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Abstract

Hepsin is required for the growth and maintenance of normal morphology, as well
as for cell motility and development, initiation of blood coagulation and
pro-inflammatory immune response. Here we showed that Cathepsin D (CtsD) as a
novel protein is involved in the regulation of hepsin. CtsD destabilizes hepsin by
promoting its ubiquitylation and subsequent proteasomal degradation in breast cancer
cells. Breast cancer tissue microarray aso indicated that hepsin expression was
negatively correlated with CtsD by immunohistochemistry. Overexpression of CtsD
promoted breast cancer cell migration, invasion and metastasis by enhancing the
expression of intercellular cell adhesion molecule-1 (ICAM-1) in vitro and in vivo.
These effects were inhibited by ectopic hepsin expression. Taken together, our data
reveal a critical CtsD-hepsin signaling axis in migration and metastasis, which may
contribute to a better understanding of the function and molecular mechanism in

breast cancer progression.
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Abstract

Hepsin is required for the growth and maintenarfaeoomal morphology, as well
as for cell motility and development, initiation dblood coagulation and
pro-inflammatory immune response. Here we showetl @athepsin D (CtsD) as a
novel protein is involved in the regulation of hiepsCtsD destabilizes hepsin by
promoting its ubiquitylation and subsequent prade@s degradation in breast cancer
cells. Breast cancer tissue microarray also inddtahat hepsin expression was
negatively correlated with CtsD by immunohistochetmyi Overexpression of CtsD
promoted breast cancer cell migration, invasion aretastasis by enhancing the
expression of intercellular cell adhesion molecll@éCAM-1) in vitro andin vivo.
These effects were inhibited by ectopic hepsin esgion. Taken together, our data
reveal a critical CtsD-hepsin signaling axis in ratgon and metastasis, which may
contribute to a better understanding of the fumctamd molecular mechanism in

breast cancer progression.
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I ntroduction

Hepsin is a type Il transmembrane serine proteasgiéntly overexpressed in most
tissues and different tumors, including breast eari&]. In vitro studies suggest
hepsin is required for the growth and maintenariagoomal morphology [2], as well
as for cell motility [3] and development[4], iniian of blood coagulation [5] and
pro-inflammatory immune response [6]. Low mMRNA amdtein expression of hepsin
not only are positively associated with advanceshbtr cancer tumor malignancy, but
also predict poor breast cancer survival [7]. Hosveeontrary results also reported
that hepsin overexpression was significantly asdediwith tumor stage, lymph node
metastasis in patients with breast cancer [1]. Dozgulation of hepsin significantly
reduced cell proliferation and invasion in breamtaer cells (BCC) [1]. It raised the
guestion on the function and mechanism of hepsibr@ast cancer. Therefore, the
studies to understand the exact physiological ankeé mechanism of hepsin in breast
cancer may help in resolving the contradictory ltssu

Cathepsins were originally identified as lysosorpabteases, but recent work
highlighted their atypical roles in the extracedluspace, cytoplasm and nucleus [8].
Among these, Cathepsin D (CtsD) is overproduced8¢L and the pro-enzyme is
abundantly secreted in the tumor microenvironm@htlhdeed, CtsD stimulates BCC
proliferation, fibroblast outgrowth, angiogenedisgast tumor growth and metastasis
formation [10-17]. CtsD is also an independent raamf poor prognosis for breast
cancer associated with metastasis [18, 19]. SecfeteD enhances proteolysis in the
breast tumor microenvironment by degrading theeigstcathepsin inhibitor cystatin
C [20] and promotes mammary fibroblast outgrowth binding to LDL
receptor-related protein-1 (LRP1) [21].

In this study, we demonstrate that CtsD promotgssineubiquitylation and its
subsequent proteasomal degradation in BCC. Moreaer data reveal a critical
CtsD-hepsin signalling axis in modulating migratiand metastasis, which may
contribute to a better understanding of the mokecahechanism in breast cancer
progression.

Materialsand Methods



Cdll culture and reagents

293T and human BCC lines, MCF-7, T47D, ZR-75-1 &anDA-MB-231 cells
were maintained in 5% CQat 37°C. Cells were grown in DMEM supplementechwit
10% fetal bovine serurtFBS; Gibco; USA). Cell transfection was performesing
Lipofectamine 2000 (Invitrogen, USA) according e imanufacturer’s instructions.

Recombinant human ICAM-1 (rhICAM-1) was purchasexf Raybiotech (USA).
ICAM-1 inhibitor A-205804 was purchased from Sel€t/SA).

Clinical samples

Breast cancer samples for real-time PCR were atddafrom the Department of
General Surgery, ZhongShan Hospital, Fudan UnityeiShanghai, China. The use of
human tissue samples and clinical data was approye¢ke Clinical Research Ethics
Committee of Zhongshan Hospital, Fudan Universit§y. donors provided written
informed consent to donate their samples. All mésheoere taken in accordance with
the approved guidelines of School of Medical graeliridan University.

