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Abstract
Over the last two decades, a novel subgroup of serine proteases, the cell surface–anchored serine proteases, has emerged as an
important component of the human degradome, and several members have garnered significant attention for their roles in cancer
progression and metastasis. A large body of literature describes that cell surface–anchored serine proteases are deregulated in
cancer and that they contribute to both tumor formation and metastasis through diverse molecular mechanisms. The loss of
precise regulation of cell surface–anchored serine protease expression and/or catalytic activitymay be contributing to the etiology
of several cancer types. There is therefore a strong impetus to understand the events that lead to deregulation at the gene and
protein levels, how these precipitate in various stages of tumorigenesis, and whether targeting of selected proteases can lead to
novel cancer intervention strategies. This review summarizes current knowledge about cell surface–anchored serine proteases
and their role in cancer based on biochemical characterization, cell culture–based studies, expression studies, and in vivo
experiments. Efforts to develop inhibitors to target cell surface–anchored serine proteases in cancer therapy will also be
summarized.
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1 Introduction

The class of serine proteases contains 175 predicted members
in humans of which the vast majority are secreted proteases
[1]. A subgroup of serine proteases is directly anchored to
plasma membranes. These cell surface–anchored serine pro-
teases are tethered to the plasma membrane either via a
carboxy-terminal transmembrane domain (type I), an amino-
terminal proximal signal anchor that functions as a transmem-
brane domain (type II), or a carboxy-terminal hydrophobic
region that functions as a signal for membrane attachment
via a glycosyl-phosphatidylinositol linkage (GPI-anchored).
The type I transmembrane tryptase γ1 (also known as

PRSS31, transmembrane tryptase, and transmembrane prote-
ase γ1) is expressed in cells of hematopoietic origin and has
been studied most extensively in mast cells [2]. To our knowl-
edge, no studies on this protease in cancer have been pub-
lished, and it will therefore not be discussed further. The cat-
alytic domain of type II transmembrane serine proteases be-
longs to the S1 family of serine proteases which includes the
prototypic chymotrypsin and trypsin [3] . One exception is
fibroblast activation protein (FAP or seprase) which is a type
II transmembrane serine protease of the peptidase S9b family,
a prolyl oligopeptidase subfamily, with post-proline
dipeptidyl peptidase and endopeptidase enzymatic activity
(for reviews, see [4, 5]). Though FAP has been implicated in
cancer, this review will focus on the S1 membrane–anchored
serine proteases, and from here on, type II transmembrane
serine proteases (TTSPs) will refer to the S1 family members.

The TTSP family encompasses 17 members in humans.
This review will focus on 10 TTSPs (indicated with aster-
isks in Fig. 1a) which have been implicated in cancer.
TTSPs share a conserved N-terminal signal anchor that
functions as the transmembrane domain, a “stem region”
that is composed of a variable number of domains that
belong to one of six conserved motifs, and a C-terminal
serine protease domain (Fig. 1a). The serine protease
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domain has a histidine, aspartate, and serine triad of resi-
dues necessary for catalytic activity. TTSPs are divided
into subfamilies based on the composition of the domains
in the stem region, the phylogenetic relationship of the
serine protease domain, and the chromosomal location of
their genes [3, 6–14] (Fig. 1a). TTSPs are synthesized as
zymogens and require specific cleavage in a conserved
activation loop resulting in a structural rearrangement lead-
ing to the formation of a fully functional protease. Several
TTSPs, including matriptase [15], matriptase-2 [16],
hepsin [17], TMPRSS2 [18], TMPRSS3 [19], TMPRSS4
[20], and TMPRSS13 [21], are capable of auto-activation
which is suggestive of a basal activity for their respective
zymogens. Indeed, the rat and human matriptase zymogens
have been shown to harbor activity in vitro [22–26].
Fur thermore , knock- in mice express ing only a
noncleavable form of matriptase (zymogen-locked) are vi-
able, unlike matriptase-null mice, suggesting that
matriptase zymogen is biologically active and capable of
executing developmental and homeostatic functions of the

protease [27]. Regulation of TTSP proteolytic activity is
attributed to shedding of the protease from the cell surface
upon complex formation with membrane-associated or
membrane-secreted serine protease inhibitors or by inter-
nalization followed by lysosomal degradation [8].

The two cell surface Kunitz-type serine protease inhibitors
hepatocyte growth factor activator inhibitor-1 (HAI-1;
SPINT1) and HAI-2 (SPINT2) were initially identified in a
human gastric cancer cell line, and cDNA cloning revealed
that they are both type I transmembrane proteins [28, 29].
They have two extracellular Kunitz-type serine proteinase in-
hibitor domains (KD1 and KD2): a single-pass transmem-
brane domain near the carboxyl terminus and a short
intracytoplasmic domain. In addition, the amino terminus of
HAI-1 has a Motif At N terminus with Eight Cysteines
(MANEC) domain and a polycystic kidney disease (PKD)-
like domain, as well as a low density lipoprotein (LDL)-re-
ceptor class A domain between KD1 and KD2 [30] (Fig. 1b).
Two major splicing variants (isoforms a and b) are known for
HAI-2 where the b isoform lacks KD1 [30].

Fig. 1 Overview of human membrane–anchored serine proteases and
cognate inhibitors. a The type II transmembrane serine protease (TTSP)
family members are attached to the membrane via a signal anchor (SA)
located close to the N terminus. TTSPs are phylogenetically divided into
four subfamilies: (1) matriptase, (2) hepsin/transmembrane protease,
serine (TMPRSS), (3) human airway trypsin-like (HAT)/differentially
expressed in squamous cell carcinoma gene (DESC), and (4) corin.
Asterisks indicate proteases included in this review. b Hepatocyte
growth factor activator inhibitor type 1 (HAI-1) and HAI-2 are type I
transmembrane serine protease inhibitors. They have two extracellular
Kunitz-type serine proteinase inhibitor domains (KD1 and KD2): a
single-pass transmembrane domain near the carboxyl terminus and a
short intracytoplasmic domain. Two major splicing variants (isoforms a
and b) of HAI-2 are knownwhere the b isoform lacks KD1. HAI-2a is the

predominant form in humans. c Prostasin and testisin are composed of a
single protease domain linked to a glycosylphosphatidylinositol (GPI)
anchor that is added posttranslationally to the C terminus and attaches
the proteases to the outer leaflet of the plasma membrane. Domains: SA =
signal anchor; LDLA = low-density lipoprotein receptor class A; SRCR =
group A scavenger receptor cysteine-rich; SP = serine protease; SEA =
sea urchin sperm protein, enteropeptidase, agrin; CUB = Cls/Clr, urchin
embryonic growth factor, bone morphogenetic protein-1; MAM =
meprin, A5 antigen, receptor protein phosphatase μ. TM =
transmembrane; KD1 = Kunitz-type serine proteinase inhibitor domain
1; KD2 = Kunitz-type serine proteinase inhibitor domain 2; PKD =
polycystic kidney disease (PKD)-like; MANEC = motif at N terminus
with eight cysteines; GPI = glycosylphosphatidylinositol anchor
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Prostasin (PRSS8) is a serine protease with trypsin-like
substrate specificity that was first isolated from seminal fluid
[31]. Later, it was reported that prostasin is GPI anchored to
the cell surface and is released from the cell upon GPI-anchor
cleavage by phospholipase C (Fig. 1c) [32]. The Kunitz-type
inhibitor HAI-1 was also found to form stable inhibitor com-
plexes with prostasin [33–35]. Testisin (PRSS21) was first
cloned and characterized in human eosinophils [36] and char-
acterized as a new human serine proteinase in the testis [37]. It
was later demonstrated that testisin is tethered to the cell sur-
face via a GPI-anchor (Fig. 1c) [38]. Both testisin and
prostasin expression are epigenetically regulated by gene
methylation [39, 40].

2 Role of cell surface–anchored serine
proteases in cancer

In this section, studies implicating cell surface–anchored ser-
ine proteases in cancer are summarized (see Table 1 and
Fig. 2). The expression and function of cognate inhibitors will
also be examined in various cancer types.

2.1 Skin and head & neck squamous cell carcinomas

2.1.1 Matriptase

Matriptase is both an initiator and a strong tumor-promoter in
squamous cell carcinoma (SCC). A transgenic mouse model
was generated in which matriptase expression is under the
control of the keratin-5 (K5) promoter and thus overexpressed
in the epidermis [41]. In contrast to wild-type (WT) mice
which did not develop tumors, 100% of transgenic mice de-
veloped spontaneous epidermal neoplasia [41]. Furthermore,
after exposure to a single topical dose of the chemical carcin-
ogen 7,12-dimethylbenzanthracene (DMBA), nearly all the
matriptase transgenic mice developed SCC within 40 weeks.
Importantly, when the cognate matriptase inhibitor HAI-1 was
simultaneously overexpressed with matriptase in the epider-
mis, development of SCC following DMBA exposure was
abrogated, indicating that HAI-1 expression is sufficient to
protect mice from matriptase-induced SCC [41]. Moreover,
while matriptase is detected in complex with HAI-1 in normal
epidermis, it is mainly present in its noncomplexed form in
human epidermal SCC samples, indicating that the balance
between matriptase and its endogenous inhibitor is dysregu-
lated upon SCC transformation [42]. Doxycycline-inducible
expression of another cognate inhibitor, HAI-2, in the K5-
matriptase transgenic mice caused significant regression in
the size and number of established DMBA-induced epidermal
tumors [43]. This indicates that continued dysregulation of
matriptase activity is necessary for SCC progression and that
inhibition of matriptase activity in established tumors may be

an avenue for therapeutic intervention [43]. Induction of HAI-
2 expression led to decreased intratumoral infiltration of in-
flammatory cells, suggesting that matriptase-mediated SCC
progression is mediated in part by tumor-promoting inflam-
mation [43]. It was suggested in a 2009 study that protease-
activated receptor 2 (PAR-2) is a substrate of matriptase in the
skin based on their co-localization by immunohistochemistry
(IHC) in human epidermis and the activation of PAR-2 by
matriptase in human keratinocyte cell culture models [42].
These findings are in alignment with a later study using ge-
netic mouse models to investigate the role of PAR-2 in SCC
development [44]. K5-matriptase transgenic mice crossed to
PAR-2 null mice were protected against the development of
epidermal hyperplasia or dysplasia that is normally associated
with matriptase overexpression in the epidermis, indicating
that pre-malignant transformation into SCC is dependent on
PAR-2 expression [44]. This was further confirmed by the
inability of transgenic matriptase to potentiate DMBA-
induced tumors in the absence of PAR-2 [44]. Matriptase ex-
erts its pro-oncogenic properties to induce epidermal SCC
through the activation of PAR-2–NF-κB signaling as well as
through the phosphatidylinositol-3-kinase (PI3K)–Akt–mTor
pathway [41, 44].

