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Analysis of genome and expressed sequence tag data bases at
the turn of the millennium unveiled a new protease family
named the type II transmembrane serine proteases (TTSPs) in a
Journal of Biological Chemistry minireview (Hooper, J. D,
Clements, J. A., Quigley, J. P, and Antalis, T. M. (2001) J. Biol.
Chem. 276, 857—860). Since then, the number of known TTSPs
has more than doubled, and more importantly, our understand-
ing of the physiological functions of individual TTSPs and their
contribution to human disease has greatly increased. Progress
has also been made in identifying molecular substrates and
endogenous inhibitors. This minireview summarizes the cur-
rent knowledge of the rapidly advancing TTSP field.

Type Il Transmembrane Serine Protease Family

The defining features of TTSPs” are an N-terminal transmem-
brane domain, a C-terminal extracellular serine protease domain
of the chymotrypsin (S1) fold that contains the catalytic histidine,
aspartic acid, and serine residues, and a “stem region” that may
contain an assortment of 1-11 protein domains of six different
types (Fig. 1) (1, 2). The human TTSP family has 17 members (Fig.
1). Supplemental Table S1 shows the standard name of each TTSP
as listed in the Mammalian Degradome Database (3), alternative
names, the name and ID of the gene encoding each TTSP, and the
chromosomal location of human and mouse TTSP orthologs.
TTSPs belong to one of four subfamilies (Fig. 1 and supplemental
Table S1) (2). The HAT/DESC (human airway trypsin-like prote-
ase/differentially expressed in squamous cell carcinoma) subfam-
ily comprises HAT, DESC1, TMPRSS11A, HAT-like 2, HAT-like
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3,HAT-like 4, and HAT-like 5. The stem region of all HAT/DESC
proteases is composed of a single SEA (sea urchin sperm protein/
enteropeptidase/agrin) domain. The hepsin/TMPRSS (trans-
membrane protease/serine) subfamily has seven members, com-
prising hepsin, TMPRSS2, TMPRSS3, TMPRSS4, TMPRSS5/
spinesin, MSPL (mosaic serine protease large-form), and
enteropeptidase. All have a group A scavenger receptor domain in
their stem region, preceded by a single LDLA (low-density
lipoprotein receptor class A) domain in TMPRSS2, TMPRSS3,
TMPRSS4, and MSPL or by an array of SEA, LDLA, CUB (Cls/Clr,
urchin embryonic growth factor, bone morphogenetic protein-1),
and MAM (meprin/A5 antigen/receptor protein phosphatase
mu) domains in enteropeptidase. The matriptase subfamily has
four members: matriptase, matriptase-2, matriptase-3, and the
unique polyserase-1. The matriptases have a SEA domain, two
CUB domains, and three (matriptase-2 and matriptase-3) to four
(matriptase) LDLA domains in their stem region. The polyserase
stem region consists of an LDLA domain and two active and one
catalytically inactive serine protease domains. Corin displays a
complex stem region composed of two frizzled domains, eight
LDLA domains, and one group A scavenger receptor domain.
TTSP genes are found in all vertebrates (4), and the TTSP family
may have originated from two ancestral genes: one giving rise to
the HAT/DESC, hepsin/TMPRSS, and matriptase subfamilies and
one to the corin subfamily (2). Possibly reflecting this, arthropod
genomes encode only two TTSPs: stubble-stubbloid and corin.
The former is most closely related to HAT/DESC, hepsin/
TMPRSS, and matriptase proteases, and the latter is most closely
related to corin (4). Mice and rats have two HAT/DESC subfamily
members (Desc4 and Tmprsslic, encoding HAT-like 2 and HAT-
like 3) that are not found in humans and chimpanzees. This diver-
gence is caused by gene loss in primates, as orthologs of Desc4 and
TmprsslIc exist as pseudogenes in the human and chimpanzee
genomes (3). Detailed information on the cellular location of
hepsin, TMPRSS2, spinesin, enteropeptidase, matriptase,
matriptase-2, and corin is available. The relative mRNA abun-
dance in tissues is known for TMPRSS3, TMPRSS4, MSPL,
matriptase-3, and polyserase, whereas the sites of expression of
TMPRSS11A, HAT-like 3, HAT-like 4, and HAT-like 5 are
unknown (supplemental Table S2). Mutations in five TTSP genes
are now established as the underlying cause of autosomal recessive
genetic disorders in humans, and chromosomal rearrangements
and altered expression of TTSP genes appear to critically contrib-
ute to human carcinogenesis (supplemental Table S3).

