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Abstract: St14 is a type II transmembrane serine protease that contains a cytoplasm N-terminal domain, a stem domain, and a serine 
protease catalytic domain. It is primarily synthesized as an inactive zymogen and co-expressed with the cognate inhibitor hepatocyte 
growth factor inhibitor (HAI) in epithelial cells. Accumulating evidence suggests that it plays critical roles in pre-implant embryonic 
compaction, placental development, as well as epidermal barrier formation after activation. The homologous ablation of St14 in mouse 
underlies the neonatal death at 48h for severe deficiency of the epidermal barrier. It has also been considered as a prognostic marker of 
epithelial cancers as it is involved in cancer metastasis and invasion in multiple ways by activating several kinds of substrates, such as 
hepatocyte growth factor (HGF), urokinase-type Plasminogen activator (uPA). Notably, the strict regulation of St14 by HAIs is found to 
play a profound role in all of these activities. However, very little is currently understood about the mechanisms that downregulate St14 
gene expression in early neonatal mortality. Herein we summarize the current knowledge of the regulation network and the understanding 
of the biological functions of St14. 
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1. Introduction 

Cell surface-activation induced by transmembrane 
serine proteases has been considered as a critical 
mechanism for cross-talk between different cell types. 
Most important cellular activities are triggered by 
extracellular signaling molecules, but many of these 
signaling molecules are usually generated in inactive 
forms and require cleavage by the transmembrane 
serine proteinases before mediating the activities of 
target cells. Thus, these membrane-associated serine 
proteases serve as “activators” or key intermediates for 
cooperation between different types of cells. As a type 
II transmembrane serine protease, St14 has received 
more and more attention for it has been found to be 
extensively involved in many kinds of physiological 
and pathological activities.  

St14 is one of the type II transmembrane serine 
proteases (TTSP) and is co-expressed with the cognate 
transmembrane inhibitor, hepatocyte growth factor 
activator inhibitor-1 (HAI-1), in various epithelial 
cells. It is initially synthesized as an inactive zymogen 
and requires a series of processes prior to activation, 
including sequential N- and C-terminal cleavage and 
transient association with HAI-1. It is reported that 

St14 plays important roles in placental development, 
epidermis terminal differentiation, and hair follicle 
growth, as well as cancer invasion and metastasis. 
Notably, its proteolytic activity is tightly regulated by 
HAI-1 and HAI-2 in both of tumorigenesis and 
embryonic development. St14 that is unopposed by 
HAIs would place the embryos at high risk of 
developmental failure and promote tumor metastasis 
and invasion in epithelial cells. This review delineates 
the structure features, substrate specificity, activation, 
inhibition, and functions of St14. 

2. The structure of St14  

St14, also known as Matriptase, Epithin, MT-SP1, 
TMPRSS14, or TGAD15, was first reported in 1993 as 
a novel gelatinolytic protease in human breast cancer 
cell lines and the homologue in mice was firstly cloned 
in 1999 from thymic stromal cells [1, 2]. Orthologs of 
St14 in other vertebrate animal models, including rat, 
chicken, zebrafish et al. have been identified and are 
functionally conserved. Structurally, it contains a short 
cytoplasmic N-terminal, a C-terminal serine protease 
(SP) catalytic domain, and a single cross-
transmembrane stem domain which is composed of a 
SEA (sea urchin sperm protein, enteropeptidase, agrin) 
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domain, two CUB (complement factor 1R-urchin 
embryonic growth factor-bone morphogenetic protein) 
domains, and four LDLRA (low density lipoprotein 
receptor class A) repeats, as shown in Fig. 1. The 
understanding of the roles of these domains is 
summarized as following. 

 
Fig. 1. The structure of St14. 

