
The American Journal of Pathology, Vol. 185, No. 6, June 2015
ajp.amjpathol.org
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Hepatocyte growth factor activator inhibitor type 1 (HAI-1; official symbol SPINT1) is a membrane-
associated serine proteinase inhibitor abundantly expressed in epithelial tissues. Genetically engineered
mouse models demonstrated that HAI-1 is critical for epidermal function, possibly through direct and
indirect regulation of cell surface proteases, such as matriptase and prostasin. To obtain a better un-
derstanding of the role of HAI-1 in maintaining epidermal integrity, we performed ultrastructural
analysis of Spint1-deleted mouse epidermis and organotypic culture of an HAI-1 knockdown (KD) human
keratinocyte cell line, HaCaT. We found that the aggregation of tonofilaments to desmosomes was
significantly reduced in HAI-1edeficient mouse epidermis with decreased desmosome number. Similar
findings were observed in HAI-1 KD HaCaT organotypic cultures. Immunoblot and immunohistochemical
analyses revealed that p38 mitogen-activated protein kinase was activated in response to HAI-1
insufficiency. Treatment of HAI-1 KD HaCaT cells with a p38 inhibitor abrogated the above-observed
ultrastructural abnormalities. The activation of p38 induced by the loss of HAI-1 likely resulted from
enhanced signaling of protease-activated receptor-2 (PAR-2), because its silencing abrogated the
enhanced activation of p38. Consequently, treatment of HAI-1 KD HaCaT cells with a serine protease
inhibitor, aprotinin, or PAR-2 antagonist alleviated the abnormal ultrastructural phenotype in organo-
typic culture. These results suggest that HAI-1 may have a critical role in maintaining normal kerati-
nocyte morphology through regulation of PAR-2edependent p38 mitogen-activated protein kinase
signaling. (Am J Pathol 2015, 185: 1610e1623; http://dx.doi.org/10.1016/j.ajpath.2015.02.009)
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Human skin protects the body from both water loss and me-
chanical damage. This barrier function is primarily accom-
plished by the epidermis, a self-renewing stratified squamous
epithelium composed of several layers of keratinocytes.1 To
achieve the barrier functions, keratinocytes form dynamic and
strong cell-cell junctions in which desmosomes and the
network of keratin intermediate filaments (KIFs) are essential to
maintain junctional integrity.2 KIFs are anchored to the cyto-
plasm and interact with desmosomal cell-cell contacts at the
plasmamembrane. These are important for mechanical stability
of cell-cell contacts between keratinocytes.3 Disturbance of the
stigative Pathology.

.

integrity of the KIF network leads to skin-blistering diseases,
such as epidermolysis bullosa simplex.4 Although it is not
known how KIF disassembly is regulated, recent studies sug-
gested that p38 mitogen-activated protein kinase (MAPK)
signaling is involved in these processes.4e6

The p38 is a member of the MAPK family. It is present in
epithelial cells, responds rapidly to various types of stresses,
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HAI-1 Maintains Keratin Assembly
and is activated by proinflammatory cytokines.7,8 It is known
that p38 MAPK is increased in psoriatic skin, and it is rapidly
phosphorylated in response to pemphigus vulgaris IgG.5

Activated p38 promotes KIF retraction and disruption of
desmosome-mediated cell-cell adhesion.6 Desmosomes consist
of two desmosome-specific cadherin family members, des-
mogleins and desmocollins, as well as a collection of cyto-
plasmic plaque proteins, including desmoplakin, plakoglobin,
and plakophilins.9 Previous studies showed that these proteins
are degraded by serine proteases. For example, matriptase, a
type II transmembrane serine protease on the epithelial cell
surface, degrades desmoglein-2, and kallikrein 1erelated
peptidase (KLK)-5 promotes cleavage of desmoglein-1.10,11

Hepatocyte growth factor activator inhibitor type 1 (HAI-1;
official symbol SPINT1), encoded by the SPINT1 gene, is a
serine protease inhibitor abundantly expressed in the placenta
and in epithelial tissues.12,13 HAI-1 regulates several trypsin-
like serine proteinases, such as hepatocyte growth factor acti-
vator, matriptase, prostasin, hepsin, TMPRSS13, human airway
trypsin-like protease, and KLKs 4 and 5.14e20 By using Spint1
mutant mouse models, we previously reported that HAI-1 is
critically required in the development of the placental laby-
rinth21 and normal keratinization of the skin,22 and it may also
contribute to intestinal epithelial barrier function.23 In the
absence of HAI-1, epidermis showed hyperkeratosis and
decreased barrier function in mice.22 Moreover, hair cuticle
formation was severely impaired.22 More important, these skin
pathologies caused by HAI-1 deficiency were totally abrogated
in the matriptase hypomorphic mice,24 indicating that HAI-1 is
a critical regulator of matriptase in the skin. Matriptase is also
known to activate other serine proteases, such as prostasin and
KLK-5.25,26 Insufficient HAI-1 function on the cell surface
would result in a severely deranged pericellular proteolysis
network that could significantly influence cellular function.

Protease-activated receptor 2 (PAR-2) is a G proteine
coupled receptor that is able to mediate multiple intracellular
signaling pathways on cleavage of its activation site by a
trypsin-like serine protease.27 In the skin, PAR-2 is widely
expressed by almost all cell types, especially keratinocytes. It
has been implicated in the regulation of keratinocyte prolif-
eration and differentiation, epidermal barrier function, and
inflammation.27e29 Recent studies have revealed that matrip-
tase and prostasin are important activators of PAR-2 in the
skin. For example, matriptase-driven premalignant progres-
sion is prevented by genetic elimination of PAR-2, and a
prostasin-induced ichthyosis-like skin phenotype is rescued by
concomitant deletion of PAR-2.30,31 Therefore, it is reasonable
to speculate that HAI-1 regulates PAR-2 function through
regulation of PAR-2eactivating serine proteases in keratino-
cytes, a relationship that may have significant impact on
epidermal integrity.

