HAI-2 as Novel Candidate Inhibitor of Matriptase

FIGURE 4. Expression profiles of HAI-2, HAI-1, and matriptase in gallbladder, pancreas, respiratory, and
urinary tissues. A-f, X-gal staining of HAI-2 expression (blue). High levels of HAI-2 were observed in epithelium
of gallbladder (A, arrowheads), respiratory epithelium of the trachea (C, arrowheads), and bronchioles (D, arrow-
heads), distal and collecting tubules in kidney (E, arrowheads), and in epithelium of urinary bladder (F, arrow-
heads). Low expression was detected in pancreas in islets of Langerhans (B, arrowheads) and in proximal
tubules in kidney (E, open arrowhead), whereas no HAI-2 expression was observed in exocrine pancreas (B, open
arrowhead) or in glomeruli (€, arrows). A’-F',immunohistochemical staining of HAI-1 expression (brown). A"-F",
X-gal staining of matriptase expression (blue). Expression of HAI-1 (A’, arrowheads), but not matriptase (A",
arrowhead) was detected in epithelium of gallbladder. Both proteins co-localized in islets of Langerhans in
pancreas (B’ and B”, arrowheads), respiratory epithelium of the trachea (C’ and C”, arrowheads) and bronchioles
(D' and D", arrowheads), distal and collecting tubules in kidney (E’ and E”, arrowheads), and to epithelia of
urinary bladder (F" and F", arrowheads). Low expression of HAI-1 (E’, open arrowheads) but not matriptase (E”,
open arrowhead) was also observed in kidney proximal tubules, and neither HAI-1 nor matriptase were
expressed in glomeruli (E" and E”, arrows). The immunostaining seen in some endothelial cells within pancreas
(B', open arrowhead) is nonspecific, because the same signal was present in tissues of animals expressing no
HAI-1 protein (inset of B', open arrowhead). Scale bars: 30 wm (A-A"), 50 um (B-F").

regulation of matriptase proteolytic
activity. However, for a protease
inhibitor to serve as a physiologi-
cal inhibitor of a cognate protease
requires the physical proximity of
the two proteins in tissues. HAI-2
and matriptase are both mem-
brane-anchored proteins, making
it likely that HAI-2 must be
expressed by the same cells that
express matriptase to inhibit the
protease. Therefore, we next set
out to delineate the potential co-
localization of HAI-2 and
matriptase in cell lineages that
form adult murine tissues. Fur-
thermore, we mapped the expres-
sion of HAI-2 relative to HAI-1 to
determine the possible functional
overlap between the two mem-
brane serine protease inhibitors.
An initial test of several commer-
cially available anti-mouse HAI-2
antibodies revealed prohibitively
high nonspecific immunohisto-
chemical background using a vari-
ety of staining conditions, as well
as cross reactivity with HAI-1
(data not shown). A similar lack of
specificity was observed with all
commercially available and in-
house-generated matriptase anti-
bodies. To analyze the expression
of HAI-2 in mouse tissues, we
therefore employed the tech-
nique of enzymatic gene trapping.
A search of ES cell clones avail-
able through the International
Gene Trap Consortium (www.
genetrap.org) revealed one ES cell
clone, KST272, with a promot-
erless P-galactosidase-neomycin
phosphotransferase fusion gene
(B-geo) inserted into intron 1 of
the mouse Spint2 gene, which
encodes HAI-2 (15) (HAI-2/B-geo
allele, Fig. 2A). The insertion
results in the expression of a 3-geo
reporter protein from the endoge-
nous promoter of the Spint2 gene,
thus allowing identification of
HAI-2-expressing cells in situ by
X-gal (5-bromo-4-chloro-3-indo-

the activation of the uPA zymogen by endogenous
matriptase.