 

2.1. The cytoplasmic domain 

The cytoplasmic domain of St14 is composed of 54 
amino acids and orients St14 as a type II 
transmembrane serine protease. Although the roles of 
the cytoplasmic domain are not fully understood, it is 
speculated that this short domain may be involved in 
binding to cytosolic proteins and regulating their 
cellular distribution and activities. Indeed, a study 
reports that the cytoplasmic domain can mediate the 
interaction between St14 and the cytoskeleton in 
epithelial cell lines after treatment with phorbol 
myristate acetate (PMA) [3]. This linkage results in 
cytoskeleton rearrangement as well as accumulation 
and release of St14. Similar results can be achieved in 
mammary epithelial cells by treatment with 
sphingosine-1-phosphate. Yeast two-hybrid screen 
recovers that the interaction between St14 and the 
PMA-induced cytoskeleton is mediated by Filamin-A, 
which is known to interact with actin to promote the 
branching of actin filaments. The mechanism 
underlying the interaction between St14 and filamin is 
the phosphorylation of the cytoplasmic domain, as 
there is a consensus phosphorylation site for PKC. 
Moreover, it has been demonstrated that PKC could be 
activated by PMA [4]. However, the hypothesis of 
PMA/PKC/St14 pathway involvement in the 
interaction between St14 and Filamin-A requires 
further investigation. 

2.2. The stem domain 

The four tandem LDLRA repeats within the 
extracellular stem domain are widely presented in type 
II transmembrane serine proteases and are homologous 
to the low density lipoproteins (LDL) receptors. LDLR 
domains are found to be important for interactions 
between St14 and other proteins. Tie2, an angiopoietin 
receptor required for angiogenesis, is found to be 

associated with St14 by LDLRA domains. Deletion of 
LDLRA domains would impact this interaction and 
results in degradation of St14 [5]. In addition, the 
LDLRA domains are also involved in activation of 
St14, to be discussed below. 

The CUB domains are ubiquitous in extracellular 
and plasma membrane-associated proteins, and are 
regarded as the linker between St14 with itself or other 
proteins. For example, TMEFF1, a transmembrane 
protein involved in growth factor signaling pathway, is 
reported to interact with St14 through CUB domains 
[6]. Particularly, the CUB domains in St14 have been 
reported to serve as the structural basis for inactive 
St14 homodimerization process in low level HAI-1-
expressing cell lines, which may be the mechanism by 
which excessive activity of St14 is inhibited [7]. 
Moreover, the second CUB domain in St14 is 
reportedly involved in the interaction between St14 
and HAI-1 [8].  

 In all, the stem domain is suggested to mediate 
interactions of St14 with substrates and inhibitors, as 
well as other cytosolic proteins.  These interactions 
may potentially regulate the proteolytic activity of 
St14. However, much of the roles of the stem domain 
remain unknown. 

2.3 The catalytic domain 

The catalytic domain is well-studied and highly 
conserved between serine proteases. The central of the 
catalytic domain is a catalytic triad which is a 
coordinated structure consisting of three key amino 
acids: His, Asp and Ser. The substrate specificity 
pocket (S1) of St14 includes Asp-627 at the bottom 
with Gly-655 and Gly-665 at the neck, which 
determines the preference of St14 to cleave the 
proteins containing Lys and Arg at P1 position [9]. 
Moreover, St14 can be inhibited by many serine 
inhibitors such as HAI-1, aprotinin, and ecotin by 
binding to the catalytic domain [10]. Besides, there is a 
proteolytic activation site within the catalytic domain 
which is a conserved RIVGG motif and important for 
the activation of St14 [11]. 

3. The activation and inhibition of ST14 

St14 is mainly expressed as an inactive zymogen in 
various epithelial tissues and requires activation by 
several processes. The N-terminal cleavage occurs at 
the conserved motif G-SVIA of the SEA domain, and 
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the second cleavage occurs within the conserved R-
VVGG motif. However, St14 still attaches to the cell 
surface in spite of the N-terminal cleavage, possibly 
via non-covalent interaction between SEA domains by 
forming a complex with HAI-1 [12]. Meanwhile, St14 
remains in two-chain form after C-terminal cleavage 
due to disulfide bonds formed between cysteines 
within the catalytic and stem domains respectively. 
The mechanism of activation of St14 is incompletely 
understood, but it is proposed to be transactivation or 
auto-activation by the observation that mutations in 
any of the catalytic triad would inhibit the activation of 
St14 [11].  

