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Abstract

Aggregated metastatic cancer cells, referred to as circulating tumor cell (CTC) clusters, are present in the blood of cancer patients
and contribute to cancer metastasis. However, the origin of CTC clusters, especially intravascular aggregates, remains unknown.
Here, we employ suspension culture methods to mimic CTC cluster formation in the circulation of breast cancer patients. CTC clusters
generated using these methods exhibited an increased metastatic potential that was defined by the overexpression of heparanase
(HPSE). Heparanase induced FAK- and ICAM-1-dependent cell adhesion, which promoted intravascular cell aggregation. Moreover,
knockdown of heparanase or inhibition of its activity with JG6, a heparanase inhibitor, was sufficient to block the formation of cell
clusters and suppress breast cancer metastasis. Our data reveal that heparanase-mediated cell adhesion is critical for metastasis
mediated by intravascular CTC clusters. We also suggest that targeting the function of heparanase in cancer cell dissemination might

limit metastatic progression.
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Introduction
Metastasis occurs when cancer cells migrate to and colonize
a tissue microenvironment that is distant from the primary
tumor. This process occurs when malignant cells with
migratory traits break off from primary tumors and dissemi-
Pl Circulating metastatic cell
aggregates consisting of tumor cells have been reported in
both clinical and mouse models® *. These circulating tumor
cell (CTC) clusters have a much higher metastatic capability
than single CTCs with identical genetic background™®. More-
over, the presence of CTC clusters in patients has been found
to be associated with a poor prognosis.

The origins and integrity of CTC clusters are important for
the heterogeneity of cancer metastases and are interesting to

nate through the circulation
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study. CTC clusters can arise directly from primary tumors or
form due to the aggregation of single CTCs. Based on the evi-
dence from mouse models indicating the role of angiogenesis
in this process, the intravascular aggregation of CTCs has been
demonstrated as one of the mechanisms of formation of CTC
%71 In blood vessels, physical damage from hemody-
namic shear forces exerts a selection pressure resulting in the
death of malignant cells lacking adhesion by a process known
89 Thus, CTC clusters in which strong cell-cell
adhesions are preserved may have a survival advantage in the

clusters

as anoikis

circulation and during dissemination. Single-cell sequencing of
CTC clusters has revealed significant overexpression of junction
components of either desmosomes or adherens junctions, which
represent the two main types of cell-cell contacts. Plakoglobin
451021 onstituents of both adhesion junctions
and desmosomes, are overexpressed in CTC clusters compared
to their expression in matched single CTCs. These results
indicate that certain factors involved in cell adhesion are likely
to contribute to cancer metastasis. Heparanase (HPSE) is an
(13, 14] Importantly,

and keratin 1

endoglycosidase associated with metastasis
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heparanase is involved in cell adhesion by its non-enzymatic
activity™ 'l Heparanase mediates the clustering of syndecan,
which is connected to the actin cytoskeleton, and can therefore
contribute to cell adhesion®. Other adhesion molecules, such
as Pl-integrin, ICAM-1, and VCAM have also been reported
to participate in heparanase-induced cell adhesion and malig-

nancy in a context-dependent manner!” I,

Heparanase is
associated with metastasis and cell adhesion, but its role in
CTCs and CTC clusters is still unknown.

In this study, we mimicked the aggregation of breast cancer
cells in circulation via suspension culture methods and ana-
lyzed the metastatic characteristics of these cell clusters. We
found that heparanase is associated with cell adhesion, and it
promotes the formation of cell clusters. This role of heparan-
ase had not been previously described in relation to cancer cell
dissemination and is thus likely to increase our understanding
of the function of heparanase in cancer metastasis.

Material and methods

Cell lines

Human breast cancer cell lines MDA-MB-231, MDA-MB-468,
HS578T and BT20 were purchased from American Type Cul-
ture Collection (Manassas, VA, USA). HCC1395 and BT-549
cells were obtained from the Cell Bank of the Chinese Acad-
emy of Sciences (Shanghai, China). Cell lines were authenti-
cated by short tandem repeat analyses (Genesky Biotechnolo-
gies, Shanghai, China). Cells were maintained in appropriate
culture medium suggested by the suppliers.

Antibodies, reagents and inhibitors

Antibodies against heparanase and ICAM-1 were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-
bodies against FAK, phospho-FAK (Y925), Src, phospho-Src
(Y416), paxillin and phospho-paxillin (Y118) were purchased
from Cell Signaling Technology (Beverly, MA, USA). CFDA
SE (carboxyfluorescein diacetate) was purchased from Beyo-
time Institute of Biotechnology (Shanghai, China). D-Luciferin
was purchased from Yeasen (Shanghai, China), dissolved
in distilled water at 30 mg/mL to form a stock solution and
diluted to a working solution at 15 mg/mL for animal experi-
ments before use. PF-562271, KX2-391 and A-205804 were
purchased from Selleck Chemicals (Houston, TX, USA). JG6
was synthesized and prepared in our lab.