This study aimed to address the role ofHAI-1 in the regulation
of epidermal integrity. We used Spint1-deleted mouse skin tis-
sues,22 primary culture of Spint1-deleted mouse keratinocytes,
and an HAI-1 knockdown (KD) human keratinocyte cell line,
HaCaT. We found that insufficient HAI-1 in keratinocytes
The American Journal of Pathology - ajp.amjpathol.org
resulted in abnormal KIF assembly. This abnormality was
caused by activation of p38 MAPK, which was induced by
enhanced PAR-2 activation by protease(s) regulated by HAI-1.
These results suggest that HAI-1 has an important role in
maintaining normal keratinocyte morphology and cell-cell
adhesion through suppression of PAR-2 activation.

Materials and Methods

Antibodies and Reagents

The following antibodies were used: anti-matriptase mouse
monoclonal antibody (mAb; M24),32 anti-activated matriptase
mouse mAb (M69),32 antieHAI-1 goat polyclonal antibody
(R&DSystems,Minneapolis,MN), anti-prostasinmousemAb
(BD Bioscience, San Jose, CA), antiePAR-2 mouse mAb
SAM11 (SantaCruzBiotechnology,SantaCruz,CA), anti-p38
and anti-phosphorylated p38 MAPK (Thr180/Tyr182) rabbit
mAbs (Cell Signaling Technology Japan, Tokyo, Japan),
Alexa Fluor 594econjugated anti-phosphorylated p38MAPK
(Thr180/Tyr182) rabbit mAbs (Cell Signaling Technology),
anti-AKT and anti-phosphorylatedAKT (Ser473) rabbit mAbs
(Cell Signaling Technology), anti-p44/42 MAPK [extracel-
lular signaleregulated kinase (ERK) 1/2] rabbit polyclonal
antibody and anti-phosphorylated ERK1/2 (Thr202/Tyr204)
rabbit mAb (Cell Signaling Technology), anti-cytokeratin
(CK) 5 rabbit mAb (Abcam, Cambridge, UK), anti-CK10
mouse mAb (Dako, Tokyo, Japan), and anti-desmoglein 3
mouse mAb (Life Technologies Japan, Tokyo, Japan). Apro-
tinin and specific p38 inhibitor, SB203580, were purchased
from Sigma (St. Louis, MO). A broad-spectrum metal-
loprotease inhibitor, GM6001, was from Millipore (Billerica,
MA). Recombinant human matriptase catalytic domain was
obtained fromR&DSystems. PAR-2eactivating peptide, Ser-
Leu-Ile-Gly-Arg (SLIGR)-NH2, and PAR-2 selective antago-
nist, Phe-Ser-Leu-Leu-Arg-Tyr (FSLLRY)-NH2, were pur-
chased from Peptides International (Louisville, KY).

Spint1-Deleted Mouse Skin

Spint1�/� mice were generated by injection of Spint1þ/þ

blastocyst with Spint1�/� embryonic stem cells (C57BL/6
background), as described previously.22 C57BL/6 wild-type
mice were used as a control. After mice were sacrificed with
diethyl ether, full-thickness dorsal skin samples were
immediately removed and processed for primary culture of
keratinocytes, immunohistological analysis, or ultrastruc-
tural analysis. All animal experiments were approved by the
Animal Care and Use Committee of the University of
Miyazaki (Miyazaki, Japan).

Cell Cultures

Primary murine keratinocytes were prepared as described
previously.22 Cells were cultured in an epidermal keratino-
cyte medium (CELLnTEC Advanced Cell Systems, Bern,
1611
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Table 1 Primer Sequences Used for Real-Time RT-PCR

Target Forward primer Reverse primer Size (bp)

b-Actin 50-ATTGCCGACAGGATGCAGA-30 50-GAGTACTTGCGCTCAGGAGGA-30 89
HAI-1 50-CAGCAGTGCCTCGAGTCTTGTC-30 50-GATGGCTACCACCACCACAATG-30 144
Matriptase 50-CTTTGAGGCCACCTTCTTC-30 50-GGTAGTGGCCTGGGTAGTA-30 104
Desmoglein 3 50-CTTCAGATTACCAAGCAACCCAGA-30 50-GGGCATTTAGAGCCCGACA-30 177

HAI-1, hepatocyte growth factor activator inhibitor type 1.

Kawaguchi et al
Switzerland). HaCaT cells were purchased from the CLS
Cell Line Service GmbH (Eppelheim, Germany) and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), peni-
cillin, and streptomycin. A human dermal fibroblast cell line,
SF-TY, was obtained from the Japanese Collection of
Research Bioresources Cell Bank (Osaka, Japan). In our
three-dimensional (3D) organotypic skin model, 2.5 � 104

SF-TY cells suspended in 0.1 mL of FBS were mixed with 1
mL of DMEM containing 2.2 mg/mL type I collagen
1612
(KOKEN Co, Tokyo, Japan), 10 mmol/L HEPES, and 10
mmol/L NaHCO3, which was transferred into a 12-well cell-
culture insert (pore size, 0.4 mm;Millipore). After incubation
in DMEM with 10% FBS overnight, 5 � 105 HaCaT cells
were placed on the fibroblast-containing collagen gel and
incubated for 24 hours. Then, the gel surface was raised to
the air-liquid interface and cultured for 3 weeks to allow
HaCaT cells to stratify and differentiate. The culture medium
(1 mL per well) was changed every 3 days, and in an indi-
cated experiment, 1 mL of SB203580 (10 mmol/L in
Figure 1 Transmission electron micrographs
(TEMs) of epidermis from control C57BL/6 (wild)
and hepatocyte growth factor activator inhibitor
type 1 (HAI)-1edeficient (Spint1�/�) mice. Tis-
sues were analyzed from 7-day-old (A) and 14-day-
old (B) mice. A: Intercellular digitation structure
and assembly of keratin intermediate filaments
(KIFs) to desmosomes are impaired in Spint1�/�

mouse epidermis. Arrows indicate desmosomes.
Representative KIFs are labeled by white aster-
isks. B: Loss of intercellular digitation structure is
evident in Spint1 knockout mice. C: Decreased
number of keratinocyte desmosomes in Spint1�/�

epidermis. Mean of desmosome number in a
�5000 TEM field was compared between wild-type
epidermis and Spint1�/� epidermis. Data are given
as means � SEM (C). ****P < 0.0001. Scale bars:
500 nm (A); 2 mm (B). D, dermis; K, keratin layer.
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HAI-1 Maintains Keratin Assembly
dimethyl sulfoxide; final concentration, 10 mmol/L) or
vehicle (dimethyl sulfoxide) was added into the medium.

