
INTRODUCTION
The stratified epidermis is constructed

through the outward proliferation of 
keratinocytes and their successive 
cornification. Epidermal homeostasis is
maintained under the strict control of a
position-dependent progression of corni-
fication/differentiation and a certain
type of apoptosis (anoikis), which leads
to dramatic cell-shape changes along
with the ultimate exfoliation of the fully
cornified scurf at the outermost skin 
surface (1–3). Perturbation of the proper
cornification program results in a dis-
ruption of epidermal homeostasis, caus-
ing the onset of skin diseases such as

dyskeratosis, atopic dermatitis and 
psoriasis (2,4–6). The cornified cell enve-
lope (CCE) is an important element of
the skin barrier and a major cornification/
differentiation indicator in the middle
and upper epidermal layers which is
formed as a result of the exclusion of the
plasma membrane by lamellar bodies
containing abundant ceramide, fatty
acids and cholesterol (7). CCE formation
is preceded by a steep upregulation and
accumulation of CCE structural proteins,
such as involucrin, loricrin and envo-
plakin in the proximal membrane region
(7,8). These CCE components and cer-
tain keratins are then cross-linked by

transglutaminases (TGases) so as to 
reinforce the CCE structure (7,9,10).
Given that epidermal keratinocytes lose
the intact plasma membrane structure in
accord with this cornification process,
the cytoplasmic components anchored
to the plasma membrane should be in-
cluded as candidate elements for the
differentiation control in the adjacent
cells.

Previously, we showed that the ker-
atinocyte cell line HaCaT extruded a
small subpopulation of syntaxin-4 on
the cell surface and its forcible expres-
sion accelerated CCE formation (11). 
In the same study, we showed that the
circular peptide ST4n1 antagonized 
the effect of exogenous extracellular
syntaxin-4. Syntaxin-4 belongs to the 
t-SNARE protein family, which medi-
ates the fusion of intracellular vesicles
with cell membranes and is abundantly
expressed in the epithelial compartment
of various tissues including the skin
(11–13). Extracellular localization of syn-
taxin-4 is similar to that found for the
related protein, epimorphin (known also
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as syntaxin-2), which is produced
mainly in the stromal compartment of
tissues (14–17) and which can translo-
cate across the membrane in response 
to external stimuli to exert its latent 
signaling functions (18–21). Similarly,
syntaxin-3 effluent from dying ker-
atinocytes was recently found to medi-
ate its extracellular functions (22). Al-
though syntaxin-4 and epimorphin
share secondary and tertiary structures
(13,23,24), the effects of these two mole-
cules on CCE formation are apparently
the opposite in HaCaT keratinocytes:
syntaxin-4 induces, while epimorphin
inhibits CCE formation (11). However,
the elucidation of their biological rele-
vance and the molecular insights still re-
main unknown.

In the present study, an effort was
made to clarify the extracellular role of
extruded syntaxin-4 on epidermal differ-
entiation using both normal human ker-
atinocytes and dyskeratotic mice models.
Based on the results, insight was ob-
tained into the biological relevance of ex-
tracellularly extruded syntaxin-4 and the
possible clinical applications of its antag-
onistic peptide ST4n1.

MATERIALS AND METHODS

Cells
Normal human epidermal ker-

atinocytes (NHEK) were maintained in
Keratinocyte Basal medium2 (KGM2)
supplemented with SingleQuots
(Lonza, Auckland, New Zealand), as
per the manufacturer’s protocol. To in-
duce keratinocyte differentiation/corni-
fication, the cells were incubated in
KGM2 added with CaCl2 (1 mmol/L)
and JNK inhibitor SP600125 (1 μmol/L)
for two days, or in KGM2 with the cal-
cium ionophore A23187 (20 μg/mL)
(Sigma-Aldrich, St. Louis, MO, USA)
for 5 h, as described previously (25,26).
Functionally and phenotypically nor-
mal HaCaT keratinocytes (a gift from 
M Manabe of Akita University) and
3T3-derived PT67 packaging cells
(Clontech, Mountain View, CA, USA),
as well as their derivatives, were main-

tained in DMEM/ HamF12 medium
(Wako Chemicals, Osaka, Japan) sup-
plemented with 10% FCS along with
penicillin and streptomycin (DH10).
The human fetal lung fibroblast cell line
MRC-5 was maintained in MEM alpha
medium (Wako Chemicals) supple-
mented with 10% FCS. In some wells of
NHEK cells, 50 μg/mL of soluble re-
combinant syntaxin-4 or GFP (11) 
(recombinant syntaxin-4 is also com-
mercially available from R&D Systems
[Minneapolis, MN, USA]) was added to
the cells and cultured for 3 d (for the in-
duction of CCE formation), 1 wk (for
quantitative real-time PCR analyses) or
2 wks (for the Western blot analyses of
TGase1 and involucrin).

Assessment for Cornified Cell
Envelope (CCE) Formation Activity

To induce CCE formation in the cul-
tured keratinocytes, NHEK or HaCaT
cells suspended in serum-free medium
(200,000 cells/mL) were treated with the
calcium ionophore A23187 (20 μg/mL)
for 5 h at 37°C, washed with PBS, resus-
pended in PBS containing 2% SDS and
20 mmol/L DTT and boiled for 10 min as
reported previously (11,27,28). The num-
ber of the remaining hard-shelled cells
due to the abundant CCE was counted
and the relative value compared with the
control was defined as the CCE forma-
tion index.

