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Scutellarin suppresses triple-negative breast cancer metastasis
by inhibiting TNFa-induced vascular endothelial barrier
breakdown

Xi-yu Mei', Jing-nan Zhang', Wang-ya Jia', Bin Lu', Meng-na Wang', Tian-yu Zhang' and Li-li Ji'

Triple-negative breast cancer (TNBC) is an aggressive subtype of breast cancer with high vascularity and frequent metastasis.
Tumor-associated abnormal vasculature was reported to accelerate TNBC metastasis. Scutellarin (SC) is a natural flavonoid with a
cardiovascular protective function. In this study, SC reduced TNBC metastasis and alleviated tumor-associated vascular endothelial
barrier injury in vivo. SC rescued the tumor necrosis factor-a (TNFa)-induced diminishment of endothelial junctional proteins and
dysfunction of the endothelial barrier in vitro. SC reduced the increased transendothelial migration of TNBC cells through a
monolayer composed of TNFa-stimulated human mammary microvascular endothelial cells (HMMECs) or human umbilical vein
endothelial cells (HUVECs). TNFa induced the nuclear translocation of enhancer of zeste homolog-2 (EZH2), and its chemical
inhibitor GSK126 blocked TNFa-induced endothelial barrier disruption and subsequent TNBC transendothelial migration. TNF
receptor 2 (TNFR2) is the main receptor by which TNFa regulates endothelial barrier breakdown. Extracellular signal-regulated
protein kinase (ERK)1/2 was found to be downstream of TNFa/TNFR2 and upstream of EZH2. Additionally, SC abrogated the TNFR2-
ERK1/2-EZH2 signaling axis both in vivo and in vitro. Our results suggest that SC reduced TNBC metastasis by suppressing TNFa-
initiated vascular endothelial barrier breakdown through rescuing the reduced expression of junctional proteins by regulating the

TNFR2-ERK1/2-EZH2 signaling pathway.
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INTRODUCTION

Triple-negative breast cancer (TNBC) is an aggressive breast cancer
defined by the lack of hormone receptors and human epidermal
growth factor receptor 2 (HER2) [1]. One in eight to ten women
will develop breast cancer during their lifetime, while ~15% of
patients suffer from TNBC [1, 2]. Most importantly, the incidence of
breast cancer metastasis in TNBC patients is obviously higher than
that in other breast cancer subtypes [3]. The median overall
survival in metastatic TNBC is ~1 year, but it is ~5 years in the
other 2 subtypes (hormone receptor-positive/HER2-negative,
HER2-positive) [2]. Due to the absence of well-defined molecular
targets, the standard treatment of TNBC is limited to surgery,
generic adjuvant cytotoxic chemotherapy and radiotherapy, but
TNBC is still incurable with these currently available therapies [4].
Therefore, unraveling the underlying mechanism of TNBC
metastasis is of great clinical significance for its subsequent
therapeutic intervention.

Metastasis is a complex process that develops as a result of the
interaction between tumor cells and the surrounding microenvir-
onment, which consists of tumor cells, immunocytes, cancer-
associated vessels, fibroblasts and various cytokines [5]. In this
tumor microenvironment, persistent inflammation and aberrant

vasculature are reported to be two typical features discovered in
some previous studies [6].

Vessels supply oxygen and nutrients for solid tumors. Thus, anti-
angiogenesis has been proposed to be a well-known therapeutic
strategy for cancer treatment in recent decades [7]. However, this
kind of therapy has not achieved complete success in past clinical
practice, and sometimes it even accelerated the progression of
tumors in refractory breast cancer [7, 8]. In normal vasculature, the
inner wall is composed of a confluent endothelial cell (EC)
monolayer with integral intercellular junctions. Tight junctions
(TJs), including the claudin family, and adherens junctions (AJs),
mainly organized by vascular endothelial cadherin (VE-cadherin),
are two major types of junctional complexes in the endothelium [9].
In contrast, the tumor vasculature is disorganized, immature and
permeable, with disrupted junctions and uncontrolled vascular
homeostasis [10]. Because of hypoxia and low perfusion, abnormal
tumor vasculature promotes tumor metastasis and reduces the
diffusion of drugs [11]. A previous study has shown that the
normalization of tumor vessels may be favorable for the ameliora-
tion of the tumor microenvironment in solid tumors [12]. In
particular, the mammary gland vasculature has abundant capil-
laries, and it is always remodeled according to changes in the
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hormonal environment [13]. Thus, it is essential to investigate the
potential effect of the abnormal vasculature on TNBC metastasis.

Tumor necrosis factor-a (TNFa) is always highly expressed in
biopsies and plasma of patients with multiple advanced cancers,
including TNBC, and it contributes to the recruitment of immune
cells such as myeloid-derived suppressor cells, tumor-associated
macrophages and immature dendritic cells [14, 15]. Anti-TNFa
antibodies, including infliximab and etanercept, are reported to
inhibit murine pancreatic cancer metastasis in vivo [16]. TNFa
production was reported to be associated with poor prognosis
and cachexia/asthenia in patients with various tumors [17].
Moreover, clinical trials have shown that the TNFa inhibitor
etanercept may be a potential therapeutic drug for metastatic
breast cancer [18]. Recent studies suggest that TNFa promotes the
survival and proliferation of malignant cells either directly by
activating the NF-kB signaling pathway in cancer cells or indirectly
by inducing immunosuppression and matrix degradation [19, 20].
However, whether TNFa accelerates TNBC metastasis by destroy-
ing the integrity of the microvascular barrier in tumors is still
not clear.

Natural flavonoid scutellarin (SC) is the only compound in the
listed drug breviscapine (including tablet and injection) indexed in
the China Pharmacopoeia [21]. SC has an excellent ability to protect
the vascular system, and it is commonly used for treating angina
pectoris, pulmonary heart disease, chronic heart failure, coronary
heart disease and myocardial infarction [22]. Previous studies
showed that SC suppressed the proliferation and metastasis of
some types of tumors, including colorectal cancer, liver cancer and
bladder cancer [23-25]. There is still no report about the inhibitory
effect of SC on TNBC growth or metastasis. In this study, the
inhibitory effect of SC on TNBC metastasis mediated by suppressing
TNFo-initiated vascular endothelial barrier breakdown and the
associated mechanism were investigated.