Tissue microarray slides of clinical tumor samptethis study were obtained from
the National Engineering Research Center imponpanject on bioarray sample set,
which includes 190 cases of breast cancer casdsmdy selecting from the Shanghai
Outdo Biotech Biobank. Their age ranged from 2Bfoyears (mean, 53#411.7
years). The diagnosis of breast cancer was condirbne pathologic examination.
Staging data were according to the seventh editibthe AJCC Cancer Staging
Manual [22]. Our study was approved by the ReseBthits Committee of Shanghai
Outdo Biotech. Informed written consents were atgdifrom all of the patients and
this study was carried out in compliance with thexRration of Helsinki.

Plasmid construction and RNA interference

Hepsin was amplified by PCR from human cDNA libraapd inserted into
pcDNA3.1A/V5-His vector. CtsD and CtsB were amplifi by PCR from human
cDNA library and inserted into pcDNA3.1/myc vect@9-CtsS and c9-CtsL were
purchased from Addgene (USA). GFP-G2E3 was purch&®sen Origene (USA).
SIRNA1 (5'- GUGGACCAGAACAUCUUCUTT -3
5-AGAAGAUGUUCUGGUCCACTT -3 or SIRNA2



(5-CUCUGUCCUACCUGAAUGUTT-3' 5'- ACAUUCAGGUAGGACAGSATT -3
for human CtsD genes (Genepharma, China) were tselansfect T47D and
ZR-75-1 cells at concentrations of 50 nM, accorditiy the manufacturer’s
instructions. SIRNA (5-GGUGUACAAUAUGCAAUAATT-3' 5'
UUAUUGCAUAUUGUACACCTT -3') for human G2E3 gene (Gggharma, China)
were used to transfect T47D and ZR-75-1 cells #férént concentrations, according
to the manufacturer’s instructions. A non-targeting SiRNA
(5'-uucuccgaacgugucacgutt-3' 5'- acgugacacguucgtiagdl (Genepharma, China)
was used as a negative control. 72h after transfeatellular proteins were analyzed
by western blotting.
In vivo tumorigenesis assay

Female SCID mice (4—6 weeks old) were purchaseu f&tac (Shanghai, China)
and maintained under specific pathogen-free camti All procedures were
approved by the Institutional Animal Care and Usenittee at the Medical Center
of Fudan University and conformed to the legal nzesl and federal guidelines for
the care and maintenance of laboratory animals.eMiere injected with the
MCF-7-luc cells and corresponding stable cloneshwi{ftsD expression or
CtsD/hepsin co-expression (5X16ells per mouse) via tail vein injection. Lung
metastasis was monitored by the lumina K biolungease imaging system. Plasma
SICAM-1 secretion was detected using commerciatbilable ELISA kit (Raybiotech

USA) according to the manufacturer's protocol.
I mmunohistochemical staining and scoring

Immunohistochemistry was performed using a two-giepcedure following the
protocol recommended by Dako REAL™ EnVision™ Datatt System,
Peroxidase/DAB+ (Dako, Denmark). Proteins were aetewith anti-CtsD antibody
(Cell Signal Technology, USA), anti-hepsin and €B#E3 antibodies (Abcam, UK).
Depending on the staining area, the score of pra&pression was conducted: 0O,
0-5%; 1, 5-25%; 2, 26-50%; 3, 51-75%; and 4, > 7% the staining intensity was

categorized as follows: no staining scored 0, weakhining scored 1, moderately



staining scored 2 and strongly staining scorece8pectively. Composite expression
score (CES) is calculated from intensity and areasurements for immunostaining
(CES = 4*(intensity score - 1) + area score), yreda series of results ranging from
Oto 12.
Protein identification by mass spectrometry

V5-hepsin immunoprecipitated material was sepdratyy SDS-PAGE and
Coomassie brilliant blue staining. Protein ideotfion was performed by
matrix-assisted laser desorption ionization-timdlight (MALDI-TOF) and tandem
mass spectrometry (MS-MS). The protein band ofrasie was trypsin-digested.
MALDI-TOF and MS-MS analysis of the trypsin digestgere performed on a
Voyager reflector instrument (Applied Biosystem$A) and a Q-STAR (PerSeptive
Biosystems, USA) in positive ion mode. Protein sawe data base searching was
performed with MS-Fit and Mascot.
Western blotting

For immunoblotting, total protein extracts wenegared using lysis buffer (1%
NP-40, 500 mM NaCl, 5 mM EDTA, 50 mM NaF, 20 mM$rHCI [pH 7.5], 1 mM
NasNO4 and 1QuM Na;MnQy) in the presence of proteinase inhibitor mixtlRe¢he
Applied Science, Switzerland). Protein samples wsaparated by SDS-PAGE and
then transferred to PVDF membranes (Millipore, USBipts were blocked with PBS
containing 5% milk and 0.1% Tween and then incubatéth primary antibody.
Primary antibodies were anti-V5 antibodies (Inwtea, USA); anti-HA and
anti-hepsin antibodies (Santa Cruz Inc, USA); &b, antif-actin, anti-cyclin B1,
anti-EMT related proteins (Cell Signal Technoloty§A); anti-C9 and anti-G2E3
antibodies (Abcam, UK); anti-GFP and anti-myc amdiies (Proteintech, USA).
Cell Surface Protein Labeling

