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ARTICLE INFO ABSTRACT

Zona occludens-1 (ZO-1) is a key component of tight junctions that govern the function of the endothelial barrier
against tumor metastasis. Factors secreted by tumor cells contribute to the maintenance of tumor vascular
networks. How tumor cell-derived protein signals regulate ZO-1 expression is unclear. Here, we explored the
effect of tumor cell-secreted asparaginyl endopeptidase (AEP) on the permeability of endothelial cells in the
tumor microenvironment. First, we confirmed the existence of AEP in conditioned medium (CM) from AEP-
overexpressing MDA-MB-231 and 4T1 cells. Treatment with CM from AEP-overexpressing tumor cells increased
the permeability and tumor cell transversal of an endothelial monolayer. Furthermore, CM from AEP-over-
expressing tumor cells suppressed endothelial ZO-1 expression, as well as ZO-1-associated nucleic acid binding
protein ZONAB. In addition, the level of phosphorylated STAT3 was increased by treatment with AEP-containing
CM. A mutation of RGD or blocking integrin av3 with antibody recovered the ZO-1 downregulation induced by
AEP. In vivo, a lung metastatic mouse model showed increased endothelial permeability in the AEP-over-
expressing group compared with the control group. An orthotopic tumor transplantation model was established
using AEP-overexpression and compared with mice receiving control 4T1 cells. Compared with controls, over-
expression of AEP increased lung metastatic foci and area, as well as vascular instability in primary tumors or
lung metastatic sites. Moreover, endothelial ZO-1 was decreased in the AEP-overexpressing group. Taken to-
gether, our data show that tumor cell-derived AEP increases the permeability of endothelial barriers. Interactions
between RGD and endothelial integrin avB3 mediate this effect by downregulating ZO-1.
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1. Introduction signaling platforms and are involved in the manipulation of cellular

stress responses [5,6]. As the first identified TJ protein, zonula occlu-

Metastasis has become the most life-threatening event in patients
with breast cancer undergoing continuous radiotherapy, chemotherapy
and surgical treatment [1]. Numerous studies have revealed that
transversal of the endothelial barrier is the critical speed-limiting step
during tumor cell metastasis [2]. Crosstalk between tumor cells and
endothelial cells plays an important role in regulation of the endothelial
barrier [3]. Identifying the pro-metastatic signal transduction me-
chanism mediating the response of endothelial cells to tumor cells will
aid the development of novel treatment strategies against metastasis.

Endothelial tight junctions (TJs) are an integral part of the blood-
tumor barrier and function to restrict tumor metastasis [4]. In addition
to their function as a permeability barrier, TJs are also important

dens 1 (ZO-1) functions as a master regulator of endothelial TJs. After
binding to different transmembrane proteins at the N-terminal and F-
actin at the C-terminal, ZO-1 induces the remodeling of F-actin to de-
termine the maintenance of TJ integrity in response to stress [7]. The
activation of ZO-1/Z0O-1-associated nucleic acid binding protein
(ZONAB) and cooperative unit containing ZO-1 and JAM-A has been
proven in various pathological contexts [8]. A recent study showed that
Z0-1 regulated Rho GTPases by interacting with guanine nucleotide
exchange factors and GTPase activating proteins [9]. The underlying
mechanism involved in regulating ZO-1 in endothelial permeability is
poorly understood.

Tumor cells secrete a variety of angiogenic factors including
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cytokines, miRNA and other protein signals that interact with en-
dothelial surface receptors, contributing to the recruitment of en-
dothelial cells and sustainment of tumor vascular networks [10-12].
Integrins are a group of heterodimeric cell surface receptors, and tumor
cell-expressed integrins correlate with disease progress. Regarding en-
dothelial cells, quiescent endothelium lacks integrin expression. How-
ever, tumor-associated vessels highly express integrin av33, which has
been implicated in the regulation of the key functions of endothelial
barriers [13,14]. Integrin av(3 specifically recognizes the Arg-Gly-Asp
(RGD)-containing sequence and a RGD-mimetic integrin av3 inhibitor
stimulated tumor growth and angiogenesis [15,16]. Interestingly, a
conservative lysosomal proteinase asparaginyl endopeptidase (AEP)
harbors an RGD motif [17]. In addition, the serum level of circulating
AEP corelated positively with the malignancy of breast cancer [18],
suggesting the potential role of AEP in regulating the permeability of
endothelial barriers during tumor metastasis.

In this study, we explored the pro-metastatic effect of tumor cell-
secreted AEP that induces the permeability of endothelial cells.
Moreover, interactions between RGD in AEP and endothelial integrin
avP3 lead to the downregulation of the TJ protein ZO-1 to promote
tumor metastasis.