It has also been demonstrated by IHC analysis that
matriptase is highly expressed in head and neck SCC
(HNSCC) including carcinomas of the tongue, lip, larynx,
and gingiva, and that the protease is frequently co-expressed
with the receptor tyrosine kinase c-Met [45]. This would allow
for activation of c-Met and downstream proliferative signaling
of epithelial cells upon matriptase-mediated activation of the
c-Met ligand hepatocyte growth factor (HGF) [45]. To test the
functional connection between matriptase and HGF/c-Met,
the K5-matriptase transgenic mouse described above was
crossed into a mouse model with c-Met ablated in the basal
keratinocytes of the epidermis (K14-Cre+/0;Hgfrfl/−) [45].
Loss of c-Met impaired matriptase-induced SCC formation,
demonstrating an essential role for c-Met signaling for the pro-
oncogenic properties of matriptase [45]. Another study specif-
ically investigating the role of HAI-1 in oral SCC (OSCC) cell
lines, including those of the gingiva and tongue, found that
silencing of HAI-1 enhanced migration and tumorigenicity
[46]. The migratory phenotype was negated by simultaneous-
ly silencingmatriptase, indicating that HAI-1 works, at least in
part, to inhibit the oncogenic effects of matriptase in OSCC
[46]. HAI-2 also plays a role in inhibition of the pro-
oncogenic activity of matriptase in OSCC. In HAI-2 knock-
out (KO) OSCC cells, levels of activated matriptase increased
as well as the levels of prostasin [47]. RNA interference
(RNAi)-mediated prostasin silencing reversed the reduced
invasiveness of the HAI-2 KO cells, indicating that both
HAI-2 and prostasin act as suppressors of cellular invasion.
It was previously demonstrated that a matriptase–prostasin
reciprocal zymogen activation complex exists [48], which
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could cause dysregulation of both matriptase and prostasin
activity upon HAI-2 KO. The OSCC tumor microenviron-
ment may also play a role in matriptase-mediated tumorige-
nicity. Conditioned media isolated from SAS cells, a tongue
SCC cell line, enhanced migration of cancer-associated fibro-
blasts (CAFs), stromal cells that contribute to malignant pro-
gression [49]. HAI-1 silencing in SAS cells further enhanced
the migratory CAF phenotype, due to an increase in active
matriptase produced by the cancer cells [49]. The authors
propose that CAF-expressed PAR-2 is activated by matriptase
in a paracrine manner to stimulate cellular migration in OSCC
[49]. IHC analysis of clinical samples of OSCC further sup-
ported a pro-oncogenic role of matriptase, as matriptase ex-
pression positively correlated with grade, stage, lymph node
positivity, and metastasis to distant sites. Higher matriptase
expression was also associated with poorer patient prognosis
[50].

2.1.2 DESC1

The first published DESC1 (differentially expressed in squa-
mous cell carcinoma 1) study concluded that DESC1 tran-
script is expressed in normal head and neck epithelial tissues,
but that expression is dramatically decreased in HNSCC sam-
ples [51]. In some cases, DESC1 is undetectable in HNSCC,
which suggests that loss of the protease may be important for
the development of SCC [51]. In a subsequent study, it was
demonstrated that DESC1 protein levels also decreased during
cancer progression [52] and that DESC1 protein expression
positively correlated with keratinocyte differentiation [52].
Thus, DESC1 is lost during the de-differentiation associated
with malignant transformation in HNSCC, indicating a poten-
tial role as a tumor suppressor. To elucidate the mechanism by
which DESC1 exerts its tumor-suppressive activity, apoptosis
and proliferation assays were performed in DESC1-

Fig. 2 Roles of cell surface–
anchored serine proteases in
cancer development and
progression. Cell surface–
anchored serine proteases are
involved in the development/
initiation of primary tumors
(determined through genetic
mouse models), progression of
primary tumors (determined
through apoptosis/proliferation
assays cell culture assays and/or
xenograft models), cancer cell
migration/invasion (determined
through invasion assays in vitro),
and formation of metastatic
lesions (determined through
metastasis development in genetic
mouse models and/or xenograft
models). Upward-facing arrows
indicate proteases that are
positively associated with tumor
development/progression (pro-
oncogenic), and downward-
facing arrows indicate proteases
negatively associated with tumor
development/progression (tumor-
suppressive)
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overexpressing cell lines derived from both well and poorly
differentiated esophageal SCC (ESCC) primary tumors [53].
In both cell lines, the overexpression of DESC1 decreased cell
viability by increasing apoptosis upon serum starvation (a
cellular stress condition). This indicates that DESC1 may sen-
sitize cells that are under stress to undergo apoptosis [53].
Furthermore, this study identified that DESC1 expression
caused decreased Akt1 activation through modulation of
EGFR signaling, which in turn led to a tumor-suppressive
phenotype. Additionally, in an orthotopic grafting model,
DESC1-overexpressing ESCC cells displayed decreased tu-
mor growth in nude mice compared to control cells [53].
The effect of loss-of-function studies in vivo using DESC1
null mice would further shed light on its role in SCC progres-
sion. One possible mechanism by which DESC1 is downreg-
ulated in ESCC was recently described [54]. In ESCC tissues,
the long noncoding RNA (lncRNA) TUSC7 is significantly
downregulated compared to normal esophageal tissue, and
TUSC7 negatively regulates the micro-RNAmiR-224 expres-
sion under normal conditions. Importantly, miR-224 is
overexpressed in ESCC, and DESC1 is a direct target for
silencing by miR-224 [54].

2.1.3 HAT and HATL-5

IHC analysis demonstrated that human airway trypsin-like
protease (HAT) protein is highly expressed in nonmalignant
apical squamous epithelial cells, but protein levels significant-
ly decrease as the grade of disease increases in both cervical
and esophageal SCC [55]. Consequently, poorly differentiated
carcinomas displayed little to no staining for HAT protein
[55]. Much like DESC1, HAT levels appear to correlate with
differentiated epithelium, and as cells undergo malignant
transformation to SCC, HAT expression is gradually reduced
with increasing progression and is in many cases lost entirely.

Human airway trypsin-like protease 5 (HATL-5) transcript
and protein expression is reduced in carcinoma tissues of the
cervix, esophagus, and head and neck, as compared to normal
tissues [56]. Like HAT expression in SCC, HATL-5 protein
levels decreased significantly with increasing grade of disease,
where poorly differentiated high-grade carcinomas displayed
weak or undetectable HATL-5 [56]. It remains to be deter-
mined whether HAT and HATL-5 are critical for suppression
of malignant transformation and/or progression SCC in vivo.

2.1.4 TMPRSS3

TMPRSS3 transcript and protein expression is significantly
upregulated in nasopharyngeal carcinoma (NPC) as compared
to adjacent nonmalignant epithelium [57]. Similarly, NPC cell
lines showed significantly increased TMPRSS3 expression
compared to the NP69 nasopharyngeal epithelium cell line.
Stable knock-down (KD) of TMPRSS3 in NPC cells reduced

the proliferation and invasive phenotype of the cells in vitro by
inhibition of the PI3K/Akt oncogenic signaling pathway.
Subcutaneously implanted TMPRSS3-KD NPC cells
displayed impaired tumor growth compared to control cells
[57].

2.1.5 Prostasin

Prostasin (PRSS8) has been identified in the context of ESCC
as a potential tumor suppressor [58]. Both transcript and pro-
tein levels of prostasin were significantly decreased in poorly
differentiated ESCC tissues as compared to normal esopha-
gus, carcinoma in situ, and well-differentiated ESCC samples.
In ESCC tissues and cell lines with low or undetectable ex-
pression of prostasin, the CpG island-containing region of the
PRSS8 gene promoter was hypermethylated [58]. This CpG
island hypermethylation silenced prostasin expression and
could be reversed by treatment of cells with the demethylating
agent decitabine. A potential mechanism for the role of
prostasin in ESCC tumor suppression is through the downreg-
ulation of cell cycle and epithelial-to-mesenchymal transition
(EMT) proteins, including cyclin D1, Snail, and Twist [58].

2.2 Breast cancer

2.2.1 Matriptase

Matriptase was first described in 1993 as a new cancer-
associated protease with gelatinolytic activity expressed by
cultured human breast cancer cells [59]. In breast carcinomas,
increased matriptase expression correlates with tumor grade
and stage, and a high matriptase expression is predictive of
poor survival [60–63]. The cognate matriptase inhibitors HAI-
1 and HAI-2 are expressed at a significantly lower level in
poorly differentiated breast tumors, and HAI-2 expression is
inversely correlated with nodal involvement and tumor dis-
semination [64]. Interestingly, in a long-term survival study of
node-negative breast cancer patients, 30-year survival data
demonstrated that high expression of both matriptase and c-
Met, the receptor for HGF, was significantly associated with
poorer disease-free survival [61]. Using genetic mouse
models, it was demonstrated that matriptase is critically in-
volved in mammary carcinogenesis and that one of the mo-
lecular mechanisms through which matriptase exerts its pro-
carcinogenic effects is activation of pro-HGF on the cancer
cell surface, leading to initiation of the c-Met signaling path-
way and elicitation of mitogenic and invasive responses in
breast cancer [65]. Matriptase hypomorphic mice that
displayed an approximate 75% reduction in matriptase protein
levels in mammary glands were used [65]. When crossed into
the mouse mammary tumor virus (MMTV) Polyomavirus
middle T (PymT) antigen genetic mammary tumor model,
matriptase hypomorphic mice displayed a significant delay
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in tumor onset, as well as a decreased tumor burden caused by
abrogation of tumor cell proliferation [65]. For mechanistic
studies, primary mammary carcinoma cells with genetic dis-
ruption of the matriptase encoding gene by tamoxifen-
inducible Cre–loxP recombination were generated.
Matriptase-null cells displayed an impaired ability to initiate
activation of the c-Met signaling pathway in response to
fibroblast-secreted pro-HGF [65]. The matriptase/c-Met sig-
naling axis also mediates proliferation and invasion in human
inflammatory breast cancer (IBC) cell lines and in non-IBC
human triple-negative ductal carcinoma cell lines [65, 66].

Platelet-derived growth factor-C (PDGF-C) is another sub-
strate of matriptase that contributes to breast cancer cell mi-
gration and survival in vitro [67]. MCF-7 luminal breast can-
cer cells engineered to overexpress PDGF-C produced prote-
ases capable of cleaving PDGF-C to its active form. Increased
PDGF-C expression enhanced cell proliferation, anchorage-
independent cell growth, and tumor cell motility by autocrine
signaling. Matriptase was identified as the major protease re-
sponsible for processing of PDGF-C in MCF-7 cells [67].

2.2.2 Matriptase-2

Matriptase-2 (TMPRSS6) is highly expressed in normal mam-
mary tissue and mainly confined to the epithelial cells [68]. In
breast carcinomas, matriptase-2 protein levels decreased with
increasing tumor grade with very low matriptase-2 levels ob-
served in undifferentiated ductal or lobular tumors. Reduced
matriptase-2 levels in breast cancer tissues correlated with an
overall poor prognosis [68, 69].Whenmatriptase-2 was stably
expressed in the highly invasive breast cancer cell line MDA-
MB-231, which does not endogenously express matriptase-2,
reduced cell invasion and migration was observed in vitro.
Furthermore, matriptase-2–expressing cells implanted subcu-
taneously into nude mice displayed significantly impaired tu-
mor growth [68]. Thirteen single nucleotide polymorphisms
(SNPs) in the TMPRSS6 gene were investigated in triple-
negative breast cancer, and four variants were associated with
reduced matriptase-2 expression and poor survival [69].

