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Epithin/PRSS14, a type Il transmembrane serine protease, plays critical roles in cancer metastasis. Previ-
ously, we have reported that epithin/PRSS14 undergoes ectodomain shedding in response to phorbol
myristate acetate (PMA) stimulation. In this study, we show that transforming growth factor-p (TGF-B)
induces rapid epithin/PRSS14 shedding through receptor mediated pathway in 427.1.86 thymoma cells.

1(3¥W97d55 Tumor necrosis factor-o converting enzyme (TACE) is responsible for this shedding. Amino acid sequence
Eplﬂ(‘;“  heddi encompassing the putative shedding cleavage site of epithin/PRSS14 exhibit strong homology to the
_l[:_ét]?_ﬁomam shedding cleavage site of r-selectin, a known TACE substrate. TACE inhibitor, TAPI-0 and TACE siRNA greatly
Tumor necrosis factor-o: converting enzyme reduced TGF-B-induced epithin/PRSS14 s.he.dding. TGF-B t.reatment induc.es translocation of intraFellular
(TACE) pool of TACE to the membrane where epithin/PRSS14 resides. These findings suggest that TGF-B induces

epithin/PRSS14 shedding by mediating translocation of epithin/PRSS14 sheddase, TACE, to the

membrane.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Ectodomain shedding of membrane protein is an important
aspect of cell regulation, development, and cell-cell interaction
[1]. It is shown that ectodomain shedding can be activated by var-
ious stimuli, ranging from UV irradiation to osmotic stress, inflam-
matory mediators, growth factors, and autocrine of cell intrinsic
signaling events [2]. This shedding process regulates the fate and
physical location of membrane-anchored growth factors [3],
growth factor receptors [4], cytokine receptors, cell adhesion mol-
ecules [5], and proteins of unknown function such as the p-amyloid
precursor protein (B-APP) [6].

Epithin/PRSS14 is broadly expressed in epithelial cells. Its
expression is elevated in many carcinoma cells, and induced in
macrophages by interferon-y [7]. In physiological conditions, it
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plays essential roles in the maintenance of epithelial integrity, par-
ticularly epidermal terminal differentiation and barrier function
[8]. When the gene is expressed in the skin by keratin 5 promoter,
skin tumors appear spontaneously and tumorigenesis can be facil-
itated by chemical carcinogens or tumor promoters [9]. Earlier, we
reported the critical roles of epithin/PRSS14 in angiogenesis [10],
epithelial-mesenchymal transition (EMT) [11], and transendothe-
lial migration in vitro and tumor metastasis of 4T1 breast cancer
cells in vivo [7,12]. Soluble epithin/PRSS14 protein shed from the
cancer cells shows the angiogenic activities [10]. These findings
suggest that epithin/PRSS14 is involved in the various stages of
cancer progression.

Epithin/PRSS14 undergoes post-translational processing during
biogenesis and ectodomain shedding upon stimulation [10,13,14].
Epithin/PRSS14 is synthesized as a 110-kDa full length protein
(Epi-L in Fig. 1A) followed by processing at Gly149 and expressed
at membrane as a 92-kDa form (Epi-S in Fig. 1A) noncovalently
connected to a short NH2-terminal fragment (18-kDa NTF in
Fig. 1A). The epithin/PRSS14 can be further cleaved, presumably
in autocatalytic fashion, at Arg614 between the 4th LDLRA domain
and the serine protease domain, producing a two-chain but disul-
fide-linked activated form including 32-kDa protease domain
(aEpi-S in Fig. 1A) [14]. The 88-kDa soluble form (Epi-S' in
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Fig. 1A) of epithin/PRSS14 found in the culture medium may be
generated by cleavage at Lys189/Arg204 and secreted into the cul-
ture medium [13]. It is known that the secreted form of epithin/
PRSS14 can be converted to an active form that cleaves the ECM
components including collagen, fibronectin and laminin that medi-
ate cell attachment and migration [15].