Two suspension culture methods for the formation of cell clusters
For the flask-based method, 4 mL of cell suspension (1x10°
cells/mL) were seeded in flasks. The flasks were placed on a
shaking table concentrator (37 °C at 60 recolutions per minute),
and the number of cell clusters formed was quantified after 6
hor12h.

For the circulating device-based method, a circulating device
was attached to a sterile loop system, consisting of a peristaltic
pump, silicone tube and 50 mL centrifuge tube, and placed
in an incubator (37°C). Fifteen milliliters of cell suspension
(1.5%10° cells/mL) were added to the 50 mL centrifuge tube,
and the cell suspension was circulated through the tubing
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with the peristaltic pump. The number of cell clusters formed
was quantified after 6 h or 12 h. The cell suspension (4 mL)
was transferred from the 50 mL centrifuge tube into a flask to
facilitate the quantification of cell clusters.

Quantification method: With the flasks placed flat, five ran-
dom fields were imaged with a microscope at 10x magnifica-
tion, and the average number of cell clusters in each field was
counted. An aggregate of three or more cells was considered
one cell cluster. In statistics, the cell clusters were in the range
of 3 to 100 cells in the in vitro models.

In vivo study using a lung metastasis mouse model

The animal experiments were performed according to the
institutional ethical guidelines on animal care and approved
by the Animal Care and Use Committee at Shanghai Institute
of Materia Medica. Four to six-week-old female BALB/c
nu/nu mice were obtained from Beijing Vital River Laboratory
Animal Technology Co, Ltd. For the bioluminescence-based
lung metastasis model, mice were injected into the lateral tail
vein with luciferase-expressing MDA-MB-231 cells (1x10°
cells/0.2 mL) prepared either as single cells or cell clusters.
After 5 weeks, the mice were intraperitoneally injected with
150 mg/kg D-luciferin and anesthetized; lung metastatic foci
were monitored via bioluminescence imaging with an IVIS
Spectrum system (Caliper Corporation, MA, USA). Lungs
were collected after the mice were sacrificed for further hema-
toxylin and eosin (H&E) staining and histological examina-
tion.

For the JG6 efficacy study, mice were injected into the lateral
tail vein with aggregated MDA-MB-231 cells at 1x10° cells/0.2
mL. One week after the implantation, the mice were randomly
divided into three groups (1=6) and orally administered with
vehicle (control) or JG6 at 100 or 200 mg/kg per day for 3
weeks. Body weights were measured every three days. Lungs
were collected after the mice were sacrificed for further H&E
staining and histological examination.

Modified blood smear assay to detect aggregated tumor cells in
the blood

After the mice were anesthetized, cells suspensions stained
with CFDA SE were injected into the inferior vena cava at
2x10° cells/0.4 mL per mouse. Cardiac puncture was per-
formed to collect a small amount of blood, following which
the mice were sacrificed. The blood sample was dropped on
a glass slide and covered with a coverslip to form a “smear”.
The slides were immediately examined via fluorescence and
differential interference contrast (DIC) microscopy, and the
number of single cells and aggregated cells were counted. An
aggregate of two or more cells was considered one cell cluster.

Establishment of CRISPR-Cas9-mediated cell lines with stable
knockdown of heparanase

The gene-specific guideRNA sequences were designed with
the CRISPR design tool from the Zhang laboratory (http://
crispr.mit.edu/) with the following sequences: Heparan-
ase_#1, 5-TGCGCAAGCACAGGACGTCG-3" and Heparan-



ase_#2, 5'-CTGGCCAAGGTACGAAGCTT-3". The comple-
mentary oligos were cloned into LentiCRISPRv2 vectors.
Lentiviruses were generated using pMD2G and psPAX2 pack-
aging vectors in 293T cells. In addition, we constructed an
empty lentiviral control vector.

MDA-MB-231 cells seeded in 6-well plates were infected
with viral supernatant. After 48 h, the cells were selected with
1 pg/mL puromycin. The selected cells were collected and
seeded into 96-well plates (1 cell/well) for colony formation.
The heparanase-stable knockout clones were verified by West-
ern blotting and gene sequencing and used for further analysis.

