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Hepatocyte growth factor activator inhibitor type 1
(HAI-1), encoded by the serine protease inhibitor
Kunitz type 1 (SPINT1) gene, is a membrane-bound ser-
ine protease inhibitor expressed in epithelial tissues.
Mutant mouse models revealed that HAI-1/SPINT1 is es-
sential for placental labyrinth formation and is critically
involved in regulating epidermal keratinization through
interaction with its cognate cell surface protease,
matriptase. HAI-1/SPINT1 is abundantly expressed in
both human and mouse intestinal epithelium; there-
fore, we analyzed its role in intestinal function using
mice with intestinal epithelial cell-specific deletion of
Spintl generated by interbreeding mice carrying
Spint1™>** homozygous alleles with transgenic mice car-
rying the Cre recombinase gene controlled by the intes-
tine-specific Villin promoter. Although the resulting
mice had normal development and appearance, crypts
in the proximal aspect of the colon, including the ce-
cum, exhibited histologic abnormalities and increased
apoptosis and epithelial cell turnover accompanied by
increased intestinal permeability. Distended endoplas-
mic reticula were observed ultrastructurally in some
crypt epithelial cells, indicative of endoplasmic reticular
stress. To study the role of HAI-1/SPINT1 in mucosal
injury, we induced colitis by adding dextran sodium
sulfate to the drinking water. After dextran sodium sul-

fate treatment, intestine-specific HAI-1/SPINT1-defi-
cient mice had more severe symptoms and a signifi-
cantly lower survival rate relative to control mice. These
results suggest that HAI-1/SPINT1 plays an important role
in maintaining colonic epithelium integrity. (AmJ Pathol
2011, 179:1815-1826; DOI: 10.1016/j.ajpath.2011.06.038)

Hepatocyte growth factor activator inhibitor type 1
(HAI-1) is a Kunitz-type serine protease inhibitor encoded
by the SPINT1 (serine protease inhibitor, Kunitz type 1)
gene." 3 It is synthesized as a type 1 transmembrane
protein having two extracellular Kunitz-type serine pro-
tease inhibitor domains, a transmembrane domain and a
short intracytoplasmic domain. The two Kunitz domains
are separated by a low-density lipoprotein receptor—like
domain. In humans, HAI-1/SPINT1 is expressed in most
epithelial tissues, with the most abundant expression in
the gastrointestinal tract and placental cytotrophoblasts,
and its subcellular localization is predominantly basolat-
eral in polarized epithelial cells.*® The mouse HAI-1/
SPINT1 also shows expression patterns that are similar to
those in humans.® Because of this similarity, the biologi-
cal functions of HAI-1/SPINT1 in vivo have been studied in
mice using Spint7 mutant mice.®°

To date, several serine proteases have been proposed
as targets for HAI-1/SPINT1, including hepatocyte growth
factor activator (HGFAC), kallikrein 1-related peptidase
4, kallikrein 1-related peptidase 5, matriptase (also
known as epithin, MT-SP1, ST14, and PRSS14), hepsin
(TMPRSS1), TMPRSS13, and prostasin (PRSS8).23:10-12
Matriptase, hepsin, and TMPRSS13 belong to the type 2
transmembrane serine protease superfamily, whereas
prostasin is a glycosylphosphatidylinositol-anchored pro-
tein.'® These target proteases are known to participate in
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bioactive molecule processing. For example, matriptase
activates hepatocyte growth factor (HGF), macrophage-
stimulating protein (MSP), protease-activated receptor 2,
and urokinase-type plasminogen activator in the pericel-
lular microenvironment and also activates other mem-
brane-bound proteases, such as prostasin, which is an
important activator of epithelial sodium channels.'® Con-
sequently, the interaction between HAI-1/SPINT1 and
matriptase is critical for tissue morphogenesis and cellu-
lar biology. In fact, mice lacking HAI-1/SPINT1 have com-
pletely impaired placental labyrinth layer development,
and the concomitant deletion of the matriptase/St74 gene
rescues this phenotype.®” In mouse skin, HAI-1/SPINT1
interacts with matriptase to play a central role in regu-
lated keratinization of the epidermis.®® The participation
of HAI-1/SPINT1 in the maintenance of epidermal integ-
rity in zebrafish was also demonstrated.'® Even in neo-
plastic cells, short hairpin RNA knockdown of HAI-1/
SPINT1 induced epithelial to mesenchymal transition in
certain human epithelial cancer cell lines with enhanced
metastatic colonization capability.'*'® These lines of ev-
idence strongly suggest that HAI-1/SPINT1 has a signif-
icant functional role in epithelial biology.

The intestinal epithelium provides an important barrier
against luminal contents, such as microorganisms, food
products, and digestive enzymes. Disruption of epithelial
barrier functions confers susceptibility to colitis.'® Although
HAI-1/SPINT1 is strongly expressed by intestinal epithelial
cells, its function in the intestinal epithelium is not known. On
the other hand, a recent study showed that matriptase, one
of the most important target proteases of HAI-1/SPINTT, is
critical for maintaining epithelial integrity’”; thus, HAI-1/
SPINT1 may also have an important role in sustaining intes-
tinal epithelium integrity. Because ablation of the Spint?
gene in mice results in embryonic lethality due to impaired
placental development, we rescued placental development
in HAI-1/SPINT1 knockout mice to study the functions of
HAI-1/SPINT1 in viable mice.® However, although HAI-1/
SPINT1-deficient mice were delivered after placental res-
cue, they showed significant skin abnormalities and died
within 15 days of birth, which prevented further analysis of
intestinal tissues.® In the present study, we attempted to gen-
erate mice with intestinal tissue—specific conditional ablation of
the Spint1 gene to overcome the lethality observed in HAI-1/
SPINT1-null mice and to analyze its function in intestinal tissue.
We found morphologic abnormalities in the colonic epithelium
with enhanced epithelial cell apoptosis and increased muco-
sal permeability. Moreover, mice lacking intestinal HAI-1/
SPINT1 showed significantly enhanced susceptibility to colitis
induced by dextran sodium sulfate (DSS) exposure.