The cells expressing hepsin were labeled with IM mEZ Link
Sulfo-NHS-SS-Biotin (Thermo Fisher Scientific, USH)PBS (pH 8.0) at 4°C for 5
min. The reaction was quenched with 100 mM glyeém®BS. The cells were lysed
in buffer containing 50 mM Tris-HCI (pH 8.0), 150MrNacCl, 1% (v/v) Triton X-100,
and a protease inhibitor mixture. 30ul Streptavifl@pharose beads (Thermo Fisher
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Scientific, USA) were added to the cell lysate, #mel mixture was rotated at 4°C for
2h. After washing, the beads were boiled in sarbpléer. Proteins were analyzed by
western blotting using primary antibodies.

| mmunopr ecipitation

For co-immunoprecipitation experiments, cell tgsawere incubated with 2g
relevant antibody at 4°C for 2h. Pre-equilibratedt@in G-agarose beads (Roche
Switzerland) were added and incubated overnighteated by centrifugation, and
then gently washed three times with the lysis bufféae bound proteins were eluted
and analyzed using western blots.

For immunoprecipitation of cell surface V5-hepsin endogenous hepsin, cells
were incubated with anti-V5 or anti-hepsin antibddy 60 min on ice. After three
washes in ice-cold PBS to remove unbound antiboeljs were lysed in lysis buffer.
Post-nuclear supernatants were incubated with ipr@eagarose beads for overnight
at 4°C to capture antibody-bound hepsin. After éhweashes with the lysis buffer,
samples were eluted in SDS sample buffer for 10 atin95°C, separated by
SDS-PAGE and for western blotting.

In vitro migration and invasion assays

Transwell migration and invasion assays were peréor in 24-well transwell
plates according to the manufacturer’s instructi@vglipore, USA). The bottom of
transwell chamber was coated without or with BD hdel Basement Membrane
Matrix (BD Biosciences, USA) for migration or inves. MCF-7 and MDA-MB-231
cells in basic culture medium without serum weredeel in the upper chamber, while
the bottom chambers were filled with culture medigontaining 20% FBS as a
chemo-attractant. Migration and invasion of cellgerev determined 40h later.
Non-invading cells on the upper side of the chanvibemre removed from the surface
of the membrane by scrubbing. The infiltrating celleere fixed with 4%
paraformaldehyde and stained with crystal violetd &ell numbers were counted
from five fields. Each experiment was repeated ttinees.

Real -time polymerase chain reaction (PCR)



Total RNA in the clinical samples was isolated gsirRIzol reagent (Gibco BRL
and Life TechnologiesUSA) according to the manufacturer’s instructioratal
MRNA was converted to cDNA using AMV reverse traipgase (Takara, Japan).
Real-time PCR was carried out to amplify cDNA us8YBR Premix Ex Taq (Takara,
Japan). Hepsin and CtsD mRNA levels were evaluas#g specific primers after
normalization with glyceraldehyde3-phosphate debgdnase (GAPDH). The primer
sequences were: hepsin, 5-GTCTGCAATGGCGCTGACTTC{8ense) and

5-TCCGAGAGATGCTGTCCTCACA-3' (anti-sense); CtsD,
5-GCAAACTGCTGGACATCGCTTG-3 (sense) and
5'-CCATAGTGGATGTCAAACGAGG-3' (anti-sense); GAPDH,
5-GTCTCCTCTGACTTCAACAGCG-3' (sense), and

5-ACCACCCTGTTGCTGTAGCCAA-3' (anti-sense).
Cytokine antibody arrays

The level of secreted cytokines was analyzed irstipernatants of tumor cells by
using a human inflammation antibody array (RayBibtdJSA). Transfected cells at a
density of 1x10 cells/ml were plated in serum-free medium for 48hpernatants
were collected and analyzed following the manufi@sts recommendations.
Enzyme-linked immunosorbent assay (ELISA)

MCF-7 and MDA-MB-231 cells were cultured in 24-wplhtes. After transfection
for 48h, the supernatants were collected and huiad@hand IL-13 secretion was
measured using commercially available ELISA kitd(RJSA) according to the
manufacturer's protocol. Human PDGF-BB and humdDAB-1 secretion was
detected in the same way (Raybiotech, USA) accgrttirthe manufacturer's protocol.
The absorbance value was determined at 450 nm Bsmgek ELX800 microplate
reader (Winooski, USA) within 30 min.