2.2.3 Hepsin

Hepsin is overexpressed in breast cancer tissues as compared
to adjacent nonmalignant breast tissue [70, 71]. Hepsin ex-
pression also positively correlated with the tumor stage and
lymph node metastases [70]. The overexpression of hepsin in
mammary epithelial organoids was associated with a down-
regulation of HAI-1 and augmented HGF/c-Met signaling
which caused deter iora t ion of desmosomes and
hemidesmosomes [70, 71]. Hepsin facilitates the invasive po-
tential of breast cancer cells through remodeling of the base-
ment membrane by cleavage of laminin-332, a component of
the hemidesmosome at cell–cell junctions [72]. Decreasing

hepsin activity with a selective inhibitor or its expression with
siRNA-mediated silencing reduced desmosome cleavage and
impaired the proliferation and invasiveness of cultured breast
cancer cells [72, 73].

2.2.4 TMPRSS3

In an IHC study comparing breast cancer patient tissue sam-
ples to adjacent healthy breast tissue, a significantly higher
expression of TMPRSS3 in cancerous tissue was demonstrat-
ed [74]. The expression level of TMPRSS3 also correlated
with disease stage, lymph node positivity, and proliferation
of the cancer cells. Consequently, high expression of
TMPRSS3 led to lower disease-free and overall survival
[74]. Additionally, TMPRSS3 was found to positively associ-
ate with distant organ metastasis in breast cancer [75]. In one
study, the expression of TMPRSS3 in breast cancer samples
was described to be low in poorly differentiated tumors, and
low TMPRSS3 expression was significantly associated with
reduced overall survival [76]. The expression levels and the
clinical significance of TMPRSS3 in breast cancer therefore
remain unclear.

2.2.5 Prostasin

In 2002, it was demonstrated that prostasin expression at both
the transcript and protein level is undetectable in highly inva-
sive and metastatic breast cancer cell lines, but the protease is
expressed in normal breast epithelial cells and minimally in-
vasive breast cancer cell lines [77]. Transgenic expression of
prostasin in MDA-MB-231 and MDA-MB-435 breast cancer
cell lines, which do not express endogenous prostasin, re-
duced the in vitro invasiveness of both cell lines. Prostasin
expression may be lost in breast cancer cells lines due to
methylation of its promoter region, as treatment of breast can-
cer cell lines with a DNAmethyltransferase inhibitor was able
to reactivate prostasin expression [77]. Matriptase and
prostasin have also been shown to be co-expressed in breast
cancer cell lines and human breast cancer tissue samples [78].

2.3 Colorectal cancer

2.3.1 Matriptase

A 2006 study demonstrated that the ratio of matriptase:HAI-1
mRNA is higher in colorectal cancer adenomas and carcino-
mas than corresponding tissue from control individuals [79].
Additionally, a 2007 study that investigated the ratio of
matriptase to HAI-1 via IHC analysis showed that the
matriptase:HAI-1 ratio is higher in more differentiated colon
adenocarcinoma and decreases in poorly and moderately dif-
ferentiated cancers [80]. These studies indicate that the
matriptase:HAI-1 ratio is important for CRC tumor
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development and that the ratio is dependent on the grade/
differentiation of the tumor. Silencing of matriptase expres-
sion with siRNA or inhibition of matriptase activity using
small molecule inhibitors in the CRC cell line DLD-1 led to
decreased activation of pro-HGF and decreased cell invasion
through an extracellular matrix in vitro [81].

Similar to matriptase-null mice, which have severe epider-
mal barrier defects [82], mice with matriptase ablation specif-
ically in the intestinal epithelium (villin-Cre+/0;St14LoxP/−)
display intestinal epithelial barrier defects due to decreased
tight junction formation [83]. These mice also form colonic
adenocarcinomas that resemble CRC that arise from inflam-
matory bowel disease. Loss of matriptase in the colon there-
fore leads to dysregulated epithelial barrier function, which
allows for intestinal microbes and resident immune cells to
cause chronic intestinal inflammation that eventually leads
to adenocarcinoma formation [83]. Thus, inflammation-
associated colon carcinogenesis can be initiated and promoted
solely by an intrinsic intestinal permeability barrier perturba-
tion, and in this context, matriptase acts as a tumor suppressor
by supporting normal barrier function. The intestinal barrier
defect in this matriptase loss-of-function model limits inter-
pretation pertaining to the contribution of matriptase in CRC,
since conclusions cannot be drawn regarding matriptase loss
in the context of an intact intestinal barrier. Additional studies
using alternative models, such as orthotopic xenografts
assessing growth of matriptase-deficient CRC cells implanted
in a normal intestinal background, would be informative.

2.3.2 TMPRSS4

TMPRSS4 mRNA and protein expression are significantly
increased in CRC tissue samples compared to normal colon
mucosa, and the expression of TMPRSS4 correlates with both
the tumor grade as well as the presence of lymph node metas-
tases [84, 85]. RNAi-mediated silencing of TMPRSS4 in the
CRC cell line HCT116 demonstrated decreased cell prolifer-
ation, invasion, and migration, as well as a reduction in the
cancer stem cell (CSC) markers CD44 and CD133 [84]. Thus,
TMPRSS4 expression may be linked to the ability of CRC
cells to self-renew.

2.3.3 Prostasin

Several studies have demonstrated that prostasin (PRSS8) is a
tumor suppressor in CRC. Prostasin mRNA levels are mod-
estly yet significantly decreased in CRC and dysplastic colon
tissue as compared to matched normal tissue [86, 87].
Transcript levels of protease nexin-1 (PN-1), an endogenous
inhibitor of prostasin, are significantly increased in dysplasia
and CRC tissue, which may be a contributing factor to CRC
progression due to a reduction in prostasin activity [86].
Furthermore, low prostasin protein expression is significantly

associated with lower overall and disease-free survival of
CRC patients [87]. The localization of prostasin in CRC tis-
sues changes during cancer progression: in normal colon ep-
ithelium, prostasin is located on the apical plasma membrane,
while HAI-1 is located on the basolateral plasma membrane
[86]. In CRC tissue samples, prostasin co-localized with HAI-
1 in IHC staining, suggesting a loss of cell polarity [86].
Prostasin has been shown to negatively associate with
Sphk1, S1p, phosphorylated-Stat3, and phosphorylated-Akt
levels in CRC cell lines [87]. This indicates that inflammatory
signaling in the colon through the Sphk1/S1p/Stat3/Akt axis
may be suppressed by prostasin under normal conditions, and
this axis becomes dysregulated upon carcinogenesis.
Subcutaneous xenografts of a prostasin-overexpressing
HCT116 CRC cell line into nude mice showed that prostasin
inhibited tumor growth and suppressed the Sphk1/S1p/Stat3/
Akt axis in vivo [87]. Prostasin-overexpressing CRC cells
displayed decreased growth and metastasis upon grafting into
nude mice, as well as decreased invasion, migration, and col-
ony and sphere formation in vitro compared to WT cells [88].
A conditional knock-out mouse that lacks prostasin expres-
sion specifically in the colon (Prss8fl/fl, p-Villin-Cre+) displays
intestinal inflammation and develops spontaneous colitis at a
young age, that eventually develops into proliferative, poorly
differentiated intestinal tumors [88]. Mechanistic studies indi-
cated that prostasin-dependent tumor suppression was medi-
ated through targeting of the Wnt/β-catenin, EMT, and stem
cell signaling pathways [88]. Since epidermal ablation of ei-
ther prostasin or matriptase leads to identical epidermal barrier
phenotypes [89, 90], it is plausible that the conditional
prostasin KO mice have impaired intestinal barrier function
which could promote inflammation and carcinogenesis as a
secondary effect.

2.4 Ovarian cancer

2.4.1 Matriptase

Matriptase is highly expressed in ovarian carcinomas at the
transcript and protein levels, while it is low to undetectable in
normal ovaries [91–93]. The expression of matriptase in ovar-
ian carcinomas decreases as the stage of disease increases [92,
94], with one study finding that 72% of stage I tumors
expressed matriptase mRNA and protein, while less than
50% of stage II/III/IV tumors were positive for matriptase
expression [92]. The reduction of matriptase expression with
advancing disease stage may be a consequence of the cells
acquir ing a more mesenchymal phenotype [95] .
Consequently, matriptase expression in ovarian cancer is sig-
nificantly associated with better survival outcomes [92, 93].
However, it also appears that the ratio between the expression
of matriptase and its cognate inhibitors HAI-1 and HAI-2 is an
important factor in ovarian carcinogenesis. Both HAI-1 and
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HAI-2 protein levels are significantly decreased with increas-
ing stage of disease, and lower expression of HAI-2 is associ-
ated with accumulation of ascites fluid and residual tumor
diameter [96]. Disease-free and overall survival are also sig-
nificantly decreased with low HAI-1 and HAI-2 expression
[96]. In most advanced stage ovarian tumors that do express
matriptase, HAI-1 was rarely co-expressed, while about 30%
of lower stage tumors co-expressed matriptase and HAI-1
proteins [94]. Furthermore, whenHAI-1 and HAI-2 were tran-
siently transfected into the OVCAR-3 ovarian cancer cell line,
matriptase protein level dramatically decreased and apoptosis
increased [96]. Another study that specifically assessed the
matriptase:HAI-1 ratio in HO-8910 ovarian cancer cells and
in the highly metastatic HO-8910PM cells showed that in the
latter, the ratio of matriptase to HAI-1 was significantly in-
creased at both the transcript and protein levels compared to
HO-8910 cells [97]. Cellular migration and invasion in these
cells were significantly positively associated with the ratio of
matriptase to HAI-1, and siRNA-mediated silencing of
matriptase decreased the migratory and invasive ability of
the HO-8910PM cells in vitro [97]. One proposed mechanism
by which matriptase increases the invasiveness of ovarian
cancer is through the activation of urokinase plasminogen
activator (uPA) which is involved in degradation, via activa-
tion of plasminogen to plasmin, of the extracellular matrix
surrounding tumor cells, allowing for their dissemination
[98]. When matriptase was silenced in the ovarian cancer cell
line HRA, pro-uPA conversion to active uPA was impaired,
which may contribute to the observed abrogation of invasive-
ness through a reconstituted extracellular matrix in vitro [98].

2.4.2 TMPRSS3

TMPRSS3 (TAGD-12) overexpression in ovarian cancer was
discovered nearly two decades ago [99], and TMPRSS3 was
introduced as a potential therapeutic biomarker. TMPRSS3 is
significantly increased at both the transcript and protein levels
in epithelial ovarian cancer as compared to normal ovarian
epithelium and ovarian tumors of low malignant potential
(LMP) [99]. In a later study, genome-profiling was performed
in epithelial ovarian cancer (EOC) cell lines following treat-
ment with S-adenosyl-l-methionine (SAM, a compound that
stimulates DNAmethylation). Genes that were downregulated
upon SAM treatment were considered hypomethylated in
EOC [100]. The CpG island in the 5′ untranslated promoter
region of the TMPRSS3 gene was hypomethylated in high-
grade EOC tumors, causing increased expression of
TMPRSS3 in EOC [100]. SAM treatment was also shown to
decrease the protein expression of TMPRSS3 in the EOC cell
lines SKOV3 and OVCAR3, indicating that increased DNA
methylation of TMPRSS3 in EOC is capable of reducing its
expression in vitro [100]. TMPRSS3 overexpression in the
ovarian cancer cell line A2780 increased proliferation,

invasion, and migration of the cells, and conversely, silencing
of TMPRSS3 in HO8910 cells had the opposite effect [101]
further suggesting a role of TMPRSS3 as a pro-oncogenic
protease in ovarian cancer.