Immunofluorescence microscopy

Cell clusters were generated by flask-based culture methods
described earlier, and were grown on the glass coverslips,
which were pretreated with Poly-L-Lysine for cell clusters
attachment. After attaching to the glass coverslips, the cells
were fixed with 4% paraformaldehyde, permeabilized with
phosphate-buffered saline (PBS) containing 0.1% Triton X-100.
After blocking with 3% bovine serum albumin (BSA) for 1 h,
the cells were incubated with primary antibodies overnight.
These cells were then washed three times with PBS, and incu-
bated with Alexa Fluor 488 goat anti-mouse IgG (H+L), Alexa
Fluor 594 goat anti-rabbit IgG (H+L), or Alexa Fluor 647 goat
anti-mouse IgG (H+L) secondary antibodies. Images were
captured using an Olympus Fluorview 1000 confocal micro-
scope and processed using an FV1000 Viewer.

Western blotting

Cells were lysed, and the protein concentration was assessed
using BCA protein assay reagent (Beyotime Institute of Bio-
technology, Shanghai, China). Target proteins were analyzed
via Western blotting with specific antibodies.

Total RNA extraction, cDNA preparation and quantitative RT-PCR
Total RNA was extracted using the Qiagen RNeasy Mini Kit
(Qiagen, Germantown, MD, USA). cDNA samples were pre-
pared using the ThermoScript RT-PCR synthesis kit (Invitro-
gen, Carlsbad, CA, USA). Real-time polymerase chain reaction
(RT-PCR) was performed using an ABI ViiA7 Fast Real-time
PCR System and SYBR Green PCR Master Mix according to the
manufacturer’s protocol (Applied Biosystems, Foster City, CA,
USA). Relative expression level of genes was calculated using
the 27" method. GAPDH was used as a housekeeping gene
for normalization. The primers used for RT-PCR analysis are
as follows: Heparanase: 5-ATGCTCAGTTGCTCCTGGAC-3’ and
5-TAACTGCGACCCATTGATGA-3’; and GAPDH: 5-CCAGC-
CGAGCCACATCGCTC-3" and 5-ATGAGCCCCAGCCTTCTC-
CAT-3.

RNA interference

RNA interference was performed with Lipofectamine
RNAiIMAX according to the manufacturer’s instructions
(Invitrogen, Carlsbad, CA, USA). The short interfering RNA
(siRNA) sequences were synthesized by Shanghai GenePh-
arma (Shanghai, China). The sequences (sense strand) are as
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follows:

siFAK#1: 5-GGGCAUCAUUCAGAAGAUATT-3;
siFAK#2: 5-CAGGUGAAGAGCGAUUAUATT-3;
siFAK#3: 5-GAACCUCGCAGUCAUUUAUTT-3;
siSrc#1: 5-GGCUCCAGAUUGUCAACAATT-3;
siSrc#2: 5-GCCUCUCAGUGUCUGACUUTT-3;
siSrc#3: 5-UCGGCUCAUUGAAGACAAUTT-3;
siPaxillin#1: 5'-CCAACUGGAAACCACACAUTT-3;
siPaxillin#2: 5-GUCUCUUGGAUGAACUGGATT-3’;
SiPaxillin#3: 5-CUUCUUCUGUGCACAGUGUTT-3;
silCAM-1#1: 5-GCCCAAGUUGUUGGGCAUATT-3;
siICAM-1#2: 5-GGUGAGGAGAGAUCACCAUTT-3"; and
silCAM-1#3: 5-CCUAUGGCAACGACUCCUUTT-3".

Statistical analysis

The data were represented as the meantSD. Statistical dif-
ference was analyzed using two-tailed Student's t-test or one-
way analysis of variance. A P value of <0.05 was considered
to be statistically significant.

Results

Cell clusters generated from suspension cultures have a greater
metastatic potential

To explore the biological properties of cell aggregation, we
used two methods to aggregate cells into clusters, namely,
via suspension culturing in flasks or passing the cells through
a circulating device (Figure 1A and 1B). Cell clusters were
formed and maintained under both culture conditions, which
mimic CTC clusters in blood. A previous study has suggested
that plakoglobin is required for CTC cluster formation!"). We
thus used three independent siRNAs to knockdown plakoglo-
bin in MDA-MB-231 cells (Figure 1C) and detected the ability
of the cells to aggregate via the two culture methods described
earlier (Figure 1D and 1E). As expected, aggregation was
significantly decreased in cells depleted of plakoglobin along
with a change in morphology (Supplementary Figure S1).
Overall, the in vitro experimental system was suitable to
address the properties of cell clusters.