Satistical analysis

Experimental data were presented as means =S.@t H#ast three independent
replicates. The correlation among the mRNA andginobbtained by real-time PCR
and immunohistochemistry was determined using $pe&als rank correlation test in
SPSS version 19.0. and R version 3.3.3. Groups e@mgared using a two-tailed
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Student’s t-test. *p<0.05, **p<0.01 and ***p<0.00dre considered significant.
Results

Identification of CtsD as a binding protein of hepsin

First, immunoprecipitates obtained with IgG ortiafb hepsin antibody were
resolved on an SDS-polyacrylamide gel. Coomassie Btaining of the gel revealed
a ~45 kDa band in V5-bound immunoprecipitates ($mpntary Fig. 1). Mass
spectrometry was used for identification of the teo in V5-bound
immunoprecipitates. From the peptide sequencingtad of 4 experimental masses
matched theoretical masses from hepsin (Table dgd, Rigure. 1A showed the
sequencing of 11 consecutive amino acids. Becaus® @& a marker of poor
prognosis in breast cancer, so we detected CtsDhapsdin expression in different
BCC and normal human breast epithelial (MCF-10A) loge. Western blot analysis
revealed that the BCC exhibited elevated CtsD addaed hepsin expression, albeit
to varied extent, as compared with MCF-10A (Fig).IBhe expression of CtsD and
hepsin protein was also examined in a tissue mi@gaontaining 30 pairs of breast
tissues by IHC staining analysis. The IHC densithepsin exhibited a decrease in
breast cancer tissues compared with their matctedumor tissues (P < 0.05)
(Supplementary Fig. 2). On the contrary, the IHGhsily of CtsD exhibited a
significant increase in breast cancer tissues cosdpwaith their matched peritumor
tissues (P < 0.001) (Supplementary Fig. 2). Tordaetee whether CtsD interacts with
hepsin, we performed co-immunoprecipitation experita in transfected MCF-7 and
MDA-MB-231 cells with V5-hepsin and myc-CtsD. Ctskas readily detected in
association with hepsin in lysates (Fig. 1C). Tialeksh whether CtsD binds hepsin at
the cell surface, we labelled surface hepsin wiho¥ hepsin-specific antibody at 4°C
(Fig. 1D). The interaction of exogenous hepsin @&D was confirmed in surface of
MCF-7 and MDA-MB-231 cells (Fig. 1E). The endogesoCtsD and hepsin
interaction was also observed in T47D and ZR-7%lls avhich showed moderate

CtsD and hepsin expression (Fig. 1F).



CtsD regulates hepsin expression in BCC

As CtsD can interact with hepsin in human BCCsipossible that accumulated
CtsD protein contributes to modulating the exp@ssf hepsin in BCC. Hepsin is a
transmembrane protein, so we examined the memlesgression of hepsin by biotin
labeling of cell surface proteins and western aal{Fig. 2A). As shown in Fig. 2B,
ectopic expression of CtsD significantly down-regatl the cell surface hepsin
protein level in a dose-dependent manner. Usedcasizol, -actin was detected in
cell lysates, but not in labeled surface proteifg.(2B). As another control, the
biotin-labeled membrane hepsin did rbange when the cells were transfected with
CtsB, S and L (Fig. 2C). Moreover, knock-down o$l@tinduced the up-regulation of
hepsin expression in T47D and ZR-75-1 cells (FiD).2CtsD overexpression is
implicated in human breast cancer and supports rtugtowth and metastasis
formation. To examine the correlation between he@sid CtsD in clinical breast
cancer, CtsD and hepsin protein levels were andlyzg immunohistochemical
staining on tissue microarray slides (TMA). The TM#@Antains 190 cases of breast
tumour specimens, including 101 luminal and 89 léripegative breast cancer
(TNBC). Immunohistochemical analysis presented rangt negative correlation
between CtsD and hepsin expression in clinicaldtre@ncer samples (Supplementary
Fig. 3). Correlation analysis also revealed thgbshe expression was negatively
correlated with CtsD expression both in luminaladstecancer (P<0.001, r=-0.433)

(Figure. 2E) and TNBC (P<0.001, r=-0.473) (Figu€).

10



CtsD promotes hepsin degradation by ubiquitination

To determine whether downregulation of hepsin pnotey CtsD occurs at
transcriptional level, real-time PCR was perform&esults showed that CtsD
transfection had no effect on hepsin mRNA leveMi@GF-7 cells (Fig. 3A), indicating
CtsD regulates hepsin expression mainly at thetqaostcriptional level. Real-time
PCR results also showed that hepsin mRNA levelnmasorrelation with the CtsD in
32 primary human breast cancer samples (P=0.600,084) (Fig. 3B). In Fig. 2B,
we had confirmed the impact of CtsD on the protiewel of hepsin. We next
determined whether CtsD could affect the hepsihil#ia 36h post transfection with
the empty vector or myc-CtsD, the half-life of hiepsas evaluated by cycloheximide
(CHX) chase experiment. As shown in Fig. 3C, hepsotein was found to display a
shorten half-life under myc-CtsD transfected cadodit compared to that in control
condition, implying that CtsD promoting the degramia of hepsinin vitro. To
determine whether CtsD induced hepsin degradasomediated by proteasomal
pathway, we treated T47D and ZR-75-1 cells withtggeome inhibitor MG132 and
found MG132 significantly blocked hepsin degradatinduced by CtsD (Fig. 3D),
suggesting CtsD might target hepsin protein to gasdmal degradation.
Ubiquitination is a key process that leads to @mstene degradation of cellular
proteins. So we employed ubiquitylation ladder gyssaorder to observe a change in
hepsin ubiquitylation. MCF-7 and MDA-MB-231 cellseve transfected with
HA-tagged ubiquitin, V5-hepsin expression plasmats] empty vector or myc-CtsD