MATERIALS AND METHODS

Antibodies and chemical reagents

Antibodies against VE-cadherin, a-smooth muscle actin (a-SMA),
enhancer of zeste homolog-2 (EZH2), extracellular signal-
regulated protein kinase (ERK)1/2, phospho-ERK1/2 (Thr202/
Tyr204), p38 and phospho-p38 (Thr180/Tyr182) were purchased
from Cell Signaling Technology (Danvers, MA). Antibodies
against Lamin B1 were purchased from Abways (Shanghai,
China). Antibodies against 3-actin were purchased from HuaBio
(Hangzhou, China). Antibodies against claudin-1, occludin,
platelet/endothelial cell adhesion molecule-1 (PECAM-1/CD31),
TNFa and TNF receptor 2 (TNFR2) were purchased from Santa
Cruz (Santa Cruz, CA). TNFa was obtained from PeproTech Inc.
(Rocky Hill, NJ). Peroxidase-conjugated goat anti-rabbit immu-
noglobulin G (IgG) (H+1L) and anti-mouse IgG (H+L) were
purchased from Jackson ImmunoResearch (West Grove, PA).
Alexa Fluor 647 phalloidin- or Alexa 488-labeled goat anti-rabbit
antibody, Alexa 488-labeled goat anti-mouse antibody or Alexa
568-labeled goat anti-rabbit antibody were purchased from Life
Technology (Carlsbad, CA). NE-PER nuclear and cytoplasmic
extraction reagents, Pierce BCA Protein Assay Kits, TRIzol reagent
and Lipofectamine RNAIMAX were purchased from Thermo
Fisher Scientific (Waltham, MA). Control siRNA (nonsilencing),
EZH2 siRNA, ERK2 siRNA or TNFR2 siRNA were purchased from
Santa Cruz (Santa Cruz, CA). SB203580 and U0126 were from
Alexis Biochemicals (San Diego, CA). 4/,6-Diamidino-2-phenylin-
dole (DAPI) and Hoechst 33258 were purchased from Yeasen
(Shanghai, China). An immunoprecipitation kit was purchased
from Invitrogen (Carlsbad, CA). PrimeScript RT Master Mix and
SYBR Premix Ex Tag TM were purchased from Takara (Shiga,
Japan). Fluorescein isothiocyanate (FITC)-dextran and other
reagents unless noted were purchased from Sigma Chemical
Co. (St. Louis, MO).
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Cell culture

Human mammary microvascular endothelial cells (HMMECs) and
human umbilical vein endothelial cells (HUVECs) were purchased
from ScienCell and cultured in endothelial cell medium (ScienCell)
supplemented with 5% [v/v] fetal bovine serum and 1% endothelial
cell growth supplement, 100 U/mL penicillin and 100 mg/mL
streptomycin. MDA-MB-231-luc-GFP and 4T1-luc-GFP dual-labeled
cell lines were purchased from Zhong-Qiao-Xin-Zhou Biotechnology.
4T1 (ATCC) and 4T1-luc-GFP cells were cultured in RPMI-1640 (Life
Technology). MDA-MB-231 (ATCC) and MDA-MB-231-luc-GFP cells
were cultured in DMEM high glucose medium (Life Technology).
DMEM and RPMI 1640 medium were supplemented with 10% fetal
bovine serum, 100 U/mL penicillin and 100 mg/mL streptomycin. Cells
were incubated in a humidified atmosphere of 5% CO, at 37 °C.

Natural compound

SC (purity = 98.0%) was purchased from Shanghai Tauto Bio-Tech
Co., Ltd. The chemical structure of SC is shown in Supplementary
Fig. 1a.

Animals and treatment

Twenty-two nude (Balb/c) female mice (4 weeks old) and 47
normal Balb/c female mice (4 weeks old) were purchased from
Shanghai Laboratory Animal Center of Chinese Academy of
Sciences (Shanghai, China). Animals were housed under specific
pathogen-free conditions according to the guidelines of the
association for Assessment and Accreditation of Laboratory
Animal Care. All animals received humane care according to the
institutional animal care guidelines approved by the Experimental
Animal Ethical Committee of Shanghai University of Traditional
Chinese Medicine, and all the experimental protocols were carried
out in accordance with the approved guidelines.

Animals were anaesthetized with isoflurane. Then, MDA-MB-
231-luc-GFP cells (1x 10° per mouse) were injected subcuta-
neously into the fourth right mammary fat pad at the base of the
nipple of 17 mice with 50% matrigel (BD Biosciences). When the
tumor was visible (4th week), these mice were randomly divided
into three groups: (1) TNBC model (n = 5); (2) TNBC + SC (1 mg/kg)
(n=5); and (3) TNBC + SC (10 mg/kg) (n = 5). Two mice that failed
to bear tumors were euthanized by the CO, asphyxiation
procedure. The number of mice in the blank group without
MDA-MB-231-luc-GFP cell injection was also 5. At 1 month after
TNBC injection, mice were given SC (1, 10 mg/kg, intragastric
administration, i.g.) consecutively for 2 months. The blank group
and TNBC model group were treated with an equal volume of
vehicle (0.5% CMC-Na in water).

Animals were anaesthetized with isoflurane, and then 4T1-luc-
GFP cells (1x 10° per mouse) were injected subcutaneously into
the fourth right mammary fat pad at the base of the nipple of 40
Balb/c female mice with 50% matrigel. When the tumor was
visible (~7 days), three mice that failed to bear the tumor were
euthanized by the CO, asphyxiation procedure. Twenty-one mice
were used to observe TNBC metastasis and collect tissue samples.
These mice were randomly divided into three groups: (1) TNBC
model (n=7); (2) TNBC 4 SC (1 mg/kg) (n =7); and (3) TNBC + SC
(10 mg/kg) (n=7). The number of mice in the blank group
without injection of 4T1-luc-GFP cells was also 7. The other sixteen
mice were used to detect the permeability of vessels in primary
tumors. These mice were randomly divided into two groups: (1)
TNBC model (n=28) and (2) TNBC + SC (10 mg/kg) (n=38). At
1 week after TNBC injection, mice were given SC (1, 10 mg/kg,
intragastric administration, i.g.) consecutively for 5 weeks. The
blank group and TNBC model group were treated with an equal
volume of vehicle (0.5% CMC-Na in water).