Biochemical Properties of TTSPs

TTSPs are synthesized as inactive single chain proenzymes
(zymogens), which require activation by cleavage following a basic
amino acid residue (Arg or Lys) in a conserved activation motif
preceding the catalytic domain. They remain membrane-associ-
ated after activation because of a disulfide bond that links the
prodomain and catalytic domain (1). An unusual feature of several
TTSPs, including matriptase (5), matriptase-2 (6), hepsin (7),
TMPRSS2 (8), TMPRSS3 (9), TMPRSS4 (10), and TMPRSS11C
(11), is that they undergo autocatalytic activation in vitro. This
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suggests that many of the TTSPs could function as initiators of
proteolytic cascades. The mechanism of autoactivation is not
known but likely involves oligomerization. Matriptase and
enteropeptidase also undergo proteolytic cleavage within the SEA
domain, believed to occur by spontaneous conformation-driven
hydrolysis of a specific peptide bond, suggesting that this process-
ing may occur for all of the SEA domain-containing TTSPs (4).
The cytoplasmic tail domain may contribute to the targeting of the
TTSPs to plasma membrane microdomains, and some tails con-
tain consensus phosphorylation sites. The extracellular domains
of TTSPs are critical for cellular localization, activation, inhibition,
and/or substrate specificity (4). For example, the ability of corin to
activate pro-ANP is dependent on frizzled domain 1 and LDLA
domain repeats 1-4 (12). Ectodomain shedding is frequent, pro-
viding a mechanism by which TTSPs could be active in the peri-
cellular space (4). TTSPs are regulated by endogenous protease
inhibitors, specifically Kunitz domain-containing inhibitors and
serpins. The transmembrane Kunitz-type inhibitor HAI-1 is
implicated in the inhibition of matriptase (13), hepsin (14), and
prostasin (15). The related HAI-2 also displays potent inhibitory
activity toward hepsin and matriptase (14, 16). Matriptase is found
in human milk in complex with the secreted serpins antithrombin
111, o, -antitrypsin, and «,-antiplasmin (17). Inhibitory complexes
can be formed in vitro of the serpins PAI-1 and protein C inhibitor
with mouse DESC1 (18); PAI-1, protein C inhibitor, &, -proteinase
inhibitor, a,-antiplasmin, and antithrombin III with matriptase-3
(19); and PAI-1 and a,-antiplasmin with serase-1B (20).

Physiology and Pathobiology of TTSPs

Enteropeptidase in Digestion—The role of enteropeptidase in
digestion was first recognized by Ivan Pavlov in canine models
in the early 1900s and subsequently studied by Moses Kunitz
with purified proteins in the 1930s (21). Enteropeptidase is
expressed on the brush-border membrane of the duodenum,
where it converts pancreatic trypsinogen to trypsin. This func-
tion is essential for initiating proteolytic reactions of digestive
enzymes in the small intestine. Patients with congenital
enteropeptidase deficiency, which is caused by mutations in the
PRSS7 gene encoding enteropeptidase (21), are unable to digest
food efficiently and suffer from malnutrition and growth delay.

Corin in Cardiac Function and Blood Pressure Regulation—
Corin is expressed primarily in cardiomyocytes. Corin converts
pro-ANP to active ANP, a cardiac hormone that regulates blood
pressure and cardiac function by promoting natriuresis, dieresis,
and vasodilation (22). In mice, lack of corin prevents conversion of
pro-ANP to ANP (23). Corin null mice develop hypertension that
is exacerbated by a high-salt diet and exhibit cardiac hypertrophy.
Single nucleotide polymorphisms in the corin gene are found in
African Americans with a history of high blood pressure and car-
diac hypertrophy (24, 25). These single nucleotide polymorphisms
alter amino acids in corin frizzled domain 2 and impair its zymo-
gen activation and pro-ANP processing activity (26), suggesting
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that genetic defects in corin contribute to hypertensive disease in
humans. Corin is also expressed in other tissues (supplemental
Table S2) and has a role in pigmentation of mouse fur (27).

TTSPs in Hearing—Several TTSPs play a role in normal hear-
ing (supplemental Table S3). The TMPRSS3 gene was first identi-
fied in a locus on chromosome 21 that was associated with familiar
congenital deafness. An array of mutations in the TMPRSS3 gene
have been found in patients with nonsyndromic recessive hearing
loss (28). Mutations in the TMPRSSS5 gene may also contribute to
hearing loss (29). Both TMPRSS3 and TMPRSSS5 are expressed in
inner ear tissues. Many naturally occurring mutations prevent
zymogen activation of these enzymes. Recently, hepsin was also
found to be important for normal hearing (30). Hepsin null mice
have abnormal cochlear structures and reduced myelin protein
expression in the auditory nerve. Hepsin null mice also have low
levels of thyroxine. As thyroid hormone is required for the devel-
opment of the inner ear, this suggests that the impaired hearing
may be secondary to a defect in thyroid hormone metabolism.