TEM

For transmission electron microscopy (TEM), specimens
were fixed with a mixture of 2% paraformaldehyde and
2.5% glutaraldehyde in 0.1 mol/L phosphate buffer, pH 7.4.
After rinsing with the buffer, the specimens were post-fixed
with 1% osmium tetroxide in 0.1 mol/L phosphate buffer for
2 hours at 4�C. Post-fixed specimens were washed with
distilled water, and then dehydrated through a graded
ethanol series, substituted with propylene oxide, and
Figure 2 Desmosome and keratin intermediate filament (KIF) assembly int
of hepatocyte growth factor activator inhibitor type 1 (HAI)-1 knockdown (KD
in HaCaT cells. Immunoblotting and quantitative real-time RT-PCR data for HA
cells (KD) compared with control HaCaT cells (Cont). Hematoxylin and eosi
organotypic culture. Polarity of the cytokeratin expression is well preserved in
For HAI-1 KD cells, data of two separated experiments (KD 1 and KD 2) are
culture. Keratin intermediate filaments (KIF) assembly into desmosomes is de
KIFs are labeled by white asterisks. F: Effects of HAI-1 KD on desmosome n
(B); 1 mm (D); 200 nm (E).
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embedded in epoxy resin. Ultrathin sections (80 nm thick)
were cut and stained with 2% uranyl acetate in 70% meth-
anol for 4 minutes, followed by Reynolds’ lead citrate for 3
minutes, and observed in an HT7700 TEM instrument
(Hitachi High-Technologies, Tokyo, Japan). To count the
desmosome number, electron microscopic images that
included desmosomal plaques within both keratinocytes
were taken at �5000, and >10 fields were examined.33

Gene Silencing and Overexpression

To establish a subline of HaCaT cells in which HAI-1 was
stably knocked down, shRNA against HAI-1 was inserted
o desmosomes decreases in three-dimensional (3D) organotypic culture
) HaCaT cells. A: Efficiency of stable HAI-1 KD by shRNA lentiviral vector
I-1. B: Altered morphology of 3D organotypic culture of HAI-1 KD HaCaT
n stain. C: Expression patterns of cytokeratin (CK) 5 and CK10 in 3D
control HaCaT (Cont) 3D culture, but not in HAI-1 KD HaCaT 3D culture.
shown. D and E: Transmission electron micrograph of 3D organotypic
creased in HAI-1 KD cells. Arrows indicate desmosomes. Representative
umber. ***P < 0.001, ****P < 0.0001. n Z 3 (A). Scale bars: 20 mm

1613

http://ajp.amjpathol.org
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into pLenti4/BLOCK-iT (Life Technologies Japan). Gen-
eration of the lentiviral particles and transfection into
HaCaT cells were performed according to the manufac-
turer’s instructions. Then, phleomycin D1 (Zeocin, Life
Technologies Japan)eresistant stable HAI-1 KD cells were
obtained.

For transientKDofmatriptase andprostasin, siRNAs (Stealth
RNAi; Life Technologies Japan) were used. The sequences
were as follows: 50-GCGUGUACACAAGGCUCCCUCU-
GUU-30 (human matriptase siRNA 1), 50-GCUUGCUGGU-
GUGGCACUUCCAUUA-30 (mouse matriptase siRNA), and
50-GGCCAUUCUGCUCUAUCUUGGAUUA-30 (human
prostasin siRNA). Stealth RNAi Negative Control Duplexes
(Invitrogen) were transfected as a control. For human matrip-
tase, another siRNA sequence (human matriptase siRNA 2)
(Qiagen, Valencia, CA), 50-CGUCGUCACUUGUACACC-
AdTdT-30, was also used with scrambled siRNA as a control.
For transient KD of PAR-2, siRNA pool (ON-TARGETplus
SMARTpool siRNA; Thermo Scientific, Yokohama, Japan)
was used with siGENOME Non-Targeting siRNA pool as a
control. Transfection was performed using Lipofectamine
2000 reagent (Invitrogen), followed by cultivation in DMEM
supplementedwith 10%FBS for 24 hours. Then, the cells were
washed with phosphate-buffered saline (PBS) and maintained
in the serum-free DMEM. At 72 hours after the transfection,
cells were harvested and proteins were extracted.

For engineered overexpression of HAI-1, mouse or
human HAI-1 cDNA was subcloned into pLenti6.3/TO/V5
(Invitrogen). Generation of the lentiviral particles and
transfection into primary keratinocytes from Spint1�/� mice
or HAI-1 KD HaCaT cells were performed according to the
manufacturer’s instructions.
Quantitative RT-PCR

Total RNA was prepared with TRIzol (Life Technologies),
followed by DNase I (Takara Bio, Shiga, Japan) treatment.
For RT-PCR, total RNA (3 mg) was reverse transcribed with
a mixture of oligo (dT)12-18 (Life Technologies) and random
Figure 3 Enhanced vulnerability to mechanical shear stress in hepatocyte gr
Representative images of control (Cont) and HAI-1 KD (KD) HaCaT cells after dis
mechanical shear stress in the dispase assay. Data are given as means � SD (B).

1614
primers (6-mer) (Takara Bio) using 200 U of ReverTra Ace
(TOYOBO, Osaka, Japan). The primer sequences are
described in Table 1. For quantitative RT-PCR, PCR was
performed in a Thermal Cycler Dice Real Time System II
(Takara Bio) using the SYBR Premix Ex Taq II (Takara Bio).
For internal control, b-actin mRNA was also measured.
Immunohistochemical and Immunocytochemical
Analyses