Additionally, any or all mutations in the four 
LDLRA repeats also impair its activation and loss of 
the fourth LDLRA domain prevents shedding of St14 
to the cell surface [13], while entire deletion of all of 
the LDLRA domains enhances its activation, 
suggesting that the LDLRA domains may serve a dual 
function: to facilitate specific activation and as a self-
inhibitor to prevent the pre-maturation of St14. 
Moreover, LDLRA domains are reported to affect the 
requirement of HAI-1 in activation of St14, as  point 
mutations in the LDLRA and Kunitz domain 1 of 
HAI-1 prevent St14 activation and cell surface 
translocation [14]. Interestingly, this is consistent to 
the discovery that the transient interaction between 
St14 and HAI-1 is essential for St14 activation, as only 
HAI-1-complexed but not HAI-1-free active St14 is 
identified [15]. 

The glycosylation of asparaginates is also involved 
in St14 activation. As reported by Oberst et al [11], the 
glycosylation of Asn302 and Asn772 of St14 are 
critical for zymogen activation in breast cancer cells, 
whereas the glycosylation of Asn109 and Asn485 is 
dispensable for this process. In spite of this, it cannot 
be ruled out that glycosylation of Asn109 and Asn485 
may function in other ways, as the mature St14 is 
highly glycosylated.  

The inhibition of St14 by HAI-1 is firstly reported 
by the identification of the complex from human milk 
[16]. HAI-1 is a type I transmembrane protein that 
contains two extracellular Kunitz-type domains 
separated by a LDLRA domain. The Kunitz-type 
domains are necessary for inhibition of trypsin-like 
serine proteases and are found to form stable inhibitor 
complexes with St14 by binding to the active site of 
the catalytic domain [17]. The combination of St14 
with HAI-1 is not only important for its activation, but 

also for functional regulation of St14 in both of 
physiological and pathological progresses. During 
embryonic development, knock out of HAI-1 would 
result in placental defects and place the embryos at 
high risk of development failure [18]. In polarized 
epithelial cells, the active St14 is inhibited by HAI-1 
soon after its synthesis to prevent harmful proteolytic 
activity; disruption of the balance between St14 and 
HAI-1 in adult epidermis causes severe hyperplasia, 
abnormal cellular differentiation and malignant 
transformation [19]. Moreover, the decreased 
expression of HAI-1 is correlated with many kinds of 
cancers, such as epithelial ovarian cancer, human 
breast cancer and colorectal cancer [20-22]. 

Additionally, HAI-2, which is homologous of HAI-
1 but lacks the LDLRA domain, is another inhibitor of 
St14 and is also indispensable for mouse embryonic 
development. The HAI-2-deficient mice present with 
placental and neural tube defects, but the placental 
defects could be completely restored by simultaneous 
inactivation of St14 [23], indicating that the 
developmental deficiency in HAI-2-deficient mice is 
largely caused by dysregulated activity of St14. HAI-2 
is also found to be involved in tumor aggregation [24], 
which will be discussed later. 

