
Generation and characterization of mice deficient in hepsin, a
hepatic transmembrane serine protease.

Q Wu, … , J E Sadler, J Morser

J Clin Invest. 1998;101(2):321-326. https://doi.org/10.1172/JCI1617.

Hepsin is a type II transmembrane serine protease highly expressed on the surface of hepatocytes. The physiological
function of hepsin is not known, although in vitro studies indicate that hepsin plays a role in the initiation of blood
coagulation and in hepatocyte growth. To determine the functional importance of hepsin, we generated hepsin-deficient
mice by homologous recombination. Homozygous hepsin-/- mice were viable and fertile, and grew normally. In functional
assays including tail bleeding time, plasma clotting times, and tissue factor- or LPS-induced disseminated intravascular
coagulation models, no significant difference was found between hepsin-/- and wild-type litter mates. Liver weight and
serum concentrations of liver-derived proteins or enzymes were similar in hepsin-/- and wild-type mice. Interestingly,
serum concentrations of bone-derived alkaline phosphatase were approximately twofold higher in hepsin-/- mice of both
sexes when compared with wild-type litter mates. No obvious abnormalities were found in major organs in hepsin-/- mice
in histological examinations. Our results indicate that hepsin is not essential for embryonic development and normal
hemostasis. Hepsin-/- mice will help to evaluate the long-term effects of hepsin deficiency in these animals.

Research Article

Find the latest version:

https://jci.me/1617/pdf

http://www.jci.org
http://www.jci.org/101/2?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI1617
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/1617/pdf
https://jci.me/1617/pdf?utm_content=qrcode


 

Hepsin-deficient Mice

 

321

 

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/98/01/0321/06 $2.00
Volume 101, Number 2, January 1998, 321–326
http://www.jci.org

 

Generation and Characterization of Mice Deficient in Hepsin, a Hepatic 
Transmembrane Serine Protease

 

Qingyu Wu,* Dongyin Yu,* Joseph Post,

 

‡

 

 Meredith Halks-Miller,

 

‡

 

 J. Evan Sadler,

 

§

 

i

 

 and John Morser*

 

*

 

Department of Cardiovascular Research and 

 

‡

 

Department of Pharmacology, Berlex Biosciences, Richmond, California 94804; and 

 

§

 

Department of Medicine and 

 

i

 

Department of Biochemistry and Molecular Biophysics, Howard Hughes Medical Institute, Barnes-Jewish 
Hospital, Washington University School of Medicine, St. Louis, Missouri 63110

 

Abstract

 

Hepsin is a type II transmembrane serine protease highly
expressed on the surface of hepatocytes. The physiological
function of hepsin is not known, although in vitro studies
indicate that hepsin plays a role in the initiation of blood co-
agulation and in hepatocyte growth. To determine the func-
tional importance of hepsin, we generated hepsin-deficient

 

mice by homologous recombination. Homozygous hepsin

 

2

 

/

 

2

 

mice were viable and fertile, and grew normally. In func-
tional assays including tail bleeding time, plasma clotting
times, and tissue factor- or LPS-induced disseminated intra-
vascular coagulation models, no significant difference was
found between hepsin

 

2

 

/

 

2

 

 and wild-type litter mates. Liver
weight and serum concentrations of liver-derived proteins
or enzymes were similar in hepsin

 

2

 

/

 

2

 

 and wild-type mice.
Interestingly, serum concentrations of bone-derived alka-
line phosphatase were approximately twofold higher in
hepsin

 

2

 

/

 

2

 

 mice of both sexes when compared with wild-type
litter mates. No obvious abnormalities were found in major
organs in hepsin

 

2

 

/

 

2

 

 mice in histological examinations. Our
results indicate that hepsin is not essential for embryonic
development and normal hemostasis. Hepsin

 

2

 

/

 

2

 

 mice will
help to evaluate the long-term effects of hepsin deficiency in
these animals. (

 

J. Clin. Invest.

 

 1998. 101:321–326.) Key
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Introduction

 

Membrane proteases participate in a variety of important
biological events, including development, tissue remodeling,
wound healing, cytokine processing, and tumor invasion (1–3).
Hepsin is a novel serine protease with a transmembrane do-
main near the amino terminus (4, 5). This structural feature
distinguishes hepsin from most serine proteases of the trypsin
superfamily (6, 7). In 

 

Drosophila melanogaster

 

, Stubble-stub-
bloid protein, a transmembrane serine protease, has a struc-

ture similar to that of hepsin (8). Genetic studies demonstrate
that defects in the 

 

Stubble-stubbloid

 

 gene lead to malformation
of legs, wings, and bristles in the fruitfly (9).