2. Material and methods
2.1. Cell lines and culture conditions

Human breast cancer cell MDA-MB-231, human umbilical vein en-
dothelial cell HUVEC, mouse breast cancer cell 4T1 and mouse micro-
vessel endothelial cell bEnd3 were obtained from the American Type
Culture Collection (Manassas, VA, USA). MDA-MB-231 and bEnd3 cells
were maintained in DMEM medium, whereas 4T1 and HUVECs were
cultured in RPMI-1640 medium supplemented with 10% fetal bovine
serum (FBS). To collect the conditioned medium, tumor cells were
grown to 80% confluence and growth medium was replaced with basal
medium for another 24 h. Medium from tumor cell cultures were har-
vested and centrifuged at 2000 x g for 20 min to remove cell debris.
Conditioned medium was collected for further experiments. To detect
the expression of AEP in supernatant, 5 X SDS loading buffer was
added into supernatant and boiled in 100 °C for 10 min. To imitate
hypoxia, cobalt chloride CoCl, (100 uM) was added to tumor cells and
incubated for 24h [19]. To investigate the expression of AEP under
hypoxia, MDA-MB-231 and 4T1 cells were incubated in normoxia or
hypoxia (1% 02) for 24h [20]. Cell lysates and conditioned medium
were collected for further detection. AEP inhibitor RR-11a (500 nM)
and RGD peptide were used to treat endothelial cells in various ex-
periments.

2.2. Plasmids and lentivirus infection

Human and mouse legumain complementary DNA were amplified
by reverse transcription PCR and then ligated into pLV-EF1la-MCS-
IRES-Bsd (Biosettia, San Diego, CA, USA). The G119A mutant of legu-
main was cloned from the overexpression vector using primer pairs for
G119A and finally ligated into the same vector. To establish legumain
overexpressing cell lines, MDA-MB-231 and 4T1 cells were infected
with pLV-EFla-legumain-IRES-Bsd using a lentivirus transfection
system (Biosettia). Linearized full-length human ZO-1 was cloned into a
pcDNA™ 3.1 vector (Invitrogen, Carlsbad, CA, USA) with BamHI and
Xhol (New England Biolabs, Ipswich, MA, USA). For ZO-1 over-
expression, 5 x 10° HUVECs were transfected with 2.5 ug of plasmid by
Lipofectamine 2000 (Invitrogen). An empty vector was used as a con-
trol.

2.3. Animal models

Six-to-eight weeks old female BALB/c mice were purchased from
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Beijing HFK Bio-Technology (Peking, China). Vascular permeability
analysis in vivo was performed as previously described [12]. Lung mi-
crovasculature permeability was detected by the Rhodamine B-Dextran
extravasation assay. Briefly, animals were intravenously administered
with 1 x 10° 4T1 control or stable AEP-overexpressing 4T1 cells re-
suspended in 100 pl of PBS via tail vein injection (n = 5). Then, 24h
after inoculation, mice were intravenously injected with Rhodamine B-
Dextran 70,000 MW (Sigma, St. Louis, MO, USA) at 1 mg per 20 g body
weight. Thirty min later, mice were sacrificed under euthanasia. Lungs
were fixed in 4% paraformaldehyde for immunofluorescence staining.
Cryosections of lungs (5 um) were stained with an antibody against the
vessel wall marker a-SMA (Sigma) and examined by fluorescence mi-
croscopy for Rhodamine B-Dextran extravasation. Images were cap-
tured with a FV1000 confocal microscope (Olympus, Tokyo, Japan). To
establish a xenograft tumor model, 5 x 10* 4T1 cells or stable AEP-
overexpressing 4T1 cells resuspended in 100pl of PBS were sub-
cutaneously injected into the forth mammary fat pad (n = 5). Tumor
growth curves were recorded every two days. Tumor volumes were
calculated using the formula: V = &t x [a2 x b]/6, where a is the minor
tumor axis and b is the major tumor axis. Mice were sacrificed at day 25
after injection. Primary tumors and lungs were separated for tissue
sectioning and homogenate preparation. Experiments were performed
in accordance with Nankai University Guidelines for Animal Experi-
ments.