To verify whether the cell clusters display malignant charac-
teristics such as metastatic potential, we employed an experi-
mental metastasis mouse model. Suspensions of clustered
or single MDA-MB-231 cells were injected into mice. We
immediately detected the transit of the cell clusters through
the blood stream, and five weeks later, we detected the pres-
ence lung metastatic foci using bioluminescence (Figure 1F).
The MDA-MB-231 cells were labeled with CFDA SE (car-
boxyfluorescein diacetate) to make them fluoresce green for
easy monitoring. Then the stained cells were aggregated into
clusters or left as single cells and injected into the inferior vena
cava of mice. We detected the presence of the cell clusters in
blood smears using fluorescence microscopy. We found that
the mean percentage of cell clusters composed of two or more
cells was higher in the group that was injected with aggre-
gated cells than that injected with single cells (Figure 1G). We
then generated MDA-MB-231 cells transfected with luciferase-
expressing plasmid for ease of quantification. Suspensions of
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Figure 1. Cell clusters generated from suspension cultures have a greater metastatic potential. (A and B) Schematic of the experimental for cell
clusters formation. (C) Knockdown efficiency of plakoglobin-specific sSiRNAs. MDA-MB-231 cells were transfected with non-targeting control (NC) or
plakoglobin-specific siRNAs for 48 h followed by immunoblotting analysis. Densitometric data (fold) were shown. (D and E) The number of clusters
formed by plakoglobin-depleted MDA-MB-231 cells in suspension culture for 6 h or 12 h using flasks or the circulating device. One-way ANOVA was
applied in experiments containing multiple groups in (D) and (E). (F) The schema briefly explains the experimental lung metastasis model. Cells
prepared as either single cells or clusters were injected into the tail vein of immunodeficient mice. Then, the status of tumor cells in the blood was
immediately detected and the bioluminescence signals or lung metastatic foci were observed after 5 weeks. (G) Representative images of tumor cells
from the blood using fluorescence and DIC microscopy. Histogram showing the mean percentage of single cells or cell clusters in groups injected
with single cells or cell clusters. DIC, differential interference contrast. (H) Representative bioluminescence images of mice at 5 weeks after tail vein
injection with luciferase-expressing MDA-MB-231 cells. Bar graph showing the quantification of bioluminescence signals in groups injected with single
cells or cell clusters respectively. (1) Representative images of H&E-stained sections of mouse lungs in groups injected with single cells or cell clusters.
Bar graph showing the number of lung metastatic foci in each group (n=6). Values are expressed as the mean+SD. Two tail student's t-test analysis
was used to compare the statistical difference between indicated two groups in (G), (H), and (I).
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Figure 2. Heparanase promotes the formation of cell clusters and contributes to their metastatic potential. (A) Bar graph showing the number of cell

clusters formed by six TNBC cell lines in suspended culture for 6 h or 12 h

using flasks. (B) Heparanase expression was detected by immunoblotting

and RT-PCR in different TNBC cell lines. Densitometric data (fold) were shown. (C) Immunoblotting and quantitative RT-PCR analysis of heparanase
levels in MDA-MB-231 transfected with mock or heparanase-overexpression plasmid. Densitometric data (fold) were shown. (D) Histogram showing the
number of heparanase-overexpressing MDA-MB-231 cell clusters in suspended culture for 12 h using flasks and a circulating device respectively. (E)
Immunoblotting and quantitative RT-PCR analysis of heparanase knockout in MDA-MB-231 cells using CRISPR/Cas9 technology. Densitometric data
(fold) were shown. (F) Histogram showing the number of heparanase-depleted MDA-MB-231 cell clusters in suspended culture for 12 h using flasks
and a circulating device respectively. (G) Representative images of tumor cells from blood using fluorescence and DIC microscopy. Histogram showing
the mean percentage of single cells or cell clusters in the groups transfected with mock or heparanase-overexpression plasmid. (H) Representative
images of tumor cells from blood captured by fluorescence and DIC microscopy. Bar graph shows the percentage of single cells or cell clusters in the
WT and heparanase-knockout groups. (I) Representative images of H&E-stained sections of mouse lungs in the WT and heparanase-knockout groups.
Histogram showing the number of lung metastatic foci (n=6). Values are expressed as the mean+SD. Two tail student's t-test analysis was used to

compare the statistical difference between indicated two groups in (C), (D),

groups in (E), (F), (H), and (I).

luciferase-expressing MDA-MB-231 cells in the form of clus-
ters or single cells were injected into tail veins of mice. Five
weeks later, bioluminescence imaging showed that the group
that was injected with aggregated cells had a higher metastatic
burden than those injected with single cells (Figure 1H). In
addition, H&E-stained sections of mouse lungs revealed that

and (G). One-way ANOVA was applied in experiments containing multiple

the cell clusters resulted in a higher number of metastatic foci,
indicating more severe lung metastasis than the corresponding
single cells (Figure 1I). These results indicate that cells aggre-
gated in clusters have a greater metastatic potential than that
of single cells.
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Heparanase promotes cluster formation and contributes to the
metastatic potential of cells