Immunodetection
Western blotting, immunohistochem-

istry and immunocytochemistry were
performed according to standard proto-
cols. The primary antibodies include
those against TGase1 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA,
for Western blotting, and Biomedical
Technologies, Heysham, UK, for im-
munochemistry), involucrin (Santa
Cruz Biotechnology), lamin A/C (Cell
Signaling Technology, Tokyo, Japan,
and Genetex, Irvine, CA, USA), β-actin
(Sigma-Aldrich) and syntaxin-4 (11).
Western blotting was carried out with
appropriate HRP-labeled second anti-
bodies (GE Healthcare, Pittsburgh, PA,

USA) and ECL reagent (Invitrogen
[Thermo Fisher Scientific Inc., Waltham,
MA, USA]). To selectively detect the
cell surface subpopulation of syntaxin-
4, a medium of nonpermeabilized living
keratinocytes on a chamber slide was
added with affinity purified anti-
 syntaxin-4 antibodies (1/100) (11). After
incubation for 1 h, the cells were
washed twice with Tris-buffered saline
(TBS), fixed with –20°C methanol for 10
min and treated with the secondary sec-
ond antibodies. As the control, a mouse
antibody against lamin A/C was also
added to the medium. For immunocy-
tochemistry and immunohistochem-
istry, the Cy3- or FITC-labeled second
antibodies (GE Healthcare) were used
with the nuclei counterstained with
DAPI (Sigma-Aldrich). The cells were
analyzed using the A1 confocal micro-
scope system (Nikon, Tokyo, Japan) or
the  AXIOSHOP fluorescence micro-
scope (Zeiss Japan, Osaka, Japan) with
the VB-7010 CCD camera (Keyence,
Osaka, Japan).

Plasmids and Transfection
Expression plasmids for the syntaxin-4

mutants StxΔ4, StxG4 and Stx(2)4, which
harbor structural alternations at the pu-
tative functional core domain (amino acid
number from 103 to 108 [aa 103-108]),
were generated using extracellular
 syntaxin-4 (11) as a template. The cDNAs
for the N-terminal interleukin-2 (IL-2) sig-
nal peptide, followed by the N-terminal
portion of syntaxin-4 with its C-terminal
modifications (aa 1-102 for StxΔ4, aa 1-108
plus 4× glycine for StxG4 and aa 1-102
plus epimorphin’s functional core
SIEQSC for Stx(2)4), were generated by
PCR using a common forward primer
containing an EcoRI restriction site and
specific reverse primers. The common
forward primer was 5′-AAAGA ATTCA
TGTAC AGGATGCAG-3′ and the specific
reverse primers were 5′-TTTTA GCTGC
GCCCG GACC-3′ (for STΔ4), 5′-TCCTC
CTCCT CCTTT TAGCTGCGCC CGGAC
CTC-3′ (for StxG4) and 5′-ACAGC TCTGC
TCAAT AGATTTTAGCTGCGC CCGGA
CC-3′ (for Stx(2)4). The cDNA for the 
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C-terminal portion of syntaxin-4 
(aa 109-298) was prepared separately
with an EcoRI restriction site at the 
C-terminus by PCR with the primer pair
5′-GCCATAGAGC CCCAGAAG-3′ and
5′-TTTGAATTCT TATCCAACGGTTAT-3′.
The cDNAs for the N- and C-terminal
portions were blunt ended, phosphory-
lated at their 5′ ends and ligated using a
BRL kit (Takara, Kusatsu, Japan). The
full-length cDNA for each syntaxin-4 de-
rivative was then generated by PCR
using the primer pair 5′-AAAGA ATTCA
TGTACAGGAT GCAG-3′ and 5′-TTTGA
ATTCTTATCC AACGGTTAT-3′, treated
with EcoRI and cloned into the retrovi-
ral expression vector pQCXIN (Invitro-
gen [Thermo Fisher Scientific]). PT67
packaging cells were transfected with
each plasmid using lipofectamine2000
(Invitrogen [Thermo Fisher Scientific])
and subsequently selected for G418 re-
sistance, as described previously (28). To
obtain HaCaT cells that stably express
each syntaxin-4 derivative, cells were
treated with retroviral particles in the
supernatant of the PT67 transfectants
and grown in the presence of G418 
(500 μg/mL).

Quantitative Real-Time PCR (qRT-PCR)
The total RNA was extracted from

NHEK cells cultured with r-GFP or
r-Stx4 (50 μg/mL) for 1 wk using an
RNeasy mini kit (Qiagen, Tokyo, Japan)
and was reverse transcribed with Re-
verTra Ace (TOYOBO, Osaka, Japan).
qRT-PCR was performed using Fast-
Start Essential DNA Green Master on
LightCycler Nano system (Roche, Basel,
Switzerland) according to the manufac-
turer’s protocol. The primer pairs used
in this study were 5′-CCAACCGCGA
GAAGATGA-3′ and 5′-CCAGAGGCGT
ACAGGGATAG-3′ (for β-actin), 
5′-ATCAATCTCGGTTGG ATTCG-3′
and 5′-TCCGCTTGTTGATTT CATCC-3′
(for keratin1), 5′-CAGCA GCTGGAGTTT
GCTAGA-3′ and 5′-GTCCTTCGGA
TGTCCTCACT-3′ (for envoplakin), and
5′-CAGACAAGAT GTCTTATCAG
AAAAAGC-3′ and 5′-GAGGTCTTCA
CGCAGTCCA-3′ (for loricrin). The ex-

pression of the mRNA was normalized
to that of β-actin and the relative
amount to that from GFP-treated cells
was measured for each category. The
qRT-PCR analyses were performed
three times.