3.1. Specificity of the substrate 

The substrate specificity of human St14 was first 
determined by Takauchi using PS-SCL (positional 
scanning synthetic combinatorial libraries) and 
substrate phage display [25]. According to their report, 
St14 prefers to cleave proteins containing the amino 
acid sequence P4(Arg/Lys)-P3(X)-P2(Ser)-P1(Arg)-
P1’(Ala) as well as P4(X)-P3(Arg/Lys)-P2(Ser)-
P1(Arg)-P1’(Ala), where X must be non-basic amino 
acids. This profile corresponds well with the substrates 
of St14, which include HGF, uPA, and PAR2 et al. 
Among these substrates, the most well-documented 
substrates are urokinase-type plasminogen activator 
(uPA), the G-protein-coupled protease activated 
receptor-2 (PAR2), and hepatocyte growth factor 
(HGF), as they are all involved in various activities 
including normal and malignant morphogenesis [26]. 
Since the substrates of St14 include several kinds of 
molecules, they may give rise to distinct consequences 
in different contexts.  For instance, HGF is a 
pleotropic growth factor and the activation of HGF by 
St14 could result in activities such as morphogenesis 
and tumor aggregation.  

                                                                                  2015 Vol. 03 Issue 02                                                                              12 
 



 J Sci Appl: Biomed                                                                                                                                                         Review 

4. Function of St14 

4.1 In early embryonic development and postnatal 
survival 

St14 has been proven to play important roles in 
both amphibian and rodent embryonic development. 
Overexpression of XMT-SP1, which is an ortholog in 
Xenopus laevis, leads to significant embryonic 
developmental defects and rapid embryonic cell death 
[27]. In mouse embryonic development, St14 is found 
crucial for pre-plant embryo compaction as 
downregulation of St14 at 8-cell stage results in 
blockade of compaction and subsequent embryo death 
[28]. Meanwhile, St14 is found to be co-localized with 
E-cadherin, which is a tight junction molecule that is 
essential for mouse embryonic development. St14 
shows abnormal distribution when E-cadherin is 
downregulated, suggesting that there might be an 
interaction between St14 and E-cadherin. Additionally, 
there is a synergetic reduction of blastulation rate 
when St14 and E-cadherin are simultaneously knocked 
down, indicating again the significant roles that St14 
and E-cadherin play in regulating mouse embryonic 
compaction.  

In List’s study, the St14-/- mice could develop to 
term but displayed several kinds of defects such as an 
impaired epidermal barrier, ichthyosis manifested by 
red, dry, and wrinkled skin, and abnormal hair follicle 
development. Furthermore, the neonatal St14-/- mice 
died within 48h from severe dehydration [29]. 
Moreover, these mice also showed other epidermal 
defects including swollen appearance of the 
corneocytes, vibrissal follicle hypoplasia, and poor 
differentiation of pelage hair follicles. Additionally, 
abnormal vacuolization in the resorptive epithelia and 
edema in the small intestine and colon was found. 
These deficiencies revealed the essential role of St14 
in the terminal differentiation of the epidermis, hair 
follicle development, and postnatal survival. The 
mechanism underlying the involvement of S14 in 
epidermal development is thought to be mediated by 
St14/prostasin proteolytic cascade.  Evidence supports 
that prostasin is a novel substrate of St14, and 
prostasin-deficient mice showed epidermal defects that 
were identical to the St14-deficient mice [30].  

Besides St14 deficiency, an excess of St14 could 
also result in abnormal development, as the balance 
between St14 and HAI-1 is also critical for the 

integrity of the placenta. It was found that HAI-1 
deficient mice presented with placenta labyrinth 
hypogenesis during embryogenesis due to loss of 
undifferentiated chorionic trophoblasts. In contrast, the 
simultaneous knock out of St14 and HAI-1 
significantly alleviated these defects [31], indicating 
that excessive St14 may disrupt the integrity of 
chorionic trophoblasts and thus impair placental 
labyrinth morphogenesis. Detailed analysis suggests 
that the placental deficiency is caused by altered 
expression of E-cadherin and catenin, as well as 
disorganized laminin deposition. However, this is 
somewhat contradictory to the observation in pre-
implant embryo compaction, that it is decreased but 
not excessive St14 that results in degradation of E-
cadherin. Whether this is contributed to different 
substrates and pathways in embryo and placenta is not 
clear. 