Biochemical studies including proteolytic digestion and
membrane fractionation show that hepsin is a type II trans-
membrane serine protease mainly expressed on the surface of
hepatocytes (10–12). Low levels of hepsin mRNA have been
detected in kidney, pancreas, lung, and prostate, but the cell
types that express hepsin mRNA in these tissues are unknown.
In addition to normal tissues, hepsin gene expression was
found in several tumor cell lines, including hepatoma cell lines
HepG2 and PLC/PRF/5, mammary carcinoma cell lines
MCF784 and T470, and epithelioid HeLa S3 carcinoma cells
(11, 13). Recently, hepsin was reported to be frequently over-
expressed in ovarian carcinomas (14).

The physiological function of hepsin is unknown, although
biochemical studies indicate that hepsin may play a role in the
initiation of blood coagulation. Kazama et al. reported that re-
combinant human hepsin expressed on the surface of BHK
cells activated blood coagulation factor VII (FVII)

 

1

 

 (15). The
reaction was highly specific since hepsin did not activate other
structurally related proteases such as factors IX and X, pro-
thrombin, and protein C under similar experimental condi-
tions. Hepsin-mediated FVII activation was shown to be suffi-
cient to initiate the coagulation pathway leading to thrombin
formation (15).

In addition, hepsin may participate in other biological pro-
cesses such as cell growth or tissue remodeling. Torres-Rosado
et al. reported that hepsin is required for the growth of human
hepatocytes (13). In a cell culture system, addition of a poly-
clonal anti-hepsin antibody or hepsin-specific antisense oligo-
nucleotides significantly altered the morphology of HepG3
cells and inhibited their growth (13). These results suggest that
hepsin functions either directly as a growth factor or indirectly
as an enzyme that processes a growth factor(s) for hepato-
cytes.

To evaluate the biological importance of hepsin, we have
generated hepsin-deficient mice by gene targeting technology.
Homozygous hepsin

 

2

 

/

 

2

 

 mice were viable and fertile, and did
not exhibit obvious defects in growth, liver function, and blood
coagulation. Our results show that hepsin is not essential for
embryonic development, organogenesis, and hemostasis.

 

Methods

 

The murine hepsin gene and the targeting vector.

 

Murine hepsin cDNAs
were isolated by PCR amplification and screening of murine liver
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cDNA libraries (16). The full-length murine hepsin cDNA was 

 

z

 

 1.6
kb in length and shared 84% sequence identity with human hepsin
cDNA (4). The hepsin cDNAs were used to screen a 129Sv genomic
DNA library (Stratagene Inc., La Jolla, CA) to clone the mouse hep-
sin gene. To construct a targeting vector, a 4-kb KpnI/BamHI frag-
ment in the hepsin gene was replaced by a neomycin (

 

neo

 

) expression
cassette driven by the murine phosphoglycerate kinase promoter (17)
(see Fig. 1 

 

A

 

). At the 3

 

9

 

 end of the vector, a herpes simplex virus thy-
midine kinase (

 

tk

 

) gene cassette was included to serve as a negative
selection marker (18) (Fig. 1 

 

A

 

).

 

Targeting of the hepsin gene in mouse embryonic stem (ES) cells.