Materials and Methods
Antibodies

The following antibodies were used: anti-mouse HAI-1
goat polyclonal IgG (R&D Systems, Minneapolis, MN),
anti-5-bromo-2-deoxyuridine (BrdU) mouse monoclonal
IgG (Clone BU-33; Sigma-Aldrich, St. Louis, MO), anti-
cleaved caspase-3 (Asp175) rabbit polyclonal 1gG (Cell

Signaling Technology, Boston, MA), anti-phosphorylated
c-Jun N-terminal kinase/stress activated protein kinase
(JNK/SAPK) (Thr183/Thr185) rabbit polyclonal IgG (Cell
Signaling Technology), anti-growth arrest and DNA dam-
age inducible 153 (GADD153) rabbit polyclonal I1gG (F-
168; Santa Cruz Biotechnology, California, CA), anti-
mouse clusterin goat polyclonal IgG (R&D Systems),
antimatriptase rabbit polyclonal IgG (AnaSpec, San Jose,
CA); anti-ZO-1 rabbit polyclonal antibody (Life Technol-
ogies Japan, Tokyo, Japan); and anti-occludin rabbit
polyclonal IgG (Life Technologies Japan).

Generation of HAI-1/SPINT1 Conditional
Knockout Mice

All of the animal work was performed using protocols
approved by University of Miyazaki Animal Research
Committee, in accordance with international guidelines
for biomedical research involving animals. The mouse
Spint1 gene was cloned from a mouse (129/SvJ) genomic
bacterial artificial chromosome library, and two DNA frag-
ments digested with BamHI were found to cover the en-
tire mouse Spint? gene, as described previously.® These
clones were subcloned into a pBluescript 1| SK+ phage-
mid vector (Agilent Technologies, Palo Alto, CA) and
used to construct a targeting vector. LoxP sites were
inserted into intron 3 and exon 11, and a neomycin re-
sistance gene cassette for positive selection was also
inserted within exon 11 and was flanked by a loxP site. In
addition, the targeting vector contained a diphtheria toxin
expression cassette for negative selection. An EcoRl site
was inserted to screen for the targeting vector by South-
ern blotting. The targeting vector was linearized with Sa-
cll and transfected into C57BL/6 strain embryonic stem
cells by electroporation. Correctly targeted embryonic
stem clones were selected using G418 and identified by
Southern blotting. Two independently targeted clones
were microinjected into morulae of ICR mice, and the
resulting chimeras were mated with C57BL/6 mice.
Germline transmission of the targeted allele was detected
by progeny coat color and Southern blotting. Heterozy-
gous offspring were crossed to produce homozygous
mutant offspring. Homozygous floxed Spint7 mice
(Spint1-XPLoxPy \were crossed with mice harboring the
Cre recombinase under control of the intestine-specific
villin promoter (Villin-Cre*’°) obtained from Jackson Labo-
ratories (Bar Harbor, ME). The offspring carrying a floxed
Spint1 allele and Vilin-Cre were again bred to obtain ho-
mozygous floxed Spint1 mice with intestine-specific expres-
sion of Cre recombinase (Spint1->">*//jjin-Cre*/°).

Induction of Experimental Colitis

For colitis induction, Spint -7t \/jllin-Cre™'° mice and
their littermate control floxed mice lacking Cre expression
(Spint 1-XFLoxP1\/jliin-Cre®) were treated with DSS (molec-
ular weight, 36-50 kDa; MP Biomedicals, Solon, OH) in
the drinking water. To assess the recovery after very mild
colitis, mice were treated with 1% DSS for 4 days, and
then the drinking water was changed to distilled water



without DSS for the next 7 days. For the acute, severe
colitis model, mice were treated with 2.5% DSS for 7
days, and then the drinking water was changed to dis-
tilled water without DSS. Mice were weighed daily and
visually inspected for rectal bleeding and diarrhea.

Intestinal Permeability Assay

To assess intestinal barrier function, an intestinal perme-
ability assay was performed.” Briefly, 250 ug/g body
weight of fluorescein isothiocyanate (FITC)-dextran (4
kDa; Sigma-Aldrich) was administrated by gavage to 12-
week-old  Spint1-F/\jilin-Cre*’®  and  control
Spint 1-FP/\/jllin-Cre® mice. One, 3, or 6 hours after
administration of FITC-dextran, the blood samples were ob-
tained from the right ventricle, and EDTA-containing plasma
samples were collected by centrifugation at 960 X g for 20
minutes at 4°C. A total of 75 ulL of plasma was diluted in 250
uL of PBS, and fluorescence was quantified using a fluo-
rometer (DTX800 Multimode Detector; Beckman Coulter,
Fullerton, CA) with excitation an emission wavelengths of
485 nm and 535 nm, respectively. FITC-dextran concentra-
tions were determined from standard curves generated
by serial dilution of FITC-dextran. In another experiment,
mice were treated with FITC-dextran as described above
followed by preparation of small and large intestine cryo-
sections for fluorescence microscopy.

RT-PCR and Real-Time RT-PCR

Total RNA was prepared with TRIzol (Life Technologies
Japan) followed by DNase | (Takara Bio, Shiga, Japan)
treatment. For RT-PCR, 3 ug of total RNA was reverse-
transcribed with a mixture of Oligo (dT)12-18 (Life Technol-
ogies Japan) and random primers (hexamers) (Takara Bio)
using 200 units of ReverTra Ace (Toyobo, Osaka, Japan),
and 1/30 of the resulting cDNA was processed for each
PCR reaction with 0.2 umol/L of both forward and reverse
primers and AmpliTag Gold PCR Master Mix (Life Technol-
ogies Japan). The primer sequences used are described in
Table 1. For quantitative real-time RT-PCR using cyber

Table 1. Primer Sequences for RT-PCR and Real-Time RT-PCR

HAI-1 Maintains Epithelial Integrity 1817
AJP October 2011, Vol. 179, No. 4

green, PCR was performed in a LightCycler (Roche Diag-
nostics Japan, Tokyo, Japan) as previously described.'
For internal control, B-actin mMRNA was also measured.