Generation of B-Galactosidase-tagged Spint2 Mice for Delin-
eation of HAI-2 Matriptase Co-localization Studies in Vivo—
The data presented above potentially implicated HAI-2 in the
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lyl-B-p-galactopyranoside) staining. This technique has pre-
viously been shown to be a reliable alternative to immuno-
histochemistry in the absence of suitable antibodies or when
proteins are expressed below the level of immunological
detection (20, 22, 23).
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To validate the use of Spint2 B-geo-targeted mice to delin-
eate HAI-2 expression, staining with X-gal for detection of
B-galactosidase activity and in situ hybridization of Spint2
mRNA was performed on parallel sections. In several tissues,
including kidney, colon, trachea, and gallbladder, the pattern of
B-geo protein expression closely matched that of Spint2 mRNA
(Fig. 2, B-D', and data not shown). This preliminary analysis
established that the expression pattern of the 3-geo protein is a
faithful representation of the expression of the endogenous
HAI-2 in mouse tissues.

For the detection of HAI-1, we performed immunohisto-
chemistry using a previously validated polyclonal antibody (12).
Sections of the corresponding tissues from adult HAI-1-defi-
cient mice® were used as negative controls in all experiments.
To locate the expression of matriptase, we used a knock-in
mouse strain with an insertion of a promoterless 8-geo marker
between exons 16 and 17 of the mouse ST14 gene that was
previously validated for detecting matriptase expression in
adult tissues (20, 24).

HAI-2 Co-localizes with Matriptase and HAI-1 in Sebaceous
Glands and Vibrissal Inner Root Sheath Cells of the Epidermis—
The expression of HAI-2 in the integumentary system appeared to
be confined to the cells of sebaceous glands and the inner root
sheath of vibrissal, but not pelage, hair follicles (Table 1, Fig. 3 (A
and B), and data not shown). In contrast, examination of adult skin
confirmed the previously reported widespread and overlapping
expression of HAI-1 and matriptase in the keratinocytes of the
suprabasal layer of the interfollicular epidermis, and the inner root
sheath and matrix of pelage and vibrissal hair follicles, as well as the
sebaceous glands (Fig. 3, A, A", B’, and B"). None of the three
proteins were expressed in the basal layer of the epidermis or in
any of the cell types in the dermis. Similar patterns of expression
were found in keratinized stratified epithelia of several other
organs, including the oral cavity, tongue, esophagus, and fores-
tomach. Although all these tissues showed expression of both
HAI-1 and matriptase in the keratinocytes of their respective
suprabasal, but not basal layers, none of them showed any detect-
able expression of HAI-2 (Table 1 and supplemental Fig. S1).

Widespread and Coordinated Expression of HAI-2 with
Matriptase and HAI-1 in the Digestive Tract—Unlike the strat-
ified epithelium of the upper digestive tract, the simple epithe-
lium of the glandular stomach and the entire intestinal tract
showed a high level of HAI-2 expression (Table 1). In the glan-
dular stomach, HAI-2 was detected in the parietal cells,
whereas no expression was observed in the surface mucous cells
or the chief cells (Fig. 3C). Matriptase was also found exclu-
sively in the parietal cells, especially in the region proximal to
the surface of the gastric gland (Fig. 3C"). On the other hand,
the expression of HAI-1 was highly restricted to the surface
mucous cells, with only very low levels of HAI-1 detectable in
the parietal cells (Fig. 3C’), thus restricting the expression of the
two inhibitors to non-overlapping populations of gastric epi-
thelial cells (Fig. 3D). In the small intestine, both HAI-2 and
HAI-1 showed widespread expression in the surface epithelium
of both the intestinal villi and the crypts of Lieberkuhn (Fig. 3, E

3 R. Szabo, and T. H. Bugge, unpublished data.

OCTOBER 24, 2008+VOLUME 283+NUMBER 43

HAI-2 as Novel Candidate Inhibitor of Matriptase

TABLE 2

Expression of HAI-2, HAI-1, and matriptase in respiratory and
urogenital systems

Tissue Cell population HAI-2 HAI-1 Matriptase
Respiratory system
Trachea Epithelium + + +
Bronchi/bronchioles Epithelium + + +
Lungs Alveolar type II cells - + -
Urinary system
Kidney Glomeruli - - -
Proximal tubules +/=  +/- +
Distal/collecting tubules + + +
Bladder Epithelium + + +
Reproductive system
Mammary gland Ductal epithelium - + +
Uterus Surface epithelium +/— + +
Uterine glands + + +/=
Ovary Granulosa cells, antral + — +
follicles
Corpus luteum + — —
Testis Undifferentiated - -
spermatogonia
Seminal vesicle Epithelium + + -