construct for 48h and treated with MG132 or vehider 5h (Fig. 3E).
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Polyubiquitylation signal of hepsin was detecte@muCtsD transfection, moreover,
ubiquitination of hepsin was further enhanced ie finesence of MG132 (Fig. 3E).
These results demonstrate that CtsD down-regulapsin expression by promoting

its ubiquitination and the subsequent proteasomaiatexd degradation.

G2E3 targets hepsin for degradation
Three types of enzymes are required in the processubiquitylation:

ubiquitin-activating enzymes (E1s), ubiquitin-cogging enzymes (E2s), and
ubiquitin-ligases (E3s), among which, only E3s wefithe target specificity of
ubiquitylation reaction. To further investigate ttmechanism of CtsD induced hepsin
proteasomal degradation, we identified it E3 ligasemass spectrometry, using an
anti-V5 antibody for immunoprecipitation in V5-hépstransfected 293T cells.
Among these predicted interacting proteins, we tiled G2/M phase-specific E3
ubiquitin-protein ligase (G2E3) as a putative Efase for hepsin. Overexpressed
GFP-G2E3 in T47D and ZR-75-1 cells resulted ingnificant decrease in hepsin
protein, which was totally reversed by adding MG182he culture medium (Fig.
4A). As shown in Fig. 4B, ectopic expression of Cwgnificantly up-regulated the
G2E3 protein level in a dose-dependent mannereSBRE3 is a critical modulator of
cell cycle progression especially during G2/M phage analyzed G2E3 expression in
transfected MCF-7 and MDA-MB-231cells synchroniz¢ds2/M stage. Cyclin B1 (a
specific marker for G2/M stage) expression wasedased during the G2/M stage,
however, G2E3 expression was not affected in CtaBsfected cells (Supplementary
Fig. 4). Using small interfering RNAs (siRNAs) tatjng human G2E3 gene, we
showed that blocking G2E3 expression could insyainthibited hepsin degradation
induced by CtsD in a dose-dependent manner (Fig. @Gnsistently, CHX chase
experiment showed that G2E3 knockdown could blduk decreased half-life of
hepsin induced by CtsD (Fig. 4D). In addition, werfprmed ubiquitin ladder
experiment to visualize ubiquitylation in MCF-7 akdDA-MB-231 cells. Consistent
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with Fig. 3E, polyubiquitylation signal of hepsinas detected upon CtsD induced,
while HA-tagged ubiquitin could no longer or less thetected after knocking down
G2E3 (Fig. 4E). Among total 190 BCC samples usetnunohistochemical and

correlation analysis between hepsin, CtsD and G&abing revealed that hepsin
expression was negatively correlated with G2E3 @sgion in luminal breast cancer
(P<0.001, r=-0.389) and TNBC (P<0.001, r=-0.417s0Cexpression was positively

correlated with G2E3 expression in luminal breamtcer (P<0.001, r=0.477) and
TNBC (P<0.001, r=0.571) (Supplementary Fig. 5A &nd

CtsD promotes the migration and invasion of breast cancer by downregulation of
hepsin in vitro.

To further evaluate the prognostic value of Ctsi@d aepsin in breast cancer, we
explored the correlation between protein expresaimh clinical stage. As shown in
Supplementary Fig. 6, high CtsD expression wascissa with advanced clinical
stage (lIl), and high hepsin expression was astastiaith early clinical stage (I) both
luminal and TNBC samples. Moreoveén vitro transwell assays demonstrated that
overexpression of CtsD promoted the migration anvésion of BCC, the additional
expression of hepsin inhibited the effg€tig. 5A, B and Supplementary Fig. 7).
Migration and invasion of breast cancer represéet major reason for its poor
prognosis. The increased motility and invasive props of tumor cells occur during
epithelial-mesenchymal transition (EMT). CtsD exssien induced downregulation
of epithelial markers (E-cadherin and Claudin-1)d athe upregulation of
mesenchymal molecules (N-cadherin, Vimentin andl)sri&pression of exogenous
hepsin in CtsD-overexpression cells largely resahedexpression of E-cadherin and
Claudin-1 (Fig. 5C). In addition, the change of trnmicroenvironment has been
proposed to contribute to the development of car@er previous study showed that
hepsin could up-regulate the secretion of IL-6 dindp in hepatocytes [23]. We
therefore assessed the global effect of hepsinhenpattern of cytokines using
cytokine antibody arrays in MCF-7 cells. Among tredatively highly expressed
cytokines, IL-6 and IL-f were lightly increased, ICAM-1 and PDGF-BB were
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decreased greatly (Fig. 5D). ELISA also confirmbd thanged secretion of these
factors upon hepsin transfection, respectively fflerpentary Fig. 8A, Fig. 5E). To
our surprise, CtsD promoted the secretion of ICAMuyid had no effect on the
secretion of other factors (Supplementary Fig./8B, 5E). We next explored the role
of ICAM-1 in modulation of migration and invasion MCF-7 cells. As shown in
Supplementary Fig. 9 and Fig. 5F, rhiCAM-1 promatieel migration and invasion of
hepsin transfected MCF-7 celia vitro. On the contrary, the inhibitor A-205804
decreased the migration and invasion in CtsD tesntsfl MCF-7 cells. Moreover, the
addition of rhICAM-1 partially inhibited E-cadherisnd claudin-1 upregulation and
increased Vimentin, N-cadherin and snail expressiohepsin transfected MCF-7
cells (Fig. 5G). ICAM-1 inhibitor A-205804 exertdtle opposite function in CtsD
transfected MCF-7 cells (Fig. 5G).