Histologic, Immunohistochemical, and
Immunofluorescent Analyses

Intestinal tissues were fixed overnight in 4% paraformal-
dehyde in PBS and then dehydrated and embedded in
paraffin. Sections 4 um thick were prepared and stained
with H&E or PAS stain. To count shedding epithelial cells
in the proximal aspect of the colon, H&E-stained mucosal
tissue was randomly photographed at X400 magnifica-
tion. Then the shedding epithelial cells per field were
counted by two independent investigators. For immuno-
histochemistry and immunofluorescence, the sections
were processed for antigen retrieval by microwave in 10
mmol/L citrate buffer (pH 6.0) for 10 minutes at 96°C
(phospho-JNK/SAPK, cleaved caspase-3, GADD153,
matriptase) and autoclaved in 10 mmol/L citrate buffer
(pH 6.0) for 10 minutes (BrdU) or protease K (Dako Ja-
pan, Tokyo, Japan) for 10 minutes at room temperature
(HAI-1/SPINT1, ZO-1, occludin). The sections were
treated with 3% H,O, in PBS for 10 minutes for immuno-
histochemistry. After blocking in solution recommended
by the supplier of each antibody for 1 hour at room
temperature, the sections were incubated with primary
antibodies according to the instruction by the supplier of
each antibody and processed as previously de-
scribed.®® For immunohistochemistry, sections were in-
cubated with Envision-labeled polymer reagents (Dako)
for 30 minutes at room temperature. Reactions were re-
vealed using nickel and cobalt-3,3’-diaminobenzidine
(Pierce, Rockford, IL) and counterstained with Mayer’s
hematoxylin. For immunofluorescence, the sections were
incubated for 30 minutes at room temperature with Alexa
Fluor 488—conjugated goat anti-rabbit IgG (Life Technolo-
gies Japan). The sections were investigated with an Axio
Imager A2 (Carl Zeiss Microlmaging, Tokyo, Japan). The
primary antibody was omitted for negative controls in both
immunohistochemical and immunofluorescence analyses.

Target Forward Reverse Product size, bp
HGFAC 5'-TGACACAGACATTTGGCATTGAGA-3’ 5'-GCAGGCAGATGGGTTGAACA-3' 150
Matriptase 5'-CACGAATGATGTGTGTGGGTTTC-3' 5'-CCTGGAACATTCGCCCATCT-3' 105
Hepsin 5'-TGCCTTGGTCCACCTCTCTAGCTC-3’ 5'-CGGGGCTGTTGCAAACTTCGTTGC-3’ 202
TMPRSS2 5'-TCCAGGGGTCTGTCGACTCTTG-3' 5'-ACCGTCACGTTCCCGTATACTCC-3’ 147
TMPRSS4 5'-TACTGCAGGCATCAGTCCAGGTC-3’ 5'-TGGTACATCAAAGGCCCACCAC-3’ 163
TMPRSS13 5’ -ATGATGTGTGCCGGGGATCTACG-3' 5'-TCCGGAATCGTACCTCACTCTCC-3' 216
Prostasin 5'-AGCCCTCTTCTCGGTAGCTTGAG-3’ 5'-TGGTGTCTGCTGCTCACTGCTTC-3' 152
HAI-2 5'-TCGCCTTGGTAGCTTCGCTG-3' 5'-GTGACGGCCTTCGGGACACA-3' 205
HAI-1 5'-GCTGTGCCCGATTCACCTATG-3' 5'-GACCACTATGATGCAGATGACCAGA-3' 194
B-Actin 5'-TGACAGGATGCAGAAGGAGA-3' 5'-GCTGGAAGGTGGACAGTGAG-3' 131
Bcl-2 5'-ACCGTCGTGACTTCGCAGAG-3' 5'-GGTGTGCAGATGCCGGTTCA-3' 238
Bel-xL 5'-ATCAATGGCAACCCATCCTGG-3' 5'-TTGTCTACGCTTTCCACGCAC-3' 319
Bax 5'-CGGCGAATTGGAGATGAACTG-3' 5'-GCAAAGTAGAAGAGGGCAACC-3' 160
Bad 5'-GCCCTAGGCTTGAGGAAGTC-3' 5'-CAAACTCTGGGATCTGGAACA-3’ 108
IL-18 5'-GTAATGAAAGACGGCACACCC-3' 5'-GTGCTGATGTACCAGTTGGG-3' 157
IL-6 5'-AGCCAGAGTCCTTCAGAGAG-3' 5'-ACTCCTTCTGTGACTCCAGC-3' 136
IL-10 5'-ATGCAGGACTTTAAGGGTTACTTGGGTT-3’ 5'-ATTTCGGAGAGAGGTACAAACGAGGTTT-3’ 454
TLR-2 5'-AGCAGCTGGAGAACTCTGACCC-3’ 5'-AGTTCGTACTTGCACCACTCGC-3’ 164
TLR-4 5'-TTCTGAGCAGCCGCTCTGGCATCATC-3' 5'-CTCTGCTGTTTGCTCAGGATTCGAGGC-3’ 208
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BrdU Labeling into the TOPO TA cloning vector (Life Technologies Ja-

pan). In vitro transcription to generate digoxigenin-la-
Ten-week-old mice were injected i.p. with BrdU (50 pg/g of beled RNA probes was performed according to the man-
body weight; Sigma-Aldrich), were sacrificed 1.5 hours after ufacturer’s instructions (Roche Diagnostics Japan). The
injeCtiOﬂ, and had their intestines removed fOI’ immunohis- same amount of each antisense or sense probe was used
tochemical analySiS. Forma”n-ﬁxed, paraﬁin—embedded sec- for hybridizat]on’ with the sense probe used as a negative
tions were processed fOI’ antigen retl’ieval and immunohiStO‘ control. The in situ hybridization reaction was performed
chemical staining using anti-BrdU antibody as described using a fully automated in situ hybridization apparatus
above. The ratio of nuclear BrdU-positive cells to total crypt (Ventana HX System Discovery and RiboMap System:
cells was counted by two independent investigators. Roche Diagnostics Japan), according to the manufactur-

er’s instructions. Hybridization was performed by using
In Situ Hybridization 200 ng per slide of digoxiggnin—lgbeleq RNA probe at