2.4. Western blotting

Cell extracts or tumor tissues were prepared by RIPA lysis buffer.
Proteins were separated by SDS-PAGE, and target proteins were de-
tected by the following antibodies: anti-legumain (Abcam, Cambridge,
MA, USA), anti-B-actin (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), anti-ZO-1 (Invitrogen), anti-ICAM1 (Abcam), anti-VE-cadherin
(Abcam), anti-HIF1a (Proteintech, Rosemont, IL, USA), anti-integrin av
(Abcam), anti-integrin B3 (Cell Signaling Technology, Danvers, MA,
USA), anti-STAT3 (Santa Cruz), anti-p-STAT3 (Ser727) (Santa Cruz),
anti-Akt (Cell Signaling Technology), anti-p-Akt (Ser473) (Cell
Signaling Technology), anti-MEK1/2 (Cell Signaling Technology), anti-
p-MEK1/2 (Ser217,/221) (Cell Signaling Technology). Proteins were
detected by chemiluminescence HRP substrate (Millipore, Billerica,
MA, USA).

2.5. Adhesion assay

Endothelial cells (HUVEC or bEnd3) were seeded in a 96-well plate
for 24 h. Tumor cells (MDA-MB-231 or 4T1) were resuspended in RPMI-
1640 medium at 5 x 10° cells per ml. Then, 5pl of calcein AM stock
solution (Keygen, Nanjing, China) was added to a 1 ml tumor cell sus-
pension and incubated at 37 °C for 30 min. Next, 100 pl of the calcein
AM-labeled tumor cell suspension was added to a prepared 96-well
plate containing endothelial cells and incubated at 37 °C for 2h. The
medium was removed, cells were washed twice with PBS buffer, and
200 pl of PBS was added to each well. Fluorescence was measured using
a SpectraMax microplate reader (Molecular Devices, San Jose, CA, USA)
at 494 nm excitation and 517 nm emission wavelengths. Images were
captured with a FV1000 confocal microscope (Olympus).

2.6. Endothelial permeability and transendothelial migration (TEM) assay

Endothelial cells (HUVEC or bEnd3) were seeded in transwell in-
serts (8 um pore size; Millipore) and grown to confluence. The cell
monolayers were treated with different conditioned medium for 24 h.
The permeability of pre-treated HUVEC monolayers was assessed by the
fluorescence intensity of Rhodamine B-Dextran. Briefly, 150 pl
Rhodamine B-Dextran (10 mg/ml) were added into the inserts for the
indicated times (15, 30, or 60 min), which permeated through the
treated cell monolayers into the wells below the inserts. The
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Table 1
Primers for quantitative real-time polymerase chain reaction (QRT-PCR) assay.

Gene name(source) Sequence (5" — 3")

AEP (Homo sapiens)

Sense GGACGTGGAAGATCTGACTAAA
Antisense CTGGCTTTGCGTTTCATACC
Z0-1 (Homo sapiens)
Sense ATGGAGGAAACAGCTATATGGGA
Antisense CCAAATCCAAATCCAGGAGCC
ZONAB (Homo sapiens)
Sense CTGCCATCAAGAAGAATAACCC
Antisense CGTAACGACTCCCTTCCACA
ICAM1 (Homo sapiens)
Sense GCAAGAAGATAGCCAACCAA
Antisense TGCCAGTTCCACCCGTTC
CDH5 (Homo sapiens)
Sense CCCTACCAGCCCAAAGTG
Antisense CGGTCAAACTGCCCATAC
AEP (Mus musculus)
Sense AGAGGATGTGACTCCAGAGAA
Antisense CCGTGGTCGGTGAAGTAAAT
Z0-1 (Mus musculus)
Sense GATGAGCGGGCTACCTTA
Antisense TGGAGACTGCGTGGAA
ZONAB (Mus musculus)
Sense CGAGGGAACACAGCTCCAG
Antisense CTGCCTTGGTCTCTTTGCCA

fluorescence intensities of medium in the wells were detected by a
Spectra Max microplate reader (Molecular Devices) at 544 nm excita-
tion and 590 nm emission wavelengths. To detect tumor cell transen-
dothelial migration, calcein AM labeled MDA-MB-231 or 4T1 cells were
added to the pre-treated endothelial cell monolayers with or without
integrin avB3 antibody (Santa Cruz) (100 ng/ml) for 24 h. Cells on the
upper inserts were scraped off and transwell filters were examined
under a ZEISS AX10 microscope for invading calcein AM positive cells.

2.7. RNA extraction and real time-PCR

Total RNA was extracted with Trizol reagent (Invitrogen). cDNA
was prepared by TransScript First-Strand cDNA Synthesis SuperMix
(TransGen Biotech, Peking, China) using oligonucleotides (dT). Real-
time PCR was performed using TransStart Top Green qPCR SuperMix
(TransGen) in a CFXTM Real-Time Thermal cycler (Bio-Rad, Hercules,
CA, USA). Primers used are listed in Table 1.