 Besides abnormal epidermis development, the 
accelerated CD4+CD8+ double positive thymocyte 
apoptosis is also markedly discovered in St14-/- mice. 
This seems to be specific to CD4+CD8+ double 
positive thymocytes since other lymphoid cells are 
normal. The mechanism by which St14 prevents the 
thymocyte apoptosis is unclear, as the thymic 
environment has a negative role in selecting the 
thymocytes [32]. Moreover, uPA and HGF seems have 
no effect on promoting the survival and amplification 
of CD4+CD8+ double positive thymocyte. Thus, St14 
may function in thymocyte apoptosis by alternative 
pathways that are independent of uPA or HGF.  

St14 is also involved in transendothelial migration 
of active macrophage cells in the inflammatory 
microenvironment. Upon activation by interferon-r 
(IFN-r), St14 is over-expressed on the surface as well 
as in the cytoplasm in several macrophage cell lines 
and enhances the transendothelial migration of 
macrophages [33]. Moreover, two STAT1 binding 
sites are found in the promoter of St14, indicating that 
the expression of St14 might be regulated by STAT1 
directly and the transendothelial migration-induced by 
St14 might contribute to IFN /STAT1 pathway. 

Recently, St14 has also been found to be 
specifically expressed in neural progenitor cells 
(NPCs) and neurons, and its expression is increased at 
the completion of switches from mESCs to NPCs and 
from NPCs to neurons [34]. It is reported to promote 
NPCs migration, probably by activating HGF as HGF 
can induce human neural stem cell migration via PI3K 
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[35]; thus the PKC/St14/HGF/PI3K pathway may be 
also involved in mouse NPCs migration. However, 
inhibition or downregulation of St14 doesn’t impair 
the switch from ES cells to NPCs, and it seems 
contradictory that the St14 KO mice present a normal 
phenotype of central nervous system [34]. The 
possible reason is that the function of St14 is slight in 
the entire CNS and can be complemented by the 
redundancy of the serine proteases superfamily. 

4.2. In tumor cell invasion and metastasis 

Nowadays, increasing attention has been given to 
the role of St14 in cancers because it is found be 
consistently dysregulated in various human cancers 
including breast, ovary, lung, as well as prostate; thus, 
it has been considered as a prognostic marker of 
epithelia cancer. Moreover, mice expressing St14 in 
the epidermis develop skin carcinoma spontaneously, 
and cancer cells with over-expression of St14 grow 
faster and produce much larger solid tumors with more 
vascularization. Conversely, downregulation or 
inhibition of St14 could reduce tumor size and give 
rise to impaired metastasis. Further analysis suggests 
that St14 may act in several different ways in 
improving the tumor invasion and metastasis, such as 
angiogenesis and epithelial-mesenchymal transition 
(EMT).  

Angiogenesis is a crucial progress during cancer 
progression and is found to be affected directly by 
St14 [36]. Tie2, which is a receptor of the angiopoietin 
family and plays central roles in regulating vessel 
remodeling and endothelial permeability, is found to 
be cleaved and activated by St14 [5]. After activation 
by St14, Tie2 binds to angiopoietin, resulting in vessel 
remodeling and endothelial permeability, and this is 
possibly related to phosphatidylinositol 3-kinase 
(PI3K) [37].  

During tumor progression, EMT - a process by 
which epithelial cells lose cell polarity and cell 
adhesion, and become migratory and invasive - 
provides mechanisms for epithelial cells to overcome 
the physical barrier imposed by intercellular junctions. 
Therefore, EMT is often considered as a prerequisite 
for tumor invasion. It has been reported that 
upregulation of St14 in MDCK cells results in 
considerable morphological changes from a polarized 
epithelial morphology to an elongated fibroblast-like 

morphology. Moreover, epithelial markers including 
E-cadherin were degraded whereas the mesenchymal 
markers were upregulated and the cell-cell junction 
was disassembled.  