 

30 

 

m

 

g of linearized plasmid vector DNA was introduced into ES cells
(RW4; Genome Systems, St. Louis, MO) by electroporation using an
Electro Cell Manipulator (ECM 600; BTX Inc., San Diego, CA). Trans-
fected ES cells (1.5 

 

3

 

 10

 

7

 

) were selected in the presence of 250 

 

m

 

g/ml
G418 (Life Technologies, Gaithersburg, MD) and 2 

 

m

 

M ganciclovir
(Syntex Lab., Inc., Palo Alto, CA). Stable clones from the selection
were screened for homologous recombination by Southern blotting
using a genomic probe flanking the hepsin gene deletion (see Fig. 1

 

A

 

). Additional Southern analysis was performed using a 

 

neo

 

 probe to
exclude the presence of random insertions of the 

 

neo

 

 gene in the ge-
nome of mutant ES cells.

 

Generation of chimeric mice and germline transmission of the mu-
tant allele.

 

Mutant ES clones were microinjected into blastocysts
from C57BL/6J mice. Chimeric male offspring with 

 

. 

 

50% coat color
chimerism were bred with National Institutes of Health (NIH) Swiss
females to establish germline transmission of the mutant hepsin al-
lele. Genotyping was performed by PCR using 100 ng genomic DNA
isolated from tail or ear biopsies. Oligonucleotide primers for both

 

neo

 

 gene (5

 

9

 

-CAA GAT GGA TTG CAC GCA GG-3

 

9

 

 and 5

 

9

 

-GTA
AAG CAC GAG GAA GCG G-3

 

9

 

) and the hepsin gene (5

 

9

 

-ACG
GCA CAT CGG GCT TCT TTT-3

 

9

 

 and 5

 

9

 

-AAT GCG GTC CAC
CGG CAG CTT CCT-3

 

9

 

) were included in the reactions. The PCR
results were confirmed by Southern analysis of EcoRI digested DNA
samples using the hepsin genomic probe. All mice in this study were
maintained in an animal facility accredited by the Association for As-
sessment and Accreditation of Laboratory Animal Care Interna-
tional (AAALACI).

 

Northern analysis of hepsin mRNA expression.

 

Total RNA was
extracted from frozen liver tissue using the Ultraspec™ RNA kit
(Biotecx Laboratories Inc., Houston, TX). Samples (15 

 

m

 

g) were
fractionated on denaturing agarose gels, transferred onto nitrocellu-
lose membranes, and hybridized with 

 

32

 

P-labeled mouse hepsin
cDNA probes spanning the entire coding region. To determine
mRNA expression of other liver specific genes, the blot was reprobed
with a partial mouse prothrombin cDNA that was PCR-amplified
based on the published sequence (19).

 

Hemostasis assays and blood chemistry analysis.

 

Blood samples
were drawn from the inferior vena cava into 1/10 volume of 3.8% so-
dium citrate. Blood cell counts and hematocrit were analyzed using a
hemostasis instrument (9210 CP Baker System, Allentown, PA). Clot-
ting assays (activated partial thromboplastin time and prothrombin
time [aPTT and PT]) were performed with platelet poor plasma using
the MLA Electra 900C programmable coagulometer (Pleasantville,
NY). In the tail-bleeding assay, mice were anesthetized with pento-
barbital (90 mg/kg). The tip of the mouse tail (1 mm in diameter) was
cut. Tails were soaked immediately in 0.9% NaCl saline prewarmed
at 37

 

8

 

C and the time until bleeding stopped completely was recorded.
For blood chemistry analysis, serum samples were prepared from
clotted whole blood. Chemistry analysis was performed by Consoli-
dated Veterinary Diagnostics, Inc. (West Sacramento, CA). Alkaline
phosphatase isoenzymes were analyzed by a quantitative method de-
scribed by Koffmann et al. (20).

 

LPS-induced septic shock and thromboplastin-induced dissemi-
nated intravascular coagulation (DIC).

 

In the LPS-induced septic
shock model, mice (13–14 wk old) were injected intraperitoneally
with 40 mg/kg of LPS from 

 

Escherichia coli

 

 serotype O111:B4 (Cal-
biochem Corp., La Jolla, CA). The mice were monitored for signs of

 

endotoxemia and lethality four times a day for the first 3 d and peri-
odically thereafter. In the thromboplastin-induced DIC model, anes-
thetised mice were injected intravenously with human placental
thromboplastin (Behring, Marburg, Germany). The linear range of
the thromboplastin dose was determined experimentally. The time in
minutes was recorded between the injection of thromboplastin and
acute death as measured by cessation of breathing or heart beating.