2.8. HE staining, immunohistochemical and immunofluorescence analysis

Tumor tissues and lungs from tumor models were fixed with par-
aformaldehyde, embedded in paraffin, and then sectioned. For HE
staining, slides were stained with hematoxylin and eosin, dehydrated,
and then mounted onto slides. For CD31 staining, slides were incubated
at 4 °C overnight with anti-CD31 antibody (Abcam). After incubation
with a biotinylated secondary antibody for 2 h and an avidin-peroxidase
complex for 30 min, the sections were visualized with DAB and coun-
terstained with hematoxylin. Images were captured by a CX31 micro-
scope (Olympus). The vessel area was calculated using ImageJ software
(National Institutes of Health, MD, USA). Tumor vessel tortuosity was
measured by counting inflection points on CD31 immunostained sec-
tions and analyzing the frequency of inflection points as previously
described [21]. For immunofluorescent staining, cells or tumor tissue
sections were fixed with 4% paraformaldehyde for 20 min at room
temperature and then blocked with 1% BSA for 1h. Cells or sections
were then incubated with primary antibodies against ZO-1 (Invitrogen)
and a-SMA (Sigma) overnight at 4 °C. After washing with PBST, cells or
sections were incubated with fluorescent labeled secondary antibodies
for 1 h at room temperature. Nuclei were stained with 4’,6-diamidino-2-
phenylindole (DAPI). Immunofluorescence images were obtained with
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a FV1000 confocal microscope (Olympus).
2.9. Statistical analysis

Significance was determined by two-tailed Student's t-test, and the
values are presented as the mean *+ S.E.M. All statistical analyses were
performed using GraphPad Software (La Jolla, CA, USA).p < 0.05 was
considered statistically significant.

3. Results
3.1. Tumor cells overexpress and secrete AEP under stress stimulation

Although the stress-induced overexpression of AEP has been de-
scribed in tumor cells, the integrated evaluation of AEP expression
patterns under diverse stress stimuli is unknown. We chose a human
breast cancer cell line MDA-MB-231 and mouse breast cancer cell line
4T1 as models for studying the expression and secretion of AEP under
diverse stress conditions in vitro. The expression of AEP mRNA was
increased in cultured MDA-MB-231 or 4T1 cells after incubation with a
hypoxia simulating reagent, CoCl, (Fig. 1A). The expression and se-
cretion of AEP was increased in CoCl,-treated MDA-MB-231 cells as
indicated by western blotting of cell lysates and supernatants (Fig. 1B).
Twenty-four hr of non-serum starvation also stimulated the expression
of AEP in MDA-MB-231 cells, at the mRNA and protein levels (Fig. 1C).
Hypoxia induced the upregulation of mature AEP in MDA-MB-231 and
4T1 cells (Fig. 1D). In stable AEP-overexpressing MDA-MB-231 and 4T1
cell lines, increased AEP expression was found in the supernatant
(Fig. 1E & F). Similarly, the overexpression of AEP in the Her-2 enriched
breast cancer cell line SK-BR-3 also increased the amount of AEP in the
cell lysate and supernatant compared with control SK-BR-3 cells (Sup-
plementary Fig. 1A). Together, these data indicate that the exogenous
overexpression of AEP leads to the increase of AEP secretion.

3.2. Tumor cell-secreted AEP destroys endothelial cell adhesion and barrier

function

To identify the effect of tumor-secreted AEP on the endothelial
adhesion of tumor cells, an adhesion assay using tumor cells was per-
formed on a HUVEC or bEnd3 endothelial monolayer. An increase of
tumor cell adhesion was observed in AEP-overexpressing MDA-MB-231
or 4T1 cells compared with the controls (Fig. 2A & B). We next per-
formed an in vitro permeability assay by measuring the transversion of
Rhodamine B-Dextran through a HUVEC or bEnd3 endothelial mono-
layer. Treatment with CM from exogenous AEP-overexpressing tumor
cells significantly increased the trans-endothelial permeability of Rho-
damine-labeled Dextran (Fig. 2C & D and Supplementary Fig. 1B). The
tumor cell transendothelial migration assay indicated that treatment of
the endothelial monolayer with CM from exogenous AEP-over-
expressing cancer cells significantly promoted the transendothelial
migration of tumor cells compared with the controls (Fig. 2E & F).
These data collectively suggest that the overexpression of AEP increases
the adhesion of tumor cells and treatment with AEP-containing CM
induces endothelial permeability.