Skin tissues of Spint1�/� and wild-type C57BL/6 mice were
fixed in 4% paraformaldehyde in PBS overnight and then
dehydrated and embedded in paraffin. For immunohisto-
chemistry, tissue sections were processed for antigen
retrieval by microwaving for 10 minutes at 96�C in 10
mmol/L citrate buffer (pH 6.0), followed by treatment with
3% H2O2 in PBS for 10 minutes. After blocking in 5%
normal goat serum (Dako) in PBS, the sections were incu-
bated with primary antibody for 16 hours at 4�C and then
incubated with Envision-labeled polymer reagents (Dako)
for 30 minutes at room temperature. The reactions were
revealed by nickel, cobalt-3,30-diaminobenzidine (Pierce,
Rockford, IL), and counterstained with Mayer’s hematox-
ylin. For immunocytochemistry, cultured cells were fixed
with 4% paraformaldehyde in PBS for 15 minutes, followed
by blocking for 60 minutes with 5% normal goat serum
(Dako) at room temperature. Then, the cells were incubated
with primary antibody for 16 hours at 4�C. After washing,
the cells were incubated for 20 minutes at room temperature
with Alexa Fluor 488econjugated goat anti-rabbit IgG
(Invitrogen) for phosphorylated p38 and CK5, Alexa Fluor
594econjugated goat anti-mouse IgG (Invitrogen) for
CK10, or Alexa Fluor 488econjugated goat anti-mouse IgG
(Invitrogen) for matriptase (M24 mAb). In an indicated
experiment, the cells were washed and further incubated
with Alexa Fluor 488econjugated phalloidin (Invitrogen)
for 20 minutes at room temperature. Then, the cells were
counterstained with DAPI (Sigma), and examined with an
Axio Imager A2 (Carl Zeiss MicroImaging, Tokyo, Japan).
owth factor activator inhibitor type 1 (HAI)-1 knockdown (KD) HaCaT. A:
pase mechanical dissociation assay. B: Number of fragments generated by
**P < 0.01.
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Immunoblot Analysis

Cellular proteins were extracted with 1% Triton X-100
(Nacalai Tesque, Kyoto, Japan) in PBS and centrifuged at
10,000 � g for 15 minutes, and the supernatants (ie, Triton
X-100 soluble fraction) and the pellets (Triton X-100
insoluble fraction) were separately collected. For proteins
in culture supernatant, cultured conditioned media were
concentrated 10-fold with an Amicon-Ultra-4 (mol. wt.
cutoff, 10 kDa; Millipore) and protein concentration was
determined by the Bradford method (BioRad, Hercules,
The American Journal of Pathology - ajp.amjpathol.org
CA). Samples were separated by SDS-PAGE under
nonreducing (for M24 and M69) or reducing (for other
antibodies) conditions using 4% to 12% gradient gels
(Invitrogen) and transferred onto an Immobilon membrane
(Millipore). After blocking with 5% nonfat dry milk in
Tris-buffered saline with 0.05% Tween 20, the membranes
were incubated with primary antibodies at 4�C overnight,
followed by washing with Tris-buffered saline with
0.05% Tween 20 and incubation with horseradish perox-
idaseeconjugated secondary antibodies (Dako) diluted in
Tris-buffered saline with 0.05% Tween 20 with 1% bovine
serum albumin for 1 hour at room temperature. The labeled
proteins were visualized with a chemiluminescence re-
agent (PerkinElmer Life Science, Boston, MA).

Dispase Mechanical Dissociation Assay

Vulnerability of cultured epithelial layer to mechanical shear
stress was assessed by a dispase mechanical dissociation
assay, described previously.34 In brief, HaCaT cells were
seeded in 6-well plates. After reaching confluency, cells
were washed twice with PBS and then incubated with 2 mL
of dispase II (2.4 U/mL DMEM; Sigma) for 30 minutes to
detach the monolayer from the bottom, and the detached
monolayer was transferred to a 15-mL polypropylene
centrifuge tube. Then, mechanical stress was applied by 50
inversions in 2 mL PBS and fragments were counted.

Protease Activity Assay

Conditioned medium from HaCaT cells was concentrated
(10-fold) with an Amicon-Ultra-4 (Millipore) unit. Then,
fluorogenic substrate Boc-Gln-Ala-Arg-AMC (Peptide
Institute, Inc., Osaka, Japan) was added to a final concen-
tration of 10 mmol/L, fluorescence release was measured
using a FlexStation 3 (Molecular Devices, Tokyo, Japan),
and the activity was expressed in terms of the velocity
maximum value (Vmax). The concentrated conditioned
Figure 4 Enhanced activation of p38 in response to hepatocyte growth
factor activator inhibitor type 1 (HAI-1) insufficiency in keratinocytes. A:
Immunohistochemistry of mouse epidermis (top panels) and immunocy-
tochemistry of primary cultured keratinocytes (bottom panels) for
phosphorylated p38. Enhanced nuclear immunoreactivity is noted in
HAI-1edeficient (Spint1 KO) mouse keratinocytes compared with control
C57BL/6 (wild) mouse keratinocytes. B: Phosphorylated p38 immunocyto-
chemistry of HaCaT cells in two-dimensional culture, showing enhanced
nuclear immunoreactivity in HAI-1 knockdown (KD) HaCaT cells (KD)
compared with control HaCaT cells (Cont). C: Immunoblot for phosphory-
lated p38 in control and HAI-1 KD HaCaT cells. Cultured cells were washed
with phosphate-buffered saline and maintained in serum-free Dulbecco’s
modified Eagle’s medium for 24 hours before extraction. Ratio of phos-
phorylated p38 signal/total p38 signal was calculated and plotted. D: Effect
of HAI-1 reversion on HAI-1 KD-induced enhanced p38 phosphorylation in
HaCaT cells. Immunoblot results of two separate experiments (Exp.) are
shown. Forced expression of HAI-1 suppresses p38 phosphorylation
induced by shRNA-mediated silencing of HAI-1. Data are given as means �
SD (C). n Z 4 (C). *P < 0.05. Scale bar Z 50 mm.
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Figure 5 Effect of p38 inhibitor SB203580 on HaCaT three-dimensional
organotypic culture. A: Transmission electron micrograph shows reversion
of keratin intermediate filament assembly into desmosomes in hepatocyte
growth factor activator inhibitor type 1 (HAI-1) knockdown (KD) HaCaT
cells in response to the addition of 10 mmol/L SB203580 in culture me-
dium. B: Desmosome number recovers in HAI-1 KD HaCaT cells treated with
SB203580. Data are given as means � SD (B). nZ 3 (B). **P < 0.01. Scale
bar Z 1 mm.