Recently, CTCs have been shown to have prognostic sig-
nificance in patients with metastatic triple-negative breast
cancer (TNBC) and have been associated with a higher risk

19200 We next assessed six

of metastasis and progression
TNBC cell lines using our experimental methods to probe cell
cluster formation and found that MDA-MB-231 and BT549
cells had a higher cell clustering ability than the other cell
lines (HCC1395, MDA-MB-468, HS578T and BT20) (Figure 2A,
Supplementary Figure S2). We then investigated the mecha-
nism underlying the differences in cell clusters formation in
the various cell lines. Heparanase is an endoglycosidase that
up-regulated in breast cancer and associated with elevated
metastasis, advanced histological grade, and poor survival,
We hence detected heparanase expression in these cell lines.
As expected, heparanase protein and mRNA expression were
higher in the cell lines MDA-MB-231 and BT549 than other cell
lines (Figure 2B). Thus, the ability of cell clustering was found
to be positively correlated with the endogenous expression of
heparanase.

To determine the correlation between heparanase and the
ability of cells to aggregate, we derived heparanase-overex-
pressing MDA-MB-231 cells to evaluate the effect of hepa-
ranase on cell clustering based on the two methods described
earlier (Figure 2C). The results revealed that heparanase-
overexpressing MDA-MB-231 formed a higher number of cell
clusters than control cells (Figure 2D). Meanwhile, we gener-
ated MDA-MB-231 cells with stable knockout of heparanase
with the CRISPR/Cas9 technique (Figure 2E). As expected,
heparanase-knockout MDA-MB-231 cells formed fewer clus-
ters than the wild-type cells (Figure 2F). Thus, we confirmed
the positive correlation between heparanase and cell cluster
formation.

We then asked whether heparanase maintains the morphol-
ogy of the cell clusters in the bloodstream where the cells
are exposed to physical damage from hemodynamic shear
forces. To this end, using the CFDA SE-stained blood smear
assay, we detected the status of cell clusters from heparanase-
overexpressing or heparanase-deficient MDA-MB-231 cells in
the circulation of mice. Heparanase overexpression markedly
increased the mean percentage of cell clusters in the blood,
whereas heparanase knockout impaired cluster formation
(Figure 2G and 2H). We next explored the role of heparanase
in cell cluster-mediated lung metastasis using a mouse model.
Heparanase-knockout MDA-MB-231 or WT MDA-MB-231
cells were injected into the tail vein of mice, and lung metasta-
sis was assessed by counting the metastatic foci. Consistently,
the number of metastatic foci in the heparanase knockout
group was significantly lower than that in the WT group (Fig-
ure 2[). Taken together, these data demonstrate that heparan-
ase promotes formation of clusters and thus contributes the
metastatic potential of cells.

Heparanase increases the expression of adhesion molecules
The data presented in the present study have shown that
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heparanase promotes the formation of cell clusters. Previ-
ous studies have reported that heparanase facilitates tumor
metastasis by altering cell-cell adhesion!”*!. FAK, Srcl"”* 24,
and ICAM-1" have been found to participate in heparanase-
mediated cell adhesion and malignancy in a context-depen-
dent manner. Hence, we asked whether heparanase regulates
the expression of adhesion molecules. In heparanase-overex-
pressing MDA-MB-231 cells, we found that the phosphoryla-
tion of FAK, Src and paxillin and the expression of ICAM-1
were significantly elevated, whereas the protein level of FAK,
Src, and paxillin was not affected (Figure 3A). Similar results
were observed in BT-549 cells overexpressing heparanase
(Supplementary Figure S3A). In contrast, the expression of
ICAM-1 and the phosphorylation of FAK, Src, and paxillin
were reduced in the heparanase-knockout MDA-MB-231 cells
(Figure 3B). Taken together, these findings suggest that hepa-
ranase modulates the adhesion molecules FAK, Src, paxillin
and ICAM-1. We then investigated whether these adhesion
molecules existed in the cell clusters by an immunofluores-
cence assay, and MDA-MB-231 cell clusters were stained with
FAK, paxillin and ICAM-1antibody. Interestingly, we found
there were more adhesion molecules in cell-cell contacts of
the cell clusters (Figure 3C), similar results were observed in
BT-549 cell clusters (Supplementary Figure S3B). These results
suggested that heparanase contributes to cell cluster formation
by modulating the adhesion molecules.