TGF-B is a secreted homodimeric protein that regulates numer-
ous cellular responses, such as proliferation, differentiation, migra-
tion, and apoptosis in addition to EMT in a context dependent
fashion. TGF-B initiates its diverse cellular responses by binding
to and activation of specific cell surface receptors that have intrin-
sic serine/threonine kinase activity [16,17]. Recently, involvement
of TGF-B in the shedding of membrane proteins in cancer cells has
been reported. In gastric cancer cells, TGF-B induces the shedding
of membrane-anchored heparin-binding EGF-like growth factor
and transactivates epidermal growth factor receptor (EGFR) [18].
In prostate cancer cells, TGF-B induces expression and shedding
of the activated leukocyte cell adhesion molecule and enhances
metastasis to bone [19]. In both case, the TGF-B-induced shedding
is mediated through activation of TACE, also known as ADAM17.

TACE belongs to the ADAM (a disintegrin and metalloproteinase
domain) family of proteins containing a zinc-dependent catalytic
domain. It is implicated in ectodomain shedding of various growth
factors, cytokines, receptors, and adhesion molecules [20,21].
There are many reports showing that TACE is involved in the
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PMA-induced shedding of various transmembrane proteins
[22,23]. We reported that epithin/PRSS14 shedding is also induced
by PMA treatment [13]. However, the upstream ligands and the
sheddases responsible for epithin/PRSS14 shedding have not been
reported.

In this study, we show that TGF-B induces rapid shedding of
epithin/PRSS14 in 427.1.86 cells, and this shedding is mediated
by TACE that translocates from cytosol to membrane upon TGF-B
stimulation.

2. Materials and methods
2.1. Antibodies and reagents

Goat anti-TACE antibody was purchased from Santa Cruz Bio-
technology. Mouse anti-B tubulin antibody was from Sigma. The
mADb5 that recognizes the C-terminus of epithin/PRSS14 and anti-
epithin polyclonal antibody were raised using GST-epithin/PRSS14
as antigen as previously described [14]. Various concentrations of
ZnCl, and MgCl, were used to supply the cations. GM6001,
SB431542, and TAPI-0 were purchased from Calbiochem. Recombi-
nant human TGF-B was from R&D systems. Transfection was per-
formed with METAFECTENE® SI reagent (Biontex). Control and
TACE siRNA were purchased from Santa Cruz Biotechnology.
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Fig. 1. TGF-B induces epithin/PRSS14 shedding. (A) Schematic diagram of epithin/PRSS14 domain structure. TM, transmembrane domain; CUB1, CUB2, complement
subcomponent C1r/C1s domain; LDLRA, low density lipoprotein receptor class A repeats; serine protease domain. The activation cleavage site (Arg614) of epithin, and the
connecting disulfide bonds (S-S) are shown. The Gly149 cleavage site for the generation of epithin/PRSS14 short form (Epi-S) and the putative cleavage sites for shedding
(Lys189/Arg204) are also indicated. The sizes of various epithin/PRSS14 forms (Epi-L, Epi-S, Epi-S', aEpi-S) found in the cell and medium are indicated above of the diagram.
(B) Epithin/PRSS14 shedding is induced by TGF-p. 427.1.86 cells were treated with TGF- for indicated time. Proteins in the media were precipitated with TCA and analyzed by
Western blotting with mAb5 for epithin/PRSS14 (upper panel). Quantitation of Epi-S’ bands are shown in the graph below. The amounts of Epi-S and B-tubulin in the cell
lysates are also shown (lower panel). (C) Inhibition of TGF-B receptor reduces epithin/PRSS14 shedding. 427.1.86 cells were pretreated with 10 uM SB431542, a TGF-B type |
receptor kinase inhibitor, for 30 min and treated with TGF- for 2 h. Epithin/PRSS14 proteins in the media and the cell lysates were analyzed and quantitated as described in

(B).
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2.2. Cell culture and transfection

427.1.86 cells [24] were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco-BRL) with 10% Fetal Bovine Serum (FBS,
Gibco-BRL) and antibiotics (Gibco-BRL) at 37 °C in 10% CO, incuba-
tor. Transient transfection of the cell suspension was performed
using METAFECTENE® SI reagent (Biontex) according to manufac-
turer’s protocol. Mixture of the METAFECTENE® SI and TACE siRNA
in 1X SI buffer was incubated for 15 min at room temperature.
Then the cell suspension was added to the well containing the lip-
oplex and incubated without further mixing. Epithin/PRSS14 shed-
ding and the effect of inhibitors were examined at 24 h after the
addition of the lipoplex.