Matriptase-2 in Iron Metabolism—Matriptase-2 plays an
important role in iron homeostasis. In chemically induced or gene
knock-out mouse models, disruption of the Tmprss6 gene caused
severe iron deficiency anemia (31, 32). Similarly, mutations in the
TMPRSS6 gene have been identified in patients with microcytic
anemia who respond poorly to iron therapy (33). Matriptase-2 is
expressed primarily in the liver, where it appears to suppress hep-
cidin expression. Hepcidin binds and internalizes the iron export
protein, ferroportin, on the surface of enterocytes and macro-
phages, thereby reducing iron supply. Recently, matriptase-2 was
shown to degrade hemojuvelin, a membrane-anchored protein
that acts as a cofactor for bone morphogenetic protein-mediated
activation of hepcidin gene expression (34). Matriptase-2 defi-
ciency leads to high levels of hemojuvelin and hence increased
hepcidin expression, which in turn suppresses iron absorption and
causes iron deficiency anemia.

TTSPs in Epithelial Homeostasis—HAT, HAT-like 2,
TMPRSS2, and matriptase are widely expressed in epithelial tis-
sues (supplemental Table S2). Other TTSPs may have a similar
expression pattern, as judged by mRNA abundance in tissues (sup-
plemental Table S2). HAT is expressed in airway epithelium,
suprabasal layers of the epidermis, and multiple other organs (sup-
plemental Table S2). HAT is proposed to execute a diverse array of
functions, including fibrinogenolysis, PAR-2 activation, amphi-
regulin expression, and urokinase plasminogen activator receptor
cleavage (4, 35). However, these candidate proteolytic targets of
HAT and the roles of HAT in epithelial physiology and pathology
were designated only from the study of in vitro cleavage reactions
and cell-based assays. HAT-like 2, encoded by the Desc4 gene, is
found in epithelial cells of the circumvallate papillae of adult rats,
embryonic salivary gland ducts, nasal epithelial cells, and tear
gland ducts, and the mRNA has been detected in a large number of
other tissues but has not been localized to specific cell types (sup-

FIGURE 1. The TTSP family is composed of four subfamilies: HAT/DESC, hepsin/TMPRSS, matriptase, and corin. The structure of each TTSP is shown schemati-
cally. TTSPs consist of an N-terminal signal anchor domain (S.A.) and a C-terminal trypsin-like serine protease domain (Serine) that flank a stem region composed
of 1-11 protein domains of six different types (see box at bottom). The location of each domain (amino acid numbering) is indicated above the domain (4).
HAT-like 2 and HAT-like 3 are found in rodents but not in primates. Polyserase has three C-terminal serine protease domains, of which the third is catalytically

inactive. Scavenger indicates the group A scavenger receptor domain.
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plemental Table S2). Desc4 is a pseudogene in both humans and
chimpanzees (3), indicating that the functions of HAT-like 2 are
rodent-specific or are redundant with other proteases in higher
mammalian species. TMPRSS2 was first found in basal cells of the
prostate epithelium (36) and later in the epithelial component of a
number of other tissues, including kidney tubules, upper airway
epithelium and alveoli, colonic epithelium, bile duct, and ovaries.
TMPRSS2 transcripts have also been detected in many other tis-
sues without cellular localization (supplemental Table S2). Expres-
sion of the TMPRSS2 gene in the prostate is androgen- and andro-
gen receptor-dependent (8, 36). The physiological function of
TMPRSS2 is unclear, as Trmprss2 null mice did not present with an
obvious phenotype, and no compensatory up-regulation of other
TTSPs with overlapping patterns of expression was apparent (37).
TMPRSS2 has been proposed to regulate epithelial sodium cur-
rents in the lung through proteolytic cleavage of the epithelial
sodium channel (38) and inflammatory responses in the prostate
via the proteolytic activation of PAR-2 (39). Matriptase is widely,
although not uniformly, expressed in epithelial tissues. Human
monocytes, B-cells, and mast cells also express matriptase (supple-
mental Table S2). The recent identification of individuals with
homozygosity for null and hypomorphic mutations in the ST14
gene (encoding matriptase) and the study of St14 null and hypo-
morphic mice revealed a critical role for matriptase in terminal
epidermal differentiation, epidermal barrier formation, and hair
follicle development (supplemental Table S2). Matriptase-defi-
cient individuals and mice display ichthyosis (dry, thickened, and
scaly skin) and hypotrichosis (sparse and abnormal hair) (40 —43).
Corneal opacity, photophobia, and abnormal primary and decid-
uous teeth are other manifestations of matriptase deficiency.
Matriptase may be part of an epidermal proteolytic cascade that
involves the glycosylphosphatidylinositol-anchored serine prote-
ase prostasin as based on the identical phenotype of mice with
epidermal ablation of either the S¢14 or Prss8 gene (encoding pros-
tasin), the efficient activation of pro-prostasin by matriptase in
vitro, and the greatly reduced levels of active prostasin in the epi-
dermis of matriptase-deficient mice and humans (40, 44).