Although these adhesion molecules can be regulated by
heparanase, the relationships among FAK, Src, paxillin and
ICAM-1 are unclear. To further study these relationships, FAK
inhibitor (PF-562271) and siRNAs were used to suppress the
activity of FAK in MDA-MB-231 and BT549 cells. PF-562271
treatment and siRNA transfection successfully reduced FAK
activity, and consequently suppressed the phosphorylation
of FAK, Src, and paxillin in MDA-MB-231 and BT549 cells,
whereas the expression of heparanase and ICAM-1 were
not affected (Figure 3D, Supplementary Figure S3C). These
results suggest that FAK and ICAM-1 are independent of each
other. To further confirm these observations, ICAM-1 inhibi-
tor (A-205804) and siRNAs were used to inhibit the expression
of ICAM-1 in MDA-MB-231 and BT549 cells. A-205804 treat-
ment and siRNA transfection successfully reduced ICAM-1
expression, whereas the expression of FAK, Src, paxillin and
heparanase was not affected (Figure 3E, Supplementary Figure
S3D). These data suggest that heparanase likely regulates the
FAK-Src-paxillin pathway and the level of ICAM-1 through
distinct mechanisms.

The ability of cells to aggregate was increased by adhesion
molecules

From the above results, we found that heparanase increases
the expression of adhesion molecules. We next determined
whether the adhesion molecules FAK, Src, paxillin and
ICAM-1 contribute to the formation of cell clusters. Thus,
MDA-MB-231 cells were transfected with three independent
siRNAs against FAK, Src, paxillin and ICAM-1 (Figure 4A),
and the ability of the cells to aggregate was determined using
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Figure 3. Heparanase increases the expression of adhesion molecules.

(A) MDA-MB-231 cells stably transfected with mock or heparanase-

overexpression plasmid were subjected to immunoblotting with indicated antibodies. (B) MDA-MB-231 cells depleted of heparanase using CRISPR/
Cas9 technology were subjected to immunoblotting with the indicated antibodies. (C) Adhesion molecules localization. MDA-MB-231 cell clusters were

stained for nuclei (blue), FAK (red), paxillin (green)

or ICAM-1(white) by immunofluorescence assay. Bar, 10 um. (D) MDA-MB-231 cells transfected with

FAK-specific siRNAs or treated for 12 h with PF-562271 at the indicated concentrations were subjected to immunoblotting with indicated antibodies.
(E) MDA-MB-231 cells transfected with ICAM-1-specific sSiRNAs or treated for 12 h with A-205804 at the indicated concentrations were subjected to
immunoblotting with indicated antibodies. Densitometric data (fold) were shown below each group.

the flask-based cell suspension culture method. We found 4B). These findings were confirmed with inhibitors against
that cell aggregation was significantly decreased when any FAK, Src and ICAM-1. MDA-MB-231 cells were treated with

of the four adhesion molecules was knocked down (Figure

PF-562271, KX2-391, or A-205804 at 1 or 10 pmol/L for 12 h;
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Figure 4. Cell aggregation was mediated by adhesion molecules. (A) MDA-MB-231 cells were transfected with siRNA against FAK, Src, paxillin or ICAM-
1 followed by immunoblotting analysis. Densitometric data (fold) were shown below each group. (B) Bar graph showing the extent of aggregation of
MDA-MB-231 cell suspensions cultured in flasks for 12 h after being transfected with siRNAs. One-way ANOVA was used to compare the statistical
difference. (C) MDA-MB-231 cells were treated with PF-562271, KX2-391 or A-205804 for 12 h followed by immunoblotting analysis. Densitometric
data (fold) were shown below each group. (D) Bar graph showing the extent of aggregation of MDA-MB-231 cells cultured in flasks for 12 h after
treatment with the inhibitors. (E) Representative images of tumor cells from blood captured by fluorescence and DIC microscopy. The bar graph
shows the mean percentage of single cells or cell clusters in the group of cells treated with inhibitor. Values are expressed as the mean+SD from three
independent experiments. One-way ANOVA was used in experiments containing multiple groups in (D) and (E).

the phosphorylation level of FAK or Src or the expression of
ICAM-1 was decreased (Figure 4C), and the number of cell
clusters was decreased accordingly (Figure 4D). These data
suggest that the four adhesion molecules, namely, FAK, Src,
paxillin and ICAM-1 contribute to the formation of cell clus-
ters. The results were further verified in animal experiments.
MDA-MB-231 cells treated with PF-562271, KX2-391, or
A-205840 for 12 h were prepared as suspensions and injected
into mice. Morphological observation together with quantita-
tive analysis of cell clusters showed that the inhibitor-treated
cells displayed a marked decrease in the mean percentage of
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cell clusters in the blood (Figure 4E). These results suggest
that the ability of cells to aggregate can be regulated by FAK,
Src, paxillin and ICAM-1.