2.3. Western blot analysis

427.1.86 cell lysates and the 10% trichloroacetic acid (TCA)-pre-
cipitates from conditioned medium were separated on 9% acrylam-
ide gel under reducing condition. After SDS-polyacrylamide gel
electrophoresis, proteins were transferred onto nitrocellulose
(NC) membrane (Whatman). The membrane was blocked with 5%
skim milk and reacted with mAb5 (for Epi-S’ and aEpi-S), anti-TACE
antibody, anti-f tubulin, or anti-GAPDH antibody for 1 h. After
washing 3 times with PBS containing 0.1% Triton X-100 (PBS-T),
the membrane was incubated with horseradish peroxidase-conju-
gated secondary antibody and washed 5 times with PBS-T, then
visualized using Enhanced Chemiluminescence reagents (Supersig-
nal®West Femto, Thermo).

2.4. Immunocytochemistry

427.1.86 cells were grown on 0.1% gelatin-coated cover slip.
After 1day (cell confluency at 80%), cells were incubated with
serum-free media for 4 h and then treated with 5 ng/ml TGF-B
for indicated time, and fixed with 3.7% paraformaldehyde in PBS.
Then cells were permeabilized with 0.1% Triton X-100 in PBS for
10 min, washed twice, and incubated with blocking solution (10%
donkey serum and 0.1% Triton X-100 in PBS) for 30 min. After
washing twice with PBS-T, samples were treated with anti-epithin
polyclonal antibody or anti-TACE antibody (Santa Cruz Biotechnol-
ogy, #6416) in blocking solution. After 1h, cells were washed
twice with PBS-T and then incubated with FITC conjugated second-
ary antibodies (Jackson ImmunoResearch) for 50 min. For actin
staining, rhodamine-phalloidin (Molecular Probe, R415) was used.
Cells were observed under the fluorescence microscope (Axio-
plan200 M, Carl Zeiss) equipped with a 100x objective lens. Images
were processed in photoshop CS6 (Adobe).

2.5. Sequence alignment and protein modeling

Amino acid sequences of epithin/PRSS14 and L-selectin from
three different species (human, mouse, and rat) were obtained
from NCBI. Accession numbers for the amino acid sequences used
are human matriptase/PRSS14 (hST14), Q9Y5Y6, mouse epithin/
PRSS14 (mST14), P56677, rat epithin/PRSS14 (rST14), AAH97271,
human selectin (hSEL), P14151, mouse selectin (mSEL), P18337,
rat selectin (rSEL), P30836. The sequences of the extracted amino
acid were clustered by taking 13-mer and 21-mer encompassing
the putative cleavage sites using ClustalW package in the MacVec-
tor program. The tertiary structure of matriptase/PRSS14 (residues
150-855) was predicted by wusing I-TASSER (http://zhang-
lab.ccmb.med.umich.edu/I-TASSER/) and analyzed with Chimera
program (https://www.cgl.ucsf.edu/chimera/).

3. Results
3.1. TGF-p induces epithin/PRSS14 shedding

While we were studying the effects of TGF- on EMT process in
427.1.86 cells [11], we noticed the rapid shedding of epithin/
PRSS14 into media (Fig. 1B). Upon TGF-B treatment, the 88-kDa
shed epithin/PRSS14 (Epi-S’) in the medium was increased. Shed-
ding of epithin/PRSS14 was detected as early as at 5 min after
TGF-B treatment and reached to maxim within 1 h, suggesting that
TGF-B may directly activate epithin/PRSS14 shedding. This rapid
effect of TGF-B on epithin/PRSS14 shedding is a contrast to the
delayed effects of TGF-B on epithin/PRSS14 upregulation that was
observed after 24 h of TGF-B treatment [11]. TGF-p-induced epi-
thin/PRSS14 shedding was drastically reduced by pre-treatment
of the TGF-B type I receptor kinase inhibitor SB431542, indicating
that the effect of TGF-B on epithin/PRSS14 shedding depends on
receptor-mediated signaling processes (Fig. 1C).