Kawaguchi et al
media were also used for gelatin zymography to detect
activated matriptase. For gelatin zymography, samples were
electrophoresed in 10% SDS-polyacrylamide gels impreg-
nated with 1 mg/mL gelatin (KOKEN Co.) under nonre-
ducing conditions, as described previously.22 After
electrophoresis, gels were washed in 50 mmol/L Tris-HCl
(pH 7.5) containing 0.1 mol/L NaCl and 2.5% Triton X-
100 for 1.5 hours to remove SDS, followed by incubation in
50 mmol/L Tris-HCl at pH 7.5 and 0.5 mmol/L EDTA
containing 10 mmol/L broad-spectrum metalloprotease in-
hibitor, GM6001 (Millipore), for 30 minutes to eliminate
matrix metalloproteinase activities. Then, the gels were
incubated at 37�C for 72 hours in 50 mmol/L Tris-HCl (pH
7.5), and stained with Coomassie Brilliant Blue.

Statistical Analysis

Statistical analysis was done using SPSS software version
15.0 (SPSS Japan Inc., Tokyo, Japan). Comparisons be-
tween two paired groups or two unpaired groups were made
with the Wilcoxon signed rank test or U-test, respectively.
Significance was set at P < 0.05.

Results

HAI-1 Deficiency Leads to Decreased Convergence of
KIF on Desmosomes in Keratinocytes

We investigated morphological abnormalities of
epidermal keratinocytes in dorsal skin TEM specimens
taken from Spint1-deleted mice 7 and 14 days after birth.
At low-magnification TEM, the intercellular spaces be-
tween keratinocytes were indistinct in the epidermis of
Spint1-deleted mice compared to those of wild-type
C57BL/6 mice (Figure 1, A and B). The intercellular
spaces and intercellular bridges of normal epidermis
observed in tissue sections reflect a shrinkage artifact
because the keratinocytes pull away from each other
during dehydration, and remain connected only by their
well-developed abundant desmosomal junctions. The
epithelial cells with less-developed desmosomal junctions
shrink without pulling each other and do not form such
structures. Therefore, we evaluated desmosomes of the
keratinocytes in detail. Higher magnification revealed that
the HAI-1edeficient epidermis possessed poorly devel-
oped intercellular digitations. Moreover, although des-
mosomes were formed, KIFs attached to the desmosomes
were significantly reduced in HAI-1edeficient keratino-
cytes compared with wild-type keratinocytes (Figure 1A).
Indeed, desmosomes significantly decreased in number in
the Spint1�/� mouse epidermis compared to the wild-type
epidermis (Figure 1C).

To test whether the above observed morphological
changes caused by HAI-1 deficiency were reproducible
in human keratinocytes, we silenced HAI-1 in the
HaCaT human keratinocyte line. Stable expression of
1616
HAI-1especific shRNA resulted in 66% suppression of
the HAI-1 protein level (Figure 2A). Then, HAI-1 KD
HaCaT cells and control vectoretransfected HaCaT cells
were used in a 3D organotypic culture. Although both
HAI-1 KD and control HaCaT cells formed epidermis-
like multilayered structures, HAI-1 KD HaCaT showed
a less differentiated morphology compared with control
cells that showed an obvious tendency of keratinization
in the upper layer (Figure 2B). Immunofluorescence an-
alyses for CK5 and CK10 revealed that the polarity of
cytokeratin expression is preserved in control HaCaT 3D
culture and is disturbed in HAI-1 KD 3D culture
(Figure 2C). Subsequent TEM analysis revealed a
markedly decreased assembly of KIFs into desmosomes
in HAI-1 KD cells, with a decreased number and size of
desmosomes (Figure 2, DeF). Consequently, HAI-1 KD
HaCaT cell sheets were more vulnerable to mechanical
shear stress compared to control HaCaT (Figure 3).
ajp.amjpathol.org - The American Journal of Pathology
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HAI-1eDeficient Keratinocytes Show Enhanced
Activation of p38 MAPK

Wenext investigatedmolecular mechanisms responsible for the
decreased KIF aggregation into desmosomes in HAI-
1edeficient keratinocytes. Because p38 MAPK activation has
been reported to induce retraction of keratin filaments,6 we
evaluated the nuclear translocation and phosphorylation of p38
in Spint1-deleted epidermis and HAI-1 KD HaCaT cells.
Enhanced nuclear translocation of phosphorylated p38 was
observed in Spint1-deleted epidermis, as well as in primary
cultured keratinocytes fromSpint1-deletedmice, comparedwith
wild-type controls (Figure 4A). Similar findings were obtained
in HAI-1 KDHaCaT cells (Figure 4B), with increased levels of
phosphorylated p38 in immunoblot analyses (Figure 4C). To
confirm that the enhanced p38 phosphorylation was, in fact,
caused byHAI-1 silencing,we then examined the effect ofHAI-
1 reversiononHAI-1KDHaCaTcells. The restoration ofHAI-1
suppressed the p38 phosphorylation in HAI-1 KD cells
(Figure 4D). These observations suggested that HAI-1 loss
enhanced the activation of p38 MAPK in keratinocytes.

Activation of p38 MAPK Is Responsible for HAI-1
DeficiencyeInduced Impaired Assembly of KIF and
Reduced Number of Desmosomes

To determine whether the activation of p38 MAPK was
associated with the abnormalities in HAI-1edeficient
Figure 6 Activation of p38 by protease-activated receptor-2 (PAR-2) signa
100 mmol/L antagonist (FSLLRY) peptides on phosphorylation of p38, extracel
growth factor activator inhibitor type 1 (HAI-1) knockdown (KD) HaCaT cel
Dulbecco’s modified Eagle’s medium (DMEM) with or without the peptide f
phosphorylated p38. Phosphorylated p38 and actin are indicated in red and g
observed in response to HAI-1 KD or PAR-2 agonist, and HAI-1 KD-induced p
neutralizing antibody (SAM11) on phosphorylation of p38. The cells were c
24 hours.
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keratinocytes, we tested the effect of a specific p38 inhibitor,
SB203580, on organotypic culture of HaCaT cells. The
addition of SB203580 restored the density of KIFs that
assembled into desmosomes in HAI-1 KD HaCaT cells
(Figure 5A), accompanying the reversion of the desmosome
number (Figure 5B). Treatment of SB203580 had no effect on
control HaCaT cells. These results suggested that the activa-
tion of p38 MAPK was responsible for the ultrastructural ab-
normalities observed in HAI-1edeficient keratinocytes.