3D Skin-Equivalent Model
The three dimensional (3D) skin-

equivalent model was prepared as de-
scribed previously (28) with a slight
modification. In brief, type I collagen
solution (Type I-AC, Nitta gelatin) con-
taining MRC-5 cells (68,000 cells) was
put into a cell-culture insert of 24 well
culture plate (Becton, Dickinson and
Company [BD], Franklin Lakes, NJ,
USA). After incubation at 37°C for 1 h,
the upper surface of the resultant colla-
gen gel was coated with 50 ng/mL fi-
bronectin (BD), then seeded with
HaCaT cells suspended in DH10 me-
dium (10,000 cells/well). This prepared
culture assembly was set in a well of
24-well plate containing DH10 medium
and incubated for 1 d. The culture 
medium was then changed to DH10
medium containing hydrocortisone
(0.4 μg/mL) (Sigma-Aldrich), gen-
tamycin (100 μg/mL) (Gibco [Thermo
Fisher Scientific]), insulin (5 μg/mL)
(Sigma-Aldrich) and ascorbic acid
(50 μg/mL) (Sigma-Aldrich). After 3 d,
the medium in the upper insert was
completely removed so that the apical
surface of HaCaT cells was exposed 
directly to the air. In this culture sys-
tem, HaCaT cells grew upwardly with
successive differentiation within 2 wks,
which gave rise to the stratified epider-
mal tissue on the  dermis-like collagen
gel.

Peptides
The circular peptides for the potential

antagonists of extracellular syntaxin-4
were generated by the KNC Laborato-
ries (Kobe, Japan). The putative func-
tional core of syntaxin-4 (AIEPQK) 
was connected with cysteine (ST4n0),
cysteine–glycine (ST4n1) or GABA-
 cysteine (ST4gaba) at the N-terminus
and with cysteine at the C-terminus,

followed by the introduction of a disul-
fide bridge between the N- and C-ter-
mini. The purity of all of the peptides
was more than 97%, as judged by re-
verse-phase chromatography, and each
peptide was added to the culture at a
concentration of 1 μg/mL.

Model Mice and the Topical
Administration of ST4n1

To prepare the physical irritation-
 triggered hyperplastic skin, the outer
epidermal layers in the dorsal skin of
HR-1 female mice (7-wk-old, Japan
SLC, Hamamatsu, Japan) were re-
moved by repeated tape stripping (15
times), as described previously (29,30),
and the injured skin regenerated a
complete, but hyperplastic, epidermis
in 5 d. To test the effect of ST4n1,
100 μL of the peptide (10 μg/mL in
50% ethanol) or placebo (50% ethanol)
was applied daily onto five or four
mice, respectively, for 5 d. After mea-
surement of the moisture of the skin
surface with a skin moisture checker
(MY-808S, Scalar Corp., Chigasaki,
Japan), all the mice were euthanized
and the transverse sections of the skin
stained with hematoxylin to measure
the thickness of the total epidermis as
well as the denucleated horny layer.
The transverse skin sections were
stained with hematoxylin or DAPI. To
prepare the dry skin model, six male
HR-1 mice (4 wks old) were fed a low-
magnesium diet (Hoshino Laboratory
Animals, Bando, Japan) as described
previously (31). All of the experimental
procedures using mice were approved
by the Animal Care Committee of
Kwansei Gakuin University.

Statistical Analyses
Results are expressed as the mean ±

standard deviation (s.d.) of three inde-
pendent experiments. Data were ana-
lyzed using the t test, and p values
<0.05 were considered statistically 
significant.

All supplementary materials are available
online at www.molmed.org.
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RESULTS

Differentiation-Triggered Extrusion of
Syntaxin-4 from NHEK Cells

Our previous study identified positive
correlation between exogenous extracellu-
lar syntaxin-4 and CCE formation in
HaCaT keratinocytes (11). To define the
extracellular presentation of endogenous
syntaxin-4 upon keratinocyte differentia-
tion, NHEK cells were treated with a cal-
cium ionophore or CaCl2/JNK inhibitor,
which are known as stimulants of epider-
mal differentiation/CCE formation
(27,28). In response to these differentiation
stimuli, NHEK cells became dramatically
flattened and partly stratified, confirming
the progression of keratinocyte differenti-
ation in culture (Figure 1A). We found
that the cell surface presentation of en-
dogenous syntaxin-4 was increased dra-
matically upon differentiation: extracellu-
larly added antibodies against syntaxin-4
clearly bound to the stratified populations
of nonpermeabilized keratinocytes,
whereas antibodies against lamin did not
bind nuclear component unless cells were
permeabilized (Figure 1B). Although anti-
lamin antibodies often labeled the central
portion of these piled up cell clusters, the
nuclear structure of the cells was almost
destroyed, suggesting that these cells were
undergoing terminal differentiation (Fig-
ure 1B, right panels). Such differentiation-
triggered extrusion of syntaxin-4 was con-
firmed with the anti-T7 monoclonal
antibody in HaCaT keratinocytes intro-
duced with syntaxin-4 containing an 
N-terminal fusion of T7 peptide. Given
that ω-OH-ceramides, fatty acids and 
cholesterol on the lamellae fuse to and
push aside the phospholipid cell mem-
brane upon epidermal differentiation/
cornification (6,7,32), cytoplasmically ori-
ented syntaxin-4 may become effectively
delivered extracellularly in this process so
as to be accessible to the adjacent cells
(Figure 1C).