EMT in tumors induced by St14 seems convergent 
with the TGF-β pathway because on one hand, TGF-β 
is a well-known inducer of EMT in tumor cells [38]; 
on the other hand, the interaction between St14 and 
TGF-β pathway has been reported by the observation 
that Smad2/4 could give rise to upregulation of St14. 
Furthermore, the TGF-β-induced cell invasion and 
migration are significantly prevented by knockdown of 
St14, suggesting that St14 might be a target of TGF-β 
signaling in tumor cells [39].  

As mentioned above, the proteolytic activity of 
St14 is strictly controlled by HAI-1, and multiple 
studies have demonstrated that the inhibition of St14 
by HAI-1 is involved in tumor aggregation [40]. In 
human pancreatic cancer cell lines, knock out of HAI-
1 significantly promotes EMT, while St14 and HAI-1 
double KO cells can reverse these changes. This is 
similar to the engineered over-expression of HAI-1, 
suggesting that EMT resulted from HAI 
downregulation is probably attributed to the 
deregulated activity of St14. Likewise, inactivation of 
HAI-1 and HAI-2 in breast cancer cells significantly 
increase HGF–mediated cell migration and invasion 
[41]. These studies suggest that inhibition of St14 by 
HAIs also play important roles in tumor cell invasion 
and metastasis. Due to the tight interactions between 
St14 and HAIs, another point of view suggests that the 
tumorigenesis is not contributed to the absolute 
dysregulated level of St14, but the ratio or balance 
between St14 and HAIs [42]. 

The mechanism underlying tumorigenesis induced 
by St14 may be related to the substrates of St14 such 
as uPA, HGF. And MMP3 et al., as all of them are 
implicated in tumor cell invasion. HGF is a well-
known inducer of EMT via its receptor c-Met, and 
MMP3 can trigger the degradation of E-cadherin 
accompanied by the dissolution of cell-cell junctions 
[43, 44]. uPA could activate plasminogen and enhance 
cellular motility and tumor vascularization by 
depredating the basement membrane and extracellular 
matrix [45]. This tumor-induced activity of St14 is 
specific to epithelia origin as St14 appears to be absent 
in tumors originated from mesenchymal.  
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5. Perspective 

Proteomics and bioinformatics have provided 
necessary insight into the structural and functional 
properties of St14. Gene ablation has proved that St14 
plays important roles in both physiological and 
pathological activities. As scientists have obtained 
more and more knowledge about St14, however, 
pertinent questions remain obscure, such as: 1) Which 
substrate is responsible for the indispensability of St14 
for epidermal development, hair growth, as well as the 
formation of epidermal barrier? 2) St14 is involved in 
tumor EMT, and during embryonic development, 
embryos also undergo EMT to morphogenesis -does 
St14 participate in the embryonic EMT? 3) Is there a 
direct interaction between St14 and E-cadherin in the 
mouse early embryo? Moreover, it is notable that 
downregulation but not upregulation of St14 in mouse 
pre-implant embryos impairs the expression and 
location of E-cadherin and results in abnormal mouse 
embryonic development, which is opposite to the 
results in tumors where St14 promotes degradation of 
tight junctions; these underlying mechanisms are 
unknown. 4) What are the functions of St14 in non-
epidermal tissues? 5) Although the non-catalytic 
domains are expected to function in the location, 
activation, secretion, and inhibition of St14, whether 
they are responsible for St14 participating in substrates 
specificity and thus mediating the distinct responses in 
different context is unknown.  

Most studies have shown that increased level of 
St14 is found to be closely related to the various kinds 
of tumor malignancy. However, some studies have 
shown contradictory results that St14 is not positively 
related to the grade of human breast cancers and has 
no effect on survival [46]. Moreover, Wang et al. even 
obtained opposite results that demonstrated that in 
highly invasive human breast cancer cell lines, St14 
functions as a tumor repressor but not inducer by 
reducing tumor proliferation and invasion [47]. This 
discrepancy in cancer cells suggests that the function 
of St14 is complicated and might be finely controlled 
in different cell types. 
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