3.2. A cation-dependent metalloproteinase, TACE mediates epithin/
PRSS14 shedding

To investigate whether the epithin/PRSS14 shedding is depen-
dent on divalent cations, the effects of various concentrations of
Zn?* and Mg?* on epithin/PRSS14 shedding were examined. As
shown in Fig. 2A, 0.1 mM Zn?* and 10 mM Mg?* dramatically
increased the amount of shed epithin/PRSS14 (Epi-S’) in the med-
ium. These results suggest that metalloproteinase may be involved
in the shedding process. To verify the involvement of metallopro-
teinase, a general metalloproteinase inhibitor, GM6001 was
included in the experiments. GM6001 significantly reduced the
metal ion-induced epithin/PRSS14 shedding. In addition to the
increase in epithin/PRSS14 shedding, divalent cations also induced
activation of epithin/PRSS14 as revealed by the appearance of
active form of aEpi-S (32-kDa) in the medium. These results sug-
gest that Zn?*-induced shedding also facilitates the activation of
epithin/PRSS14.

Since a metalloproteinase, TACE is implicated in ectodomain
shedding of many membrane proteins [25,26], we tested whether
the Zn?*-dependent epithin/PRSS14 shedding is blocked by TACE
inhibitor, TAPI-0. Not surprisingly, 10 uM TAPI-0 inhibited Zn?*-
dependent epithin/PRSS14 shedding by 80% indicating that TACE
is a major sheddase for Zn**-dependent epithin/PRSS14 shedding
(Fig. 2B). In addition, TAPI-0 treatment also reduced the amount
of active aEpi-S to the similar extent as the shed Epi-S’ was
reduced. This result suggests that shedding and activation of epi-
thin/PRSS14 are closely coupled.

When we aligned the target sequences of the various known
substrates of TACE with the putative cleavage sequences of epi-
thin/PRSS14 (the sequences encompassing Lys189 and Arg204),
we found that amino acid conservation among the cleavage sites
in total is very poor (data not shown). This result is not unexpected
since TACE is known to have very relaxed sequence specificity for
substrate cleavage sites. However, there is a significant conserva-
tion between the sequences encompassing the putative cleavage
site (Lys189) of epithin/PRSS14 and the cleavage site of L-selectin,
a well known TACE substrate. Interestingly, three amino acid resi-
dues (KSF) near Lys189 cleavage site of epithin/PRSS14 is identical
with those of t-selectin (Fig. 2C, and [26]). Conservation between
Lys189 site of epithin/PRSS14 and Lys321 site of L-selectin extends
further as shown in Fig. 2C. In a model structure, Lys189 cleavage
site of epithin/PRSS14 is well exposed and the conserved
sequences are located in the position that can be recognized easily
by the sheddase (Fig. 2D). The sequence similarity surrounding the
cleavage site of L-selectin and the putative cleavage site of epithin/
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Fig. 2. TACE mediates epithin/PRSS14 shedding induced by metal ions. (A) Divalent cation-sensitive metalloproteinase induces epithin/PRSS14 shedding. 427.1.86 cells were
pretreated without or with 50 tM GM6001 for 2 h before divalent cations treatment. Proteins in the media were precipitated with TCA and analyzed by Western blotting with
mADb5. Epithin/PRSS14 proteins in the cell lysates were also analyzed by Western blotting with mAb5. Epi-S’ and aEpi-S in the media are shown in upper panels. The amounts
of Epi-S and B-tubulin in the cell lysates are shown in lower panels. (B) TACE inhibitor, TAPI-0 blocks Zn?*-induced epithin/PRSS14 shedding. 427.1.86 cells were pretreated
with 10 pM TAPI-0 before 0.1 m M Zn?* treatment. Proteins in the media were precipitated with TCA and analyzed by Western blotting with mAb5. Quantitations of the
epithin/PRSS14 proteins in the media and the cell lysates are shown in the graphs below. (C) Comparison of the TACE cleavage sites of epithin/PRSS14 and i-selectin. The
protein sequences encompassing the putative cleavage site (Lys189) of epithin/PRSS14 and the known TACE cleavage site (Lys321) of L-selectin are compared. The protein
sequences from three different species (human, mouse, rat) are aligned. The “*" above the sequence alignments indicates the TACE cleavage sites. Gray box: identities and
similarities (threshold: 51%). (D) Positions of the putative cleavage site (Lys189) in a model from the tertiary structure prediction of matriptase, the human orthologue of

epithin/PRSS14. Red: Lys189-Ser190, blue: conserved residues.