Effect of Extracellular Syntaxin-4 on
CCE Formation of NHEK Cells

Then, we investigated the effect of ex-
tracellularly supplied syntaxin-4 on the
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Figure 1. Extracellular presentation of syntaxin-4 in consequence of keratinocyte dif-
ferentiation. (A) Morphology of NHEK cells in response to the differentiation stimuli. In
the presence of the calcium ionophore or CaCl2/JNK inhibitor, NHEK cells exhibited
flattened morphology (middle) or underwent stratification (arrow in the right panel).
Left, morphology of NHEK cells in the normal medium. Scale bars, 30 μm. (B) Extracel-
lular extrusion of endogenous syntaxin-4. The expression of total (permeabilized) and
extracellularly presented (nonpermeabilized) syntaxin-4 (green) was detected in
NHEK cells cultured with (differentiation medium) and without (normal medium) dif-
ferentiation stimuli. As the differentiation medium, the calcium ionophore A23187 or
CaCl2/JNK inhibitor SP600125 was added to the medium. A structural protein lamin
that underlies nuclear envelope was used for the internal control in the same area
(red, upper panels). The nuclei were counterstained with DAPI (lower panels). Arrow-
heads, stratified cells undergoing terminal differentiation with the disruption of the nu-
clear structure. The apical and basal planes are shown for stratified cells in the differ-
entiation medium. Scale bars, 30 μm. The signal for syntaxin-4 (Stx4, green), but not for
lamin (red), in nonpermeabilized living cells of stratified populations (arrows) was in-
creased upon differentiation induction. (C) A conceptualization of the extrusion of
syntaxin-4, depicted along with the well-accepted CCE formation process (7).



differentiation of NHEK keratinocytes.
Full-length syntaxin-4 showed poor solu-
bility, likely because of its C-terminal
transmembrane and coiled-coil SNARE
domains, which have been shown to be

dispensable for the extracellular function
(11,12). Thus, we prepared a soluble
form of recombinant syntaxin-4 (r-Stx4)
that lacks these C-terminal domains (Fig-
ure 2A). We found that NHEK cells stim-

ulated by r-Stx4 upregulated the expres-
sion of involucrin, a major element of
CCE, and of transglutaminase1 (TGase1),
a key cross-linker protein responsible for
the rigid assembly of CCE (Figure 2B).
Similarly, we detected upregulation of
other CCE components, such as keratin1,
envoplakin and loricrin (Figure 2C). Con-
sistent with this notion, stimulation with
r-Stx4 facilitated CCE formation in re-
sponse to the artificial calcium influx
(Figure 2D). Such an acceleration of CCE
formation by syntaxin-4 also was ob-
served in the cultured embryonic skin,
where the nascent epidermal basal layer
undergoes successive growth/differentia-
tion so as to give rise to stratified epider-
mis within a week: the denucleated
horny layer became hyperplastic when 
r-Stx4 was supplied in the extracellular
medium. By contrast, the epidermal
thickness often became thinner and the
formation of the horny layer was severely
impaired in the presence of anti-syntaxin-4
antibodies (Supplementary Figure S1).

Conformation of the Putative
Functional Core is Important for CCE
Formation Activity

Our previous study implicated that the
inductive activity necessary for CCE for-
mation depends on the tertiary structure
of the putative functional core site
(AIEPQK) in syntaxin-4 (11,12). To verify
this, we generated keratinocytes stably
expressing several different syntaxin-4
mutants at the cell surface. The mutations
include the removal of the functional core
(StxΔ4), the insertion of 4× glycine
residues between the core site and the
flanking C-terminal domain (StxG4), and
the replacement of the core site with that
of epimorphin (SIEQSC) (Stx(2)4). All of
these syntaxin-4 mutants, as well as intact
syntaxin-4, were connected with a signal
peptide (14) for the effective delivery to
the cell surface through the ER/Golgi se-
cretory pathway (Figure 3A). Since the
isolation of primary keratinocytes with
the stable expression of transgenes was
not feasible, we used immortal HaCaT
keratinocytes, which have been shown to
possess normal differentiation potential
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Figure 2. Effect of an extracellular supply of recombinant syntaxin-4 on CCE formation in
NHEK cells. (A) Schematic diagrams of syntaxin-4 (Stx4) and its soluble recombinant pro-
tein (r-Stx4). Syntaxin-4 consists of an N-terminal unstructured domain, triple helices (helix
a, b and c) and SNARE/transmembrane (TM) domain. r-Stx4 has an N-terminal His-tag and
lacks the SNARE/TM domain that is required for cytoplasmic t-SNARE function but not the
extracellular one. The putative functional core site (AIEPQK) lies in aa 103-108. (B) Expres-
sion of TGase1 (left) and involucrin (right) in NHEK cells cultured in the presence or ab-
sence of r-Stx4 or recombinant GFP (r-GFP) for two weeks. TGase1 was detected as 
92 kDa zymogen complex. Lower, the signal intensity of TGase1 and involucrin relative to
that of β-actin revealed the inductive effect of extracellular syntaxin-4. N = 3. (C) Quanti-
tative RT–PCR (qRT–PCR) analyses of mRNA expression of keratin1, envoplakin and loricrin
in NHEK cells incubated with r-GFP or r-Stx4 for one week. (D) CCE formation was evidently
accelerated in NHEK cells treated with r-Stx4.