Enhanced p38 MAPK Activation in HAI-1eDeficient
Keratinocytes Is Mediated by PAR-2 Signaling

We investigated how p38 MAPK was activated in HAI-1 KD
HaCaT cells. Previous studies suggested that PAR-2 activates
p38MAPK signaling.35 PAR-2 is widely expressed in the skin
and activated by trypsin-like proteases.27 Thus, we hypothe-
sized that activation of p38 MAPK signaling in HAI-1 KD
HaCaT cells may be caused by inadequate activity of trypsin-
like serine protease(s) in the absence of sufficient HAI-1. To
confirm this hypothesis, we examined the effect of a PAR-2
agonist (SLIGR) and an antagonist (FSLLRY) on the activa-
tion of p38 MAPK in HaCaT cells. Treatment with the PAR-2
agonist enhanced phosphorylation of p38 MAPK in HaCaT
cells (Figure 6A), which was accompanied by increased nu-
clear translocation of p38 (Figure 6B). In contrast, PAR-2
antagonist abrogated the HAI-1 KD-induced enhanced phos-
phorylation of p38, but did not affect the basal phosphorylation
ling in HaCaT cells. A: Effects of 100 mmol/L PAR-2 agonist (SLIGR) and
lular signaleregulated kinase (ERK), and AKT in control and hepatocyte
ls. Cultured cells were washed with PBS and maintained in serum-free
or 24 hours before extraction. B: Immunocytochemical assessment of
reen, respectively. Nuclear immunoreactivity of phosphorylated p38 was
38 activation was suppressed by PAR-2 antagonist. C: Effect of PAR-2
ultured with or without 20 mg/mL of SAM11 in serum-free DMEM for
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level of p38 (Figure 6, A and B). Although ERK phosphory-
lation was modestly suppressed by the PAR-2 antagonist, it
was not enhanced by the PAR-2 agonist or HAI-1 KD. Neither
the PAR-2 agonist nor the antagonist altered the phosphory-
lation level of AKT, although there were modest changes of
total AKT levels that are difficult to explain at present. To
further confirm the role of PAR-2 in HAI-1 loss-induced p38
activation, we examined the effect of a PAR-2 neutralizing
antibody (SAM11) on p38 activation. Treatment of HAI-1 KD
HaCaT cells with SAM11 abolished enhanced p38 phosphor-
ylation, but the basal level of phosphorylation of control cells
was not affected by SAM11 (Figure 6C). These data indicated
that the HAI-1 KD-induced activation of p38 MAPK was
mediated by PAR-2 activation in HaCaT cells.

Trypsin-Like Protease Activity Increases in HAI-1 KD
HaCaT Culture Supernatant

PAR-2 is activated by trypsin-like serine proteases, and
matriptase is an efficient activator of PAR-2 in epithelial
Figure 7 Enhancement of matriptase activity by hepatocyte growth factor acti
control (Cont) and HAI-1 KD (KD) HaCaT cells. Data from real-time RT-PCR are indic
organotypic culture. Immunoblot data of cellular extracts from HaCaT 3D cult
matriptaseeHAI-1 complex band. C: Immunoblot analyses of matriptase in cell
culture media supernatants of 2D culture. Anti-total matriptase (M24) and anti
medium supernatant in the presence of metalloprotease inhibitor GM6001. Two ind
E: Boc-Gln-Ala-Arg-AMC hydrolysis activity (Vmax) in culture supernatants of contro
F: Boc-Gln-Ala-Arg-AMC hydrolysis activity of culture supernatant of epidermal ker
Values are relative Vmax to wild-type keratinocyte supernatant. G: Effect of forc
Spint1�/� keratinocyte supernatant. Data are given as means � SD (A). n Z 3 (
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cells.17,27,30 The evidence suggested that the most important
cognate protease of HAI-1 in keratinocytes is matriptase.24

Therefore, we hypothesized that the activity of matriptase
was enhanced because of insufficient HAI-1, which eventu-
ally led to PAR-2 activation in HAI KD HaCaT cells. To test
this hypothesis, we examined cellular expression of matrip-
tase and its activity in culture supernatants of HaCaT cells.
Quantitative real-time RT-PCR showed that the matriptase
mRNA level was slightly decreased by the suppression of
HAI-1 expression in HaCaT cells, but the difference was not
statistically significant (Figure 7A). In cellular extracts from
3D culture of control HaCaT cells, 120-kDa matriptasee
HAI-1 complex was detected (Figure 7B), which was also
labeled by anti-activated matriptase M69 mAb (Figure 7C).
In contrast, this complex was hardly detectable in extracts of
two-dimensional culture, and the levels of total cellular
matriptase labeled by M24 mAb were comparable between
HAI-1 KD and control HaCaT cells (Figure 7C). Those
matriptase bands corresponded to promatriptase, because
they were barely detectable with M69 mAb. However, when
vator inhibitor type 1 (HAI-1) knockdown (KD). A: Matriptase mRNA level in
ated. B: Matriptase (Mat)eHAI-1 complex in HaCaT three-dimensional (3D)
ure for Mat (M24 antibody) and HAI-1. Arrowhead indicates a 120-kDa
extracts of 3D culture and two-dimensional (2D) culture, and serum-free
-activated matriptase (M69) were used. D: Gelatin zymography of culture
ependent samples from each control or HAI-1 KD HaCaT cells were analyzed.
l and HAI-1 KD HaCaT with or without matriptase KD by matriptase siRNA 1.
atinocytes from wild-type or Spint1�/� mice with or without matriptase KD.
ed mouse HAI-1 expression on Boc-Gln-Ala-Arg-AMC hydrolysis activity in
A and G); n Z 5 (F). *P < 0.05, **P < 0.01.

ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


HAI-1 Maintains Keratin Assembly
immunoblot analyses were performed using culture super-
natants, significantly enhanced matriptase signals were
detectable in HAI-1 KD supernatants compared with control
supernatants, and the M69-positive activated form of
matriptase species>100 kDa was also increased (Figure 7C).
These M69-positive matriptase bands in the supernatant were
not labeled by antieHAI-1 antibody (data not shown), and
the precise molecular nature of these activated matriptase
bands remains to be determined. Consistent with these ob-
servations, enhanced gelatinolytic activity was detected in
conditioned medium from HAI-1 KD cells compared to that
from control HaCaT cells, as assessed by zymography in the
presence of matrix metalloproteinase inhibitor GM6001
(Figure 7D).