TTSPs and Epithelial Carcinogenesis—Hepsin, TMPRSS2,
and matriptase have attracted considerable attention in the
context of epithelial carcinogenesis. General interest in hepsin
in cancer was kindled when analysis of high-density cDNA and
tissue microarrays revealed that the HPN gene (encoding hep-
sin) was among the most consistently and quantitatively over-
expressed genes in human prostate cancer and was the most
reliable single discriminator of prostatic intraepithelial neopla-
sia from benign prostate hyperplasia (45, 46). The association
between hepsin and prostate cancer progression was further
strengthened when overexpression of Hpn in prostate epithe-
lium was shown to induce metastasis in a non-metastatic
murine model of prostate carcinoma (47). More recently,
expression of hepsin, but not a catalytically inactive version of
hepsin, was reported to promote the progression of two ovarian
carcinoma cell lines after engraftment in mice (48). Overex-
pression of hepsin in basal prostate epithelial cells of mice leads
to the disorganization of the basement membrane (47). Sub-
strates linked to carcinogenesis that can be cleaved by hepsin ex
vivo are coagulation factor VII, pro-hepatocyte growth factor,
laminin 332, and pro-urokinase plasminogen activator (46, 49).
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A breakthrough in the understanding of the molecular patho-
genesis of prostate cancer was made with the discovery of somatic
fusions of the TMPRSS2 gene to members of the ETS gene family
of transcription factors in the majority of prostate cancers (50).
Four different ETS fusion partners have been identified, ERG,
ETV1, ETV4,and ETVS5, of which the TMPRSS2-ERG fusion is the
most common. A complex array of chromosomal rearrangements
causes the fusion of TMPRSS2 to ERG and ETV genes, leading to
the generation of a wide variety of C-terminally truncated
TMPRSS2 proteins fused to N-terminally truncated ERG/ETV
proteins or to the expression of N-terminally truncated ERG/ETV
proteins. In all cases, these gene fusions result in androgen-regu-
lated and overall increased expression of this family of cell growth-
regulating proto-oncogenes (supplemental Table S3). TMPRSS2
rearrangements have been detected in high-grade prostatic intra-
epithelial neoplasia, indicating that they are early events in pros-
tate carcinogenesis (51). Additionally, the presence of TMPRSS2-
ERG fusion transcripts is associated with a high rate of prostate
cancer recurrence, distant metastasis, and death after prostatec-
tomy (52-54).

Elevated matriptase, high matriptase/HAI-1 ratio, or increased
activation of matriptase is associated with poor prognosis in many
human carcinomas (55). This is noteworthy because matriptase in
many epithelia is found exclusively in terminally differentiated
cells but not in cells of the basal compartment from which carci-
nomas originate. Indeed, matriptase becomes expressed de novo in
the epidermal basal compartment during pre-malignant progres-
sion (55). Low-level forced expression of the protease in basal ke-
ratinocytes of mice suffices to induce squamous cell carcinoma
and dramatically potentiates ras-mediated squamous cell carcino-
genesis (56). Tumor grafting experiments suggest that matriptase
may also promote late stages of tumor dissemination (57, 58). Pro-
hepatocyte growth factor, pro-urokinase plasminogen activator,
and PAR-2 represent possible downstream targets for matriptase
in carcinogenesis (5, 59 - 61).

Perspectives

The TTSP family is the most recently identified protease
family, and much is still to be learned. However, some tentative
generalizations can be made at this time: TTSPs have diverse
roles in vertebrate physiology, and their structural likeness does
not reflect a common biochemical function. TTSPs mostly
serve to maintain basic homeostasis rather than re-establish
homeostasis after external challenges, such as tissue injury and
infection. In this respect, TTSPs may differ from other more
extensively studied families of pericellular proteases. Finally,
TTSPs appear to be frequently involved in either hormone or
growth factor activation or in the initiation of proteolytic cas-
cades. The next decade is likely to bring a wealth of additional
information about this fascinating protease family.

Acknowledgments— We thank our many colleagues in the TTSP field
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