Hepsin rescues CtsD induced breast cancer metastasisin vivo.

To directly assess whether CtsD promotes metasiiasisvo, we intravenously
injected CtsD-overexpression MCF-7-luc cells irtenflle SCID mice and subjected
these mice to bioluminescent imaging. CtsD-overesgion cells exhibited an
increasing number of lung nodules (Fig. 6A andiBiplying that CtsD can promote
BCC metastasisn vivo. At 35 days post-injection, all control mice boséth an
average of 30 visible metastatic nodules per m@kige 6C and D). In contrast, mice
injected with CtsD-overexpression cells were manibudue to massive lung
metastases with an average of 80 visible metastatiitiles per mouse. Histologic
analyses supported the macroscopic observationslisndvered a large number of
metastatic lesions produced by CtsD-overexpresstia (Fig. 6C and D). Consistent
with the function of hepsinin vitro, expression of exogenous hepsin in
CtsD-overexpression cells largely inhibited thenfation of lung metastasis, and
average 20 visible metastatic nodules were obsegreednouse (Fig. 6A-D). Mouse
ICAM-1 could be detected in plasma at the levehpproximately 4.5 ng/ml due to
the secretion of this chemokine from tumor celi® itumor microenvironment and
blood (Fig. 6E), and ICAM-1 expression was remakkaticreased in plasma of mice
bearing CtsD-overexpression cells (Fig. 6E). Exgices of exogenous hepsin in
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CtsD-overexpression cells largely inhibited theduation of ICAM-1 (Fig. 6E).

Discussion

CtsD is a crucial protein that plays an essenté& in local recurrence, distant
metastasis, worse prognosis, and shorter diseeseaftd overall survival of breast
cancer. In this study, we found that overexpressibiCtsD increases the level of
G2E3, so promotes the ubiquitination and degradatiohepsin. A tight correlation
between CtsD, hepsin and G2E3 on human luminalT&BIC specimens confirms
their potential regulation. More critically, outusly provides several new insights into
the involvement of CtsD and hepsin in breast canesastasis.

The ubiquitin ligase G2E3 is a novel modulator dfe tresponse to
DNA-damaging treatment. “G2E3” stands for “G2-sfiecE3 ligase” since it was
originally reported as a putative ubiquitin ligasgh maximum mRNA levels in the
G2/M phase of the cell cycle [24]. However, G2EBression did not change in CtsD
transfected MCF-7 and MDA-MB-231 cells at G2/M stq@upplementary Fig. 4). It
suggested that cell cycle shows no significantoeibe the G2E3 expression regulated
by CtsD. The removal of G2E3 decreased the prali@n rate of cancer cells and
increased apoptosis [25]. The role of G2E3 coultepally be to ubiquitinate its
substrate. In this study, we discovered that G2 @d the stability of hepsin by
means of post-translational modifications. As theysmwological target proteins of
G2E3, G2E3 mediates the proteasomal degradatibepdin. It should be noted that
T47D and ZR-75-1 cells showed moderate CtsD andihegxpression, and BT-549
cell had lower CtsD and hepsin expression (Fig..1Bhus, in addition to
ubiquitination, the expression of hepsin on BCC hrhige modulated by other factors
and signaling pathways. Our previous research stidhat different regulators may
affect the function of hepsin by means of proteiot@in interactions [23] and
subcellular localization [26]. Evidently, these uks expanded the regulated

mechanism of hepsin.