65°C for 6 hours. After hybridization, signals were de-
For in situ hybridization of matriptase mRNA, the cDNA of tected by alkaline phosphatase-conjugated anti-
matriptase was generated by RT-PCR and subcloned digoxigenin antibody. The reaction was detected with a
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Figure 1. Generation of intestine-specific conditional Spint7 knockout mice. A: Schematic drawing of the Spint1 gene, targeting vector, floxed Spint1 gene, and
floxed Spint1 gene after Cre-mediated recombination. The recombination eventually leads to the excision of exons 4 to 10 and part of exon 11, which was
previously shown to generate a null allele.® a and b: Southern probe; ¢: PCR primer position. E, EcoRI site; S, Spel site. B: RT-PCR analysis for HAI-1/SPINT1 mRNA
expression in wild-type, Spml]’ XPLOXE illin-Cre”, and Spint 1"t/ Villin-Cre*’° mice. The expression of HAI-1/SPINT1 is absent in the intestinal tissue of
Spint 171X yijlin-Cre*’° mice. C: Quantitative real-time RT-PCR to determine intestinal HAI-1/SPINT1 mRNA levels in wild-type (Spint1™/"), heterozygous
(Spint1™' ), Spint1**7LT/Villin-Cré® (floxed Spint1), and Spint1-*7 " /Villin-Cre*’° (floxed Spint1/Villin-Cre) mice. Values are the mean = SD of four
experiments. *Undetectable. D: Immunohistochemical detection of HAI-1/SPINT1 in mice showing successful deletion of Spint1 gene in the small and large
intestinal epithelium but not in the lung bronchiolar epithelium. Inset: High magnification showing basolateral localization of HAI-1/SPINT1 in the colonic
epithelium from control mice but not in that from Spint 1%/ Villin-Cre*’° mice. Scale bar = 100 um. E: RT-PCR study of HGFAC, membrane-bound serine
protease expression (matriptase, hepsin, Tmprss2, Tmprss4, Tmprss13, prostasin), HAI-2/SPINT2, and HAI-1/SPINT1 in different intestine sections from littermate
control (Spint 1+ /Villin-Cre”) and intestine-specific HAI-1/SPINT1-deficient (Spint1:*"**"/Villin-Cre*’®) mice.



BlueMap kit (Roche Diagnostics Japan) and counter-
stained with nuclear fast red.

Transmission Electron Microscopy

Specimens were fixed with a mixture of 2% paraformal-
dehyde and 2.5% glutaraldehyde in 0.1 mol/L phosphate
buffer, pH 7.4. After rinsing with the buffer, the specimens
were postfixed with 1% osmium tetroxide in 0.1 mol/L
phosphate buffer for 2 hours at 4°C. Postfixation specimens
were washed with distilled water and dehydrated through a
graded ethanol series, substituted with propylene oxide,
and embedded in epoxy resin. Ultrathin (80-nm-thick) sec-
tions were cut and stained with 2% uranyl acetate in 70%
methanol for 4 minutes followed by Reynold’s lead citrate for
3 minutes and observed with a JEOL 1200EX (JEOL, Tokyo,
Japan) transmission electron microscope.

Immunoblot Analysis

Mouse intestinal mucosae were scraped from the small
intestine, cecum, and colon and homogenized on ice in
CellLytic MT (Sigma-Aldrich) and protease inhibitor cock-
tail (Sigma-Aldrich). The extracts were centrifuged at
20,000 X g for 15 minutes at 4°C, and the resulting
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supernatants were used for experiments. Equal amounts
of total proteins were separated by SDS-PAGE under
reducing conditions using 4% to 12% gradient gels and
transferred onto an Immobilon membrane (Millipore, Bed-
ford, MA). After blocking with 5% nonfat milk in Tris-
buffered saline with 0.1% Tween 20 (TBS-T), the mem-
branes were incubated overnight at 4°C with primary
antibody, followed by washing with TBS-T and incubation
with horseradish peroxidase-conjugated secondary an-
tibody diluted in TBS-T with 1% bovine serum albumin for
1 hour at room temperature. The labeled proteins were
visualized with a chemiluminescence reagent (PerkinElmer
Life Science, Boston, MA).

Statistical Analysis

Comparison between two unpaired groups was made
with repeated-measures analysis of variance or Mann-
Whitney U-tests using SPSS 15.0 software (SPSS Japan
Inc, Tokyo, Japan). Survival analysis was performed us-
ing Kaplan-Meyer survival curves, which were compared
by the log-rank test using STAT view 5.0 (SAS Institute
Inc., Cary, NC). The threshold for statistical significance
was P < 0.05.
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Figure 2. Histologic alterations of HAI-1/SPINT1-deficient intestinal epithelium. A: Histologic analysis (H&E and PAS stains) of proximal aspect of the colon from
littermate control Spint 71”2~/ ijlin-Cré® (control) and intestine-specific HAI-1/SPINT1-deficient Spint 1%+ Villin-Cre*’° (knockout) mice. Scale bar = 50
pm. Higher-magnification photographs of the surface portion (H&E) are also shown. Crypt length and total epithelial cell nuclei per each crypt of cecum (Ce),
proximal aspect of the colon (p-Co), and distal aspect of the colon (d-Co) are shown. Ten crypts from each mouse were counted, and the values are the mean * SD
of four mice. B: BrdU labeling index of intestinal segments from Spint1:**”2°*" /Villin-Cré® (control) and Spint1***”°*"/Villin-Cre*’® (knockout) mice. Ten crypts
from each mouse were counted, and the values are the mean % SD of four mice. p-SI, proximal small intestine; d-SI, distal small intestine. *P < 0.05. C:
Representative photos of BrdU immunohistochemistry (cecum). BrdU-positive cells are observed at the upper portion of the crypts from Spint 1"t/ Vilin-

