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Many natural polysaccharides have significant anticancer
activity with low toxicity, but the complex chemical structures
make in-depth studies of the involved mechanisms extremely
difficult. The purpose of this study was to investigate the effect
of the marine bacterial exopolysaccharide (exopolysaccharide
11 [EPS11]) on liver cancer metastasis to explore the underly-
ing target protein and molecular mechanism. We found that
EPS11 significantly suppressed cell adhesion, migration, and
invasion in liver cancer cells. Proteomic analysis showed that
EPS11 induced downregulation of proteins related to the
extracellular matrix–receptor interaction signaling pathway. In
addition, the direct pharmacological target of EPS11 was
identified as collagen I using cellular thermal shift assays.
Surface plasmon resonance and pull-down assays further
confirmed the specific binding of EPS11 to collagen I. More-
over, EPS11 was shown to inhibit tumor metastasis by directly
modulating collagen I activity via the β1-integrin–mediated
signaling pathway. Collectively, our study demonstrated for the
first time that collagen I could be a direct pharmacological
target of polysaccharide drugs. Moreover, directly targeting
collagen I may be a promising strategy for finding novel
carbohydrate-based drugs.

Liver cancer is a major health problem, with an incidence of
more than 850,000 new cases worldwide each year (1). It is
currently the second leading cause of cancer-related mortality
in the world (approximately 800,000 per year), a figure that is
on the rise (2). Over the past decades, there has been an
improvement in the treatment of the disease. Five treatments
can extend the life expectancy of patients with liver cancer:
early stage tumors that are amenable to curative therapies—
resection, liver transplantation, or local ablation; at more-
developed stages, only chemoembolization (for intermediate
tumors) and sorafenib (for advanced tumors) have shown
survival benefits (3). There are still major unmet needs in the
management of liver cancer that might be addressed through
discovery of new therapies.
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The intensive communication between tumor microenvi-
ronment and tumor cells regulates growth, differentiation, and
migration of tumor cells. An increasing amount of recent
research has concentrated on the function of the tumor
microenvironment in favoring cancer progression (4). The
extracellular matrix (ECM), a three-dimensional structure with
distinct biochemical and biomechanical properties, is an
important component of tumor microenvironment (5). ECM is
increasingly recognized as an important contributor to tumor
behaviors, including tumor growth, angiogenesis, and meta-
static progression. The major receptors mediating ECM–cell
interactions are integrins, a family of heterodimeric trans-
membrane proteins composed of noncovalently associated α
and β subunits. β1-integrin is the key transmembrane protein
that conducts extracellular biochemical and biomechanical
signals into the cell, regulating cell proliferation, migration,
invasion, and survival (6). The β1-integrin subfamily includes a
variety of receptors, such as collagen, fibronectin, and laminin
for ECM proteins. The expression level of β1-integrin was
higher in cancer tissues than that in adjacent nontumor tissues
(5). And researchers have explored the possibility of devel-
oping integrin-targeted therapy to manage cancer (7). Previous
study has demonstrated that the activation of β1-integrin by
collagen I promoted the epithelial–mesenchymal transition
(EMT) in pancreatic cancer (8). In breast cancer, inhibition of
the β1-integrin activity by monoclonal antibody AIIB2
dramatically enhances radiotherapy efficacy and increases
sensitivity to human epidermal growth factor receptor 2–tar-
geting agents (9).

Collagen, as a large family of triple helical proteins, is the
major constituent of the tumor stroma environment. The
collagen superfamily now includes more than 20 collagen
types. Collagen I, as a major component of ECM, plays vital
roles on the disruption of cellular adhesion and EMT (10–12),
which influence tissue integrity and allow tumor cells to
disseminate from the primary tumor, subsequently results in
invasion and metastasis (13), which are largely responsible for
poor prognosis of liver cancer. Recently, the expression of
collagen I was investigated in liver cancer tissues. It has been
reported that the expression of collagen I was significantly
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EPS11 inhibits cancer metastasis by targeting collagen I
upregulated in 83.7% of human liver cancer specimens
compared with their adjacent nontumor tissues (5). A better
understanding of the role of ECM in the progression of liver
cancer will allow the development of new diagnostic and
therapeutic strategies in cancer treatment. Disruption of tu-
mor ECM integrity has shown promising results in halting
tumor metastasis in preclinical studies (14). Methyl-
umbelliferone, a hyaluronan synthesis inhibitor, was effective
in preventing bone metastasis of lung cancer in vivo (15).
Pirfenidone, a novel antifibrotic and anti-inflammatory agent,
was reported to partially inhibit EMT through the direct in-
hibition of collagen I expression (16). Therefore, pharmaco-
logical perturbation of collagen I can exert effective regulation
of ECM to delay progressive tumors.