Heparanase inhibitor JG6 decreases cell aggregation and the
level of adhesion molecules

Our results above have demonstrated that heparanase induces
the formation of cell clusters, which promotes metastasis. Pre-
vious studies have demonstrated the targeting of heparanase
as a promising anti-metastasis strategy™?). Additionally,



heparanase inhibitors have been reported to produce good

outcomes in clinical trials®® 2.

Thus, we employed the hepa-

ranase inhibitor JG6, a novel marine-derived oligosaccharide,
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to determine the effect of heparanase on cell aggregation and
the expression of adhesion-associated proteins. The ICs, value
of JG6 on heparanase activity was 17.43 pg/mL, which was
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Figure 5. Heparanase inhibitor JG6 decreases the ability of cells aggregation and reduces the expression of adhesion molecules. (A) Dose-inhibition
curve of JG6 examined by the HTRF assay. (B) The ability of MDA-MB-231 or BT549 cells to aggregate in flasks after treatment with the indicated
concentrations of JG6 for 48 h. (C) The ability of MDA-MB-231 or BT549 cells to aggregate in the circulating device after treatment with the indicated
concentrations of JG6 for 48 h. (D and E) MDA-MB-231 cells or BT549 cells were treated with various concentrations of JG6 for 48 h and subjected
to immunoblotting with the indicated antibodies. Densitometric data (fold) were shown below each group. (F) Quantitative RT-PCR analysis of ICAM-
1 levels in MDA-MB-231 or BT549 after being treated with the indicated concentrations of JG6 for 48 h. Values are expressed as the mean+SD from
three independent experiments. One-way ANOVA was applied in experiments containing multiple groups in (B), (C), and (F).
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determined via the homogeneous time-resolved fluorescence
assay (HTRF) (Figure 5A). To evaluate the effect of JG6 on cell
aggregation, MDA-MB-231 and BT549 cells were pre-treated
with JG6 for 48 h and then subjected to cluster formation in the
flask-based or circulating device-based method. JG6 pre-treat-
ment inhibited cluster formation in MDA-MB-231 and BT-549
cells with both methods (Figure 5B and 5C). In addition, the
phosphorylation of FAK, Src, and paxillin and the expression
of ICAM-1 were reduced after JG6 treatment (Figure 5D-5F).
These data demonstrate that JG6 reduced cell aggregation and
down-regulated the expression of ICAM-1 and phosphoryla-
tion of FAK, Src and paxillin by inhibiting heparanase activity.

Inhibition of heparanase with JG6 significantly blocks breast
cancer metastasis in vivo

Our data thus far have demonstrated that heparanase pro-
motes the formation of cell clusters, contributes to the meta-
static potential of cells and regulates the expression of adhe-
sion molecules but that these functions can be inhibited by the
heparanase inhibitor JG6 in vitro. Because TNBC patients have
poor clinical outcomes due to high rates of metastasis, we
were interested to investigate the anti-metastatic effect of JG6
based on its inhibition of heparanase and subsequent reduc-
tion of cell cluster formation. To this end, MDA-MB-231 cells
pre-treated with 100 or 200 pg/mL JG6 for 48 h were injected
into the inferior vena cava of mice. The results showed that
JG6 pre-treatment could significantly decrease the number of

cell clusters in the mouse blood (Figure 6A). We next evalu-
ated the anti-metastasis potential of JG6 using the cell cluster-
based experimental lung metastasis mouse model with MDA-
MB-231 cells. One week after tumor cell inoculation, the mice
were randomly assigned to the vehicle or JG6 group and
gavaged daily with vehicle or 100 mg/kg or 200 mg/kg JG6,
respectively, for 3 weeks. Lung metastasis was defined by
the number of metastatic foci at the end point of the study.
Compared with the vehicle, JG6 decreased the number of
lung metastatic nodules in a dose-dependent manner (Figure
6B).
the experiment and showed no sign of toxicity or body weight

JG6-treated mice survived throughout the duration of

loss (Supplementary Figure S4). Taken together, these results
demonstrate the potential of JG6 in cancer therapy by hinder-
ing heparanase-mediated cell cluster formation and cancer
metastasis.

