35]. In fact, the large extracellular loop
(LEL) of CD9 is imposed to ADAM17, which inhibits
the proteolytic activity of ADAM17 in endothelial
cells [34, 39, 40]. ADAM17 sheddase activity release
from the inhibitory effect conferred through CD9-LEL
would prove that CD9 can negatively affect the
ADAM17 activity in keratinocytes. However, some
questions regarding the exact regions between
ADAM17 and CD9-LEL required to mediate
ADAM17 sheddase activity have yet to be answered.
It is therefore possible that the conformational change
between CD9 and ADAM17 is emerging as a key
regulatory mechanism of ADAM17 sheddase activity
in keratinocytes.

In various cell tapes, the sheddase activity of
ADAM17 modulates several cellular processes,
including cell invasion, motility, and migration [41,
42]. It was previously demonstrated that ADAM17
contributed to tumor cell migration and invasion in
vitro [43, 44]. Moreover, Huang et al. reported that
knockdown of ADAM17 significant inhibited the
migration of squamous cell carcinoma [41]. The work
has proven that ADAM17 inhibitor-TAPI-2 and
ADAM17 siRNA can block the keratinocyte migration
as well as motility induced by CD9 silencing,
suggesting that ADAM17 sheddase activity can
greatly affect the CD9-regulated keratinocyte
migration. ADAM17 acting as an ectodomain
sheddase appears to have many substrates, activated
by various stimuli to activate the shedding and
release of the EGFR ligands, including AREG,
HB-EGF, and TGF-α [7, 33]. In the course of wound
healing, shedding of EGFR ligands mediated by
ADAM can crucially affect the cell proliferation and
migration [18, 45]. In particular, the release level of
AREG and HB-EGF were upregulated in
CD9-silenced keratinocytes. To determine which EGF
molecules participated in the CD9-regulated
migration in keratinocytes, neutralizing antibodies
were used to block AREG or HB-EGF released from
supernatant in a wound closure assay, and found that
the inhibiting effect of anti-HB-EGF and anti-AREG
antibody on the CD9 silencing-induced migration
reached 45% and 9%, respectively. Which is in line
with another study, where AREG is an effective
growth promoting factor for human keratinocytes
[46]. Importantly, HB-EGF provides a significant
contribution in human keratinocytes migration and
wound re-epithelialization [47]. Further studies found
that the inhibition of CD9-regulated keratinocyte
migration by siADAM17 could be rescued by addition
http://www.ijbs.com
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of recombinant HB-EGF. These results suggested that
in comparison with other factors, the HB-EGF could
remarkably promote CD9-silenced keratinocytes
regarding the migratory activity. Moreover, adding
the recombinant HB-EGF to cultures treated with
siADAM17 of CD9-silenced keratinocytes greatly
stimulated
the
EGFR/ERK
phosphorylation.
Collectively, according to these results, shedding of
HB-EGF is decided by the ADAM17 sheddase
activity; that is itself regulated by CD9
down-regulation, emerging as a central link in
regulating keratinocyte migration via activation of
EGFR/ERK.
In conclusion, our findings demonstrate that
down-regulation of CD9 activates the ADAM17
sheddase activity in keratinocytes, which is critical for
cell migration and EGFR ligands shedding (Fig. 8).
Moreover, CD9 associates with of ADAM17 (i.e.
catalytically active) on the surface of keratinocytes,
which negatively regulated sheddase activity of
ADAM17. Importantly, CD9/ADAM17 axis plays a
key role in keratinocyte migration via activation of
EGFR/ERK signaling pathway. On that account,
activating the pathway is likely to be an attractive
target to improve the acute and chronic cutaneous
wound healing.
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