Cre*’? (knockout) mice. Scale bar = 50 wm.
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Results

Generation of Intestinal Epithelial Cell-Specific
HAI-1/SPINT1-Null Mice

To circumvent the embryonic lethality associated with HAI-1/
SPINT1 deficiency, we used the cre-loxP recombination
system of bacteriophage P1 to achieve tissue-specific de-
letion of the Spint7 gene (Figure 1A). Intestinal epithelial
cell-specific HAI-1/SPINT1—null mice were produced by
crossing mice homozygous for Spint7 floxed alleles
(Spint1-*F/\/illin-Cre®) with Villin-Cre transgenic mice
having heterozygous floxed Spint1 (Spint1-7*/Villin-
Cre™'®) to generate Spint1->->F/\/ilin-Cre*'° (ie, intes-
tine-specific HAI-1/SPINT 1-deficient) mice and their
associated Spint1-*7*/Villin-Cre*/°, Spint1-ox/toxFy
Villin-Cre®, and Spint1-°*7"*/Viillin-Cre® littermates. The
intestinal tissue—specific defect of HAI-1/SPINT1
mRNA in spint1-7oFyjjjin-Cre*’° was indicated by
RT-PCR (Figure 1B) and real-time RT-PCR (Figure 1C)
analyses. Subsequent immunohistochemical evalua-
tion further confirmed the absence of the HAI-1/SPINT1
protein in intestinal epithelial cells of Spint1-ox~toxFy
Villin-Cre*'° mice but not other epithelial tissues (Figure
1D). We also compared the expression of serine pro-
teases, particularly those suggested to be HAI-1/
SPINT1 targets, in the intestinal tissues of intestine-
specific  HAI-1/SPINT1-deficient mice with their
littermate controls. We detected no significant differ-
ences in the expression levels and patterns of the
target proteases, such as HGFAC, matriptase, hepsin,
prostasin, and TMPRSS13 (Figure 1E). HAI-2/SPINT2,
a protein related to HAI-1/SPINT1 that also has a trans-
membrane domain and two extracellular Kunitz do-
mains, is expressed abundantly throughout the intes-
tinal tissues as well (Figure 1E). Apparent morphologic
abnormalities could not be identified in the intestine-
specific HAI-1/SPINT 1-deficient mice by gross inspec-
tion, and growth retardation was not observed until 6
months after birth (data not shown). Intestinal symp-
toms, such as diarrhea and bloody stool, were not
observed in the mutant mice.

HAI-1/SPINT1 Deficiency Results in Histologic
Abnormalities of Colonic Epithelium

To query the possible function of HAI-1/SPINT1 in intes-
tinal morphology, Spint1-*=*F/\/jlin-Cre™’° mice were
subjected for detailed morphologic analyses of the intes-
tinal tissue. Macroscopically, the length of each small
intestine and large intestinal segment (cecum, proximal
half of colon, or distal half of colon) was the same for both
Spint 1-XLF/\/jillin-Cre™° and control littermate mice,
and no visible abnormalities were apparent (data not
shown). We next performed histologic examination of the
intestinal tissues. Histologically, the large intestine of
Spint1-LXF/\jllin-Cre™° mice displayed varying de-
grees of crypt architecture dissolution compared with
their littermate mice, with a tendency toward an in-
creased number of shedding epithelial cells, which sug-
gests increased apoptosis of surface epithelial cells (Fig-
ure 2A), with a mean number of shedding cells per one
high-power field (400X) of 3.8 and 0.1 for knockout (n =
16) and control mice (n = 6), respectively, in the upper
large intestine. These histologic abnormalities were more
evident in the upper large intestine, particularly the ce-
cum, compared with the distal large intestine. On the
other hand, small intestine epithelium did not show nota-
ble histologic abnormalities after Spint7 gene deletion
(data not shown). Crypt sizes may be modestly de-
creased in the HAI-1/SPINT1-deficient large intestine,
but the differences were not statistically significant (Fig-
ure 2A). PAS staining revealed that the number of mucin-
filled goblet cells was decreased (Figure 2A). The epithelial
cells in the intestinal crypts showed increased mitotic activ-
ity as judged by BrdU labeling index (Figure 2B). The BrdU-
positive cells were observed in upper portion of the HAI-1/
SPINT1-deficient crypts compared with the control crypts,
indicating enhanced turnover of the epithelial cells in the
absence of HAI-1/SPINT1 (Figure 2C).

To further evaluate the histologic abnormalities of HAI-1/
SPINT1-deficient intestine, we performed ultrastructural
analysis of upper large intestine epithelium. As shown in
Figure 3, the HAI-1/SPINT1-deficient colonic crypts
showed a somewhat disorganized row of epithelial cells
compared with control crypts, which had regularly ar-

Figure 3. Transmission electron microscopy of
the proximal aspect of the colon crypt epithelia
from a littermate control Spint 1°**</Villin-Cre’
mouse (A) and a  Spint1“=" ) Villin-Cre*/°
mouse (B). L, crypt lumen. C and D: Higher-mag-
nification photographs of epithelial cell with dis-
tended ER (arrow). Scale bar = 2 um.



ranged rows of epithelial cells. Notably, several goblet
cells were expanded with low cytoplasmic electron den-
sity compared with control mice. In these cells, the en-
doplasmic reticulum (ER) was severely distended, which
is a feature of ER stress (Figure 3D, arrow).