Discussion

Accumulating evidence has shown that CTC clusters have a
greater propensity to form distal metastasis than single CTCs® ",
However, the molecular mechanism of CTC clusters formation
is not fully understood. The study showed that heparanase pro-
motes the formation of cell clusters that have a higher metastatic
potential than single cells. Heparanase can influence cell clus-
ter formation by regulating the FAK-Src-paxillin pathway and
ICAM-1 expression. Furthermore, heparanase inhibitor reduces
tumor metastasis.
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Figure 6. JG6 inhibits breast cancer metastasis. (A) MDA-MB-231 cells were treated with various concentrations of JG6 for 48 h and injected into the
tail vein of mice. Shown were representative images of tumor cells in the blood captured by fluorescence and DIC microscopy. Bar graph showed the
mean percentage of single cells or cell clusters in the groups, left untreated was served as control. (B) Representative images of H&E-stained sections
of mouse lungs. Histogram showing the inhibitory effect of JG6 on the number of lung metastatic foci (n=6). (C) Proposed working model. Heparanase

activates FAK-Src-paxillin and ICAM-1 signaling and promotes cell cluster formation, which increases tumor metastasis. JG6 inhibits this process
induced by heparanase. Values are expressed as the mean+SD, One-way ANOVA was applied in experiments containing multiple groups in (A) and (B).
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Available technologies are primarily designed to capture
CTC clusters and might fail to sort them in a reliable man-
ner or to convey information on how these CTC clusters are
formed. Aggregation of cells often occurs during cancer cell
dissemination, and intravascular cell collision-mediated adhe-
sion has been shown to be one mechanism of CTC cluster for-
mation. Based on this knowledge, we introduced two suspen-
sion culture methods to mimic the vascular environment and
study the formation and maintenance of CTC clusters. TNBC
is known to be highly metastatic. Several recent studies have
shown that the presence of CTC clusters is linked to TNBC
metastasis and is regarded as a prognostic marker!"> %",
In this study, six breast cancer cell lines were used in experi-
ments to assess cell cluster formation, and the results showed
that heparanase expression in TNBC cell lines, such as MDA-
MB-231 and BT549, is positively associated with the ability of
these cells to form clusters, which in turn is correlated with
their metastatic potential™. Components of adherens junc-
tions and desmosomes, such as plakoglobin and keratin 14,
are critical for CTC clusters formation and promote distal

metastases’® 2.

Plakoglobin, a constituent of both adherens
junctions and desmosomes, was knocked down in our study.
As expected, the ability of cells to aggregate was significantly
diminished with the depletion of plakoglobin. These data
enabled the rational design of a CTC clustering method for
further study.

A previous study has shown that adhesion molecules con-
tribute to cellular aggregation. In a lung injury mouse model,
the rapid induction of heparanase activity in pulmonary
microvascular endothelial cells was shown to facilitate neu-
trophil recruitment through the elevation and presentation
of cell adhesion molecules, such as ICAM-1 and VCAM-1, on

[18]

endothelial cell surfaces"™. Previous studies from our group

and others have indicated that heparanase can mediate cell

07,2,24 1

adhesion and dissemination through FAK and Src
the current study, we have found that heparanase knockout
could reduce the expression of p-FAK, p-Src, p-paxillin and
ICAM-1 and decrease the number of cell clusters. On the con-
trary, heparanase overexpression could increase the expres-
sion of p-FAK, p-Src, p-paxillin and ICAM-1 and the number
of cell clusters. Moreover, knockdown of FAK, Src, paxillin
and ICAM-1 by siRNAs or inhibitors decreased the number of
cell clusters. The results suggest that heparanase influences
cell aggregation by regulating the level of p-FAK, p-Src, p-pax-
illin and ICAM-1. In addition, auto-phosphorylation of FAK
facilitates the interaction between FAK and Src, subsequently
leading to the full activation of FAK via phosphorylation at
331 The activated FAK/SRC complex
phosphorylates paxillin at Y118 to facilitate cell adhesion and
migration. In addition, ICAM-1 and FAK do not affect each
other. Therefore, we conclude that heparanase mediates the

other tyrosine sites!

aggregation of cells by regulating the FAK-Src-paxillin path-
way and ICAM-1 expression. This study shows that heparan-
ase regulates cell-cell adhesion, which plays an important role
in CTC clusters formation.

Targeting heparanase can be a therapeutic strategy for pre-
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venting cancer metastasis, and heparanase inhibitors, such as
PI-88, PG545, SST0001, have been reported™. In the study,
JG6, an inhibitor of heparanase, could inhibit the aggregation
of cells in vitro or in vivo and suppress the FAK-Src-paxillin
pathway and ICAM-1 expression. It could successfully
decrease the number of lung metastatic foci in mice. There-
fore, the therapeutic manipulations of CTC cluster formation
can minimize tumor metastasis. Moreover, JG6 can decrease
tumor metastasis by inhibiting heparanase. This study pro-
vides new insights into promising treatment strategies that
may be able to reduce tumor metastasis based on the inhibi-
tion of CTC clustering via heparanase or related adhesion
molecules. The therapeutic strategy of targeting heparanase to
prevent cancer metastasis is highly promising.
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