3.3. Tumor cell-secreted AEP downregulates tight junction protein ZO-1

To explore the mechanism underlying the effect of AEP on en-
dothelial permeability, we examined the expression of proteins asso-
ciated with tight junctions after treatment with AEP-containing CM.
Z0-1, a major component of tight junctions, but not ICAM1 or VE-
cadherin, was significantly downregulated in HUVECs and bEnd3 cells
after treatment with CM from AEP-overexpressing tumor cells (Fig. 3A-
E and Supplementary Fig. 1C) compared with control tumor cell CM
treatment groups. Other components of tight junctions including oc-
cludin (OCLN) and claudin5 (CLDN5) were detected by real-time PCR.
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Fig. 1. Stress conditions induce the expression and secretion of AEP in breast cancer cells.

Cultured breast cancer cell lines MDA-MB-231 or 4T1 were treated with 100 pM

cobaltous chloride for 24 h. (A) Statistics of real-time PCR assays for AEP expression.

Data obtained from three independent experiments, **p < 0.01. (B) Western blot assay of AEP in cell lysates (left panel) and supernatants (right panel). (C) Cultured
MDA-MB-231 cells were treated with non-serum medium for 24 h. Statistical results of real-time PCR assay (left panel) and western blot assay (right panel) for AEP
expression. Data obtained from three independent experiments, **p < 0.01. (D) MDA-MB-231 or 4T1 cells were cultured under conditions of normoxia or hypoxia.
Western blot assay of HIF-1a and AEP in cell lysates. Stable AEP-overexpressing MDA-MB-231 (E) or 4T1 cells (F) were established. Western blot results of AEP in cell
lysates (left panel) and supernatants (right panel). #: Nonspecific bands in images of western blot assay.

Compared with the 231 control CM group, the mRNA expression of
OCLN remained unchanged while CLDN5 expression was increased in
the AEP overexpressing CM group. Considering the increased transen-
dothelial permeability by AEP-containing CM, we focused on the
downregulated tight junction protein ZO-1 (data not shown). Structu-
rally, ZO-1 binds to ZO-1-associated nucleic acid binding protein
(ZONAB), a transcriptional and post-transcriptional regulator of gene
expression. Significant inhibition of ZONAB mRNA was observed in
HUVECs or bEnd3 following treatment with CM from AEP-over-
expressing 231 or 4T1 cells (Fig. 3F & G). The transient overexpression
of ZO-1 rescued the increase in endothelial permeability (Fig. 3H-J).
Interestingly, treatment with CM from AEP-overexpressing 231 cells
increased phosphorylated STAT3 at Ser727 in endothelial cells, and did
not affect phosphorylation of Akt or MEK (Fig. 3K). Our data suggest
that treatment with AEP-containing CM downregulates the tight junc-
tion protein ZO-1 as well as ZONAB in the endothelium via promoting
phosphorylation of STAT3.

3.4. Integrin av3-RGD mediates the pro-metastatic effect of AEP on the
endothelial barrier

To assess whether the enzymatic activity of proteases or the RGD
motif mediate the effect of AEP on endothelial ZO-1 and permeability,
we measured ZO-1 expression following treatment with AEP-over-
expressing CM with or without the enzyme inhibitor RR-11a. The ad-
ministration of RR-11a had no effect on the suppression of ZO-1 ex-
pression by AEP-overexpressing CM (Fig. 4A). However, RGD peptide
mimicked the effect of AEP-overexpressing CM on endothelial ZO-1
expression (Fig. 4B). Next, we constructed an AEP plasmid with an RGD
motif replaced by RAD and established stable AEP!!9A.overexpressing
MDA-MB-231 cells to confirm the role of RGD. The results showed that
the mutation of RGD to RAD restored ZO-1 expression, which was

suppressed by CM from AEP-overexpressing tumor cells (Fig. 4C-E).
Consistent with the effect of the RGD mutation on ZO-1 expression, the
mutation of RGD to RAD also rescued the increased endothelial per-
meability of dextran and tumor cells induced by the treatment of CM
from AEP-overexpressing tumor cells (Fig. 4F & G). Next, we measured
the expression of integrin av33 a well-known interaction molecule
related to RGD. The expression of integrin av33 was increased after
treatment with CM from AEP-overexpressing cancer cells compared
with the control group (Fig. 4H). Moreover, the administration of
neutralizing antibody against integrin av33 significantly restored the
suppressed ZO-1 expression as well as the increased transendothelial
migration of tumor cells, compared with the IgG control group (Fig. 41
& J). These results indicate that interactions between the RGD motif in
AEP and endothelial integrin avB3 mediate the effect of tumor cell-
secreted AEP on ZO-1 and endothelial permeability.