 

Histological analysis.

 

Mice were killed under CO

 

2

 

 narcosis and
tissues were fixed by perfusion through the heart with an aldehyde
fixative consisting of 4% (wt/vol) paraformaldehyde, 3% (wt/vol) su-
crose, in 0.1 M phosphate buffer, pH 7.3. Tissues were dehydrated in
graded ethanol solutions and embedded in paraffin blocks. Tissue
sections were cut at 5-

 

m

 

m thickness, stained with hematoxylin and
eosin (H & E), and examined by light microscopy.

 

Results

 

Disruption of the hepsin gene in ES cells and generation of chi-
meric mice.

 

An 18-kb DNA fragment that contained the
mouse hepsin gene was isolated from a 129Sv genomic library.
The hepsin gene contains at least 12 exons (Fig. 1 

 

A

 

). The
serine protease active site residues, His, Asp, and Ser are en-
coded by exons 7, 8, and 11, respectively. A replacement tar-
geting vector was constructed by deleting the KpnI/BamHI
fragment containing exons 5–8 that code for the conserved ac-
tivation site and most of the catalytic domain (Fig. 1 

 

A

 

). Over
700 stable ES cell clones transfected with the targeting vector
were analyzed by Southern blotting. Seven ES clones were
identified in which one copy of the endogenous hepsin gene
was disrupted by homologous recombination. Four mutant ES
clones were microinjected into blastocysts from C57BL/6J
mice to generate chimeric mice. Germline transmission was
achieved with nine chimeric mice derived from three indepen-
dent cell lines. The results of phenotypical analysis were ob-
tained from mice derived from all these three ES cell lines.

 

Viability, growth, and fertility of homozygous hepsin

 

2

 

/

 

2

 

mice.

 

Breeding of hepsin

 

1

 

/

 

2

 

 mice produced over 500 offspring.
Genotypes of F2 progeny were determined by PCR analysis
and the results were confirmed by Southern blotting in ran-
domly selected samples (Fig. 1 

 

B

 

). Wild-type, hepsin

 

1

 

/

 

2

 

 and
hepsin

 

2

 

/

 

2

 

 mice represented 24.3, 50.0, and 25.7% of progeny,
respectively. The observed Mendelian pattern of inheritance
indicates that homozygous hepsin deficiency is compatible
with normal embryonic development. Male to female ratio was

 

z 

 

1:1 in wild-type, hepsin

 

1

 

/

 

2

 

, and hepsin

 

2

 

/

 

2

 

 mice. The absence
of hepsin mRNA expression in liver samples from hepsin

 

2

 

/

 

2

 

mice was demonstrated by Northern analysis using cDNA
probes spanning the entire coding region (Fig. 1 

 

C

 

). As a con-
trol, the expression of prothrombin mRNA in the liver from
hepsin

 

2

 

/

 

2

 

 mice was not significantly affected (Fig. 1 

 

C

 

).
When followed to 10 mo, hepsin

 

2

 

/

 

2

 

 mice appeared to de-
velop normally and exhibited similar body weight gain as
wild-type and hepsin

 

1

 

/

 

2

 

 litter mates. No obvious physical ab-
normalities were observed in hepsin

 

2

 

/

 

2

 

 mice. In hematologic
examinations, values for red blood cell, white blood cell, and
platelet counts, hematocrit and hemoglobin were similar in
hepsin

 

2

 

/

 

2

 

 mice and wild-type controls (data not shown). Both
male and female hepsin

 

2

 

/

 

2

 

 mice were fertile and produced via-
ble offspring.

 

Tail bleeding and plasma clotting assays in hepsin

 

2

 

/

 

2

 

 mice.