15



ICAM-1 is a member of the immunoglobulin superfamahd is expressed on many
cell types, including endothelial cells, leukocyasd cancer cells, where it can be
up-regulated in response to various proinflammatoyyokines or stimuli [27].
ICAM-1 expression in cancer cells has been comdlatith progression to a more
aggressive state and has been shown to mediateusacancer-related biological
processes such as survival, migration, extravasatioming and metastasis [28-32].
Recently, a soluble form of ICAM-1 has been desatiland its elevated levels have
been associated with advanced gastric, colonid, lgatider, pancreatic and renal
carcinomas [33-36]. In this study, we identifiedntr-derived ICAM-1 as the key
factor involved in CtsD-hepsin mediated regulatminbreast cancer metastasis
vitro andin vivo (Supplementary Fig. 9, Fig. 5F and Fig. 6E). Idiadn to obviously
decreased ICAM-1, we also found that the expressidnpro-inflammatory
chemokines IL-6 and IL{1 (Supplementary Fig. 8A), which have been shown to
mediate tumor-promoting cross-talks between tunmmad wmor microenvironment
[37-39], were slightly regulated upon hepsin overession. However, hepsin
showed the inhibitory effect on BCC migration andtastasis (Supplementary Fig. 9
and Fig. 5F). Therefore, it is likely that hepsindnlating breast cancer migration and
metastasis is under the tight regulation of a ladabetween stimulating and
inhibiting factors in tumor microenvironment. Inestedly, CtsD only promoted the
secretion of ICAM-1 and had no effect on the séanetf other factors (Fig. 5E and
Supplementary Fig. 8B). Of course, we cannot exltlte possibility that more
tumorigenic factors were modulated by CtsD and Ive in the progression of breast
cancer. The elucidation of the interplay of thesetdrs upon CtsD-hepsin axis might

shed light on the treatment of breast cancer irchine.

Consistent with data obtained from timevitro assays, our clinical result proved
that hepsin expression was negatively associatdd ciinical stage in breast cancer
(Supplementary Fig. 6). On the contrary, Xing et atported that hepsin
overexpression was positively associated with tustage, lymph node metastasis in

patients with breast cancer [1]. Contrary resudtgehalso been reported in other types
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of tumor [40-44]. In addition, several hepsin ssglucleotide polymorphism (SNP)
genotypes were proved to be associated with boaaster survival in patients treated
with radiotherapy [45]. Some SNPs in non-codingiarg of the hepsin gene may
contribute to prostate cancer susceptibility in meRuropean origin [46, 47]. Similar
correlations were found in a population of Koreaenni48]. According to these
results, we speculated that hepsin expression reitiigr promote or suppress tumors

depending on the phase of tumorigenesis and thegehaf tumor microenvironment.

Although the above-mentioned uncertainties stildfuture studies, our data have
confirmed the notion that CtsD enhances breastetamozasion and metastasis

through promoting hepsin ubiquitin-proteasome degtian.
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Figure L egends

Figure 1. Identification of CtsD as a binding protein of hepsin. (A) The ~45 kDa
band was subjected to mass spectrometric analydisdantified as a unique peptide
of hepsin. (B) Proteins extracted from 8 differéoiman BBC and MCF-10A were
subjected to western blot with the indicated artdibs. CtsD and hepsin expression
levels were quantified by densitometric analysistéllab 2.01). (C)MCF-7 and
MDA-MB-231 cells were transiently transfected witb-hepsin and myc-CtsD
plasmids. The lysates were immunoprecipitated wWgs or anti-V5 antibody,
followed by western blot analysis with anti-myc ibotly. 10% whole cell lysate
(input) was probed for the expression of exogermpsin and CtsD. (D) Cell surface
immunoprecipitation workflow. (E) MCF-7 and MDA-MB31 cells were transiently
transfected with V5-hepsin and myc-CtsD plasmidsliOvere treated as described
(D) and immunoprecipitates were analyzed by WB.T#JD and ZR-75-1 cells were
treated as described (D) and immunoprecipitatese wamalyzed by WB. IP,

immunoprecipitation; and WB, western blotting.

Figure 2. CtsD down-regulates hepsin expression in BBC. (A) Experimental
workflow of cell surface label. (B) Cell surfacebtd and western blot analysis of
hepsin expression in T47D and ZR-75-1 cells tramisté with indicated doses of
myc-CtsD. (C) Relative hepsin cell surface expassin indicated plasmids
transfected T47D and ZR-75-1 cells. Lower bandscatdd CtsD, B, S, L protein
expression, respectively. (D) T47D and ZR-75-1scelere transfected with 50 nM
control siRNA or CtsD siRNA for 72h. Cell surfacegsin was detected with western
blot. (E, F) Levels of hepsin showed an inversaetation with those of CtsD in

clinical luminal breast cancer and TNBC.

Figure 3. CtsD promotes hepsin degradation. (A) MCF-7 cells were transfected
with myc-CtsD or empty vector. Hepsin mRNA was datieed by real-time PCR and