Apoptosis Is Enhanced in HAI-1/SPINT 1-Deficient
Colonic Epithelium

The morphologic analyses suggested that in the absence of
HAI-1/SPINTA1, crypt epithelial cells of the large intestine
may show increased ER stress, apoptosis, and epithelial
turnover. In fact, the number of cleaved caspase-3-pos-
itive cells was increased in Spint1-2"->"\jllin-Cre*/°
mice compared with their littermate controls, particularly
in the upper large intestine (Figure 4, A and B). We could
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not analyze detailed subcellular relocalization of apopto-
sis-related molecules, such as Bcl-2, Bel-xL, Bax, and
Bad. However, at least, their mRNA levels were not al-
tered significantly as determined by RT-PCR (Figure 4C)
and real-time RT-PCR (data not shown). On the other
hand, nuclear localization of phosphorylated JNK/SAPK
was notably increased in the cecum and proximal aspect
of the colon but not in the distal aspect of the colon
(Figure 4D). Moreover, nuclear immunoreactivity —of
GADD158, a member of the C/EBP gene family of transcrip-
tion factors that is up-regulated by ER stress,'® was also
enhanced in HAI-1/SPINT1-deficient cecum and proximal
aspect of the colon along with increased cleaved
caspase-3 (Figure 4E). These observations may implicate
the activation of ER stress-induced apoptotic pathway in the
absence of HAI-1/SPINT1. In addition, we found that the
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Figure 4. Enhanced apoptosis in HAI-1/SPINT1-deficient colon. A: Immunofluorescence analysis for cleaved caspase-3 in the cecum and proximal aspect of the colon
(p-Colon) from Spint 1> /Villin-Cré® (control) or Spint1“**”**/Villin-Cre*’® (knockout) mice. B: Number of cleaved caspase-3 positive cells per crypt (mean =
SD, n=4).*P < 0.005; *P < 0.001. C: RT-PCR analysis for apoptosis-related molecules. D: Inmunohistochemistry for phosphorylated JNK/SAPK in the cecum and distal
aspect of the colon (d-Colon). Enhanced nuclear immunoreactivity was observed in HAI-1/SPINT1-deficient epithelial cells (knockout) compared with littermate controls
(control) in the cecum. Scale bar = 100 um. E: Enhanced nuclear immunoreactivity of GADD153 in epithelial cells of cecum from Spint1 LoxPLoxE /it -Cre© (knockout)
mice. Immunoblot analyses for cleaved caspase-3 and GADD153 using the same blot membrane are also shown. F: Decreased clusterin levels in proximal aspect of the
colon mucosae from Spint 1°**"**/Villin-Cre*’° (knockout) mice relative to their littermate controls (control). Band intensity was normalized with respect to the intensity
of the corresponding B-actin band, and the means * SD of four independent experiments are also shown. *P < 0.05.
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Figure 5. Enhanced permeability and deranged subcellular localization of matriptase in HAI-1/SPINT1-deficient upper large colon mucosa. A: Immunofluorescence of
the mucosa (proximal aspect of the colon) from Spint7*“****/Viflin-Creé” (control) or Spint 1°**"*</Viillin-Cre*’° (knockout) mice after administration of FITC-dextran
by oral gavage. Plasma FITC-dextran levels were also measured 3 hours after administration, and indicated values are the means = SD of four independent experiments.
*P < 0.05. B: Altered expression patterns of ZO-1 and occludin observed in HAI-1/SPINT1-deficient proximal aspect of the colon mucosa showing abnormal histologic
features. Higher magnification images are shown in the right panels (ZO-1) or insets (occludin). Knockout mouse epithelium shows foci absences. Scale bar = 50 wm.
C: Subcellular localization of matriptase in proximal aspect of the colon epithelial cells. Scale bar = 20 um. Higher magnification images are shown as insets. Dz 1z situ
hybridization for matriptase mRNA (proximal aspect of the colon). Control slide probed with sense RNA probe is also shown.

level of the secreted-form clusterin protein, an antiapoptotic
and possibly cytoprotective molecule,'® was reduced in
HAI-1/SPINT1-deficient intestinal tissue (Figure 4F).

Intestinal Permeability Is Increased in the
Absence of HAI-1/SPINT1

Next we examined the mucosal permeability using FITC-
dextran. After oral administration of FITC-dextran, tissue
fluorescence was easily detected in the upper large in-
testine of HAI-1/SPINT1-deficient mice but not in control
mice, indicating enhanced permeability in the absence of
HAI-1/SPINT1 (Figure 5A). Although this tracer perme-
ates the intestinal barrier by paracellular diffusion,’” flu-
orescence was also observed within apical cells. How-
ever, the enhanced tissue fluorescence was not
observed in the small intestine and was weak in the distal
aspect of the colon (data not shown). Accordingly,
plasma FITC-dextran levels were significantly increased
in mutant mice (Figure 5A). Immunofluorescence analysis
of the tight junction-associated proteins, ZO-1 and occlu-
din, revealed irregular expression patterns in HAI-1/
SPINT 1-deficient epithelium compared with control epi-
thelium from upper large intestine and showed foci
absences and/or decreased staining intensity (Figure

5B). Because these observations were similar to those
reported for intestinal matriptase-deficient mice,' we
then examined the expression pattern of matriptase in the
mucosa showing enhanced permeability. Interestingly,
the basolateral surface localization of matriptase in colonic
epithelial cells became oblique in the HAI-1/SPINT1-defi-
cient cells, showing a rather diffuse cytoplasmic staining
pattern (Figure 5C). This deranged matriptase immunolo-
calization pattern was observed in the crypt epithelia of the
cecum and proximal aspect of the colon, which showed
altered epithelial histologic architecture, but not in the small
intestine and the other portions of large intestine with normal
histologic architecture (data not shown). However, the cel-
lular population responsible for matriptase mMRNA ex-
pression was apparently unchanged as judged by in
situ hybridization (Figure 5D).