PRSS14 provides another circumstantial evidence that TACE is a
sheddase for epithin/PRSS14.

3.3. TACE mediates TGF-B-induced epithin/PRSS14 shedding

Next, we tested whether the TGF-B-induced epithin/PRSS14
shedding is sensitive to the TACE inhibitor, TAPI-0. As shown in
Fig 3A, TGF-B-induced epithin/PRSS14 shedding in 427.1.86 cells
was markedly inhibited by TAPI-0. This result suggests that TACE
plays a major role in TGF-B-induced epithin/PRSS14 shedding. To
further verify the involvement of TACE in the process, TGF-B-
induced epithin/PRSS14 shedding was examined in the 427.1.86
cells where TACE expression was down-regulated by siRNA of
TACE. As shown in Fig. 3B, knock down of TACE significantly inhib-
its TGF-B-induced epithin/PRSS14 shedding by 75% (1.2-0.3).
Therefore it was concluded that TACE is the major sheddase for
TGF-B-induced epithin/PRSS14 shedding.

3.4. TGF-B induces translocation of TACE from cytosol to membrane

To act as an epithin/PRSS14 sheddase, TACE should colocalized
with epithin/PRSS14 in the plasma membrane in a TGF-B-depen-
dent manner. Therefore, we investigated the changes in cellular
localization of TACE upon TGF-p treatment. In untreated cells, TACE

is located mainly in the vesicles as a punctate pattern in the cytosol
(Fig. 4A, TGF-B 0 min). When treated with TGF-B, the gradual trans-
location of TACE from cytosol to membrane was clearly visible
(Fig. 4A, TGF-B 0-120 min). In earlier time points, up to 30 min of
the treatment, TACE was only partially located in the membrane.
However, 2 h after the treatment, TACE was found on the cell
membrane in nearly all the cells. In contrast, the changes in mem-
brane localization of epithin/PRSS14 were less evident since the
majority of epithin/PRSS14 is already localized in the membrane
prior to TGF-B treatment in most cells (Fig. 4B). However, mem-
brane localization of epithin/PRSS14 is somewhat enhanced upon
TGF-B treatment. TGF- also induced actin rearrangement as seen
in Fig. 4. Within 2 h of TGF-B treatment, cortical actin becomes
dominant, suggesting that actin rearrangement may be involved
in the translocation of TACE and epithin/PRSS14. These results sug-
gest that TGF-B induces TACE translocation from cytosol to mem-
brane where its substrate, epithin/PRSS14 resides.

4. Discussion
Soluble form of epithin/PRSS14 protein is important in the reg-

ulation of cancer progression and angiogenesis. It induces endothe-
lial cell migration, and vessel morphogenesis [10]. The pleiotropic
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Fig. 3. TACE mediates TGF-B-induced epithin/PRSS14 shedding. (A) TACE inhibitor (TAPI-0) blocks TGF-B-induced epithin/PRSS14 shedding. 427.1.86 cells were pretreated
without or with 10 pM TAPI-0 before incubation with 5 ng/ml TGF- for 2 h. Proteins in the media were precipitated with TCA and analyzed by Western blotting with mAb5.
Bar graph shows quantitation of Epi-S’ in the media from data obtained in three independent experiments. Proteins in the cell lysates were also analyzed by Western blotting
with mADb5, anti-TACE, and GAPDH antibodies. (B) TACE knock down inhibits TGF-B-induced epithin/PRSS14 shedding. 427.1.86 cells were transfected with a siRNA of TACE or
control siRNA as indicated. Proteins in the media were precipitated with TCA and analyzed by Western blotting with mAb5. Bar graph shows quantitation of Epi-S' in the
media from data obtained in three independent experiments. The amounts of TACE, epithin/PRSS14 and GAPDH in the cell lysates are also shown.

cytokine, TGF-B that plays important roles in various stages of
tumorigenesis induces rapid shedding of epithin/PRSS14 (Fig. 1).
Using specific inhibitor for TGF- receptor, we provided evidence
that the receptor-mediated signaling is involved in the activation
of sheddase (Fig. 2). The shedding was observed as early as 5 min
upon TGF-B treatment. This immediate effect implies that TGF-B
directly activates signaling cascades through the receptor leading
to the activation of the pertinent sheddase.