Subsequent analysis of the hydrolysis of the synthetic
fluorogenic substrate Boc-Gln-Ala-Arg-AMC revealed
enhanced activity of trypsin-like protease in HAI-1 KD
conditioned medium, which was significantly suppressed by
KD of matriptase by siRNA (Figure 7E and Supplemental
Figure S1). In primary cultured mouse keratinocytes,
matriptase KD partially alleviated the hydrolysis activity in
the culture supernatant of Spint1�/� keratinocytes
(Figure 7F). Consequently, forced expression of HAI-1 in
The American Journal of Pathology - ajp.amjpathol.org
Spint1�/� keratinocytes suppressed the Boc-Gln-Ala-Arg-
AMC hydrolysis activity (Figure 7G). Taken together,
these results showed that insufficient HAI-1 expression
resulted in enhanced trypsin-like protease activity in kera-
tinocytes, a part of which is derived from matriptase.

PAR-2 Activation Reduces KIF Assembly and Decreases
Desmosome Number in HAI-1 KD HaCaT Cells

Next, we asked whether enhanced matriptase activity was
involved in the activation of p38 MAPK in HAI-1 KD
HaCaT cells. Thus, we examined the effect of matriptase
KD on p38 activation in the cells. Transient transfection of
matriptase siRNA 1 or 2 resulted in an efficient KD effect
and suppressed the enhanced activation of p38 at least partly
(Figure 8A). Transfection of matriptase siRNA 1 suppressed
the HAI-1 KD-induced enhanced p38 activation by 53%
(Figure 8B). Notably, p38 activation was also alleviated to a
similar extent (69% inhibition) by KD of prostasin
(Figure 8, A and B). Double KD of matriptase and prostasin
suppressed the HAI-1 KD-induced p38 activation by 86%
(Figure 8B and Supplemental Figure S2). On the other hand,
KD of PAR-2 completely abolished the HAI-1 KD-induced
Figure 8 Effect of matriptase knockdown (KD),
prostasin KD, matriptase/prostasin double KD, or
protease-activated receptor-2 (PAR-2) KD on
phosphorylation of p38 in control or hepatocyte
growth factor activator inhibitor type 1 (HAI-1) KD
HaCaT cells. A: Representative immunoblot data.
For matriptase, another siRNA (siRNA 2) was also
used to confirm the specific effect of matriptase KD
on p38 phosphorylation. B: Relative ratio of
phosphorylated p38/total p38. C: Immunocyto-
chemistry of phosphorylated p38 in 3D organo-
typic culture. Enhanced p38 phosphorylation (red)
is observed in HAI-1 KD HaCaT cells, and matrip-
tase (green; M24 monoclonal antibody) is also
expressed in these cells. Data are given as
means � SD (B). *P < 0.05 compared to HAI-1e
KD HaCaT control siRNA.
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enhanced activation of p38 (Figure 8, A and B). The
enhanced activation of p38 in HAI-1 KD HaCaT cells was
also confirmed in 3D organotypic culture, and matriptase
was also expressed in these cells (Figure 8C).

We also analyzed whether enhanced protease activity due
to HAI-1 insufficiency did, in fact, impair the convergence
of KIF and decrease the desmosome number in HaCaT cells
through PAR-2 activation. First, we analyzed the effect of a
PAR-2 agonist or an exogenous matriptase on control
HaCaT cells in organotypic culture. Treatment with a
PAR-2 agonist during organotypic culture decreased the
number of desmosomes (Figure 9A) and KIF assembly
(Supplemental Figure S3) in control HaCaT cells, and
similar effects were induced by the addition of recombinant
matriptase catalytic domain (5 nmol/L). Second, we exam-
ined the effect of a PAR-2 antagonist or a serine protease
inhibitor (aprotinin) on the desmosome number in HAI-1
KD HaCaT cells. The PAR-2 antagonist, aprotinin, and
the p38 inhibitor, SB203580, were capable of restoring the
desmosome number (Figure 9A) and KIF assembly
(Supplemental Figure S3). This finding was also supported,
at least partly, by immunoblot analysis of desmoglein 3, a
desmosomal protein, even in two-dimensional cultured
HaCaT cell extracts (Figure 9B). Immunoreactivity of des-
moglein 3 was also decreased in 3D-cultured HaCaT cells in
response to HAI-1 KD, whereas its mRNA level was rather
preserved (Supplemental Figure S4).
Figure 9 Involvement of protease-mediated protease-activated
receptor-2 (PAR-2) signaling on desmosome number. A: Effects of PAR-2
agonist (SLIGR) or antagonist (FSLLRY), matriptase, or aprotinin on
desmosome number in three-dimensional organotypic culture of control
and hepatocyte growth factor activator inhibitor type 1 (HAI-1) knockdown
(KD) HaCaT cells. B: Effects of 100 mmol/L PAR-2 agonist or 100 mmol/L
antagonist, 5 nmol/L matriptase, 200 mg/mL aprotinin, or 10 mmol/L p38
inhibitor (SB203580) on desmoglein 3 protein level in cultured HaCaT cells.
Cultured cells were washed with phosphate-buffered saline and maintained
in serum-free Dulbecco’s modified Eagle’s medium with or without reagent
for 24 hours before extraction. Triton X-100 insoluble fraction of the
cellular extract was used for immunoblotting. ***P < 0.001.
Discussion

Herein, by using both in vitro and in vivomodels, we showed,
for the first time, that HAI-1 is required for KIF convergence
toward desmosomes in epidermal keratinocytes. Insufficient
HAI-1 in epidermal keratinocytes triggered augmented acti-
vation of PAR-2, followed by PAR-2emediated p38 acti-
vation that eventually resulted in KIF retraction and
decreased desmosome number. Our data also suggested that
HAI-1 loss-induced activation of PAR-2 was mediated by an
imbalance in cellular serine proteases and HAI-1.