HAI-1/SPINT1 Deficiency Leads to Enhanced
Susceptibility to DSS-Induced Experimental
Colitis

These results indicate that the absence of HAI-1/SPINT1
disrupts the epithelial integrity of the upper large intestine

and may result in susceptibility to inflammatory injury. To
test this hypothesis, we examined the effect of DSS-
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Figure 6. Effect of Spint1 deletion on mild DSS-induced mucosal injury (1%
DSS in drinking water for 4 days). A: Body weight changes for Spint1-*<"toxt;
Villin-Cre*’° (knockout, 7 = 4) mice and their littermate controls (control,
n = 6) under very mild DSS injury. B: Histologic analysis (H&E) of the large
intestine 7 days after stopping 1% DSS treatment. Representative photo-
graphs for each large intestine segment from control and knockout mice are
shown. Arrows indicate erosive lesions. p-Colon, proximal aspect of the
colon; d-Colon, distal aspect of the colon. Scale bar = 100 um. Insets:
Higher magnification of crypt epithelium from the distal aspect of the colon,
showing depleted goblet cells in the absence of HAI-1/SPINT1.

induced intestinal injury, a mouse model of inflammatory
bowel disease (IBD),?° on intestines of HAI-1/SPINT1-
deficient mice. With very mild DSS injury (1% DSS in
drinking water for 4 days), no significant differences of
symptoms and body weight were observed between
Spint1-LXF \jjllin-Cre™© mice and their littermate con-
trols (Figure 6A). However, even in this very mild injury
model, there was a tendency for histologic mucosal re-
generation to be delayed in the mutant mice. As shown in
Figure 6B, mucosal erosion was occasionally observed in
the HAI-1/SPINT1-deficient upper large intestine even 7
days after stopping DSS administration but not in control
intestinal tissue. Although the persistent erosion was not
observed in the distal aspect of the colon, the recovery
of goblet cells was delayed in the HAI-1/SPINT 1-defi-
cient mice compared with control mice (Figure 6B).
The differences became significant in the acute DSS
colitis model (2.5% DSS in drinking water for 7 days).
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The Spint1-LF/\jjllin-Cre*’° mice had more severe
clinical symptoms as indicated by diarrhea, bloody stool,
and weight loss and showed significantly lower survival
ratios compared with control Spint1->*t*\/jllin-Cre°
mice (Figure 7A). Macroscopically, although the length of
colon (proximal half of the colon and distal half of the
colon) was equally shortened in both groups, the cecum
length was significantly shorter in the intestinal HAI-1/
SPINT1-deficient mice compared with the controls (Fig-
ure 7B). Histologically, mucosal ulceration and shedding
of epithelial cells were evident in HAI-1/SPINT1-deficient
proximal aspect of the colon (Figure 7C). The shedding
HAI-1/SPINT1-deficient epithelial cells had vacuolated
cytoplasm, and hobnail cells were occasionally observed
also (Figure 7C, inset). The cecum mucosa of HAI-1/
SPINT1-deficient mice was totally ulcerated, whereas
that of control mice was largely preserved (Figure 7D).
Enhanced inflammatory activity in the HAI-1/SPINT1-de-
ficient large intestine was also supported by increased
mRNA levels of inflammatory cytokines, such as interleu-
kin (IL)-18 and IL-6. The expression levels of Toll-like
receptor (TLR)-2 and TLR-4 were not altered by the ab-
sence of HAI-1/SPINT1 (Figure 7E).

Discussion

The intestinal epithelium consists of specialized cell pop-
ulations that undergo continuous and rapid renewal and
is very vulnerable to injury from various exogenous and
endogenous agents, including drugs, radiation, microor-
ganisms, and unknown inflammatory processes called
IBD. Proper regulation of epithelial architecture and
cell survival is critical for maintaining mucosal barrier
function and likely involves many factors.'® Recently, a
trypsin-like transmembrane serine protease, matriptase,
has emerged as an important molecule that is required
for the homeostasis of multiple simple and stratified epi-
thelia, including intestinal epithelium.™ 2" This study pro-
vides evidence that the membrane-bound serine pro-
tease inhibitor HAI-1/SPINT1 is also required to maintain
epithelial integrity in intestinal tissue. Indeed, matriptase
is a well-known cognate protease of HAI-1/SPINT1, and
the activity of matriptase is tightly regulated by this mem-
brane-bound inhibitor.??

Mice lacking intestinal HAI-1/SPINT1 grew without sig-
nificant weight loss, but showed mild histologic abnor-
malities in the upper large intestine and had a signifi-
cantly enhanced susceptibility to DSS-induced mucosal
injury. One unexpected outcome of this study is the dif-
ferential effect of HAI-1/SPINT1 deficiency on the struc-
tural architecture and permeability of different intestinal
segments. The histologic appearance of the small intes-
tine was not altered, whereas that of the large intestine,
particularly the cecum and proximal aspect of the colon,
was changed and showed significantly increased perme-
ability, although the reasons for these segmental differ-
ences are unclear. This phenotype shows a striking
similarity to that observed for mice having an intestine-
specific conditional deletion of the matriptase/St74
gene." Although the intestinal phenotype is more severe
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Figure 7. Effect of Spint1 deletion on severe DSS-induced mucosal injury (2.5% in drinking water for 7 days). A: Body weight change and Kaplan-Meier survival
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expression in each segment of large intestine on day 7 of DSS treatment.