2.4.3 Testisin

Testisin is significantly upregulated at the transcript level in
human ovarian clear-cell carcinoma and adenocarcinoma
samples as compared to normal ovarian tissue [102]. This
transcript increase was demonstrated to correlate with the
stage of ovarian carcinoma, with testisin expression being
significantly higher in advanced stage carcinomas than LMP
tumors or adenomas [102]. Inmetastatic serous papillary ovar-
ian tumors however, testisin gene expression decreases as
compared to primary ovarian serous carcinomas [103], indi-
cating that testisin may primarily be upregulated in primary,
not metastatic, ovarian tumor cells. Testisin was detected at
the mRNA and protein level in the ovarian cancer cell line
CaOv3 and RNAi-mediated KD of testisin in these cells in-
duced apoptosis by increasing the activity of caspase-3 and
caspase-7 [38]. Testisin-overexpressing SKOV3 ovarian can-
cer cells grew significantly larger primary tumors upon sub-
cutaneous implantation into mice, further implicating testisin
as a pro-oncogenic protease [38]. The role of testisin in ovar-
ian cancer metastasis was further investigated in vivo using an
intraperitoneal xenograft model of late stage, metastatic tu-
morigenesis [104]. Xenografts of testisin-overexpressing
clear-cell carcinoma cells displayed abrogated intraperitoneal
tumor cell seeding and tumor metastasis. The mechanism for
this inhibition of metastasis was proposed to involve proteo-
lytic activation of PAR-2 by testisin, which antagonizes the
pro-angiogenic angiopoietins ANG2 and ANGPTL4 to cause
decreased ascites accumulation [104]. A novel experimental
cancer therapeutic that utilizes modified anthrax toxin protec-
tive antigen to induce cancer cell killing upon testisin-
mediated cleavage has shown efficacy in cell culture experi-
ments and in vivo [105] (see Section 3.9).

2.5 Prostate cancer

2.5.1 Matriptase

Matriptase is significantly increased at both the mRNA and
the protein level in prostate cancer patient tissues compared to
normal prostate samples, and this increased expression also
significantly correlates with tumor grade [106, 107].
Expression is restricted to the malignant epithelial prostate
cells, as matriptase transcript is nearly undetectable in stromal
cells [106]. A correlation between matriptase expression
levels and prostate cancer aggressiveness was observed in
the PC-3 and DU145 prostate cancer cell lines [108]. When
matriptase expression was reduced in these cells using
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hammerhead ribozyme transgenes, the cells exhibited slower
growth, reduced invasion and migration, and increased cell–
cell adhesion. Furthermore, matriptase-deficient PC-3 cells
caused significantly reduced tumor growth in a subcutaneous
xenograft model [108].

As observed in many other cancers, the increased expres-
sion of matriptase in both prostate cancer cell lines and tissues
was accompanied by a corresponding decrease in the expres-
sion of HAI-1, again showing the importance of
matriptase:HAI-1 balance in malignant progression [107]. A
later study demonstrated that HAI-1 protein level increases as
well in all prostate proliferative diseases tested, including lo-
calized and aggressive cancer, benign prostate hyperplasia,
and high-grade intraepithelial neoplasia [109]. The authors
hypothesize that the reason for the discrepancy between stud-
ies investigating HAI-1 levels in prostate cancer may be due to
different antibodies being used, different assays, as well as
small sample sizes and different patient populations [109].
Studies using HAI-1-deficient PC-3 and DU145 prostate can-
cer cell lines have demonstrated that these cells displayed
decreased invasiveness and slower growth compared to con-
trol cells in vitro [110]. This lends credence to the idea that
dysregulation of HAI-1 expression, under some conditions,
can lead to a more aggressive prostate cancer phenotype.

HAI-2 significantly decreases in malignant tissue com-
pared to benign lesions and normal prostate at both the tran-
script and protein levels, and expression further decreases with
increased Gleason score [106, 111]. The N1 and N2 prostate
cancer cell lines were established through serial intraprostatic
propagation of 103E human prostate cancer cells and isolation
of the metastatic cells from nearby lymph nodes [112]. The
invasion capability of these cells was revealed to gradually
increase throughout the serial isolations (103E<N1<N2) and
the expression of HAI-2, but not HAI-1 was significantly de-
creased throughout the progression in parallel with increased
activation of matriptase [112]. Furthermore, shRNA-mediated
silencing of HAI-2 in CWR22Rv1 prostate cancer cells dem-
onstrated increased levels of active matriptase and increased
prostate cancer invasiveness, while overexpression of HAI-2
in N2 cells showed co-localization with matriptase on the cell
surface, reduced matriptase activity, and reduced invasive ca-
pability [112]. Silencing of matriptase reduced the invasive
potential induced by HAI-2 silencing in CWR22Rv1 cells.
In vivo, HAI-2 overexpression or matriptase silencing in N2
cells significantly decreased tumorigenicity and metastatic ca-
pability in orthotopically xenografted mice [112]. These re-
sults suggest that matriptase activity is primarily controlled by
HAI-2 in prostate cancer and that an imbalance between HAI-
2 and matriptase expression leads to matriptase-mediated cell
migration, invasion, and metastasis [111–113]. The proform
of HGF is a substrate for matriptase in prostate cancer. PC-3
cells, which express high levels of matriptase, treated with a
matriptase inhibitor or matriptase siRNA, showed an

abrogation of pro-HGF cleavage into its active form [114].
Matriptase may be activated in the prostate tumor microenvi-
ronment by extracellular acidification induced by platelet-
derived growth factor-D (PDGF-D) [115]. PDGF-D signaling
in a benign prostate epithelial cell line increased the nuclear
localization of the transcription factor hypoxia-inducible fac-
tor-1α (HIF-1α), which increases expression of carbonic
anhydrase IX (CAIX) and causes acidosis. This low pH in-
duces the activation and shedding of matriptase, leading to a
more aggressive prostate cancer phenotype, and potentially
facilitates the invasion of cancer cells [115]. Matriptase is
capable of cleaving the full-length PDGF-D dimer into a
hemidimer and further into an active growth factor domain
(GFD) dimer [116]. Matriptase further processes the GFD into
a smaller, inactive GFD fragment, which is unable to activate
the β-PDGF receptor [116]. Thus, the activity of PDGF-D is
regulated by matriptase, and this regulation can also influence
the binding of PDGF-D to the extracellular matrix (ECM).
Matriptase also modulates the integrity of the ECM by cleav-
ing laminin-332 (Ln-332), an ECM protein [117, 118]. A
growth factor receptor which may play a role in matriptase
activation in prostate cancer is ErbB-2 (also known as epider-
mal growth factor receptor 2 or HER2). Dysregulated ErbB-2
signaling is associated with cancer cell proliferation and inva-
sion, and this signaling can be ligand-dependent as well as
ligand-independent [119]. LnCaP C-33 cells, a prostate cancer
cell line that is minimally invasive and has moderate levels of
activated ErbB-2 and active matriptase, were stimulated with
EGF to enhance the activation of ErbB-2, and this caused a
corresponding increase in the levels of activated matriptase.
Loss-of-function studies using the ErbB-2 inhibitor AG825
led to a reduction in active matriptase as well as significantly
decreased migration and invasion of the prostate cancer cells.
It was also demonstrated that the activation of matriptase and
induction of an invasive phenotype by ErbB-2 stimulation
occurs via the PI3K pathway [119].

Invasion can also be promoted by an androgen-dependent
mechanism in prostate cancer. TMPRSS2 is commonly asso-
ciated with prostate cancer progression and severity, and it
was found that testosterone (DHT) increases TMPRSS2 ex-
pression in a dose-dependent manner [120]. Matriptase was
identified as a TMPRSS2 substrate in prostate cancer cell
lines, where TMPRSS2 can proteolytically activate matriptase
and enhance its shedding. Thus, androgen signaling induces
TMPRSS2 expression, which in turn increases matriptase ac-
tivation to promote the invasion and migration of prostate
cancer cells [120]. Matriptase activation and shedding is in-
duced by high expression of the androgen receptor in PC-3
cells [118]. This matriptase activation mechanism is depen-
dent on activation of Src tyrosine kinase by androgen binding
to androgen receptor (AR), and silencing of matriptase with
siRNA significantly decreases the AR-dependent invasive-
ness of the PC-3 cells [118]. Cyclooxygenase-2 (COX-2) also

Cancer Metastasis Rev (2019) 38:357–387 369



plays a role in the activation of matriptase and the invasive
potential of PC-3 prostate cancer cells [121]. COX-2 silencing
in PC-3 cells leads to a 90% decrease in levels of activated
matriptase. COX-2 activity is induced by inflammation and
generates prostaglandin E2 (PGE2) which acts through its re-
ceptors EP1/2 to activate matriptase to promote tumor growth
in a PC-3 orthotopic xenograft model and cell invasion in vitro
[121].

2.5.2 Hepsin

A 2001 study that investigated differentially expressed genes
between normal and malignant human prostate samples iden-
tified hepsin as a significantly overexpressed protease in pros-
tate cancer [122]. In situ hybridization showed low gene ex-
pression of hepsin in benign prostate epithelial cells and high
hepsin expression in the carcinoma cells of cancerous samples
and in prostatic intraepithelial neoplasia (PIN) cells. These
results indicated that hepsin expression is associated with ma-
lignant transformation of prostate epithelium [122]. The gene
expression results were confirmed by IHC analysis of hepsin
protein expression in human tissue biopsies, as 100% of pros-
tate carcinoma samples stained positive for hepsin, whereas
about half of PIN samples were positive [123]. Only 11% of
benign prostatic hyperplasia (BPN), and none of the normal
prostate samples, were positive [123]. Several single SNPs
have been identified in the hepsin gene, which differ signifi-
cantly in frequencies between prostate cancer patients as com-
pared to healthy controls. Furthermore, a major 11-locus hap-
lotype was significantly associated with prostate cancer sus-
ceptibility and one of the SNPs correlated with Gleason score
[124]. However, a later study indicated that these SNPs did not
have significant associations with risk of developing prostate
cancer, tumor aggressiveness, risk of recurrence, or risk of
death due to prostate cancer [125]. The authors of the latter
study suggest that discrepancies between the two studies may
be due to differences in study populations, as well as differ-
ences in adjustments for age or other factors.

Hepsin on the surface of LNCaP prostate cancer cells has
been shown to cleave pro-macrophage-stimulating protein
(MSP) into its active form at lower concentrations than
matriptase or hepatocyte growth factor activator (HGFA), in-
dicating that the MSP/RON signaling pathway may be acti-
vated by hepsin in prostate cancer to promote prostate cancer
progression [126].