in terms of the cornification/stratification
(11,33). We found that HaCaT cells stably
introduced with these transgenes success-
fully expressed these syntaxin-4 deriva-
tives (Figure 3B) and that StxΔ4 dramati-
cally downregulated TGase1, whereas the
other syntaxin-4 derivatives had much
less effect on the production of this CCE-
cross-linker as compared with intact 
syntaxin-4 (Figure 3C). However, while
the forced expression of intact syntaxin-4
induced the accumulation of TGase1 at
cell membrane-proximal sites, its spatial
expression pattern was severely perturbed
to a cytoplasmically diffuse pattern in
cells treated with Stx(2)4 (Figure 3D).
Consistently, the overexpression of extra-
cellular syntaxin-4 dramatically increased
CCE formation in response to the calcium
influx, whereas all the other syntaxin-4
mutants lost this activity (Figure 3E). Of
note, the CCE formation was severely
suppressed by StxΔ4 and Stx(2)4 as com-
pared with mock-transfected cells, sug-
gesting that syntaxin-4 with an abnormal
functional core hinders the function of
the endogenous syntaxin-4 extruded at
the cell surface. Indeed, these two 
syntaxin-4 mutants appeared to adhere to
keratinocytes with a relatively high affin-
ity (Supplementary Figure 2).

Circular Peptides Generated from the
Functional Core of Syntaxin-4 as
Potential Antagonists of Extracellular
Syntaxin-4

Given that the tertiary structure of the
functional core appears critical for the ex-
ertion of syntaxin-4 activity, we next
tested the antagonistic potential of several
AIEPQK-containing circular peptides
with different diameters (Figure 4A). We
confirmed that one of these peptides,
ST4n1, significantly decreased the CCE
formation in HaCaT cells expressing ex-
tracellular syntaxin-4, as has been shown
previously (11). On the other hand, ST4
n0, the peptide with the sharp curve, ap-
peared to produce a weaker response, and
ST4gaba that possesses a gentler curve
had no impact (Figures 4B, C). Impor-
tantly, such a curvature-dependent antag-
onistic effect was also reproducibly ob-
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IL-2 was connected to all of these syntaxin-4 mutants, as well as the intact form of syntaxin-4, for
the effective delivery to the cell surface and the sensitive detection, respectively, as described
(14). (B) Expression of the syntaxin-4 derivatives (34 kDa) in HaCaT cells. All the syntaxin-4 deriva-
tives were detected as a 34 kDa protein band with anti-syntaxin-4 antibodies. Parent, untrans-
fected HaCaT cells. Mock, HaCaT cells transfected with an empty vector. β-actin, loading con-
trol. (C) Expression of TGAse1 in HaCaT cells expressing the transgenes. β-actin, loading control.
(D) Expression pattern of TGAse1 (red in the left panels) in HaCaT cells with the syntaxin-4 deriv-
atives. The nuclei were counterstained with DAPI (right panels). Scale bar, 10 μm. Accumulation
of TGase1 at the membrane-proximal site was apparent in cells with the forcible expression of
extracellular syntaxin-4, but not with syntaxin-4 mutants. (E) Quantitative analyses of CCE forma-
tion activity in cells expressing the syntaxin-4 derivatives in response to calcium influx. Forcible
expression of extracellular syntaxin-4 accelerated CCE formation, while this activity was abro-
gated when the putative functional core site was mutated. **, p < 0.05, N = 5.



served in NHEK keratinocytes as well as
untransfected HaCaT cells, demonstrating
that ST4n1 antagonizes the endogenous
syntaxin-4 extruded by human epidermal
keratinocytes, as well (see Figure 4C).

Altered Localization of TGase1 in the
Stratified Keratinocytes Induced by
Forcible Expression of Extracellular
Syntaxin-4 is Reverted by ST4n1

We next analyzed the effect of the
forcible expression of extracellular 
syntaxin-4 and the antagonistic effect

of ST4n1 in the stratified epidermis.
For this purpose, we prepared skin
equivalent 3D models using immortal
HaCaT keratinocytes with or without
exogenous extracellular syntaxin-4 as
an epidermal component. Transverse
sections with hematoxylin staining in-
dicated that the forcible expression of
syntaxin-4 resulted in hyperplasia in
the denucleated epidermal layer, which
was prone to being antagonized by
ST4n1 (Figure 5A). Consistent with
this, the restricted expression pattern of

TGase1 in the middle and upper layers
expanded, even to the basal layer,
when an excess amount of syntaxin-4
was expressed on all of the ker-
atinocytes (Figures 5A, B). Intriguingly,
such spatial misexpression of TGase1
was essentially normalized when
ST4n1 was also present (Figures 5A, C),
suggesting that hypercornification 
was induced by extracellular syntaxin-4
and that such a spatially disrupted 
differentiation was restored, at least 
in part, by ST4n1 in the stratified 
epidermis.