Mice were imaged to detect metastasis once every week from
11 weeks (in nude mice) or 5 weeks (in normal Balb/c) after the
injection of TNBC cells. After inhalation anesthesia with isoflurane,
mice were imaged by using the IVIS Lumina system with Living
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Image software 4.0 (PerkinElmer) immediately after intraperitoneal
injection of 2.5mg luciferin (PerkinElmer). The total signal per
defined region of interest was calculated as photons/second/cm?
(total flux/area). Mice were anaesthetized by inhalation isoflurane,
blood samples were taken from the abdominal aorta, and then
anaesthetized mice were killed by cervical dislocation. Primary
tumors and organs were harvested, paraffin-embedded, sectioned
and stained with haematoxylin and eosin (H&E).

H&E staining

Lungs and livers were fixed in 4% paraformaldehyde. Samples
were subsequently sectioned (5 pm), stained with H&E, and then
observed under a light microscope (Olympus) to quantify the
number of metastatic lesions. Enumeration was performed by
counting the number of lesions regardless of size.

Detecting circulating tumor cells (CTCs) in vivo

Peripheral blood mononuclear cells (PBMCs) were isolated by the
established procedure [26]. Briefly, after anesthesia, 200 L whole
blood samples were collected from the vena cava inferior of each
animal into K3-EDTA-coated tubes and treated with red blood cell
lysis buffer (eBioscience) within 2h of collection, followed by
incubation at room temperature for 5 min and then pelleting the
remaining blood cells at 300g for 10 min. PBMCs were then
washed twice with 1x phosphate buffer saline (PBS) and used for
fluorescence labeling followed by flow cytometry (Beckman
Coulter). GFP* cells in PBMCs were identified as CTCs. Data
generated by flow cytometry were analyzed by CytExpert software
(Beckman Coulter).

In vivo vascular permeability assay

For the Evans blue leakage assay, 4T1-luc-GFP orthotopic Balb/c
mice received an intraperitoneal injection of 2% Evans blue dye (in
PBS, 10puL/g) (n=5/group). Two hours later, the mice were
euthanized and perfused with normal saline through the left
ventricle. Tumors were collected and cut into pieces of ~100 mg/
piece and then incubated with formamide (4 uL/mg of tissue) at
37°C for 24h. After centrifugation (10,000xg, 10min), the
supernatant of each tube was carefully collected and measured
at 620 nm. The concentration of Evans blue dye in extracts was
calculated by using a standard curve of Evans blue in formamide
and normalized to the dried tumor weight.

For the FITC-dextran leakage assay, 100 uL of 70kDa FITC-
dextran (in PBS) was administered intravenously at a dose of 200
mg/kg from the tail vein of 4T1-luc-GFP orthotopic Balb/c mice (n
= 3/group). Thirty minutes later, the animals were euthanized and
perfused with normal saline through the left ventricle. Tumors
were extracted, embedded in OCT and cut into 6 um-thick
sections. Fluorescence images were captured by using an
Olympus 1X81 inverted fluorescence microscope at different areas
in three tumor samples per group.

Immunofluorescence staining assay

Paraffin-embedded sections of tumors (5 um) were deparaffinized
in xylene and then rehydrated in an ethanol gradient with distilled
water. Slices were incubated with 5% bovine serum albumin (BSA)
to minimize nonspecific binding. After rinsing three times, slices
were incubated with VE-cadherin or a-SMA and CD31 antibodies
at 4 °C overnight and further incubated with Alexa Fluor 488 goat
anti-mouse IgG (H + L) antibody and Alexa Fluor 568 goat anti-
rabbit IgG (H + L) antibody at room temperature for 1h. After
rinsing three times again, slices were incubated with Hoechst
33258 for 10 min. Images were captured under an inverted
microscope (Olympus).

For staining VE-cadherin in HMMECs or HUVECs, cells were
pretreated with or without SC (5, 20M) for 3h and then
incubated with or without TNFa (10 ng/ml) for 24 h. For staining
F-actin/VE-cadherin in HMMECs, cells were incubated with or
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without TNFa (10 ng/ml) for 24 h. After treatment, cells were
fixed with 4% paraformaldehyde for 30 min and then incubated
with 0.3% Triton X-100 for 10 min and further blocked with 1%
BSA for 1 h. Cells were probed with an appropriate combination
of primary antibody (overnight at 4°C) and Alexa Fluor 647
phalloidin- or Alexa 488-labeled goat anti-rabbit antibody or
Alexa 488-labeled goat anti-mouse antibody or Alexa 568-
labeled goat anti-rabbit antibody (1 h avoiding light at room
temperature). Hoechst 33258 or DAPI was added to the cells to
stain the nucleus for 10 min. Fluorescence photographs were
captured by using an Olympus IX81 inverted fluorescence
microscope.

Tumor vessel isolation

Vessels in primary mammary tumors of mice were prepared
according to a previously reported method [27]. In brief, tumor
tissues were dissected and homogenized in capillary buffer (10
mM HEPES, 141 mM NaCl, 4mM KCl, 2.8 mM CaCl,, TmM
NaH,PO,4 1 mM MgSO,, 10 mM D-glucose, pH 7.4) with Dounce
glass homogenizers. The homogenate was mixed thoroughly with
26% dextran and centrifuged at 9000 x g for 30 min at 4 °C. The
pellet with the enriched endothelial fraction was washed with PBS
and then stored at —80 °C for further analysis.