3.5. Tumor-secreted AEP suppresses ZO-1 and induces pro-metastatic
transendothelial permeability in vivo

To explore the effect of tumor cell-derived AEP on the endothelial
barrier in vivo, we established a lung microvasculature permeability
model by the intravenous injection of AEP-overexpressing or control
4T1 cells to mice, followed by the intravenous injection of Rhodamine
B-Dextran (Fig. 5A). The results showed increased dextran penetration
into lung tissues in the AEP-overexpressing group compared with the
controls (Fig. 5B). An orthotopic xenograft tumor models using AEP-
overexpressing or control 4T1 cells was set up to evaluate the effect of
tumor cell-derived AEP on metastasis. There was no difference in tumor
growth between the groups (Fig. 5C). However, a higher level of lung
metastatic foci was observed in the AEP-overexpressing group com-
pared with the control group (Fig. 5D). Suppressed ZO-1 expression in
tumor homogenates and ZO-1 expression on CD31* vascular
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Fig. 2. Conditioned medium (CM) from AEP-overexpressing cancer cells promotes endothelial permeability.

Stable AEP-overexpressing MDA-MB-231 and 4T1 cell lines were established. Control construct-overexpressing cell lines were used. Representative images and
statistical results of adhesion assay of AEP-overexpressing MDA-MB-231 (A) and 4T1 cells (B). Scale bar = 50 um. Data obtained from three independent experi-
ments, *p < 0.05, *** p < 0.001. The HUVEC monolayer was grown on 0.4-um filters and treated with CM from stable AEP-overexpressing MDA-MB-231 (C) or
4T1 cells (D). Rhodamine B-Dextran was added to the top well at the beginning of the experiment for the indicated times. The absorbance at 590 nm at each time

point was indicated. Data obtained from three independent experiments, ** p < 0.01,

p < 0.001. HUVEC or bEnd3 monolayers were treated as described

before. Calcein AM labeled MDA-MB-231 (E) or 4T1 cells (F) were added to the top well. Representative images and statistical results of the transendothelial
migration of tumor cells are shown. Scale bar = 50 um. Data obtained from three independent experiments, *** p < 0.001.

endothelial cells were observed in the AEP-overexpressing group com-
pared with controls (Fig. 5E & F). Measurement of CD31™" vascular
number and density in the primary tumor tissue and lung metastatic
foci showed imbalanced vascular status in the AEP-overexpressing
group (Fig. 5G & H). Overall, our in vivo data suggest that tumor-se-
creted AEP suppresses endothelial ZO-1 and destroys vascular integrity,
therefore promoting tumor metastasis.

4. Discussion

AEP belongs to clan CD and family C13 of cysteine proteases, which
conserve recognition of the His'*®-Gly-spacer-Ala-Cys'®® motif [22].
Physiologically, mammalian legumain is most abundant in the kidney,
testis and immune cells, while in the context of tumors, its over-
expression and the unique distribution pattern of AEP were reported
[23-25]. Tumor cells and tumor-associated macrophages were reported
to overexpress AEP [26]. Although it is thought that AEP is present in
acidic lysosomal environments, analysis of the AEP crystal structure
and clarification of the mechanism of AEP degradation has provided
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support for its location outside the acidic endosome and lysosome, such
as in the cytoplasm, nucleus and even on the cell surface [27]. In this
study, we investigated the stimulated overexpression of AEP under
different stress conditions, including serum-deprived starvation and
hypoxia in tumor cells. AEP is synthesized as an inactive zymogen and
its mature form requires the sequential removal of the C- and N-
terminals. The zymogen form of AEP is stable at a neutral pH, whereas
AEP activity is rapidly and irreversibly destroyed at a neutral pH be-
cause of its conformational unfolding [28]. Recent studies reported the
oscillation of AEP between lysosomal and secretory pathways. An ela-
borate study revealed that oncogenic E3 ligase TRAF6 mediates the
ubiquitination of proAEP by K63-linked polyubiquitin, and subse-
quently enhances the intracellular stability and secretion of AEP by
forming a complex with HSP90a [18].

The functions of AEP are compelling considering its stress-stimu-
lated expression and context-dependent distribution. The analysis of its
crystal structure identified an enzymatically active endopeptidase do-
main that contributes to its protease activities [17]. Enzymatic activity
of AEP outside the lysosome has also been widely reported under
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Fig. 3. Cancer cell-secreted AEP downregulates zonula occludens-1 (ZO-1) in endothelial cells.