 

To evaluate the physiological importance of hepsin function in
blood coagulation, tail bleeding time and plasma clotting times
(aPTT and PT) were determined in hepsin

 

2

 

/

 

2

 

 mice. The mouse
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tail bleeding time measures both platelet and blood-clotting
activities, whereas aPTT and PT assays measure the function
of the intrinsic and extrinsic blood coagulation pathways, re-
spectively. As shown in Table I, no prolongation in time was
detected in hepsin

 

2

 

/

 

2

 

 mice in these three assays, indicating that

hepsin deficiency did not adversely affect hemostasis. These
results are consistent with the observation that no spontaneous
bleedings occurred in hepsin

 

2

 

/

 

2

 

 mice.

 

Thromboplastin-induced DIC and LPS-induced septic shock
models.

 

To examine the potential function of hepsin under
pathological conditions, hepsin

 

2

 

/

 

2

 

 mice were challenged in
DIC and septic shock models. In the DIC model, thromboplas-
tin was injected intravenously. The times at which breathing or
heart beating stopped were similar in both hepsin

 

2

 

/

 

2

 

 mice and
wild-type controls (Table I), indicating that the tissue factor-
dependent coagulation pathway was not altered in hepsin

 

2

 

/

 

2

 

mice. This was supported by the results from a septic shock
model, in which survival rates of hepsin

 

2

 

/

 

2

 

 and wild-type mice
after injection of a high dose of LPS were not significantly dif-
ferent (Fig. 2).

Figure 1. Disruption of the mouse hepsin gene by homologous re-
combination. (A) Structure of the hepsin gene and the targeting vec-
tor. Exons (black boxes) and selected restriction sites in the hespin 
gene (wild-type allele) are indicated (top panel). The targeting vector 
was constructed by replacing of the KpnI/BamHI fragment with a neo 
gene cassette. A tk gene cassette was included at the 39 end of the 
vector. The predicted genomic structure after homologous recombi-
nation (mutant allele) is shown. Locations of oligonucleotide primers 
for PCR analysis and a hepsin genomic probe for Southern blotting 
are indicated. (B) Genotyping by PCR and Southern analyses. Ge-
nomic DNA was isolated from tail or ear biopsies. Genotypes were 
determined by PCR (left) and Southern (right) analyses. In the PCR 
reactions, oligonucleotide primers specific for the neo and wild-type 
hepsin genes were included. The PCR products were visualized in an 
agarose gel stained with ethdium bromide. DNA fragments from neo 
or hepsin genes represent the mutant or wild-type alleles, respec-
tively. For Southern blotting, genomic DNA was digested with EcoRI 
and hybridized with the hepsin genomic probe (A). DNA fragments 
of the expected size from wild-type and mutant hepsin alleles are in-
dicated. (C) Northern analysis of hepsin mRNA expression. Total 
RNA was isolated from liver samples from wild-type, heterozygous, 
and homozygous mice. Northern blot was probed with a mouse hep-
sin cDNA. Hepsin mRNA was detected in wild-type and heterozy-
gous mice but not in homozygous mice (top panel). As a control, the 
same blot was reprobed with a mouse prothrombin (PrT) cDNA. The 
expression of mouse prothrombin mRNA was not affected in 
hepsin2/2 mice (lower panel).

Table I. Functional Hemostasis Assays in Wild-type and 
Hepsin-deficient Mice

Hepsin1/1 Hepsin2/2

Tail bleeding time (s) 70.6619.7 77.3628.7
(n 5 5) (n 5 7)

PT (s) 20.966.6 22.664.5
(n 5 6) (n 5 5)

aPTT (s) 37.2611.2 38.469.1
(n 5 9) (n 5 6)

Thromboplastin-induced DIC:
cessation of breathing (min) 1.3060.16 1.4260.42

(n 5 5) (n 5 6)
cessation of heart beating (min) 1.8660.34 1.9760.45

(n 5 5) (n 5 6)

The tail bleeding time, plasma prothrombin time (PT) and activated
partial thromboplastin time (aPTT) were performed with 9–12-wk-old
mice, as described in Methods. In the thromboplastin-induced DIC
model, acute death was ascertained as cessation of either breathing or
heart beating. Data are presented as mean6SD and the number of mice
in each experimental group is indicated in parentheses.