Protein extraction and Western blot analysis
Cellular and tumor vascular proteins were homogenized in ice-
cold lysis buffer as previously described [28]. Cytosolic and nuclear
proteins were isolated as described in nuclear and cytoplasmic
extraction kits. The protein concentrations were measured, and all
the samples in the same experiment were normalized to equal
protein concentrations.

Protein samples were separated by SDS-PAGE, transferred onto
a PVDF membrane, and then incubated with the appropriate
combination of primary and secondary antibodies. Proteins were
visualized by using a chemiluminescent kit. The gray densities of
the protein bands were normalized by using B-actin or Lamin B1
density as internal controls, and the results were further normal-
ized to the control.

Enzyme-linked immunosorbent (ELISA) assay

The supernatants from tissue homogenate were collected at
3000xg and 4°C for 10min for ELISA according to the
manufacturer’s instructions (R&D Systems). In brief, 100 uL of
standard, control or sample was added to each well. The system
was incubated at room temperature for 2 h. Then, each well was
aspirated and washed with wash buffer (400 L), and this process
was repeated four times. Next, 100 yL of conjugate was added to
each well and incubated at room temperature for 2h. The
aspiration and wash process was repeated five times. Then, 100 uL
of substrate solution was added to each well and incubated at
room temperature for 30 min. Then, 100 uL of Stop solution was
added to each well. Finally, the optical density of each well was
determined by using a microplate reader set to 450 nm.

Transendothelial electrical resistance (TEER) assay

HMMECs or HUVECs (2 x 10* cells/well) were seeded into Transwell
inserts (Costar, 0.4 uM). The culture medium was replaced every
other day, and cells were cultured for an additional 3 to 4 days until
a confluent monolayer was formed. HMMECs or HUVECs were
stimulated with or without TNFa (10 ng/mL) for the indicated
times. Otherwise, HMMECs or HUVECs were pretreated with or
without SC (5, 20 M) for 3 h or inhibitors for 15min and then
incubated with or without TNFa (10ng/mL) for the additional
indicated time. In total, 0.1% BSA was used as a solvent control.
The TEER value of the monolayer was measured at 6 h or 24 h after
TNFa stimulation as previously described by using a Millicell ERS-2
volt-ohm meter (Millipore). The TEER value was calculated
according to the manufacturer's instructions: TEER of the
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monolayer (/AQcm?) = (sample-well resistance-blank-well resis-
tance) area of the cell monolayer. Blank wells were transwell inserts
without ECs.

FITC-conjugated dextran cell permeability assay

HMMECs or HUVECs (2x10* cells/well) were seeded into
Transwell inserts (Costar, 8 uM). The culture medium was replaced
every other day, and cells were cultured for an additional 3 to
4 days until a confluent monolayer was formed. HMMECs or
HUVECs were stimulated with or without TNFa (10 ng/ml) for the
indicated times. Otherwise, HMMECs or HUVECs were pretreated
with or without SC (5, 20 M) for 3 h or inhibitors for 15min and
then incubated with or without TNFa (10 ng/ml) for the additional
indicated time. After treatment, the leakage of FITC-dextran was
detected and calculated as previously described [28].

Transendothelial migration assay

HMMECs or HUVECs (2 x 10 cells/well) were plated and allowed
to reach confluence on Transwell filters (8-um pore size; Costar).
HMMECs or HUVECs were pre-incubated with or without inhibitors
for 15 min or SC (5, 20 uM) or 3 h and then incubated with TNFa
(10 ng/ml) for an additional 24 h. The old medium was discarded,
and MDA-MB-231-luc-GFP or 4T1-luc-GFP cells were seeded into
Transwell inserts at 5x 10* cells per well. After 24 h, cells were
fixed with 4% paraformaldehyde solution in PBS for 30 min, and
Hoechst 33258 was added to cells to stain the nucleus for 10 min.
Cells on the inner side of inserts were scraped off, and the
Transwell filters were examined under an Olympus IX81 inverted
fluorescence microscope to observe the migrated cells. At least
three fields were randomly selected. The migration of MDA-MB-
231-luc-GFP cells was quantified by counting the green fluores-
cence on the bottom of the Transwell in each field by Image)
software (National Institutes of Health).

Real-time PCR assay

Cellular and tumor vessel total RNA was isolated by using TRIzol
reagent according to the manufacturer’s instructions. The RNA
content was determined by measuring the optical density at 260
nm. Synthesis of ¢cDNA and real-time PCR were performed as
described in the PrimeScript RT Master Mix kit and SYBR Premix Ex
Taq kit. The relative expression of target genes was normalized to
actin. The results were analyzed by the 2722 method and are
given as ratios compared with the control. The primer sequences
used in this study are shown in Supplementary Table 1.

siRNA transfection

Control siRNA (nonsilencing), EZH2 siRNA, ERK2 siRNA or
TNFR2 siRNA were transfected into cells by using Lipofectamine
RNAIMAX. The siRNA sequences are shown in Supplementary
Table 2. At 24 h after transfection, cells were incubated with TNFa
for an additional 24 h and then collected for further experiments,
including real-time PCR, Western blot, FITC-conjugated dextran
cell permeability assay and transendothelial migration assay.

Immunoprecipitation assay

HUVECs were pretreated with or without SC (20 uM) for 30 min and
then incubated with TNFa (100 ng/mL) for another 30 min. Next, cells
were collected and lysed in 1x RIPA buffer containing protease
inhibitors on ice for 2 h. Cells were centrifuged, and the supernatant
was collected and incubated with Dynabeads and TNFR2 antibody
with gentle rocking for 30min at room temperature. After
precipitation, the Dynabeads were washed three times with cold
wash buffer, boiled with 60 pL of 2x loading buffer for 10 min at 99 °
C and further analyzed by Western blotting.

Statistical analysis

Data are expressed as the mean + standard error of the mean.
SPSS 18.0 software (SPSS inc.) was used to analyze the results.
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The significance of differences between groups was evaluated by
one-way ANOVA with the LSD post hoc test, and P <0.05 was
considered to indicate statistically significant differences. Signifi-
cant differences were marked as *P < 0.05, **P < 0.01, ***P < 0.001
or *P<0.05, #P <0.01, P <0.001. The correlations in the gene
expression levels were analyzed by Pearson’s rank correlation
coefficients. All in vitro experiments were repeated at least
three times.