and E'). Matriptase, on the other hand, was expressed predom-
inantly in the stem cells and proliferating regions of the crypt
epithelium, with progressively decreased expression toward the
mature absorptive cells of the villous epithelium (Fig. 3E"). Sim-
ilarly, the two inhibitors were strongly expressed in both goblet
cells and the surface epithelial cells of the colon, whereas
matriptase showed high expression in the cells at the base of the
colonic crypts and in the goblet cells and only much lower
expression in the surface mucosal cells (Fig. 3, F-F").

No HAI-2 was detected in the liver, whereas HAI-1 and
matriptase showed specific expression in the bile ducts (supple-
mental Fig. S2). HAI-1 was also detected in a subpopulation of
periportal cells, but the presence of an equally strong signal in
tissues from HAI-1-deficient animals indicates that this is a
result of a cross-reactivity of anti-HAI-1 antibody with a differ-
ent protein target (supplemental Fig. S2). Columnar epithelium
of the gallbladder stained positively for both HAI-2 and HAI-1,
but not for matriptase (Fig. 4, A-A"). In the pancreas, the
expression of all three proteins was restricted to the islets of
Langerhans that showed significant expression of HAI-1 and
low, but clearly identifiable expression of HAI-2 and matriptase
(Fig. 4, B—B"). Neither the protease nor the inhibitors were
present in the acinar or ductal cells of the exocrine portion of
the pancreas (Fig. 4, B and B”, and data not shown).

Coordinated Expression of HAI-2 with Matriptase and HAI-1
in the Respiratory System—HAI-2 and HAI-1, as well as
matriptase, showed a widespread expression throughout the
epithelia of respiratory tissues (Table 2). In the trachea, the
proteins were expressed in the ciliated columnar epithelial cells
(Fig. 4, C-C"), and the same pattern of expression was main-
tained also in bronchi and bronchioles (Fig. 4, D—D", and sup-
plemental Fig. S2). In addition, only HAI-1 was detected in lung
alveoli, where it localized specifically to type II alveolar cells
(Fig. 4D’'). None of the proteins was observed in supporting
cartilage, fibroblast stroma, or smooth muscle cells or capillary
endothelium of the lungs.

HAI-2, HAI-1, and Matriptase Co-localize in the Urogenital
System—High levels of HAI-2 expression were detected in the
kidney (Table 2). In this organ, HAI-2 specifically localized to
the epithelium of the distal convoluting ducts and collecting
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FIGURE 5. Expression profiles of HAI-2, HAI-1, and matriptase in male and female reproductive tissues,
thymus, lymph node, and brain. A-H, X-gal staining of HAI-2 expression (blue). HAI-2 was detected in ovary in
corpus luteus (A, arrows) and in granulosa cells of the follicles (A, arrowhead), in epithelium of seminal vesicle (B,
arrowheads), medullar epithelial cells in thymus (C, arrowheads) and in endothelial cells of lymphatic vessels
within lymph nodes (D, arrowheads). Within brain, high levels of HAI-2 were found in glomerular layers of
olfactory bulb (Eand F, arrowheads), neurons of cerebral cortex (Eand G, arrows), and in striatum (E, open arrow),
and lower levels of HAI-2 were detected also in inner granular layer of cerebellum (E and H, open arrowheads).
A’-D’, immunohistochemical staining of HAI-1 expression (brown). HAI-1 was detected in epithelial cells of
seminal vesicle (B’, arrowheads) and in epithelial cells in thymus (C’, arrowheads). No HAI-1 immunostaining
was observed in ovary (A) orin lymph node (D). A"-D", X-gal staining of matriptase expression (blue). Matriptase
was detected in granulosa cells of antral follicles in ovary (A", arrowheads), as well as in medullar epithelium in
thymus (C", arrowheads). No matriptase staining was observed in epithelium in seminal vesicle (B", arrowhead)
or in lymph node. Insets: X-gal staining of wild-type tissues (A-H), or HAI-1T immunohistochemical staining of
tissues from HAI-1-deficient mice (B" and C’) used as negative controls. Scale bars: 25 um (B-B"), 50 um (A-A",
C-C",D-D", G, and H), and 100 um (F).

and was detected in both basal and
suprabasal cells of this transitional
epithelium (Fig. 4, F-F").