Previously, sphingosine 1-phosphate (S1P), present in serum-
derived lipoproteins, was shown to rapidly activate and induce
shedding of epithin/PRSS14 in human cancer cells [27,28]. How-
ever, this action of S1P does not seem to be mediated by the known
S1P receptors, but by unidentified pathway. Steroid sex hormones
such as 5a-dihydrotestosterone (DHT) were also shown to induce
activation and shedding of epithin/PRSS14 but only after 6 h of
the treatment. Thus, the action of DHT seems to be indirect and
requires transcription of the hormone-targeted genes [29]. There-
fore, as far as we know, TGF-B-induced epithin/PRSS14 shedding
described in this study is the first report for the identification of
an endogenous ligand that induces epithin/PRSS14 shedding
through acting on a known receptor.

TGF-B is known to promote tumor cell invasion and metastasis
through the induction of EMT [16]. In our earlier studies, the inhi-
bition of TGF-B-induced EMT in 427.1.86 cells by epithin/PRSS14
knock down indicated that epithin/PRSS14 is an essential mediator
of TGF-B-induced EMT [11]. We also reported that the shed epi-
thin/PRSS14 collected from 427.1.86 cell conditioned medium
enhances cell motility and contains active angiogenic potential

[10]. Together with these results, we propose that TGF-B-induced
epithin/PRSS14 shedding plays important roles in tumor metasta-
sis and angiogenesis.

Matrix metalloproteinases (MMPs) participate in cell migration
and remodeling process by affecting the extracellular matrix. All
MMPs including TACE contain Zn?* in catalytic domain that is
essential for substrate binding and cleavage [30]. Although the
results shown in this study strongly suggest that divalent cations
induce epithin/PRSS14 shedding through activation of TACE, we
cannot exclude involvement of other MMPs in the shedding pro-
cess. However, the blocking of epithin/PRSS14 shedding close to
the control level by TACE knock down (Fig. 3B) indicates that TACE
is the major sheddase for the divalent cation- and TGF-B-induced
epithin/PRSS14 shedding.

Although TGF-B induces TACE-mediated epithin/PRSS14 shed-
ding, the signaling mechanism how TGF-B induces epithin/PRSS14
shedding is still unclear. Previously, we have reported that the
PMA-induced epithin/PRSS14 shedding requires rearrangement of
actin cytoskeleton from stress fiber to cortical actin cytoskeleton
[13,14]. PMA induces translocation of epithin/PRSS14 from cytosol
to the membrane surface in an actin cytoskeleton-dependent man-
ner to increase its local concentration that is required for the
increase of epithin/PRSS14 shedding. On the basis of these findings
and result obtained from immunocytochemistry shown in Fig. 4,
we propose that TGF-pB-dependent epithin/PRSS14 shedding also
requires actin rearrangement in 427.1.86 cells.

TACE resides in the vesicles in unstimulated cells (Fig. 4 and
[31,32]). It is known that treatment with TGF-B induces phosphor-
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Fig. 4. TGF-p induces translocation of TACE from cytosol to membranes. (A,B) Cellular localizations of TACE and epithin/PRSS14. 427.1.86 cells were treated with TGF-p for
indicated time. Then the cells were fixed and subjected to immunofluorescence staining. The cellular localizations of TACE and epithin/PRSS14 were analyzed by fluorescence
microscopy after staining with anti-TACE antibody, and anti-epithin antibody, respectively. F-actins were stained with rhodamine-conjugated phalloidin. Scale bars, 20 pm.
(C) Model for TGF-B induced epithin/PRSS14 shedding. TGF-B induces translocation of TACE from cytosol to cell membrane where epithin/PRSS14 resides and enhances its

shedding.

ylation of TACE and its translocation to the cell surface [31,32]. In
addition, Liu et al. [2] reported TGF-B upregulates EGFR ligand
shedding through a mechanism involving the phosphorylation of
TACE. We also found the phosphorylation of TACE (data not
known) and translocation of TACE from cytosol to the cell surface
upon TGF-B treatment. A model for the TGF-B-induced epithin/
PRSS14 shedding that is mediated by TGF-B-dependent transloca-
tion of TACE to the cell surface where epithin/PRSS14 resides is
proposed as shown in Fig. 4C.
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