HUVECs were treated with CM from stable AEP-overexpressing or control MDA-MB-231 cells. Non-serum culture medium was used as a blank control. (A) Western
blot assay and statistics of HUVEC lysates using antibodies against ZO-1, ICAM1 and VE-cadherin. Data obtained from three independent experiments, ** p < 0.01,
*** p < 0.001. (B) Real-time PCR assay of ZO-1, ICAM1 and CDH5 (VE-cadherin) mRNA. Data obtained from three independent experiments, ** p < 0.01, ***
p < 0.001. (C) Immunofluorescence staining of HUVECs using antibodies against ZO-1 (red). Nuclear staining was by DAPI (blue). Scale bar = 50 um. bEnd3 cells
were treated with CM from stable AEP-overexpressing or control 4T1 cells. Non-serum culture medium was used as a blank control. (D) Western blot assay of bEnd3
cell lysates using the antibodies against ZO-1, ICAM1 and VE-cadherin.

(E) Real-time PCR assay of ZO-1. Data obtained from three independent experiments, **p < 0.01. (F & G) Real-time PCR assay of ZONAB mRNA. Data obtained from
three independent experiments, * p < 0.05, ** p < 0.01, *** p < 0.001. (H) Western blot assay of HUVEC-Ctrl and HUVEC-ZO-1 cell lysates using antibodies
against ZO-1. HUVEC-Ctrl or HUVEC-ZO-1 monolayers were treated as described before. (I) Rhodamine B-Dextran was added to the top well for 15 min at the
beginning of the experiment. The absorbance at 590 nm is indicated. Data obtained from three independent experiments, ** p < 0.01, *** p < 0.001. (J) Calcein
AM labeled MDA-MB-231 was added to the top well. Representative images and statistical results of the transendothelial migration of tumor cells were shown. Scale
bar = 50 um. Data obtained from three independent experiments, * p < 0.05, ** p < 0.01. (K) Western blot assay and statistical results of HUVEC lysates using
antibodies against P-STAT**"/%7, STAT3, P-Akt*™*73, Akt, P-MEK1/2°17/221  and MEK1/2. Data obtained from three independent experiments, ** p < 0.01, ***
p < 0.001.

diverse pathologic conditions, such as excitoneurotoxicity and neuro- RGD with the endothelial integrin av33 because the mutation of RGD to
fibrillary pathology through its site-specific cleavage of the DNAse in- RAD or antibody against integrin avB3 partially rescued the effect of
hibitor SET and tau, respectively. In the tumor microenvironment, se- tumor-derived AEP on permeability of the endothelial barrier. Of note,
creted AEP promotes tumor progression through degradation of the it was reported that interactions with the RGD sequence led to allosteric
tumor matrix and in turn AEP protein levels may have prognostic im- changes, which resulted in different and opposite pharmacological ef-
plications in breast cancer patients. Interestingly, the catalytic domain fects on integrin activation [29]. In addition, whether the mechanism of
harbors an RGD motif that is specific for interactions with integrin AEP-bearing RGD binding with integrin is the same as for the RGD
avP3. Our data showed that effects of tumor cell-secreted AEP on en- monomer requires solving its crystal structure.

dothelial permeability are mediated by the interaction of AEP-bearing The role of tumor cell-expressed integrin in tumor invasion,
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Fig. 4. Interaction of the RGD domain of AEP with integrin avf33 mediates the downregulation of ZO-1 in endothelial cells.

Cultured HUVECs were treated with conditioned medium from AEP-overexpressing MDA-MB-231 cells with or without enzymatic inhibitor of AEP, RR-11a. (A)
Western blot assay of the HUVEC cell lysates using antibodies against ZO-1. (B) The indicated concentrations of RGD peptide were added into the culture medium of
HUVEGCs for 24 h. Western blot assay of ZO-1. (C) Diagram of the G119A mutant location in the RGD motif. A stable overexpressing RGD mutant MDA-MB-231 cell
line was constructed. HUVECs were treated with conditioned medium from RGD mutant or control 231 cells. (D) Western blot and (E) real-time PCR results of ZO-1.
Data obtained from three independent experiments, * p < 0.05, ** p < 0.01, *** p < 0.001. (F) Results of the Rhodamine B-Dextran endothelial permeability
assay. Data obtained from three independent experiments, ***p < 0.001. (G) Results of transendothelial migration assay. Left panel is a representative image and
the right panel is the statistical results. Scale bar = 50 um. Data obtained from three independent experiments, ** p < 0.01, * p < 0.05. Cultured HUVECs were
treated with conditioned medium from stable AEP-overexpressing 231 or control cells. (H) Western blot detection of ZO-1, integrin av and integrin B3 in HUVEC
lysates. The HUVEC monolayer was treated with conditioned medium from AEP-overexpressing MDA-MB-231 cells with or without neutralizing antibody against
integrin av33. (I) Western blot assay and statistical results of ZO-1 expression. Data obtained from three independent experiments, **p < 0.01, ***p < 0.001. (J)
Statistical results of the transendothelial migration assay. Data obtained from three independent experiments, *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 5. Overexpression of AEP increases vascular permeability and tumor metastasis in vivo.