Although most of the mouse
reproductive  tissues  showed
expression of either HAI-1, HAI-2,
or matriptase, each of the proteins
exhibited a unique pattern of
expression (Table 2). In females,
HAI-2 was detected in the surface
epithelium of the uterus and in the
uterine glands, whereas no expres-
sion was observed in adult virgin
mammary gland (supplemental Fig.
S2). In ovary, HAI-2 expression was
detected both in the granulosa cells
of the antral follicles and in the pro-
gesterone-producing cells of the
corpora lutea (Fig. 54). Matriptase
was also present in the antral folli-
cles (Fig. 5A"), whereas HAI-1 did
not show detectable levels of
expression in this organ (Fig. 54").
In the male reproductive system,
HAI-2 was present in the columnar
epithelium of the seminal vesicle,
but not in the testis (Fig. 5B and sup-
plemental Fig. S2). The expression
of the HAI-2/B-geo fusion protein
in prostate could not be evaluated
due to prominent endogenous 3-ga-
lactosidase activity in this tissue,
which resulted in a strong X-gal sig-
nal even in tissues from control
wild-type mice (data not shown).
Similar to HAI-2, HAI-1 was
detected in the epithelium of the
seminal vesicle (Fig. 5B") but was
also expressed in seminiferous
tubules of the adult testis, where it
localized specifically to undifferen-
tiated spermatogonia that are in
contact with the basement mem-
brane (supplemental Fig. S2).
Unlike HAI-1 or HAI-2, no expres-
sion of matriptase was detected in
testis or in seminal vesicle (Fig. 5B”
and supplemental Fig. S2).

HAI-2, HAI-1, and Matriptase
Co-localization in Thymic Epi-

ducts (Fig. 4E). Proximal tubules displayed much weaker stain-
ing, and no signal was detected in the glomeruli. This pattern of
expression was identical to that of HAI-1, whereas matriptase
expression appeared to be restricted to the distal and collecting
ducts (Fig. 4, E' and E"). All three proteins were also expressed
in the epithelium of the urinary bladder. Whereas the expres-
sion of HAI-2 and matriptase was restricted to the surface
(suprabasal) layer, HAI-1 displayed a more general distribution
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thelium—Thymic epithelial matriptase plays a critical role in
thymocyte maturation (19). HAI-2 expression was detected in
the medullary epithelial cells of the thymus, where it precisely
co-localized with the expression of HAI-1 and matriptase
(Table 3 and Fig. 5 (C—C")). No expression of HAI-2 was found
in any of the salivary glands from adult male or female mice
(supplemental Fig. S3, and data not shown). This was in con-
trast to HAI-1 and matriptase that showed high levels of expres-
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TABLE 3
Expression of HAI-2, HAI-1, and matriptase in other organs

Tissue Cell population HAI-2 HAI-1 Matriptase
Salivary glands
Submandibular gland Ductal epithelium - + +
Mucous/serous acini - - -
Sublingual gland Ductal epithelium - + +
Mucous acini - +/= -
Parotid gland Ductal epithelium - + +
Serous acini - - -
Thymus Medullary epithelium + + +
Lymph nodes Lymphatic endothelium  + - -
Brain
Olfactory bulb Glomerular layer + - -
Cerebrum Cortex + - -
Striatum + - -
Cerebellum Inner granular + - -
layer
Spleen Lymphoid/endothelial - - -