Hepsin is also involved in promoting invasion of prostate
cancer cells through the cleavage of Ln-332, an ECM protein
[127]. Prostate cancer progression is accompanied by proteo-
lytic processing of Ln-332, and LnCaP cells engineered to
overexpress hepsin were significantly more invasive due to
increased cleavage of Ln-332 [127]. Pro-HGF is another sub-
strate of hepsin that has been strongly implicated in prostate
epithelial transformation and prostate cancer malignancy

[114, 128, 129]. As such, hepsin activity is also inhibited by
the Kunitz-type inhibitors HAI-1 and HAI-2 [128]. Orthotopic
xenografts were performed in mice using either LnCaP-17
cells that express low levels of hepsin, or LnCaP-34 cells that
express high levels of hepsin. The LnCaP-34 xenografts grew
at a significantly faster rate, were more invasive, and metasta-
sized to lymph nodes [130]. Established LnCaP-34 tumors
treated with a polyethylene glycol conjugated (PEGylated)
form of HAI-1 Kunitz domain-1 (KD1) (see Section 3.6)
showed significantly diminished invasion and metastasis,
and prostate-specific antigen (PSA) levels were also signifi-
cantly reduced over time [130]. Interestingly, treatment with
KD1-PEG did not reduce the volume of the primary tumor
that formed from the initial injection of cells into the left lobe
of the prostate, indicating that hepsin may play a more signif-
icant role in promoting an invasive phenotype in prostate can-
cer [130]. This is in agreement with a previous study using
transgenic overexpression of hepsin in the prostate of mice in
combination with transgenic expression of a viral oncogene
(see below), where proliferation in the primary tumor cells
was not affected, but progression and metastasis to the liver,
lung, and bone was observed [131]. Doxycycline-inducible
overexpression of hepsin in PC-3 cells led to the inability to
adhere to tissue culture plates which was associated with a
corresponding reduction in Akt phosphorylation [132].
When the cells were grown on ECM produced by
nontumorigenic prostate cells, Akt phosphorylation was re-
stored [132] suggesting that the matrix surrounding the cells
is important for mediating the effects of hepsin overexpres-
sion. The LPB-Tag/PB-Hepsin mouse is a double-transgenic
model of metastatic prostate cancer where the oncogene
SV40-large T antigen (Tag) is expressed under the control of
the prostate-specific long probasin (LPB) promoter, and
hepsin is expressed under the control of the probasin (PB)
promoter [131, 133]. In this model, hepsin overexpression in
the prostate epithelium leads to disorganization of the base-
ment membrane and promotes primary prostate cancer pro-
gression and distant metastasis [131, 133]. A selective hepsin
inhibitor (see Section 3.6) blocked the development of meta-
static lesions in these mice, whereas the majority of mice in
the control group developed metastatic lesions to the liver,
lung, and bone [133]. In a different study, a mouse model
was generated in which PB-Hepsin transgenic mice were
crossed with mice in which adenomatous polyposis coli
(APC, a tumor suppressor that inhibits Wnt signaling) was
knocked out in the prostate (ApcPBKOHepsin mice) [134].
These mice developed significantly larger, more invasive,
and hyperproliferative prostate tumors, compared to mice that
only have APC knocked out, indicating that the Wnt/β-
catenin pathway and hepsin act in concert to promote prostate
cancer progression [134]. PB-Hepsin mice have also been
crossed with transgenic mice overexpressing Myc in the pros-
tate, resulting in PB-Hepsin/PB-Hi-myc mice [135]. These
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double-transgenic mice developed prostate adenocarcinomas
more rapidly than PB-Hi-myc mice, indicating that the addi-
tion of hepsin overexpression caused accelerated malignant
progression of the tumors. Interestingly, PB-Hi-myc tumors
acquired hepsin expression over time as they progressed to
higher grade tumors, suggesting an important role for hepsin
in promoting aggressiveness [135].

2.5.3 TMPRSS2

Around 50% of prostate cancers harbor a gene rearrangement
between TMPRSS2 and estrogen-regulated gene (ERG), a
member of the erythroblast transformation-specific (ETS)
family of transcription factors. This gene fusion causes con-
stitutive activation of oncogenic ERG, which can lead to pros-
tate cancer cell invasion and metastasis [136–140]. In these
cases, the proteolytic activity of TMPRSS2 is not considered
to be of importance. However, studies have shown a role for
the function of TMPRSS2 itself in prostate cancer, without the
fusion to ERG. TMPRSS2 is an androgen-regulated protease
expressed in the prostate secretory epithelium under normal
conditions [141]. In prostate hyperplasia, neoplasia, and in
prostate cancer metastases, TMPRSS2 protein expression sig-
nificantly increases, and the expression correlates significantly
with Gleason score [141]. In a transgenic adenocarcinoma of
the mouse prostate (TRAMP) mouse model in which
TMPRSS2 was genetically ablated (Tmprss2−/−; TRAMP),
mice developed prostate tumors at the same frequency as
Tmprss2+/+ TRAMP mice; however, the sizes of tumors in
the Tmprss2−/− TRAMP animals were significantly larger
and tended to be more differentiated [142]. Importantly, only
7% of Tmprss2−/− TRAMP mice harbored macroscopic dis-
tant metastases, while 61% of Tmprss2+/+ TRAMP mice
displayed metastases to the liver and lung. One possible mech-
anism for this promotion of prostate cancer metastasis by
TMPRSS2 is through the HGF/c-Met signaling pathway,
which has been shown to be involved in the EMT of cancer
cells. TMPRSS2 can cleave pro-HGF into its active form,
which then elicits an oncogenic and invasive phenotype by
binding to its cognate receptor c-Met [142]. As mentioned
above, TMPRSS2 is also able to activatematriptase in prostate
cancer cell lines, which could also contribute to the increased
invasion of prostate cancer cells [120].

2.5.4 Prostasin

Prostasin is expressed in normal prostate epithelial cells,
but mRNA and protein expression decrease significantly
in high-grade and invasive prostate cancer [143, 144]. In
hormone-refractory metastatic prostate cancer, which pro-
gresses despite androgen deprivation therapy, transcript
levels of prostasin are dramatically decreased compared
to normal prostate or organ-confined prostate cancer

[143]. Much like in ESCC, as mentioned above, the
PRSS8 gene in PC-3 and DU-145 cell lines has a
hypermethylated promoter region, which causes reduced
prostasin gene expression [145]. In the invasive prostate
cancer cell lines PC-3 and DU-145, restoration of
prostasin expression by transfection with prostasin
cDNA significantly reduced the invasiveness of both cell
lines [144]. Prostasin exerts its anti-oncogenic properties
in both protease-dependent and protease-independent
manners [146]. Thus, the mRNA expression of uPA,
uPAR, COX-2, and the inducible nitric oxide synthase
(iNOS) was decreased by WT and active-site mutant
prostasin in PC-3 cells [146]. Mutant prostasin reduced
the protein level of EGFR upon treatment of the cells with
EGF but did not affect the mRNA expression of EGFR or
the expression of activated Erk2, a kinase downstream of
EGFR signaling. WT prostasin reduced the protein and
mRNA levels of EGFR and dramatically reduced activa-
tion of Erk2, indicating that expression of prostasin in PC-
3 cells abrogates the activity of the EGFR/MAPK signal-
ing pathway. It was further demonstrated that prostasin is
involved in negatively regulating invasion of prostate can-
cer cells in that WT prostasin reduced the expression of
Slug, an EMT protein. Furthermore, the mutant prostasin
significantly upregulated the mRNA and protein expres-
sion of matriptase in PC-3 cells, indicating that both pro-
teolytically active and inactive prostasin play a role in
matriptase-mediated oncogenic signaling [146].

2.6 Endometrial and cervical cancer

2.6.1 Matriptase

Although matriptase is expressed in normal endometrium, the
protein expression of matriptase is significantly higher in en-
dometrial hyperplasia and adenocarcinoma samples [147].
Elevated matriptase levels also correlate significantly with
many factors that determine disease severity, such as stage
and grade of disease, invasion into the myometrium or cervix,
lymph nodemetastases, and peritoneal cytology. Furthermore,
high matriptase expression is significantly associated with
poor progression-free and overall survival in patients with
endometrial cancer [147].

Matriptase mRNA and protein expression were also detect-
ed in a small cohort of primary cervical adenocarcinoma and
cervical SCC tumors, whereas normal cervical keratinocytes
and normal cervical biopsies displayed no detectable
matriptase expression [148]. Additionally, matriptase IHC
staining intensity was significantly associated with the sever-
ity of cervical SCC, where low-grade squamous lesions had
much lower matriptase protein expression than invasive SCC
[149]. High HAI-1 and HAI-2 expression are significantly
associated with better progression-free and overall survival
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in cervical cancer patients [150, 151]. These improved patient
outcomes are likely due to HAI-1/HAI-2 inhibition of their
oncogenic protease targets, including matriptase [150, 151].

2.6.2 Hepsin

Expression of hepsin is significantly increased in endo-
metrial adenocarcinoma samples compared to endometri-
al hyperplasia and normal endometrium, as identified by
IHC analysis [152]. This high expression also is signif-
icantly associated with a more severe disease burden,
including factors such as disease stage and grade, inva-
sion of the myometrium or cervix, and metastases to the
lymph nodes and ovaries [152]. A later study contrasted
some of the results of the previous study: while hepsin
expression was significantly increased in endometrial
cancer samples compared to endometrial hyperplasia,
the expression of hepsin negatively correlated with dis-
ease grade, tumor size, and myometrial invasion [153].
The authors of the more recent study argue that hepsin
may play an important role in the initial development
and progression of endometrial tumors by cleavage of
basement membrane proteins, but the expression de-
creases as the tumors become more aggressive and met-
astatic [153]. A possible mechanism for hepsin activity
in endometrial cancer was described in a 2008 study
where hepsin was stably transfected into endometrial
cancer cell lines [154]. Hepsin-overexpressing cells ex-
hibited cell cycle arrest, increased apoptosis, and abro-
gation of invasion in vitro, and in vivo hepsin-
overexpressing tumors grew more slowly than tumors
formed from WT cells [154]. El-Rebey et al. theorize
that the expression of hepsin in different cancers, in-
cluding endometrial, may play an oncogenic or tumor-
suppressive role, depending on the phase of tumorigen-
esis [153]. The discrepancies in these small numbers of
studies emphasize the importance of further studying the
role of hepsin in the development and progression of
endometrial cancer.

Hepsin is another target for inhibition by HAI-1 and HAI-
2, and overexpression of HAI-1 and HAI-2 in HeLa and SiHa
cervical cancer cell lines reduced hepsin protein expression
and induced apoptosis [150, 151]. The idea that hepsin acts
as a pro-oncogenic protease in cervical cancer is further sup-
ported by the investigation of hepsin expression in normal,
paracancerous (tissue taken near the tumor), and cancerous
cervical tissue. Thus, 90% of cervical tumors tested were pos-
itive for hepsin expression, while only 61% of paracancerous
tissue and 10% of normal tissue stained positive for hepsin.
Furthermore, the expression of hepsin positively associated
with the severity of disease and negatively with patient prog-
nosis [155].

2.6.3 HAT and HATL-5

As mentioned in Section 2.1, expression of HATand HATL-5
is negatively associated with the development of cervical
SCC, and well-differentiated tumors have significantly more
HAT and HATL-5 expression than poorly differentiated tu-
mors [55, 56]. Determining the role of these proteases in can-
cer awaits further investigation.