Figure 2. Survival of hepsin-deficient and wild-type mice after LPS 
injection. Mice were injected intraperitoneally with LPS (40 mg/kg) 
to test their response to septic shock. The percentage of surviving 
mice was recorded over time. The data shown are from two indepen-
dent experiments with a total of 11 hepsin1/1 (filled dots and solid 
line) and 11 hepsin2/2 (open triangles and dotted line) mice.
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Blood chemistry analysis for liver function. In addition to
blood coagulation, hepsin was reported to be required for
growth of hepatocytes in vitro (13). To examine the effects of
hepsin deficiency on liver function, blood samples from hep-
sin-deficient mice were analyzed. As shown in Table II, serum
concentrations of alanine aminotransferase (SGPT), g-glu-
tamyltranspeptidase (GGT), bilirubin, albumin, globulin, and
total protein were similar in hepsin2/2 and wild-type mice, and
values were within the normal ranges. Interestingly, serum al-
kaline phosphatase levels were approximately twofold higher
in hepsin2/2 mice when compared with wild-type litter mates
(Fig. 3). The elevation of serum alkaline phosphatase was
found in both male and female hepsin2/2 mice at different ages
(Fig. 3). Alkaline phosphatase isoenzymes were analyzed, and
results indicated that the elevated alkaline phosphatase in the
serum from hepsin2/2 mice was mostly of bone origin (Fig. 4).

Morphologic and histologic analyses. Necropsies and his-
tologic examinations were performed on hepsin2/2 mice at var-
ious ages. No gross abnormalities were indentified in major or-
gans including liver, brain, lung, heart, kidney, pancreas,
spleen, and bone. Livers from hepsin2/2 and wild-type mice
appeared similar and had comparable weights (Table II). In H
& E–stained sections, tissues including liver and bone from
hepsin2/2 mice were histologically indistinguishable from
those of wild-type mice (data not shown). X-ray examinations
were also performed to detect potential defects in the skele-
ton. No structural abnormalities were found in long bones, pel-
vis, and vertebrae in hepsin2/2 mice at the age of 5 mo (data
not shown).

Discussion

Human recombinant hepsin expressed on the surface of BHK
cells has been reported to specifically activate FVII (15), an es-
sential enzyme that acts at the top of the tissue factor–depen-

dent coagulation pathway (21). This finding was confirmed in
our own studies (data not shown), indicating a potential func-
tion of hepsin in the initiation of blood coagulation. Genetic
and site-directed mutagenesis studies show that the activation
cleavage of the Age152-Ile peptide bond in FVII is required to
convert the zymogen to an active enzyme (22, 23). The mecha-
nism of FVII activation under physiological conditions is not
completely understood. In addition to hepsin, factors IXa, Xa
and XIIa, and thrombin have been reported to activate FVII in
vitro (24–28). Recent studies with haemophilia patients sug-
gest that FIXa is primarily responsible for the basal levels of
FVIIa in vivo (29–31). However, the functional significance of
the FVII activation mediated by other enzymes remains un-
clear at this time.

To evaluate the physiological importance of hepsin, we
generated hepsin-deficient mice by gene targeting technology.
Hepsin2/2 mice were viable and did not bleed spontaneously.
Furthermore, no functional defects were detected in the tail
bleeding and blood clotting assays. These results suggest that
hepsin deficiency did not significantly alter blood coagulation
pathways. Due to lack of a suitable assay, we were unable to
measure directly plasma FVIIa level in hepsin2/2 mice (32, 33).

Table II. Liver Weight and Blood Chemistry Analysis for 
Liver Function

Hepsin1/1 Hepsin2/2

Liver weight (grams) 0.9660.13 0.9260.08
(n 5 6) (n 5 5)

SGPT (IU/liter) 25.7568.27 31.3867.86
(n 5 28) (n 5 29)

GGT (IU/liter) 0.7160.75 1.060.58
(n 5 7) (n 5 7)

Total protein (grams/dl) 5.4860.28 4.8760.43
(n 5 8) (n 5 13)

Albumin (grams/dl) 2.8160.24 2.3260.15
(n 5 18) (n 5 13)

Globulin (grams/dl) 2.6760.22 2.5560.31
(n 5 18) (n 5 13)

Total bilirubin (mg/dl) 0.1760.07 0.1360.07
(n 5 14) (n 5 11)

Wild-type and hepsin2/2 mice (8–12-wk old) were killed under CO2 nar-
cosis. The liver was dissected out and weighed. Blood chemistry analy-
sis was performed as described in Methods. Data are presented as
mean6SD and the number of mice in each experimental group is indi-
cated in parentheses.