ST4n1 Remedies Hyperkeratosis in the
Epidermis of HR-1 Mice

We finally tested the clinical applica-
tion potential of ST4n1. In response to
physical irritation of the epidermis by
repeated tape stripping, HR-1 hairless
mice regenerate a complete, but dramat-
ically thickened epidermis in a period of
several days with loss of skin moisture
(Figures 6A, B). We found that the thick-
ness of the hyperplastic epidermis be-
came dramatically reduced with restora-
tion of the skin moisture when the
irritated area was topically applied 
with ST4n1 (Figures 6A–C). Consistent
with this, the thickness of both the total
epidermis and the horny layer became
robustly normalized by the ST4n1 ad-
ministration (Figure 6D). In addition,
ST4n1 appeared to partly remedy the
abnormal features that appeared in the
dry skin of the epidermis generated
with the low-Mg diet: the appearance of
DAPI-positive/hematoxylin-negative
cells in the lower epidermal layers was
dramatically reduced by ST4n1 (Supple-
mentary Figure S3). These results sug-
gest that topical application of the
ST4n1 peptide affords protection against
keratotic lesions in the epidermis.

DISCUSSION
While the role of cytoplasmic syntaxin-4

in vesicular fusion has been investi-
gated extensively, here, we studied its
cell surface expression pattern and un-
covered a critical role in epidermal dif-
ferentiation. As in the case of other
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plasmalemmal syntaxins, epimorphin
translocates across the plasma mem-
brane via a nonclassical secretion path-
way that is utilized by other leaderless
proteins, such as FGF or IL1β (20). We

also detected extracellularly effluent
syntaxin-3 from keratinocytes undergo-
ing necrotic/apoptotic cell death (22).
Although these syntaxins may execute
distinctive functions after being ex-

posed extracellularly, they have been
commonly shown to elicit survival ac-
tivity from adjacent cells (11,12,22,34).
This function may account for the
thickened lower epidermal layers in
organ culture and the mice model, the
cells of which otherwise progress with
an active anoikis program, which may
be often driven by the extracellular ex-
pression of syntaxin-4. In the later dif-
ferentiation stages, the keratinocyte cell
membrane becomes gradually replaced
by a lining of CCE (7), which may pro-
vide a means for the active extrusion of
membrane-tethered cytoplasmic 
syntaxin-4. In accord with this, the in-
duction of CCE-formation led to an in-
creased exposure of syntaxin-4 at the
cell surface, which in turn appears to
support CCE formation in adjacent
cells, thereby regulating epidermal
cornification.

In the keratinocyte model with
HaCaT cells, expression of syntaxin-4
mutants with structural alterations at
their functional core site showed loss of
their original activity. However, one
lacking the functional core (StxΔ4) was
selectively downregulated, whereas 
another possessing with the epimor-
phin functional core (Stx(2)4) dramati-
cally perturbed the localization of
TGase1, both of which induced the se-
vere defect in CCE formation as com-
pared with mock control. The fact that
extracellular epimorphin abolished CCE
formation (27,35) may account only for
the latter case: the functional core of
epimorphin may confer the characteris-
tic activity of epimorphin upon 
syntaxin-4. By contrast, the mechanism
for impairment of CCE formation by
the overexpression of StxΔ4 is not as
clear, except for a dominant-negative
effect on syntaxin-4. While it is possible
that StxΔ4 associates with endogenous
syntaxin-4 via the coiled-coil motifs so
as to hinder its activity, or with epimor-
phin to potentiate its inhibitory effect
on CCE formation, further investigation
is obviously needed to clarify this issue.

ST4n1, but not ST4 gaba, antagonizes
the function of endogenous syntaxin-4,
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confirming the importance of three di-
mensional structure of the functional
core site. The importance of the corre-
sponding site has been revealed
equiponderant also in epimorphin, al-
beit its effect in CCE formation may be
completely opposite (11). Consistent
with their complementary role, ST4n1
also exerts the opposite effect as EPn1,
the antagonistic peptide generated
from the functional core of epimorphin

(27). Then how are these proteins from
the same family, as well as their antag-
onistic peptides, able to have such dif-
ferent effects? ST4n1 and EPn1 are
comprised of different numbers of dis-
tinct peptide motifs, suggesting the ex-
istence of a specific receptor for the ex-
tracellular forms of syntaxin-4 and
epimorphin, each of which propagates
a specific signaling pathway. On the
other hand, antibodies against integrins

blocked the keratinocyte adherence to
both epimorphin (18–20) and syntaxin-4
(data not shown). Thus, it is conceiv-
able that keratinocytes possess receptor
complexes for these syntaxins, in which
integrins mediate recognition of both
syntaxins, while as-yet-unidentified
molecules elicit distinct cellular 
responses.