cells

Skeletal muscle Myocytes - - -

Heart Cardiomyocytes - - -

Arteries, veins, and - - -
capillaries

Vascular system

sion in the ductal epithelium of the submandibular, sublingual,
and parotid glands (supplemental Fig. S3, and data not shown).
None of the three proteins was detected in the acinar cells of
any of the glands. In hematopoietic/lymphatic tissues, HAI-2,
but not matriptase or HAI-1, was detected in the endothelial
cells of lymphatic vessels within the lymph nodes (Fig. 5, D and
D"). No detectable levels of any of the three proteins were found
in the spleen (data not shown). In the brain, HAI-2 was highly
expressed in the glomerular layer of the olfactory bulb, in the
cerebral cortex, and in the striatum (Fig. 5, E-G, and data not
shown), and to a lesser extent in the inner granular layer in the
cerebellum (Fig. 5, E and H). Consistent with their reported
epithelium-specific expression, neither HAI-1 nor matriptase
was found in the central nervous system (data not shown).
Examination of other mouse tissues did not reveal any detect-
able expression of HAI-2, HAI-1, or matriptase in cells of the
circulatory system, including the arteries, veins, and capillaries,
in muscle cells, including smooth, striated and heart muscle
tissue, in the cells of the connective or adipose tissues (Table 3
and data not shown).

DISCUSSION

HAI-2 (also known as placental bikunin) is a relatively lit-
tle studied Kunitz-type transmembrane serine protease
inhibitor. Spurred by the strong structural similarity of
HAI-2 and HAI-1, we examined the potential of HAI-2 for
serving as a physiological inhibitor of matriptase, which is a
critical in vivo inhibitory target of HAI-1. Interestingly, we
found that HAI-2 was a highly efficient inhibitor of
matriptase that displayed in vitro inhibitory properties
toward matriptase that were indistinguishable from those of
HAI-1, as evidenced by near identical IC,, values, the forma-
tion of SDS-stable complexes with recombinant matriptase
serine protease domain, and the abrogation of matriptase
activation of its candidate substrate prostasin. Furthermore,
HAI-2 was capable of blocking endogenous matriptase activ-
ity within the physiologically relevant context of cell surface
pro-uPA activation (18).
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The Kunitz-type inhibitor domains of HAI-1 and HAI-2 have
been reported to have broad inhibitor specificity toward tryp-
sin-like serine proteases (25—31), and the efficient inhibition of
matriptase by HAI-2 in vitro would be of little significance
unless the membrane serine protease and protease inhibitor
pair were in physical proximity in tissues. To address this issue
in the absence of suitable antibodies, we created a mouse strain
that expressed a B-galactosidase marker gene under the control
of the endogenous Spint2 regulatory sequences and performed
a global high resolution mapping of the co-localization of
HAI-2, HAI-1, and matriptase. Overall, the HAI-2 expression
data generated this way were in good agreement with previous
reports of HAI-2 mRNA and protein expression in individual
human and mouse tissues (5, 6, 32—36). This analysis identified
multiple epithelial cell lineages that expressed both HAI-2 and
matriptase. These included the sebaceous glands and inner root
sheath cells of the epidermis, the parietal cells of the glandular
stomach, the transitional region between crypt and surface epi-
thelium of the small intestine, the goblet cells of the colon, the
ciliated columnar cells of the trachea, bronchi, and bronchioles,
the collecting ducts of the kidney, the suprabasal urinary blad-
der epithelium, the antral follicles of the ovary, and the thymic
epithelium (Tables 1-3). This widespread co-localization of
matriptase indicated that HAI-2 would have the capacity to
inhibit matriptase in multiple tissues.

Most of the cell lineages expressing HAI-2 and matriptase
also expressed HAI-1. Exceptions included the parietal cells of
the glandular stomach and the antral follicle cells of the ovary.
This suggests that HAI-2 regulation of matriptase may be
mostly redundant or partially redundant with HAI-1, but in a
few cell lineages, HAI-2 would be the principal matriptase
inhibitor. Finally, a few epithelial tissues, as well as the lym-
phatic and central nervous systems, displayed prominent
expression of HAI-2 in the absence of matriptase, suggesting
that HAI-2 may have additional matriptase-independent
substrates.

In summary, our biochemical analysis and high resolution
expression analysis strongly suggests that HAI-2 is a physiolog-
ically relevant inhibitor of matriptase in multiple adult epithe-
lial tissues.
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