Figure 3. Serum alkaline phosphatase levels in hepsin-deficient and 
control mice. Serum samples were prepared from male (top) and fe-
male (bottom) hepsin2/2 mice and wild-type litter mates at 10, 12, and 
14–16 wk of age. The number of mice in each group is four to five. 
Total serum alkaline phosphatase activity was measured by hydroly-
sis of p-nitrophenylphosphate at pH 9.2 (39). Data are presented as 
mean6SD. Statistical differences between hepsin2/2 mice (open bars) 
and wild-type litter mates (filled bars) are indicated by asterisks: *P , 
0.05; **P , 0.01 by Student’s t test.
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Since the prothrombin time and thromboplastin-induced DIC
assays, which depend on FVIIa, were normal in these animals,
it is very unlikely that the hepsin-mediated FVII activation is
physiologically important.

In addition to FVII activation, hepsin was shown to play a
role in hepatocyte growth (13). The observation is intriguing
since serine proteases are known to have growth factor–like
activities. For example, thrombin is a potent mitogen for vas-
cular fibroblasts and smooth muscle cells (34). Furthermore,
several growth factors, such as hepatocyte growth factor
(HGF) and the product of growth arrest-specific gene 6
(Gas6), share striking sequence and structural similarities with
blood coagulation proteases (35, 36), and HGF is critical for
the development of several epithelial organs including liver
and placenta (37, 38). The hepsin-dependent growth of hepa-
tocytes in culture suggests that hepsin may play a role in pro-
cesses such as cell differentiation and organogenesis. Surpris-
ingly, hepsin2/2 mice developed normally. Liver weight and
serum levels of liver proteins in hepsin2/2 mice were similar to
those in wild-type controls (Table II). Histological examina-
tions did not identify any structural abnormalities in major
organs. These results indicate that the hepatocyte growth-
stimulating activity of hepsin is not essential for embryonic de-
velopment and maintenance of normal liver function.

An interesting observation in hepsin2/2 mice is that serum
alkaline phosphatase is increased in both male and female
hepsin2/2 mice of various ages (Fig. 3). The significance of this
finding is not clear at this time. We consider several possibili-
ties here. First, in humans, elevation of serum alkaline phos-
phatase is most commonly associated with hepatobiliary disor-
ders. In hepsin2/2 mice, however, hepatolibilary disease is
unlikely since the livers were histologically normal, and tests of
liver function, such as bilirubin, SGPT, GGT (Table II), and
liver-derived alkaline phosphatase (Fig. 4), were within normal
ranges. Occasionally, high levels of alkaline phosphatases also
are found in patients with malignant tumors that ectopically
express the enzyme (39). However, this is not the case in

hepsin2/2 mice since they have not developed tumors. The in-
crease of serum alkaline phosphatase in hepsin2/2 mice could
be due to impaired catabolism of alkaline phosphatase, since
the liver is proposed to be responsible for the clearance of al-
kaline phosphatase from the blood (40). The mechanism of
this process is not clear. If hepsin were responsible for the
cleavage and removal of serum alkaline phosphatase, then
hepsin deficiency could lead to the elevation of alkaline phos-
phatase in serum. Finally, the selective increase in bone alka-
line phosphatase in hepsin2/2 mice (Fig. 4) suggests the possi-
bility of certain skeletal disorders. In humans, for example,
elevated alkaline phosphatase levels can be found in Paget’s
disease, osteomalacia, and rickets (39). In our study, x-ray ex-
aminations did not detect skeletal abnormalities in hepsin2/2

mice up to the age of 5 mo, but minor changes in bone density
cannot be excluded completely. Further studies will determine
whether skeletal abnormalities develop in older animals.
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