It has become clear in recent years that serine proteases have
important roles in epidermal homeostasis. For example,
matriptase and prostasin are directly or indirectly implicated in
profilaggrin processing, leading to epidermal barrier formation
and protection against dehydration. Indeed, mice lacking St14
(matriptase) or Prss8 (prostasin) genes showed a severe defect
in epidermal barrier function and died from dehydration early
in neonatal development.36,37 In humans, amino acid sub-
stitutions in the highly conserved protease domain of matrip-
tase result in reduction or loss of matriptase activity and cause
autosomal recessive ichthyosis with hypotrichosis.38 On the
other hand, excess expression or activity of serine protease is
associated with skin disorders. For example, transgenic
expression of prostasin in mouse skin showed scaly skin
reminiscent of ichthyosis, epidermal hyperplasia, disrupted
skin barrier function, and inflamed skin.31 Transgenic
1620
expression of matriptase in mouse keratinocytes resulted in
skin carcinogenesis that could be suppressed by concomitant
overexpression of HAI-1.39 Excess activity of KLK-5, caused
by insufficient serine protease inhibitor of Kazal type 5, results
in Netherton syndrome, a rare autosomal recessive skin dis-
ease with severe skin inflammation, scaling, hair shaft defects,
and allergic manifestations.40 Recent studies have suggested
that PAR-2 is crucially involved in these protease-mediated
skin abnormalities.27,30,31

PAR-2 is expressed by keratinocytes and plays an impor-
tant physiological role in the epidermis. Abnormal expression
or activity of PAR-2 has been associated with several in-
flammatory skin disorders involving barrier abnormalities,
such as atopic dermatitis, Netherton syndrome, psoriasis, and
peeling skin syndrome.27,40e42 Moreover, abnormal skin
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


HAI-1 Maintains Keratin Assembly
phenotypes observed in prostasin and matriptase transgenic/
mutant mice were completely abrogated when the F2rl1 gene
encoding PAR-2 was deleted concomitantly.30,31 Therefore,
regulation of PAR-2 signaling is critically important for
epidermal homeostasis. PAR-2 is activated by serine pro-
teases, such as trypsin, factor Xa, KLKs 4, 5, 6, and 14, and
tryptase, as well as membrane-anchored trypsin-like serine
proteases, such as matriptase, prostasin, TMPRSS2, hepsin,
and human airway trypsin-like protease.17,27,43e46 Consid-
ering the established role of HAI-1 as a regulator of trans-
membrane trypsin-like serine protease activities,17,24 it is
possible to speculate that HAI-1 is a key regulatory molecule
that controls PAR-2 activity and, hence, is critical in main-
taining epidermal integrity. The current study provided evi-
dence for this hypothesis. However, it remains unclear which
protease is directly responsible for the activation of PAR-2 in
keratinocytes.

Matriptase is a likely candidate for a PAR-2 activator in
the setting of HAI-1 insufficiency because matriptase ac-
tivity was increased in the supernatant of HAI-1 KD HaCaT
cells, and the addition of exogenous matriptase could induce
a similar alteration of KIF in control HaCaT cells. Enhanced
pericellular matriptase activity in response to insufficient
HAI-1 was also reported in other cell lines.47,48 However,
matriptase KD only partly alleviated the HAI-1 loss-induced
enhancement of p38 phosphorylation. Probably, multiple
serine proteases are involved directly or indirectly in the
activation of PAR-2 resulting from HAI-1 insufficiency.
Prostasin might be an additional candidate, and evidence
indicates that there are mutual and complex interactions
between matriptase and prostasin for the activation of their
zymogens.25,49,50

Multiple studies have linked the activation of p38 MAPK
to desmosome-associated human skin diseases. For
example, pemphigus vulgaris is a skin-blistering disease in
humans, and enhanced phosphorylation of p38 MAPK is
observed in pemphigus vulgaris skin.51 Human keratino-
cytes treated with pemphigus vulgaris IgG showed p38
activation and retraction of KIF from the cell membrane.5

The retraction of KIF was prevented by a p38 MAPK in-
hibitor.6 Similar results were observed in the current study,
in which a p38 inhibitor abolished the decreased assembly
of KIF to desmosomes induced by HAI-1 loss. In this study,
PAR-2 activation induced p38 activation; however, con-
flicting results have been published regarding PAR-2/p38
signaling, showing both activating and suppressing effects
of PAR-2 activation on p38 signaling. For example, trypsin
and PAR-2 agonist SLIGKV stimulated a time-dependent
increase in p38 MAPK activity in the human keratinocyte
cell line NCTC2544, and PAR-2 activation drove pancreatic
cancer cell migration via the EGF-Src-Rac-p38 signaling
pathway.35,52 In contrast, activated protein Cemediated
activation of PAR-2 inhibited the phosphorylation of p38 in
human primary keratinocytes.53 Therefore, p38 signaling,
modulated by PAR-2 activation, may be highly dependent
on the cellular context or type.
The American Journal of Pathology - ajp.amjpathol.org
Desmosomes in keratinocytes are the most important
intercellular adherence junctions, because they provide
strength to the structure of the epidermis.9 Desmogleins are
cell adhesion molecules of the desmosome. Previous studies
demonstrated that serine proteases are implicated in the
cleavage of desmogleins. For example, desmoglein 2 is a
functional and physiological substrate of matriptase and
KLK-7,10 and KLK-5 promotes cleavage of desmoglein-1.11

In the present study, we found that the desmoglein-3 protein
level was reduced in HAI-1 KD HaCaT cells without sig-
nificant alteration of its mRNA level, and treatment with the
p38 inhibitor, SB203580, abrogated the reduction of
desmoglein-3. However, it remains undetermined whether
the decreased desmoglein 3 level simply reflects the
decreased number of desmosomes or was caused by
enhanced degradation in the absence of HAI-1, leading to a
decreased number of desmosomes. Further studies will be
needed to evaluate this question.

In summary, our study has demonstrated, for the first
time, that HAI-1 regulates KIF assembly into desmosomes
through control of PAR-2edependent p38 MAPK signaling
in keratinocytes. This observation provides better under-
standing of the skin of Spint1�/� mice.22 Further studies
regarding the functions of HAI-1 in human keratinocytes
will broaden our understanding of skin disorders associated
with disruption of epidermal barrier function.
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