RESULTS

SC suppressed spontaneous TNBC metastasis in vivo

Suppression of TNBC metastasis by the natural compound SC
in vivo was observed in MDA-MB-231-luc-GFP or 4T1-luc-GFP
tumor-bearing mice by using an orthotopic (mammary fat pad)
model. SC (10 mg/kg) significantly suppressed the metastasis of
MDA-MB-231-luc-GFP cells in tumor-bearing mice (Fig. 1a and
Supplementary Fig. 1b). The data in Fig. 1b show that metastatic
MDA-MB-231-luc-GFP cells were detected in the liver, but SC (10
mg/kg) reduced the increased number of metastatic nodes in the
liver. Consistently, SC (10mg/kg) reduced the spontaneous
metastasis of TNBC in 4T1-luc-GFP tumor-bearing Balb/c mice
(Fig. 1c). SC (10 mg/kg) also decreased the enhanced number of
metastatic nodes in both the liver and lung in 4T1-luc-GFP tumor-
bearing mice (Fig. 1d). These results suggest that SC suppressed
the metastasis of TNBC in vivo.

SC alleviated the TNBC-associated vascular endothelial barrier
dysfunction in vivo

Considering the protective effect of SC on the cardiovascular
system, we hypothesized that SC might reduce the haematogen-
ous metastasis of TNBC in vivo. The results showed that SC (10
mg/kg) reduced the enhanced number of CTCs in PBMCs isolated
from both MDA-MB-231-luc-GFP tumor-bearing nude mice and
4T1-luc-GFP tumor-bearing Balb/c mice (Fig. 2a). To determine
whether the permeability of TNBC-associated vessels was
enhanced, Evans blue dye leakage and FITC-dextran extravasation
assays were conducted in 4T1-luc-GFP orthotopic Balb/c mice
(Fig. 2b, c). Compared with the model group, SC (10 mg/kg)
significantly decreased Evans blue exudation in primary tumors
in vivo (Fig. 2b). Consistently, a large amount of FITC-conjugated
dextran was found in primary tumor tissues from 4T1-luc-GFP
tumor-bearing mice, but SC (10 mg/kg) obviously reduced this
leakage (Fig. 2¢).

Vascular permeability is always related to the expression of
vascular endothelial junctional proteins. Breast invasive carci-
noma data (BRCA) in The Cancer Genome Atlas (TCGA) indicate
that the expression of VE-cadherin and CD31 was decreased in
invasive breast tumors (Supplementary Fig. 2a). The data in
Fig. 2d show that SC enhanced the number of VE-cadherin™/
CD317" cells in tumor tissues from MDA-MB-231-luc-GFP tumor-
bearing mice. Moreover, SC also rescued the decreased
expression of VE-cadherin, CD31 and claudin-1 in tumor vessels
isolated from both MDA-MB-231-luc-GFP tumor-bearing mice
and 4T1-luc-GFP tumor-bearing mice (Fig. 2e). a-SMA is
commonly used as a marker for pericytes, and the coverage of
pericytes to vessels indicates the maturation and normalization
of vessels [29]. The results of immunohistochemistry staining
showed that the number of a-SMAT/CD31% cells in tumor
tissues from the SC-treated group was higher than that in tumor
tissues from the model group without SC treatment, indicating
that SC promoted the normalization of tumor vessels (Supple-
mentary Fig. 2b).

TCGA data showed that TNFa was highly expressed in TNBC
patients compared with normal tissue or luminal subtypes (Fig. 2f).
However, SC did not reduce the increased TNFa content in tumor
tissues from either MDA-MB-231-luc-GFP tumor-bearing mice or
4T1-luc-GFP tumor-bearing mice (Fig. 2g).
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SC rescued TNFa-induced endothelial barrier dysfunction and
transendothelial migration in TNBC in vitro

Based on the breakdown of the vascular barrier in TNBC primary
tumors, we next assessed whether TNFa can induce endothelial
barrier dysfunction in vitro. The data in Fig. 3a show that TNFa (10
ng/mL) decreased the expression of VE-cadherin, occludin and
PECAM-1/CD31 in both HMMECs and HUVECs when cells were
incubated with TNFa (10 ng/mL) for the indicated times. TGF (10
ng/mL) also decreased the expression of VE-cadherin, occludin
and CD31 in both HMMECs and HUVECs. Moreover, the results
from immunofluorescence staining showed that TNFa decreased
the expression of VE-cadherin and induced disorder of the cell
monolayer TJ structure in HMMECs (Supplementary Fig. 3a). SC
(20 uM) rescued the TNFa-induced decrease in the cellular
expression of VE-cadherin, CD31 and occludin in both HMMECs
and HUVECs (Fig. 3b). The results of immunofluorescence staining
showed that SC (5 and 20 uM) enhanced the TNFa-induced
reduction in VE-cadherin expression in both HMMECs and HUVECs

SPRINGER NATURE

(Fig. 3c). Moreover, SC (5, 20 uM) rescued the decrease in the TEER
value when HMMECs and HUVECs were incubated with TNFa for 6
or 24 h (Fig. 3d). SC (5, 20 uM) also reduced the elevated FITC-
dextran leakage through an endothelial monolayer composed of
TNFa-stimulated HMMECs or HUVECs (Fig. 3e). Additionally, SC (20
pM) also suppressed the elevated transendothelial migration of
MDA-MB-231-luc-GFP cells (Fig. 3f) and 4T1-luc-GFP cells (Supple-
mentary Fig. 3b, ¢) through an endothelial monolayer composed
of TNFa-stimulated HMMECs or HUVECs.