normalized against GAPDH. Error bars represent +8flriplicate experiments. The
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two-tailed Student's-test was used. NS denotes no significance. (B) &fubreast
cancer samples were lysed and directly subjectaeabtime PCR. The correlation
between hepsin and CtsD mRNA was determined ugmegu&an’s rank correlation
test. (C) T47D and ZR-75-1 cells were transfectétth wiyc-CtsD or empty vector.
After 36h, cells were treated with 50uM CHX for ioated times. The cell surface
proteins were analyzed by western blotting. Hepsipression levels were quantified
by densitometric analysis (Totallab 2.01), statety analyzed from three
independent experiments and presented on the Ipaeel. *P<0.05; **P<0.01;
***P<0.001. (D) T47D and ZR-75-1 cells were trangkd as indicated and treated
with MG132 or Dimethyl Sulphoxide (DMSO) for 5h. &lcells were labeled and
analyzed by western blot analysis. (E) Overexpoessf CtsD promoted hepsin
ubiquitination in vitro. MCF-7 and MDA-MB-231 cells were transfected with
V5-hepsin, myc-CtsD and HA-ubiquitin constructsh4&ter transfection, cells were
treated with DMSO or 50uM MG132 for another 5h. I€elere lysed, then the
immunoprecipitated complex was separated and blotiégh anti-HA antibody.Ub

indicated ubiquitin modification.

Figure 4. G2ES3 targets hepsin for degradation. (A) G2E3 overexpression
decreases hepsin protein. T47D and ZR-75-1 celle wansfected as indicated,
followed by MG132 treatment. Cell lysates were clisesubjected to western blotting.
(B) Western blot analysis of G2E3 expression in0D4nd ZR-75-1 cells transfected
with indicated doses of myc-CtsD. (C) G2E3 knockdowescues hepsin protein
reduced by CtsD. Three different concertation ofEGXSIRNA were transfected,
respectively, into T47D and ZR-75-1 cells. Protieivels of hepsin were determined
by western blotting. G2E3 knockdown efficiency veamlyzed by western blot. (D)
G2E3 knockdown increases hepsin stability. T47D ARer5-1 cells were transfected
with myc-CtsD combinations of control siRNA or siE2, respectively. CHX chase
experiment was performed and hepsin protein wasrmgted by western blotting
(upper panel). The lower panel shows relative jmotenounts of different groups.
Error bars represent £S.D. of triplicate experirserthe two-tailed Student's t-test
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was used. **P<0.01; **P<0.001. (E) G2E3 knockdowblocks CtsD
induced-ubiquitylation of hepsin. MCF-7 and MBA-MEB1 cells were transfected as
indicated. Ubiquitylation assay was conducted. &fieiency of G2E3 knockdown

was validated by western blot.

Figure 5. CtsD promotes the migration and invasion of breast cancer by
downregulation of hepsin in vitro. (A) Graphic representation of cell migration
described in Supplementary Figure 7. Data are énegntage of vector control values.
(B) Graphic representation of cell invasion desmibn Supplementary Figure 7.
Data are the percentage of vector control valu€3.GtsD was overexpressed in
MCF-7 and MDA-MB-231 cells. A rescue experimenthwtverexpression of hepsin
in CtsD expressing cells was also performed. Thellef E-cadherin, claudin-1,
N-cadherin, vimentin and Snaill was analyzed bytevasblot. (D) Serum-free
culture supernatants from MCF-7 cells were analygcdccytokine arrays. (E) The
effect of hepsin and/or CtsD on the expressiorC#M-1 in supernatants by ELISA.
(F) Graphic representation of cell migration andasion described in Supplementary
Figure 9. Data are the percentage of migratingscai the mean+S.D. of three
separate experiments. (G) The effect of rhICAM-1nbiibitor A-205804 on hepsin or
CtsD transfected MCF-7 cells was detected. ThellefeE-cadherin, claudin-1,
N-cadherin, vimentin and Snaill was analyzed bytavasblot. *, P < 0.05; **, P <

0.01; ***, P < 0.001.

Figure 6. Overexpression of CtsD promotes tumour metastasis in vivo. (A)
MCF-7-luc cells stably transfected with control,sDt plasmid or CtsD/hepsin
plasmids together were injected through tail veioifemale SCID mice. Lung
metastasis was assessed every week by biolumireesa@aging. Presented images
are representative of each experimental group. NBymalized bioluminescence
signals from lung metastasis in mice (n=6) as arpat outlined above. Data are
presented as meanzS.D. (C) Representative imadaagfesions from experimental
groups in A. (D) Graphic representation of lung gieiand numbers of metastatic
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nodules from mice in experimental groups descrilmed\. Data are presented as
meanzS.D. (E) Mouse ICAM-1 levels in plasma wereasuged by ELISA. *, P <

0.05; **, P < 0.01; ***, P < 0.001.
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Tablel

I dentification of hepsin from obtained peptide masses. the A mass between

measured and matched masses

Peptide sequence consistent

with mass

Measured
Matched masses A mass
masses
1238.6134 1238.6118 0.0016
534.759 1534.7549 0.0041
1897.0283 1897.0197 0.0086
1958.0242 1958.0295 -0.0053
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. CtsD destabilized hepsin by promoting its ubiquitylated proteasomal

degradation.

. Hepsin expression was negatively correlated with CtsD in breast
cancer TMA.

. G2E3 targeted hepsin for degradation.

. CtsD promoted BCC invasion and migration by enhancing the
autocrine of ICAM-1.

. Hepsin expression inhibited BCC invasion and migration induced by

CtsD.