CONCLUSION
This study shows that extracellularly

extruded syntaxin-4 plays a causal role
in CCE formation in keratinocytes and
that the syntaxin-4 antagonist ST4n1
may have utility for certain keratotic
skin lesions. Together with the previ-
ously reported finding that another fam-
ily member, epimorphin, elicits the op-
posite cellular response in CCE
formation, epidermal differentiation
may be critically controlled by extracel-
lularly extruded populations of syntaxin
family proteins.

ACKNOWLEDGMENTS
We are grateful to M Manabe for the

HaCaT keratinocyte. We thank 
DC Radisky and all members of the 
laboratory for helpful discussions. Part
of this work was supported by Grant in
Aid for Scientific Research (KAKENHI
24590365).

DISCLOSURE
The authors declare they have no

competing interests as defined by Molec-
ular Medicine, or other interests that
might be perceived to influence the re-
sults and discussion reported in this
paper.

REFERENCES
1. Eckhart L, Lippens S, Tschachler E, Declercq W.

(2013) Cell death by cornification. Biochim. Bio-
phys. Acta. 1833:3471–80.

2. Iizuka H, Takahashi H, Ishida-Yamamoto A.
(2004) Psoriatic architecture constructed by epi-
dermal remodeling. J. Dermatol. Sci. 35:93–9.

3. Muroyama A, Lechler T. (2012) Polarity and
stratification of the epidermis. Sem. Cell Dev. Biol.
23:890–6.

4. Leung DYM, Bieber T. (2003) Atopic dermatitis.
Lancet. 361:151–60.

5. Lopez-Pajares V, Yan K, Zarnegar BJ, Jameson KL,

R E S E A R C H  A R T I C L E

M O L  M E D  2 1 : 7 7 - 8 6 ,  2 0 1 5  |  K A D O N O  E T  A L .  |  8 5

B

Untreated 

Tape stripping placebo

Tape stripping ST4n1

Tape stripping
placebo

Tape stripping
ST4n1

ST4n1

A

HR-1 mice (hairless)

C

Tape 
stripping

0

5

10

15

20

25

30

35

+
M

oi
st

ur
e 

of
  t

he
 s

ki
n 

(%
)

Placebo

ST4n1

**

0

20

40

60

80

100

120

140

160

Th
ic

kn
es

s 
(

m
)

Untreate

Placebo

ST4n1

**

**

Horny 

layer

epidermis

D

(7 days)

Figure 6. Effect of ST4n1 in epidermal keratosis generated with physical irritation in 
HR-1 mice. (A) Schematic diagram of the experimental procedure. After repeated
tape-stripping, ST4n1 or Placebo sample was daily applied onto the irritated area. 
(B) The moisture of the skin from untreated or tape-stripped areas, latter of which
were applied with ST4n1 or placebo, was measured after five days. Placebo, N = 4;
ST4n1, N = 5. **, p < 0.02 ST4n1 prevented water loss from the skin that has been in-
jured by tape stripping. (C) Typical skins (upper) and hematoxylin-stained transverse
sections (lower) of the areas that have been physically irritated by tape-stripping, fol-
lowed by topical application of St4n1 (right) and placebo (left). Yellow and red bars
in lower images represent epidermis and its horny layer, respectively. Scale bar, 10 μm.
(D) Thickness of the epidermis and the horny layer of the skin. Placebo, N = 4; ST4n1, 
N = 5; Untreated, those of untreated mice (N = 5). **, p < 0.02. ST4n1 normalized strati-
fication and cornification of epidermis in the regenerated skin from the physical
damage.



Khavari PA. (2013) Genetic pathways in disorders
of epidermal differentiation. Trends Genet. 29:31–40.

6. Ross R, et al. (2008) Histopathologic characteri-
zation of epidermolytic hyperkeratosis: a sys-
tematic review of histology from the National
Registry for Ichthyosis and Related Skin Disor-
ders. J. Am. Acad. Dermatol. 59:86–90.

7. Candi E, Schmidt R, Melino G. (2005) The corni-
fied envelope: a model of cell death in the skin.
Nat. Rev. Mol. Cell. Biol. 6:328–40.

8. Ruhrberg C, Hajibagheri MA, Simon M, Dooley
TP, Watt FM. (1996) Envoplakin, a novel precur-
sor of the cornified envelope that has homology
to desmoplakin. J. Cell Biol. 134:715–29.

9. Eckert RL, Sturniolo MT, Broome AM, Ruse M,
Rorke EA. (2005) Transglutaminase function in
epidermis. J. Invest. Dermatol. 124:481–92.

10. Hitomi K. (2005) Transglutaminases in skin epi-
dermis. Eur. J. Dermatol. 15:313–9.

11. Kadono N, Miyazaki T, Okugawa Y, Nakajima K,
Hirai Y. (2012) The impact of extracellular syn-
taxin4 on HaCaT keratinocyte behavior. Biochem.
Biophys. Res. Commun. 417:1200–5.

12. Hagiwara N, Kadono N, Miyazaki T, Maekubo
K, Hirai Y. (2013) Extracellular syntaxin4 triggers
the differentiation program in teratocarcinoma
F9 cells that impacts cell adhesion properties.
Cell Tissue Res. 354:581–91.