2.7 Pancreatic cancer

2.7.1 Matriptase

IHC staining of pancreatic ductal adenocarcinoma (PDAC)
and normal pancreatic ductal tissue samples showed that
matriptase expression is significantly increased in PDAC
[156]. Active site serine protease inhibitors that selectively
target matriptase reduced pro-uPA activation, c-Met phos-
phorylation, and invasiveness of pancreatic carcinoma cell
lines, suggesting an important role of matriptase in PDAC
oncogenesis [156]. HAI-1 expression has been shown to be
critical for suppression of an invasive phenotype in pancreatic
cancer. Thus, HAI-1 stable knock-down in the SUIT-2 pan-
creatic cancer cell line caused the cells to adopt an EMT-like
phenotype, including reduced levels of the epithelial marker
E-cadher in and inc reased express ion of mat r ix
metalloprotease-9 (MMP-9), a protease associated with
ECM cleavage [157]. Stable knock-down of matriptase in
HAI-1 knock-down SUIT-2 cells partially reversed the
EMT-like phenotype of the cells, suggesting that matriptase
may be acting alongside other HAI-1 targets like TMPRSS4
to enhance invasiveness of pancreatic cancer cells [157].
In vivo models using SUIT-2 and S2-CP8 pancreatic cancer
cell xenografts showed that loss of HAI-1 in these cells in-
creased the number of lung metastases, while forced overex-
pression of HAI-1 in S2-CP8 cells decreased the number of
metastatic lesions [157, 158]. These studies demonstrate an
important role for HAI-1 regulation of metastatic spreading
in pancreatic cancer, mediated in part by dysregulation of
matriptase expression.

2.7.2 TMPRSS4

TMPRSS4, previously known as TMPRSS3 [159], was iden-
tified in 2000 as a differentially expressed protease in pancre-
atic cancer samples compared to normal pancreas [160].
Northern blot analysis demonstrated that TMPRSS4 RNA
was not detectable in normal pancreas tissue or in pancreatitis
but was expressed in the majority of pancreatic carcinomas
tested [160]. Additional studies in vitro and in vivo are needed
to fully elucidate the role of TMPRSS4 in pancreatic cancer.
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2.8 Testicular cancer

2.8.1 Testisin

Upon initial cloning of testisin, it was discovered that while
present in normal testicular tissue, testisin expression was un-
detectable in testicular tumors [37]. This data was later con-
firmed using embryonal carcinoma cell lines from testicular
tumors, as testisin transcript was not detected in any of the cell
lines [161]. These initial studies led to further investigations
into the potential for testisin acting as a tumor suppressor and
the mechanisms by which the gene is silenced in testicular
cancer. It was found that, in cell lines that do not express
testisin like the embryonal carcinoma line Tera-2, the promot-
er CpG-rich region of the testisin gene is hypermethylated,
leading to silencing of the gene [162]. Hypermethylation
was also observed in primary testicular tumors, while adjacent
normal testis tissue harbored mainly unmethylated testisin
promoters. Stable transfection of testisin cDNA into the
Tera-2 cell line suppressed tumor growth in vivo, and in vitro
testisin-transfected cells formed significantly fewer colonies
in a colony formation assay [162]. It was also demonstrated
that testisin is capable of proteolytically cleaving PAR-2, caus-
ing downstream Ca2+ mobilization and activation of Erk1/2
and the NF-κB signaling pathway [163]. Interestingly, the
cleavage of PAR-2 induces its internalization and intracellular
signaling and may contribute to its degradation [163].

2.9 Hematological malignancies

2.9.1 Matriptase

Besides its important role in many different solid tumors,
matriptase has also been implicated in hematological malig-
nancies including lymphoma and leukemia. RT-PCR and
western blot screening of various leukemia cell lines have
shown that matriptase is expressed in B cell–derived cancer
cells but was undetectable in T cell–derived leukemias [164].
In primary patient leukemia samples, matriptase protein and
mRNAwere detected in the majority of chronic lymphocytic
leukemia (CLL) samples, whereas most acute lymphocytic
leukemia (ALL), chronic myeloid leukemia (CML), and acute
myeloid leukemia (AML) had low to undetectable matriptase
levels [164]. Silencing of matriptase in B cell Burkitt’s lym-
phoma Namalwa cells caused a significant reduction in cell
invasion through reconstituted basement membrane matrix,
but the proliferation of the cells was unaffected [164].
Furthermore, inhibition of matriptase with a recombinant
HAI-1 fragment significantly decreased invasion of
Namalwa and Raji Burkitt’s lymphoma cell lines, as well as
primary CLL cells. Importantly, the invasive phenotype of
CML cells was unaffected by recombinant HAI-1 [164].
Matriptase expression in aggressive non-Hodgkin’s B cell

lymphoma, frequently in the absence of HAI-1, was demon-
strated [165]. Due to the lack of matriptase inhibition in these
lymphomas, active matriptase is shed into the extracellular
milieu rapidly and at high levels and can activate its oncogenic
substrates pro-uPA and pro-HGF. Injection of shRNA-
mediated matriptase KD cells into mice led to significant re-
ductions in tumor growth accompanied by increased
intratumoral apoptosis [165]. Although HAI-1 expression ap-
pears to be lost in most non-Hodgkin’s B cell lymphomas, it
was discovered that HAI-2 is commonly co-expressed with
matriptase in hematological malignancies, specifically in B
cell–derived Burkitt’s lymphoma [166]. Importantly, although
HAI-2 potently inhibits the catalytic activity of matriptase, a
high ratio of HAI-2 to matriptase expression did not correlate
with a reduction in matriptase shedding or activity in this
cancer [166].

2.9.2 HATL-4

HATL-4 expression at the mRNA and protein levels was dem-
onstrated in several AML- and CML-derived cell lines, but
analysis of patient primary samples showed that HATL-4 was
only expressed in AML cells, while negligible in CML, ALL,
and CLL samples [167]. HATL-4 mRNA levels in AML sig-
nificantly correlated with the percentage of minimal residual
disease aswell as poor prognosis. RNAi-mediated silencing of
HATL-4 in the THP-1AML cell line significantly reduced cell
invasion, mediated by reduced activation of MMP-2 and
ECM cleavage. These HATL-4 silenced cells were also inoc-
ulated into athymic nude mice, and the tumors grew signifi-
cantly slower than tumors formed from WT THP-1 cells
[167].

3 Targeting cell surface–anchored serine
proteases in cancer

Our understanding of protease function is continuously ad-
vancing, and at the same time, protease-focused drug discov-
ery is becoming increasingly sophisticated. Clinical trials
using broad inhibition of matrix metalloprotease activity
proved disappointing around the turn of the century [168];
however, new approaches that more specifically detect and/
or modulate proteases hold promise to improve cancer man-
agement. For diagnostics, protease activity may be measured
as a biomarker of cancer for early detection as well as moni-
toring therapeutic response. Many different technologies are
being harnessed to develop therapeutics that can perturb or
leverage protease activity for improved efficacy.

For the cell surface–anchored serine proteases, direct inhi-
bition of protease activity by small molecules, peptides and
peptidomimetics, modified macromolecular inhibitors, or an-
tibodies is the most commonly described strategy for targeting
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these proteases in cancer. In more recent years, new ap-
proaches including protease-activated cellular toxins and
antibody–toxin conjugates are emerging as alternatives to di-
rect proteolytic targeting.

3.1 Matriptase inhibitors—earliest studies

Over the past 20 years, a wide variety of matriptase inhibitors
have been developed and tested in cell-free systems, cell cul-
ture models, and mouse models. In 1999, macromolecular
inhibitors of serine proteases of the chymotrypsin fold, ecotin
and ecotin variants, were described as subnanomolar inhibi-
tors of matriptase [169]. An additional ecotin variant (MT-6)
with differential inhibitory activity toward matriptase com-
pared to FXa, FXIIa, and plasma kallikrein was subsequently
generated [170]. In 2001, bis-benzamidines were described as
novel small molecule inhibitors of matriptase [171]. The lead
bis-benzamidine compound inhibited matriptase and throm-
bin, whereas a different analog displayed a 13-fold selectivity
toward matriptase [171]. The same year, the sunflower-
derived trypsin inhibitor (SFTI-1) was described as a potent
inhibitor of matriptase [172]. This 14-amino acid long bicyclic
peptide, previously isolated from sunflower seed, is a potent
natural peptide trypsin inhibitor that displayed comparable
potency against matriptase (Ki = 0.92 nM) [172]. In 2004,
the small molecule matriptase inhibitor CVS-3983 was used
for the treatment of androgen-independent human prostate
cancer xenograft models [173]. CVS-3983 contains an
argininealdehyde at the P1 position, a glycine at P2, and a
quaternary center at P3. Kinetic analysis revealed specific in-
hibition of matriptase (compared to factor Xa1, plasmin, tryp-
sin, tPA, and uPA) with an IC50 value of 3.3 nM [173].
Xenografts in mice were established subcutaneously and
CVS-3983 was administered i.p. twice daily for 7 days. A
significant reduction in final mean tumor volume was ob-
served in CVS-3983–treated compared to vehicle-treated
mice. Additionally, in a cell culture assay, CVS-3983 reduced
the invasion of prostate cancer cell lines through reconstituted
ECM [173]. In an orthotopic xenograft model of prostate can-
cer, the effects of two small molecule matriptase inhibitors,
analogs 8 and 59, on primary tumor growth and metastasis
were determined. Mice with established PC-3 tumors received
daily i.p. injection for 4 weeks [26]. The inhibitors are bis-
basic secondary amides of sulfonylated 3-amidino-
phenylalanine that have a high affinity for matriptase (Ki =
46 and 6.7 nM for analogs 8 and 59, respectively) and low
affinity toward related trypsin-like serine proteases (factor
Xa1, plasmin, trypsin, tPA, and uPA) [174]. The inhibitors
significantly reduced primary tumor burden and abdominal/
thoracic metastasis formation. In cell culture studies, analog 8
significantly reduced pro-HGF–induced invasion of prostate
cancer and colorectal cancer cells at micromolar concentra-
tions [81, 174]. Although CVS-3983 and analogs 8 and 59

are highly selective toward matriptase when compared to the
tested secreted serine proteases, it cannot be ruled out that the
inhibition of additional proteases including TTSP family
members plays a role in the cell culture and in vivo models
used. The selectivity of the earliest inhibitors toward
matriptase compared to other TTSP family members was not
assessed because the family was just emerging, and studies
characterizing biochemical properties and the role of family
members in normal physiology and in cancer progression
were still in their early stages [7].