EZH2 was involved in the TNFa-induced transendothelial
migration of TNBC

As previous studies reported, EZH2 is a classical transcription
repressor regulating the expression of some junctional proteins in
ECs [30, 31]. From the TCGA data, we found that the TNFa level was
closely associated with the expression of EZH2 (Fig. 4a). As shown in
Fig. 4b, TNFa (10 ng/mL) enhanced the nuclear accumulation of
EZH2 in both HMMECs and HUVECs. According to the analysis of
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Fig.2 SC alleviated the TNBC-associated vascular endothelial barrier dysfunction in vivo. a CTC numbers were analyzed by flow cytometry
in MDA-MB-231-luc-GFP bearing nude mice (n = 5) and 4T1-luc-GFP bearing Balb/c normal mice (n = 5). b Primary tumor vascular leakage was
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image of CD31 and VE-cadherin-stained MDA-MB-231-luc-GFP tumor section (n =75, scale bar: 50 pm). e Representative image (left) and
quantification (right) of VE-cadherin, claudin-1 and CD31 expression in tumor vessels isolated from MDA-MB-231-luc-GFP bearing nude mice
(n=5) and 4T1-luc-GFP bearing Balb/c normal mice (n =5). f TNFa& mRNA expression in tumor or normal tissues from TCGA data of BRCA
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Data = Mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 versus control; P < 0.05, *P < 0.01 versus model; NS indicates no significant differences.

TCGA-BRCA data, the expression of VE-cadherin and CD31 had a
negative correlation with EZH2 expression (Supplementary Fig. 4a).
Next, EZH2 chemical inhibitor GSK126 was used. GSK126 rescued
the downregulated cellular mRNA (Fig. 4c) and protein (Fig. 4d)
expression of VE-cadherin, occludin and CD31 induced by TNFa in
both HMMECs and HUVECs. Moreover, GSK126 obviously rescued
the TNFa-induced decrease in the TEER value (Fig. 4e) and increase
in FITC-dextran leakage (Fig. 4f) in endothelial monolayers formed
by HMMECs or HUVECs. Additionally, GSK126 reduced the elevated
transendothelial migration of MDA-MB-231-luc-GFP cells through an
endothelial monolayer formed by TNFa-stimulated HMMECs or
HUVECs (Fig. 49).

ERK1/2 was involved in the TNFa-induced transendothelial
migration of TNBC

Next, we explored the upstream signal regulating EZH2
activation. As shown in Fig. 5a, the phosphorylation of ERK1/2
and p38 was obviously increased upon TNFa (10 ng/mL)
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stimulation in a time-dependent manner. U0126 (ERK1/2
chemical inhibitor) rescued the decreased expression of VE-
cadherin in TNFa-stimulated HMMECs, but SB203580 (p38
chemical inhibitor) did not have this effect (Fig. 5b). In addition,
U0126 and ERK2 siRNA (the expression of ERK2 in cells
transfected with ERK2 siRNA is shown in Supplementary Fig. 4b)
both decreased the enhanced nuclear accumulation of EZH2
induced by TNFa in HMMECs (Fig. 5¢, d). Moreover, both ERK2
and EZH2 siRNA (the expression of EZH2 in cells transfected
with EZH2 siRNA is shown in Supplementary Fig. 4b) rescued
the decreased cellular expression of VE-cadherin, occludin and
CD31 induced by TNFa in HMMECs (Fig. 5e). Additionally, U0126
also decreased the elevated EZH2 nuclear accumulation and
rescued the reduced expression of VE-cadherin, occludin and
CD31 induced by TNFa in HUVECs (Fig. 5f). Moreover, U0126
reduced the enhanced transendothelial migration of MDA-MB-
231-luc-GFP cells through the confluent monolayer formed by
TNFa-stimulated HMMECs or HUVECs (Fig. 59).
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Fig.3 SCrescued the TNFa-induced endothelial barrier dysfunction in vitro. a HMMECs (n = 3-4) or HUVECs (n = 3-4) were incubated with
TNFa (10 ng/mL) or TGFB (10 ng/mL) for the indicated time. Representative image (upper) and quantification (lower) of cellular VE-cadherin,
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(10 ng/mL) for another 24 h. b Representative image (left) and quantification (right) of VE-cadherin, occludin and CD31 expression in HMMECs
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TNFR2 played a critical role in the TNFa-induced transendothelial
migration of TNBC

Next, we analyzed whether TNFR1 or TNFR2 was involved in the
TNFa-induced transendothelial migration of TNBC. As shown in
Supplementary Fig. 5a, R-7050 (an inhibitor of TNFR1) did not
inhibit the transendothelial migration of MDA-MB-231-luc-GFP
cells through an endothelial monolayer formed by TNFa-
stimulated HMMECs or HUVECs. Additionally, TNFa also had no
obvious cytotoxicity in either HUVECs or HMMECs (Supplementary
Fig. 5b). The results of Hoechst staining suggested that stimulation
with TNFa (10 ng/mL) at 6, 12, or 24 h did not cause cell apoptosis
in either HMMECs or HUVECs (Supplementary Fig. 5c).

TNFR2 siRNA was further used, and the knockdown of cellular
expression of TNFR2 in both HMMECs and HUVECs is shown in
Supplementary Fig. 5d. TNFR2 siRNA rescued the TNFa-induced
decrease in the expression of VE-cadherin, CD31 and occludin in
both HMMECs and HUVECs (Fig. 6a). In addition, TNFa-induced
ERK1/2 phosphorylation was diminished in both HMMECs and

SPRINGERNATURE

HUVECs transfected with TNFR2 siRNA (Fig. 6b). Next, TNFa-
induced EZH2 nuclear accumulation in both HMMECs and HUVECs
was also obviously reduced by TNFR2 siRNA (Fig. 6c). Further
results showed that TNFR2 siRNA reduced the elevated leakage of
FITC-dextran through the endothelial barrier formed by TNFa-
stimulated HMMECs or HUVECs (Fig. 6d). Moreover, the lack of
TNFR2 also reduced the transendothelial migration of MDA-MB-
231-luc-GFP cells through a vascular monolayer formed by TNFa-
treated HMMECs or HUVECs (Fig. 6e).