Rhodamine B-Dextran was intravenously injected 24 h after the intravenous injection of control 4T1 or stable AEP-overexpressing 4T1 cells. Lung vascular per-
meability analysis was performed. (A) Diagram of the experimental design. (B) Results of immunofluorescence staining using antibodies against a-SMA (green) and a
fluorescence image of Rhodamine B (red). Left panel shows representative images and the right panel shows the statistics. Data obtained from ten different fields per
group.** p < 0.01, scale bar = 50 um. An orthotopic tumor model was set up using control 4T1 or stable AEP-overexpressing 4T1 cells. (C) Tumor growth curve. (D)
Results of HE staining of lungs. Left panel shows a representative image and right panel is the statistical results for lung metastatic foci number and metastatic area.
Data obtained from ten different fields per group.** p < 0.01, scale bar = 200 um. (E) Western blot and statistics of ZO-1 and AEP in homogenized tumor tissue
samples. n = 4, ***p < 0.001. (F) Representative images and statistical results of immunofluorescence staining for CD31 (red) and ZO-1(green). *** p < 0.001,
scale bar = 50 um. (G) Representative images (left panel) and statistical results (right panel) of immunohistochemistry for CD31 in primary tumor tissues and (H)
lung metastatic foci. Each spot represents data from one tissue sample. *** p < 0.001, scale bar = 50 um.

metastasis, proliferation, and survival has been studied extensively. for the pro-metastatic effect of endothelial cells. The integrin av3
Recent studies have shed new light on the role of endothelial integrin in signaling pathway involving FAK and the S727 residue of the down-
mediating the responses of host cells in the microenvironment to tumor stream STAT3 transcription factor has been reported. Phosphorylated
cells [30]. Endothelial cells in the tumor microenvironment highly ex- STAT3 plays a non-transcriptional role in preserving the integrity of
press integrin avf3, which is available for exposure to environmental endothelial cells [31,32]. Consistently, tumor cell-secreted AEP stimu-

RGD sites. Their interactions then provide survival cues and/or signals lated the phosphorylation of STAT3 while mutations of RGD to RAD
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abrogated this effect (data not shown), indicating that the interaction
between RGD and integrin avp3 promotes activity of the STAT3 sig-
naling pathway.

It is well-known that an important step in the formation of cancer
metastases is the interaction and penetration of the vascular en-
dothelium by dissociated cancer cells. Tight junctions (TJ) govern the
permeability of endothelial cells and function as a barrier to prevent
cancer metastasis. ZO-1 anchors the transmembrane proteins of TJ and
binds the raft of TJ molecules together as a scaffold. In breast cancer,
Z0-1 was decreased in poorly differentiated tumors and correlated with
increasing Grade and TNM status. Our study identified the effect of
tumor cell-secreted AEP on the downregulation of ZO-1 in the en-
dothelial layer, which disrupted monolayer barriers allowing the tra-
versal of cancer cells. The mechanism underlying the effect of ZO-1
downregulation on the disruption of endothelial barrier is still un-
known. A previous study showed that ZO-1 functions as a major cy-
toskeletal organizer in EC, mediating the effect of tight junctions on the
adherent junctions. RhoA regulates actin-myosin contractility, TJ as-
sembly, and endothelial capillary formation through phosphorylation
of the regulatory myosin light chain by Rho-associated protein kinase.
In addition, ZO-1 interacts with the Y-box transcription factor ZONAB,
which is a member of the family of DNA-binding proteins that regulate
the expressions of genes involved in proliferation. Interactions of
ZONAB with ZO-1 are critical for the tight junction-associated signal
transduction pathway regulation of phenotype changes [33]. Under-
standing how these pathways are regulated and intersect with each
other may help provide new mechanistic insights into metastasis.

In summary, our study uncovered a novel mechanism of AEP reg-
ulation and its role in breast cancer metastasis. Therefore, AEP might be
of prognostic value and a potential therapeutic target for breast cancer.
These findings provide a new mechanistic basis for targeting tumor-
derived legumain and RGD-integrin av33 interactions to prevent me-
tastatic disease.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2019.05.003.
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