3.2 Matriptase activity inhibitory antibodies
and toxin-conjugated antibodies

A significant challenge associated with the development of
selective and potent inhibitors of serine proteases, including
TTSPs, is that the target protease is frequently co-expressed
with other similar proteases that differ only slightly in se-
quence, structure, and substrate specificity. Efforts have been
made using a variety of technologies to address these chal-
lenges. One promising strategy is the generation of monoclo-
nal antibodies (MAbs) and single-chain antibodies (single-
chain variable fragment, scFv) because (1) the cell surface
localization of the target protease renders it accessible to anti-
bodies and (2) as therapeutic reagents, antibodies can be less
toxic and more selective than small molecule inhibitors and
other macromolecular inhibitors. Selective and potent human
scFvs that directly inhibit matriptase proteolytic activity were
identified by screening a phage-displayed library against
matriptase [175–177]. The apparent Ki of the scFvs ranged
from 50 pM to 129 nM. Two of the scFvs had approximately
800- and 1500-fold selectivity when tested against the most
homologous serine protease, the mouse ortholog of matriptase
(epithin) [178], that exhibits 86.6% sequence identity. One
scFv was shown to detect denatured matriptase by western
blot analysis with no cross-reactivity to other family members
in HeLa or PC-3 cell lysates [177]. In follow-up studies, scFvs
selective for the active form of matriptase were fluorescently
labeled and used as probes for matriptase activity in cell cul-
ture and in vivo [179]. A proteolytic activity assay with several
matriptase-expressing human cancer cell lines and matriptase
negative control cells was used to verify that matriptase scFvs
bound to and inhibited the full-length endogenous protease.
Fluorescence microscopy confirmed the cell surface localiza-
tion of labeled scFvs bound tomatriptase. For in vivo imaging,
the lead anti-matriptase antibody fragment was converted into
the larger and more potent IgG with a Ki of 35 pM, and no
detectable cross-reactivity with matriptase zymogen, HAI-1–
boundmatriptase, or epithin was detected [179]. Fluorescently
labeled anti-matriptase IgG was administered via tail vein in-
jection to mice bearing xenograft tumors that were positive or
negative for matriptase. Antibodies localized to matriptase-
positive tumors with minimal staining in matriptase-negative
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tumors or other tissues [179]. The preclinical utility of anti-
matriptase IgG for the detection and quantitation of active
matriptase in vivo was further investigated using the nuclear
imaging modality single-photon emission computed tomogra-
phy (SPECT) [180]. The radiolabeled matriptase probe
showed uptake in both xenografted cell lines and patient-
derived xenografts (PDX) using SPECT/X-ray computed to-
mography (SPECT/CT) imaging [180]. The significance of
active matriptase at the protein level in cancer was further
documented by IHC using anti-matriptase IgG on paraffin-
embedded human tissue samples and corresponding normal
tissue. Active matriptase was detected in colon adenocarci-
nomas of every stage in contrast to colon samples from
healthy donors where active matriptase was undetectable
[180].

In 2019, two antibody-based competitive inhibitors that
target both the zymogen and activated forms of matriptase
were generated and characterized [25]. MAbs were generated
in mice immunized with a mutated variant of human
matriptase in which the serine protease domain is locked in
the zymogen conformation (R614A). The detectable activity
of this zymogen-locked mutant was equivalent to the zymo-
gen preparation having ∼ 3% of the activity of an activated
matriptase preparation [25]. The MAbs displayed Ki values of
21 and 9 nM, respectively, and did not inhibit activity of uPA,
hepatocyte growth factor activator (HGFA), or the TTSP
hepsin at concentrations 20-fold higher than the inhibitory
constant toward matriptase. Furthermore, no inhibition was
observed toward epithin. It was proposed that these antibodies
may provide an efficient way to regulate matriptase activity in
preclinical applications by targeting the protease both before
zymogen activation, which presumably would inhibit
zymogen-mediated transactivation of other matriptase zymo-
gens (auto-activation), and after its activation [25]. The in vivo
anti-tumor activity of these inhibitory antibodies remains to be
documented.

Using an alternative strategy to direct inhibition of
matriptase activity, a novel matriptase antibody drug conju-
gate (ADC) was generated [181]. The ADC was synthesized
by using the potent anti-tubulin toxin, monomethyl auristatin-
E (MMAE), linked to the activated matriptase-specific mono-
clonal antibody (M69) via a lysosomal protease-cleavable di-
peptide linker. M69 has previously been shown to bind active
matriptase and matriptase in complex with HAI-1 with no
cross-activity with epithin [182–184]. M69-MMAE displayed
IC50 equivalent values ranging from 30 to 322 pM in cell lines
expressing high levels of matriptase versus 758–838 pM in
cell lines with low expression [181]. Anti-tumor activity of
M69-MMAE was tested against human triple-negative breast
cancer (TNBC) xenografts in immunocompromised mice.
MDA-MB-468 and MDA-MB-231 TNBC cells were im-
planted subcutaneously and treatment started once tumors
were palpable using twice weekly i.p. injection of M69-

MMAE. The effect of the ADC was compared to treatment
with the unconjugated antibody and the ADC displayed sig-
nificant potent anti-tumor activity by decreasing tumor size,
while the unconjugated antibody had no effect [181]. There
was no evidence of toxicity as measured by mouse body
weight. Anti-tumor activity of M69-MMAE against TNBC-
PDX tumors was also observed. Furthermore, the ADC en-
hanced the anti-tumor response of cisplatin in MDA-MB-468
xenografts, which suggests that targeted therapy against
matriptase in combination with conventional chemotherapy
may provide treatment benefits for breast cancer patients
[181]. In a different study by the same group, the M69-
MMAE was tested in four matriptase-positive mantle cell
lymphoma cell lines (MCL) [185]. The ADC was cytotoxic
to all four cell lines and also showed a dose-dependent anti-
tumor effect by reducing tumor size of an MCL cell line
(JeKo-1) in subcutaneous xenografts in mice [185].

An important limitation of testing antibodies in vivo that
specifically recognize the human protease and not the endog-
enous mouse orthologue including human/mouse matriptase
inmouse models is that potential toxicity caused bymatriptase
inhibition or ADC-induced cell death in nontumor tissue can-
not be assessed [180, 181]. It is worth noting that acute abla-
tion of endogenous matriptase in adult mice led to severe
gastrointestinal defects and their demise within 1 week
[186]. In humans with mutations in the matriptase encoding
ST14 gene rendering the protease inactive or retaining very
low activity, no gastrointestinal symptoms were reported
[187–191]. Therefore, it still remains of high priority to assess
the safety of matriptase targeting in clinical settings.

3.3 Peptidomimetic and protein matriptase inhibitors

In 2012, a slow, t ight-binding (K i = 0.011 nM)
benzothiazole-containing RQAR-peptidomimetic inhibitor
of matriptase, which mimics the P1–P4 substrate recog-
nition sequence of the enzyme, was characterized
(Inhibitor 1, IN-1) [192]. IN-1 was demonstrated to be
a potent matriptase inhibitor that demonstrated selectivity
when compared to secreted trypsin-like proteases and the
TTSPs ma t r i p t a s e -2 , heps in , and HAT [192] .
Subsequently, it was demonstrated that IN-1 efficiently
inhibits matriptase-mediated pro-HGF/c-Met activation
in breast cancer cells [65, 66]. A limitation for the use
of peptide-based inhibitors in vivo is that they often dis-
play short half-lives. Studies of peptidomimetics/
semipeptidic TTSP inhibitors revealed that removal of
the N-terminal amino group (desamino) yielded more bi-
ologically stable compounds [193]. Additionally, the re-
placement of natural amino acids with unnatural amino
acids did not only profoundly increase their plasma sta-
bility but did also yield more potent and selective com-
pounds [193].
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Two groups have reported that the cyclic microprotein
squash Momordica cochinchinensis trypsin inhibitor-II
(MCoTI-II) is an efficient matriptase inhibitor [194, 195].
Quimbar et al. used structure–activity relationships for SFTI-
1 and MCoTI-II to design inhibitors with enhanced inhibitory
activity. It was demonstrated that MCoTI-II is a significantly
more potent matriptase inhibitor than SFTI-1 and that all ala-
nine mutants of both peptides, generated using positional
scanning mutagenesis, had decreased trypsin affinity, whereas
several mutations resulted in enhanced matriptase inhibitory
activity—the most potent with a Ki of 290 pM [195]. Gray
et al. demonstrated that MCoTI-II is a high-affinity (Ki 9 nM)
and highly selective inhibitor with a greater than 1000-fold
differential in Ki values between matriptase and hepsin
[194]. In cell culture assays, MCoTI-II efficiently inhibited
the proteolytic activation of pro-HGF by matriptase but not
by hepsin and inhibited pro-HGF–induced cell scattering and
invasion of prostate cancer cells [194]. The authors point out
that since matriptase and hepsin are closely related proteases
with overlapping protein substrate specificity, the ability of
MCoTI-II to discriminate between matriptase and hepsin is
an important feature of its inhibitory activity. The use of di-
sulfide-rich, cyclic peptides as scaffolds is emerging as a pow-
erful approach for the design of novel drug candidates, and
modified naturally occurring cyclic peptides have displayed
long half-life in serum [196] as well as oral activity [197, 198].
These properties suggest that selective inhibitors of matriptase
and other cell surface serine proteases, based on cyclic peptide
scaffolds, might hold significant promise for the treatment of
cancer. Anti-tumor properties of peptidomimetic and cyclic
peptide matriptase inhibitors in vivo have to our knowledge
not yet been reported.

Macromolecular matriptase inhibitors include ecotin and
variants (described above in Section 3.1), eglin C, and KD1-
KD2/1-Fc (engineered HAI-1) [169, 170, 199, 200]. In order
to identify potent matriptase inhibitors, a cDNA library ex-
pressing variants of the protease inhibitor eglin C was
screened [199]. The most potent of these, R1K4′-eglin, which
had the wild-type Pro45 (P1 position) and Tyr49 (P4′ position)
residues replaced with arginine and lysine, respectively, led to
the production of a selective, high affinity (Ki of 4 nM), and
proteolytically stable inhibitor of matriptase [199].
Combinatorial approaches based on the previous findings that
the first Kunitz domain (KD1) of HAI-1 acts as a minimal
matriptase-binding and inhibiting domain, whereas the second
Kunitz domain (KD2) is inactive (Fig. 1b) [201, 202], were
used to engineer a potent and stable matriptase inhibitor [200].
The KD2 domain was replaced with an engineered chimeric
variant of KD2/KD1 domains which was fused with an anti-
body Fc domain to increase valency and circulating serum
half-life. The final protein variant (KD1-KD2/1-Fc) contains
four stoichiometric binding sites that effectively inhibit
matriptase with a Ki of 70 pM and a relative selectivity for

matriptase at >1000-fold over trypsin 3 and uPA, 110-fold
over kallikrein 4, and 20-fold over hepsin. Furthermore, cell
culture assays demonstrated efficient inhibition of pro-HGF–
induced scattering of MDCK cells as well as invasion of lung
and breast cell lines [200].