SC blocked the TNFR2-ERK1/2-EZH2 signaling axis both in vivo and
in vitro

HMMECs or HUVECs were pretreated with or without SC (5, 20 uM)
for 3 h and then incubated with TNFa (10 ng/mL) for another 24 h.
The data in Fig. 7a show that SC (20 uM) reduced the enhanced
phosphorylation of ERK1/2 induced by TNFa in both HMMECs and
HUVECs. SC also reduced the phosphorylated activation of ERK1/2 in
tumor vessels isolated from both MDA-MB-231-luc-GFP and
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Fig. 4 EZH2 was involved in the TNFa-induced transendothelial migration of TNBC. a The association between the expression of EZH2 and
TNFa in BRCA data from TCGA. b Representative image (left) and quantification (right) of the EZH2 nuclear accumulation in HMMECs (n = 4) or
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#p < 0.01 versus TNFa.

4T1-luc-GFP tumor-bearing mice (Fig. 7b). Additionally, SC (20 pM)
also reduced the increased accumulation of nuclear EZH2 in TNFa-
stimulated HMMECs or HUVECs (Fig. 7c). Further results showed that
the nuclear translocation of EZH2 was obviously enhanced in tumor
vessels, but SC decreased this increase in vivo (Fig. 7d). In addition,
an immunoprecipitation assay was further conducted to detect
whether SC (20 uM) can interfere with the binding of TNFa to TNFR2.
The data in Supplementary Fig. 6 show that SC reduced the binding
of TNFa to TNFR2 in HUVECs.

DISCUSSION

The natural compound SC has already been reported to inhibit the
metastasis of many tumors (including bladder cancer, liver cancer,
tongue cancer, glioma cancer, malignant melanoma cancer and
colorectal cancer) mainly by inhibiting epithelial-mesenchymal
transition and neoangiogenesis and inducing the degradation of
extracellular matrix in the tumor microenvironment [23-25, 32-35].
Moreover, SC (80 uM) has been found to directly inhibit the metastasis
of estrogen receptor-positive MCF-7 breast cancer cells [36]. However,
there is still no study about the inhibitory effect of SC on TNBC
metastasis. In this study, SC was found to suppress the metastasis of
TNBC in vivo for the first time. At the same time, we noticed that SC
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decreased the elevated number of CTCs in PBMCs isolated from
TNBC-bearing mice, indicating that SC reduced TNBC transvascular
metastasis in vivo.

Previous studies found that vascular permeability enhanced
cancer metastasis [37, 38]. In this study, SC suppressed Evans
blue dye leakage and FITC-dextran extravasation in tumor tissues
in vivo, suggesting that SC reduced vascular permeability in
TNBC-associated vessels. A vascular EC monolayer composed of
AlJs and TJs is the final and crucial membrane barrier for the
invasion of tumor cells into blood vessels [38, 39]. AJs and TJs
adhere to other adhesive proteins and then form pericellular
zipper-like structures among EC borders [40]. In addition, CD31
also contributes importantly to the maintenance of EC junctional
integrity by combining a mechanosensory complex with VE-
cadherin [41, 42]. Thus, the disruption of these junctions will lead
to vascular hyperpermeability, edema and uncontrolled tension.
In this study, SC rescued the decreased expression of junctional
proteins, including VE-cadherin, claudin-1 and CD31, in TNBC-
associated vessels. Additionally, SC also promoted the coverage
of pericytes to vessels. These data suggest that SC alleviated
TNBC-associated vascular endothelial barrier injury and pro-
moted the normalization of vessels, thus abrogating TNBC
transvascular metastasis in vivo.
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Fig. 5 ERK1/2 was involved in the TNFa-induced transendothelial migration of TNBC. a Representative image (left) and quantification

(right) of the phosphorylation of p38 (n=5) or ERK1/2 (n

=3) in HMMECs. b Representative image (left) and quantification (right) of VE-

cadherin expression in HMMECs (n = 3). ¢ Representative image (left) and quantification (right) of EZH2 nuclear accumulation in HMMECs
(n = 4-5) after U0126 treatment. d Representative image (left) and quantification (right) of EZH2 nuclear accumulation in HMMECs (n = 3) after
ERK2 siRNA transfection. e Representative image (left) and quantification (right) of VE-cadherin, occludin and CD31 expression in HMMECs (n
= 3) after ERK2 siRNA transfection. f Representative image and quantification of VE-cadherin, occludin, CD31 expression (n=3) and EZH2
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Highly expressed TNFa is harmful to the vascular endothelium
[17], but SC did not decrease the elevated TNFa content in tumor
tissues. TNFa (10 ng/mL) decreased the expression of VE-cadherin,
occludin and CD31 in ECs, but SC rescued the TNFa-induced
decrease in those endothelial junctional proteins. Next, the results
showed that SC suppressed FITC-dextran leakage, TEER decrease
and TNBC transendothelial migration through an endothelial
monolayer composed of TNFa-stimulated HMMECs or HUVECs.
These results suggest that TNFa disrupted endothelial barrier
integrity by decreasing the expression of VE-cadherin, occludin
and CD31, but SC abrogated TNBC transendothelial migration by
alleviating TNFa-induced endothelial barrier injury.

EZH2, the catalytic subunit of polycomb repressive complex 2
(PRC2), contributes to transcriptional silencing via the methylation
of histone H3 at lysine 27 along with other PRC2 components [31].
EZH2 targeting the expression of genes, including FOXC1, (-
catenin and E-cadherin, is always associated with worse progres-
sion of breast cancer [43-45]. However, the involvement of EZH2
in regulating tumor-associated vessels is less known. First, we
found that TNFa induced the nuclear translocation of EZH2 in
both HMMECs and HUVECs. Next, the EZH2 inhibitor GSK126 and
EZH2 siRNA both rescued the downregulated expression of
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junctional proteins induced by TNFa in ECs. GSK126 also alleviated
endothelial barrier damage and reduced the enhanced transen-
dothelial migration of TNBC through a vascular endothelial
monolayer formed by TNFa-stimulated HMMECs or HUVECs. These
results imply that EZH2 plays a crucial role in TNFa-induced
vascular barrier disruption and subsequent transendothelial
migration of TNBC. Finally, we also found that SC reduced the
nuclear accumulation of EZH2 both in TNBC-associated vessels
and in TNFao-treated ECs, implying that SC alleviated TNFa-induced
vascular endothelial barrier injury by abrogating EZH2 activation.