13. Li X, Low SH, Miura M, Weimbs T. (2002)
SNARE expression and localization in renal ep-
ithelial cells suggest mechanism for variability of
trafficking phenotypes. Am. J. Physiol. Renal Phys-
iol. 283:F1111–22.

14. Hirai Y, et al. (1998) Epimorphin functions as a
key morphoregulator for mammary epithelial
cells. J. Cell Biol. 140:159–69.

15. Hirai Y, Takebe K, Takashina M, Kobayashi S,
Takeichi M. (1992) Epimorphin: a mesenchymal
protein essential for epithelial morphogenesis.
Cell. 69:471–81.

16. Terasaki Y, Fukuda Y, Suga M, Ikeguchi N,
Takeya M. (2005) Epimorphin expression in inter-
stitial pneumonia. Respir. Res. 6:6.

17. Wang Y, et al. (2006) Epimorphin(–/–) mice have
increased intestinal growth, decreased susceptibil-
ity to dextran sodium sulfate colitis, and impaired
spermatogenesis. J. Clin. Invest. 116:1535–46.

18. Bascom JL, et al. (2013) Epimorphin is a novel
regulator of the progesterone receptor isoform-a.
Cancer Res. 73:5719–29.

19. Chen CS, et al. (2009) Homology with vesicle fu-
sion mediator syntaxin-1a predicts determinants of
epimorphin/syntaxin-2 function in mammary ep-
ithelial morphogenesis. J. Biol. Chem. 284:6877–84.

20. Hirai Y, et al. (2007) Non-classical export of epi-
morphin and its adhesion to alphav-integrin in
regulation of epithelial morphogenesis. J. Cell Sci.
120:2032–43.

21. Radisky DC, Stallings-Mann M, Hirai Y, Bissell
MJ. (2009) Single proteins might have dual but
related functions in intracellular and extracellu-
lar microenvironments. Nat. Rev. Mol. Cell. Biol.
10:228–34.

22. Miyazaki T, et al. (2013) Effluent syntaxin3 from

dying cells affords protection against apoptosis in
epidermal keratinocytes. Exp. Dermatol. 22:845–7.

23. Bennett MK, et al. (1993) The syntaxin family of
vesicular transport receptors. Cell. 74:863–73.

24. Teng FY, Wang Y, Tang BL. (2001) The syntaxins.
Genome Biol. 2:REVIEWS3012.

25. Aono S, Hirai Y. (2008) Phosphorylation of
claudin-4 is required for tight junction formation
in a human keratinocyte cell line. Exp. Cell Res.
314:3326–39.

26. Gazel A, Banno T, Walsh R, Blumenberg M. (2006)
Inhibition of JNK promotes differentiation of epi-
dermal keratinocytes. J. Biol. Chem. 281:20530–41.

27. Okugawa Y, Bascom JJ, Hirai Y. (2010) Epimor-
phin-derived peptide antagonists remedy epider-
mal parakeratosis triggered by unsaturated fatty
acid. J. Dermatol. Sci. 59:176–83.

28. Okugawa Y, Hirai Y. (2008) Overexpression of ex-
tracellular epimorphin leads to impaired epider-
mal differentiation in HaCaT keratinocytes. J. In-
vest. Dermatol. 128:1884–93.

29. Denda M, et al. (1996) The epidermal hyperplasia
associated with repeated barrier disruption by
acetone treatment or tape stripping cannot be at-
tributed to increased water loss. Arch. Dermatol.
Res. 288:230–8.

30. Giacomoni PU. (1986) Onc-gene expression in hy-
perplasia induced by tape stripping or by topical ap-
plication of TPA. Br. J. Dermatol. 115 Suppl 31:128–32.

31. Fujii M, et al. (2005) Atopic dermatitis-like pru-
ritic skin inflammation caused by feeding a spe-
cial diet to HR-1 hairless mice. Exp. Dermatol.
14:460–8.

32. Mizutani Y, et al. (2013) Cooperative Synthesis of
Ultra Long-Chain Fatty Acid and Ceramide during
Keratinocyte Differentiation. PLoS One. 8:e67317.

33. Schoop VM, Mirancea N, Fusenig NE. (1999) Epi-
dermal organization and differentiation of HaCaT
keratinocytes in organotypic coculture with
human dermal fibroblasts. J. Invest. Dermatol.
112:343–53.

34. Iizuka M, et al. (2007) Morphogenic protein epi-
morphin protects intestinal epithelial cells from
oxidative stress by the activation of EGF receptor
and MEK/ERK, PI3 kinase/Akt signals. Am. J.
Physiol. Gastrointest. Liver Physiol. 292:G39–52.

35. Hirai Y, Takebe K, Nakajima K. (2005) Structural
optimization of pep7, a small peptide extracted
from epimorphin, for effective induction of hair
follicle anagen. Exp. Dermatol. 14:692–9.

8 6 |  K A D O N O  E T  A L .  |  M O L  M E D  2 1 : 7 7 - 8 6 ,  2 0 1 5

S Y N T A X I N - 4  I S  A  C O R N I F I C A T I O N  R E G U L A T O R

Cite this article as: Kadono N, Hagiwara N,
Tagawa T, Maekubo K, Hirai Y. (2015) Extracellu-
larly extruded syntaxin-4 is a potent cornification
regulator of epidermal keratinocytes. Mol. Med.
21:77–86.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