for intestine-specific matriptase-deficient mice compared
with the intestinal HAI-1/SPINT1-deficient mice de-
scribed in this study, matriptase-deficient intestines also
showed morphologic abnormalities in the large intestinal
epithelium (but not the small intestine) and enhanced
epithelial cell turnover and increased mucosal permea-
bility.”” Therefore, the phenotypes observed in this study
may be caused, at least in part, by deregulated matrip-
tase activity due to the loss of HAI-1/SPINT1 as was
previously observed for HAI-1/SPINT1-deficient placenta

and skin.°° Recent studies suggested that HAI-1/
SPINT1 is responsible not only for the inhibition of matrip-
tase activity but also for the proper intracellular trafficking
and activation of matriptase in polarized human epithelial
cells.?*>2% We hypothesize that the maintenance of ade-
quate matriptase activity at its proper subcellular local-
ization might require HAI-1/SPINT1. The altered immuno-
localization pattern of matriptase observed in the
disorganized crypt epithelial cells of the HAI-1/SPINT1-
deficient colon may support this hypothesis. In the ab-



sence of HAI-1/SPINT1, epithelial cells may be unable to
use matriptase properly to maintain the epithelial integ-
rity. Notably, apoptotic cells were increased in the HAI-
1/SPINT1-deficient epithelium of the upper large intes-
tine, in which markedly distended ERs were also
observed ultrastructurally. The underlying mechanism for
ER stress in these cells is currently unknown, but this ER
stress may be responsible for the enhanced apoptosis
that was observed.?” In fact, nuclear immunoreactivities of
GADD158 and phosphorylated JNK/SAPK, both of which
are up-regulated in the ER stress—induced apoptosis path-
way, '® were enhanced in HAI-1/SPINT1-deficient crypt ep-
ithelium. In addition, secreted clusterin was decreased in
the HAI-1/SPINT1-deficient mucosa. Although the biologi-
cal functions of clusterin remain unclear, recent studies
suggested that it has roles in response to cellular stress,
antiapoptosis, and cellular survival.'®

The intestinal epithelial cells also express another
membrane-bound Kunitz-type serine protease inhibitor,
namely HAI-2/SPINT2 (also known as placental bi-
kunin).?#739 HAI-2/SPINT2 shows similar molecular struc-
ture to HAI-1/SPINT1 but lacks the low-density lipoprotein
receptor-like domain and N-terminal cysteine-rich do-
main and has an overlapping inhibitory spectrum.2® In
fact, analysis using a mutant mouse model revealed that
HAI-2/SPINT2 also regulates matriptase activity in vivo.>'
Therefore, it is possible that in this conditional knockout
study HAI-2/SPINT2 compensated for the absence of HAI-
1/SPINTA, particularly in the small intestine and/or distal
aspect of the colon. Notably, a recent study revealed that
mutation of the SPINT2 gene results in a syndromic form of
congenital sodium diarrhea, which also indicates a signifi-
cant role for this membrane-bound serine protease inhibitor
in the intestinal epithelial function.®?

The important role of HAI-1/SPINT1 in the colonic mu-
cosa was also shown in a model for mucosal injury that
involves DSS administration. In this model, DSS seems to
be directly toxic to colonic epithelial cells of the basal
crypts and affects the integrity of the mucosal barrier,
and this mouse colitis model is widely used for the study
of human IBD.2° Our study confirmed that mice lacking
intestinal HAI-1/SPINT1 are much more susceptible to
DSS-induced mucosal injury (2.5% DSS in drinking water
for 7 days) with a high mortality ratio and delayed muco-
sal regeneration even after very low-dose DSS treatment
(1% DSS in drinking water for 4 days). This observation
may be in accordance with a previous study that re-
vealed that regenerating intestinal epithelial cells show
enhanced expression of HAI-1/SPINT1 but not HAI-2/
SPINT2.%% Regarding the mechanism underlying these
observations, matriptase hypomorphic mice are also sus-
ceptible to DSS colitis, again suggesting important roles
for optimal matriptase activity in intestinal epithelial ho-
meostasis and integrity.®' However, expression of clau-
din-2, a leaky claudin that was up-regulated in the intes-
tine of matriptase hypomorhic mice,?' was not apparently
enhanced in Hai-1/Spint1-deficient intestine (data not
shown). Altered pericellular activation of HGF, which can
be activated by matriptase or HGFAC,'°** may be in-
volved in these phenotypes, which should be tested in a
future study. The specific receptor of HGF (ie, c-Met) is
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expressed by intestinal epithelial cells, and HGF/c-Met
signaling has an important role in mucosal regenera-
tion.® Previous studies suggested that HAI-1/SPINT1 is
responsible for regulating the optimal activity not only of
matriptase but also of pericellular HGFAC because this
membrane-bound inhibitor inhibits and retains activated
HGFAC on the cell surface in a reversible fashion and
releases it in response to inflammatory stimuli.'®3¢ In-
deed, Hgfac knockout mice also showed enhanced sus-
ceptibility to DSS-induced colitis, possibly due to insuffi-
cient activation of HGF after acute mucosal injury.®”
Interestingly, a recent gene-centric mapping analysis
suggests that the MST7 gene encoding MSP, which is
another cytokine activated by HGFAC and matrip-
tase,*®3° may be involved in IBD pathogenesis.*® There-
fore, altered pericellular activation of MSP may also be
involved in the susceptibility of HAI-1/SPINT1-deficient
mice to DSS colitis.

In summary, we developed a conditional knockout
model of HAI-1/SPINT1 to study the tissue-specific func-
tion of HAI-1/SPINT1 in vivo. This study revealed a crucial
role for HAI-1/SPINT1 in maintaining the integrity of co-
lonic epithelium, and dysfunction of this inhibitor likely
enhances susceptibility to mucosal injury. Therefore, it will
be of interest to determine whether genetic polymorphisms
affecting HAI-1/SPINT1 abundance or activity contribute to
susceptibility to IBDs, such as Crohn’s disease and ulcer-
ative colitis. The model described here will provide an im-
portant animal model for the future study of HAI-1/SPINT1
and its target proteases in intestinal disease.
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