Previous studies have shown that various kinases can induce
the phosphorylation of EZH2 and subsequently regulate EZH2
activity [46, 47]. SC has already been reported to regulate the
activation of ERK1/2 or p38 kinase in infarct cardiac tissue [48]. In
this study, both p38 and ERK1/2 were activated in ECs after TNFa
stimulation, but only the ERK1/2 chemical inhibitor U0126 restored
the TNFa-induced decrease in VE-cadherin expression. The nuclear
accumulation of EZH2 induced by TNFa was blocked in ECs
pretreated with U0126 or transfected with ERK2 siRNA. Moreover,
ERK2 siRNA rescued the reduced expression of VE-cadherin,
occludin and CD31 in ECs treated with TNFa. U0126 also obviously
reduced the transendothelial migration of TNBC cells through an
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Fig. 6 TNFR2 played a critical role in the TNFa-induced transendothelial migration of TNBC. a Representative image (left) and
quantification (right) of VE-cadherin, occludin and CD31 expression in HMMECs (n = 3) or HUVECs (n = 3). b Representative image (left) and
quantification (right) of ERK1/2 phosphorylation in HMMECs (n = 4) or HUVECs (n = 4). ¢ Representative image (left) and quantification (right)
of EZH2 nuclear accumulation in HMMECs (n = 3) or HUVECs (n = 3-4). d FITC-dextran leakage through the HMMECs (n = 3) or HUVECs (n = 3)
monolayer. e Transendothelial migration of MDA-MB-231-luc-GFP cells through endothelial monolayer composed of HMMECs (n = 3) or
HUVECs (n = 3). Representatlve image (left, scale bar: 100 pm) and quantification (right). Data = Mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001

versus control; *P < 0.05, #P < 0.01 versus TNFa.

endothelial monolayer formed by TNFa-treated HMMECs or
HUVECGs. All these results confirmed the important role of ERK1/
2 in regulating TNFa-initiated vascular barrier disruption and the
subsequent TNBC transendothelial migration, and ERK1/2 is
upstream of EZH2. Moreover, SC abrogated ERK1/2 activation in
both TNBC-associated vessels and TNFa-treated ECs, indicating
that SC attenuated TNFa-induced vascular endothelial barrier
injury by inhibiting ERK1/2-EZH2 activation.

TNFR1 and TNFR2 are two classical receptors that belong to the
TNF superfamily. TNFR1 is ubiquitous in multiple types of cells and
mainly participates in regulating the progression of cell death [49]. In
this study, TNFa (10 ng/mL) did not cause obvious cytotoxicity or
apoptosis in either HMMECs or HUVECs. Moreover, the TNFR1
inhibitor R-7050 failed to inhibit the transendothelial migration of
TNBC in vitro. These results imply that the TNFa-induced transen-
dothelial migration of TNBC is not TNFR1-dependent. TNFR2, mainly
expressed in immune, endothelial and neuronal cells, is responsible
for modulating cell differentiation or the immune response [50].
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Recently, TNFR2 has been considered a new striking therapeutic
target involved in cancer immunotherapy [49]. However, the function
of TNFR2 in ECs during the progression of TNBC is still unclear. Our
results showed that TNFR2 siRNA rescued the decreased expression
of junctional proteins and reduced the activation of the ERK1/2-
EZH2 signaling pathway induced by TNFa in ECs. Moreover,
TNFR2 siRNA also decreased the elevated FITC-dextran leakage and
transendothelial migration of TNBC cells. All these results imply that
TNFR2 is critically involved in TNFa-triggered endothelial barrier
dysfunction and thus plays an important role in the transendothelial
migration of TNBC cells. Our results also showed that SC reduced the
binding of TNFa to TNFR2 and thus blocked the activation of the
downstream TNFR2-ERK1/2-EZH2 signaling pathway. Whether SC
binds to TNFa or TNFR2 and the specific binding site need further in-
depth investigation.

In conclusion, we demonstrated that TNFa-TNFR2-ERK1/2-
EZH2 signaling axis-initiated vascular endothelial barrier dysfunc-
tion was critically involved in TNBC metastasis. The natural
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Fig. 7 SC blocked TNF-induced ERK1/2-EZH2 signaling axis both in vivo and in vitro. a Representative image (upper) and quantification
(lower) of ERK1/2 phosphorylation in HMMECs (n = 3) and HUVECs (n = 3). b Representative image (upper) and quantification (lower) of ERK1/
2 phosphorylation in tumor vessels isolated from nude (n=5) and Balb/c normal (n=5) mice. ¢ Representative image (upper) and
quantification (lower) of EZH2 nuclear accumulation in HMMECs (n=4) and HUVECs (n=3). d Representative image (upper) and
quantification (lower) of EZH2 nuclear accumulation in tumor vessels isolated from nude (n =5) and Balb/c normal (n = 6-7) mice. Data =
Mean + SEM. *P < 0.05, **P < 0.01 versus control; *P < 0.05, #P < 0.01 versus TNFa.

J

TNBC metastasis

EC barrier dysfunction

Fig. 8 A schematic presentation of process involved in the inhibitory effect of SC on TNBC metastasis. SC alleviated TNFa-induced vascular
endothelial barrier dysfunction by inhibiting the TNFR2-ERK1/2-EZH2 signaling pathway in ECs, and therefore reduced TNBC metastasis.

compound SC reduced TNBC metastasis through alleviating TNFa-
induced vascular endothelial barrier dysfunction by inhibiting the
TNFR2-ERK1/2-EZH2 signaling pathway in ECs (Fig. 8). This study
reveals a new potential therapeutic strategy by targeting aberrant
vascularization for TNBC treatment.
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