3.4 Triplex inhibitors of matriptase, hepsin, and HGFA

Structure–activity relationship studies based on the
tetrapeptide inhibitors Ac-KQLR-ketobenzothiazole (kbt)
and Ac-SKLR-kbt corresponding to the N-terminal portion
of the pro-HGF and pro-MSP substrate cleavage sites for
HGFA, matriptase, and hepsin were used to develop
substrate-based covalent P1′ α-ketobenzothiazole mecha-
nism-based peptide triplex inhibitors of all three proteases
[203–205]. HGFA is a secreted protease present at high levels
in the blood, and like matriptase and hepsin, HGFA efficiently
activates pro-HGF and pro-MSP [206]. It was demonstrated in
cell culture studies that these inhibitors caused a dose-
dependent decrease of c-Met signaling in breast cancer cells
and blocked pro-HGF–induced migration of prostate cancer
c e l l s [ 2 03–205 ] . Sma l l mo l e c u l e n onp ep t i d e
tetrahydropyrimidin-2(1H)-one triplex inhibitors of
matriptase, hepsin, and HGFA were also developed [205,
207–210]. The SRI31215 small molecule inhibitor impaired
pro-HGF–induced migration and c-Met activation in prostate
cancer cells. Additionally, SRI31215 reduced primary resis-
tance to cetuximab and gefitinib in pro-HGF–producing colon
cancer cells, blocked crosstalk between c-MET–amplified
nonsmall cell lung cancer (NSCLC) cells and pro-HGF–se-
creting fibroblasts, and perturbed fibroblast-mediated resis-
tance to c-Met kinase inhibition in NSCLC cells [208, 209].
The authors argue that cancer cells commonly overexpress a
combination of pro-HGF–activating proteases which makes
triplex inhibitors efficient in blocking activation of pro-HGF
in cancer cells that display expression/activation of multiple
proteases. However, they recently also developed new, small-
er molecular weight dipeptides that are selective inhibitors of
matriptase or hepsin, in order study their individual roles in
cell biology [73] (see below in Section 3.5). Studies on in vivo
stability and anti-tumor efficacy of triplex protease inhibitors
have not yet been published.

3.5 Hepsin inhibitors

In addition to the triplex matriptase, hepsin, and HGFA inhib-
itors described above, selective inhibitors of hepsin and
matriptase which contain a P1 arginine (R) kbt warhead were
recently developed and used to study protease function in cell
junction integrity in breast epithelial cells [73, 205].
Damalanka et al. demonstrated that the selective hepsin inhib-
itor 6k inhibited hepsin-mediated desmosome degradation and
loss of the desmosomal cadherin desmoglein 2 in an
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immortalized mammary epithelial cell line with transgenic
overexpression of hepsin. The matriptase selective inhibitor
had no effect on desmosome integrity in this cellular model
[73]. Based on studies byHan et al. describing the tetrapeptide
hepsin inhibitor Ac-KQLR-ketothiazole (kt) [204], the mini-
mal structural requirements for hepsin inhibitory activity by
truncating amino acids at the N terminus were further investi-
gated by Kwon et al. [211]. It was demonstrated that the di-
peptide analog Ac-LR-kbt (15) exhibited strong inhibition of
hepsin activity with Ki values of 3.38 and 2.91 nM for the (S)-
epimer and the (R)-epimer, respectively. Furthermore, both
15S and 15R showed selectivity for hepsin over matriptase
by > 60-fold [211]. In a 2019 follow-up paper, the dipeptide-
derived hepsin inhibitors were conjugated to near-infrared
(NIR) optical dyes in order to generate imaging probes
[212]. The fluorophores were separated from the hepsin-
binding moiety by a polyethyleneglycol (PEG) linker, to de-
crease steric hindrance. The Leu-Arg dipeptides attached to
borondipyrromethene (BODIPY) or SulfoCy7 exhibited
strong hepsin binding affinities with Ki values of 21 and
22 nM, respectively, and high selectivity over matriptase
[212]. In cell uptake studies, SulfoCy7-conjugated inhibitor
exhibited selective targeting and retention in hepsin-
overexpressing prostate cancer cells [212].

3.6 Hepsin inhibitor in vivo studies

In vivo prostate cancer treatment studies were performed using
the small molecule hepsin inhibitor HepIn-13 [133]. The IC50

value of HepIn-13 was determined to be 0.33 μM in a chro-
mogenic peptide assay. HepIn-13 is orally available and could
be detected in serum after the mice were exposed to soft rodent
chow containing HepIn-13 at concentrations that were signifi-
cantly higher than its IC50 [133]. During 5 weeks of treatment,
mice did not show detectable liver toxicity or any other signs
of adverse effects. To determine the effect of HepIn-13 on
prostate cancer progression in vivo, animal studies using the
LPB-Tag/PB-Hepsin mice (described above in Section 2.5),
which consistently show bone metastasis, were performed.
Starting at 10 weeks of age, when the animals presented with
low-grade prostate tumors, mice received HepIn-13 in the
chow for 3 weeks. At this time, HepIn-13–treated mice
displayed no significant reduction in primary tumor size; how-
ever, a significant reduction in bone, liver, and lung metastasis
compared to control mice was observed. The authors cautioned
that while HepIn-13 is a poor inhibitor of matriptase, potential
inhibitory effects on other proteases cannot be ruled out [133].

A HAI-1 protein-based hepsin inhibitor was also tested
in vivo in an orthotopic prostate cancer model using
LnCap-34 cells with stable hepsin overexpression [130].
Recombinant HAI-1 KD1 domain was used because it by
itself is a significantly better hepsin inhibitor than the en-
tire HAI-1 extracellular domain [213]. The small molecular

mass of the KD1 domain (∼ 6 versus 58 kDa for HAI-1)
confers a short circulating half-life of 20 min, which limits
its therapeutic efficacy. Chemical conjugation of KD1 to
PEG showed significant extension in serum half-life (up to
96 h) [130]. Daily i.p. administration of KD1-PEG to mice
with established tumors for up to 14 weeks significantly
decreased contralateral prostate invasion and lymph node
metastasis. Moreover, serum PSA level remained reduced
during the entire treatment period [130]. A caveat with
using KD1-PEG as hepsin inhibitor in tumor models is that
KD1 targets several other serine proteases including
matriptase and HGFA.

3.7 Hepsin antibody inhibitors

In addition to small molecule and HAI-1 KD1 inhibitors,
the development of several antibodies inhibiting hepsin
activity has been reported. In 2006, MAbs against proteo-
lytically active hepsin were generated in hepsin knock-out
mice [214]. Three MAbs were shown to inhibit hepsin
proteolytic activity and to impair invasion of prostate
and ovarian cancer cells in vitro [214]. In 2012, allosteric
anti-hepsin antibodies were reported by two different
groups [215, 216]. The anti-hepsin antibody Fab25 was
identified by Ganesan et al. by screening of a Fab phage
display library where hepsin with its S1 pocket occupied
by 3,4-dichloro-isocoumarin was used as the “bait” [215].
Fab25 inhibited human and mouse hepsin enzymatic ac-
tivity with IC50 values of 4.1 and 329 nM, respectively,
and was highly specific with no inhibitory effect toward
nine different serine proteases including the cell surface–
anchored proteases matriptase and prostasin. Biochemical
and enzymatic studies with synthetic substrates of variable
length suggested that Fab25 acts as an allosteric inhibitor
based on noncompetitive inhibition kinetics. In cell culture
assays, Fab25 blocked DU145 prostate cancer cell migra-
tion in response to hepsin-mediated cleavage of Ln-332
[215]. In another study published the same year by
Koschubs et al., a monoclonal humanized antibody hH35
that selectively inhibited hepsin activity (over matriptase,
HAT, endopeptidase, and trypsin) was generated [216].
Kinetic characterization revealed nonlinear, slow, and
tight-binding inhibition. This correlated with the crystal
structure obtained for the human hepsin-hH35 antibody
Fab fragment complex, which showed that the antibody
binds hepsin around α3-helix, located far from the active
center [216]. The authors state that endogenous levels of
hepsin in tumor cell lines were below the detection level
in flow cytometry or immunocytochemistry analysis; how-
ever, cell surface hepsin was detected by hH35 in
HEK293 cells stably overexpressing full-length hepsin
[216]. The anti-tumorigenic effects of hH35 in cultured
cancer cells or in vivo were not reported.
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3.8 Prostasin inhibitors

In 2008, structure-based design was utilized to guide the early
stage optimization of a substrate-like inhibitor to afford potent
peptidomimetic inhibitors of prostasin [217]. The first X-ray
crystal structures of prostasin with small molecule inhibitors
bound to the active site were also reported. Guided by the X-
ray structure, the peptidomimetic scaffold was optimized to
generate potent, reversible, and low nanomolarKi inhibitors of
prostasin [217]. Reports on prostasin inhibitors used in cancer
cell culture studies or in vivo are not available.

3.9 Testisin-mediated proteolytic activation
of bacterial toxin

Modified bacterial toxins are biologically inspired technolo-
gies that are being leveraged for novel tumor treatment strat-
egies. Anthrax toxin is a three-component toxin of which the
protective antigen (PrAg) component is cleaved at the cell
surface by furin-like proteases, and this cleavage is absolutely
required for the subsequent steps in toxin action [218]. The
unique requirement that PrAg be activated on the target cell
surface provides an opportunity to engineer this protein to
make its activation dependent on specific tumor cell surface
proteases. It was first demonstrated that PrAg can be made
specific for MMP or uPA-expressing cells by replacing the
furin site with MMP or uPA preferred sites [219, 220].
Later, a dual MMP/uPA-activated toxin was generated which
was highly effective in vivo with low toxicity in a preclinical
model of melanoma [221, 222]. This technology was also
utilized to develop a toxin targeting testisin-expressing tumor
cells [105]. The native activation sequence of PrAG was mu-
tated to a sequence derived from protein C inhibitor (PCI), that
can be cleaved by membrane-anchored serine proteases, to
generate the mutant protein PrAg-PCIS. PrAg-PCIS was cy-
totoxic to multiple human tumor cell lines when combined
with FP59, a chimeric anthrax toxin lethal factor-
Pseudomonas exotoxin fusion protein [105]. PrAg-PCIS tox-
in was activated by both recombinant mouse testisin and en-
dogenous cell surface human testisin, and the toxin inhibited
the growth of the testisin-expressing cancer cells in culture.
Furthermore, in a subcutaneous xenograft model using HeLa
cells, PrAg-PCIS treatment led to a significant reduction in
primary tumor size and was well-tolerated by the mice with
no obvious adverse effects [105]. It should be noted that while
the engineered cleavage site in PrAg-PCIS showed a prefer-
ence for activation cleavage by testisin in a cell-free assay, it
also was cleaved by the recombinant catalytic domains of
hepsin and matriptase. PrAg-PCIS was also cleaved by hepsin
on the cell surface of HeLa cells transfected with full-length
WT hepsin and not by a catalytically inactive mutant of
hepsin. In the same model, matriptase was ineffective at acti-
vating PrAg-PCIS toxin when expressed as a full-length

protein on the cell surface. Taken together, it is possible that
testisin-activated toxin may be activated by additional
pericellular serine proteases in vivo. The low toxicity which
could be assessed in the mice because endogenous proteases
cleave PrAg-PCIS makes cell surface serine protease–
activated toxins a potentially promising strategy for targeted
cancer therapy.

4 Conclusions

Cell surface–anchored serine proteases represent promising
targets for cancer diagnostic imaging and therapeutic interven-
tion. Although no specific inhibitors are yet in clinical trials,
multiple studies on the development of novel activity probes
and inhibitors are currently ongoing in laboratories across the
world. It is the hope that the combination of basic science and
drug discovery will provide a stepping stone for future clinical
applications and ultimately lead to better outcomes for cancer
patients.
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2, hepatocyte growth factor inhibitor-2; HAT, human airway trypsin-like;
HGF, hepatocyte growth factor; HGFA, hepatocyte growth factor activa-
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of the mouse prostate; TTSP, type II transmembrane serine protease;UPA,
urokinase type plasminogen activator; uPAR, urokinase-type plasmino-
gen activator receptor; WT, wild-type
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