The oceans harbor a great diversity of organisms, ranging
from unicellular bacteria to large multicellular mammals, and
have been recognized as an important source of new com-
pounds with nutritional and therapeutic potential (17). Among
these compounds, carbohydrate-based compounds are of
particular interest because they exhibit numerous important
pharmacological activities, such as antitumor (18), antiviral
(19), anticoagulants (20), antioxidants (21), and anti-
inflammatory (22). Up to now, among the 17 marine drugs
approved for marketing in the world, there are six marine
carbohydrate-based drugs, including cytarabine, sodium algi-
nate, mannan oligosaccharide diacid (23), and so on. Marine
microbial exopolysaccharides (EPSs) produced by EPS-
producing bacteria, are widely present in marine ecosystems
and can be isolated from the water column, sediments, ani-
mals, etc. In recent years, marine EPSs show the extraordinary
efficacy as anti-cancer, anti-oxidant and immune-stimulatory
activities that made EPSs gained increasing attention as a
promising source of potential new drugs for cancer (24).

In our previous studies, we obtained a novel marine bacte-
rial EPS (exopolysaccharide 11 [EPS11]) from marine bacte-
rium Bacillus sp. 11. It has been reported that EPS11 not only
significantly inhibits cancer growth in vitro and in vivo (25) but
also suppresses tumor metastasis in vitro and in vivo (26),
indicating that EPS11 has dual antitumor effects of inhibiting
cancer growth and metastasis. Tumor metastasis accounts for
the vast majority of cancer deaths in patients, and EPS11
possesses significant antimetastasis activity with low toxicity
and high safety. Therefore, the inhibitory effects of EPS11 on
the metastasis in human hepatocarcinoma cells were explored
deeply in this work. Moreover, we observed that EPS11 directly
bonds to collagen I and displayed antimetastasis activity via
β1-integrin signaling pathway, indicating that collagen I pro-
tein is a crucial pharmacological target for the effect of EPS11
on tumor metastasis.
Results

EPS11 inhibits migration, invasion, and colony formation of
liver cancer cells

In our previous study, we found that EPS11 inhibited the
growth and migration of Huh7.5 liver cancer cells via blocking
cell adhesion and attenuating filiform structure formation (26).
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In order to determine whether EPS11 has the same inhibition
on other liver cancer cells, further investigations were thus
performed in this study.

Similarly, both HepG2 and Bel-7402 liver cancer cells in the
untreated group displayed regular growth and attachment with
long and multiple filiform structures, whereas the EPS11-treated
cells had the destroyed filiform structures with abnormal
cellular morphology of becoming round shape (Fig. 1A), sug-
gesting the loss of the adhesive capacity to the ECM in the two
kinds of hepatocellular carcinoma cells. Filiform structure is a
key factor determining cell adhesion and migration in cancer
cells (27). Hence, we next sought to disclose the effects of EPS11
on the migration and invasion of liver cancer cells using
transwell migration and invasion assays, respectively. Compared
with the untreated cells, the numbers of migratory and invasive
cells (Huh7.5, HepG2, and Bel-7402 liver cancer cells) treated
with EPS11 were dramatically decreased in a concentration- and
time-dependent manner (Fig. 1, B and C). We next examined
the inhibitory effects of EPS11 on the colony formation of liver
cancer cells. And the results of colony formation assay showed
that Huh7.5, HepG2, and Bel-7402 liver cancer cells in the
control group formed markedly large-sized colonies, whereas
smaller and even almost no colony formation was observed in
the EPS11-treated cells (Fig. 1D). These in vitro results suggest
that EPS11 could significantly block the migratory and invasive
biological functions of hepatocarcinoma cells.
EPS11-FITC is located on or outside the cell membrane of
Huh7.5 liver cancer cells

To find out the subcellular localization of EPS11 in the
hepatocarcinoma cells, we labeled EPS11 with FITC. After
dialysis, anion exchange, and gel filtration, EPS11-FITC was
finally eluted as a single peak on the gel filtration chromato-
gram, indicating that EPS11-FITC was a relatively pure com-
pound (Fig. 2A). Meanwhile, the cytotoxic effects of each
eluted fraction after gel filtration chromatography of EPS11-
FITC on Huh7.5 cells were evaluated by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay.
And the data showed that the position of the active fractions
coincided with the elution peak location (fractions 10–12) of
EPS11-FITC on the gel chromatography (Fig. 2B), and we then
collected the corresponding active components for later use.
EPS11-FITC was further analyzed with native-PAGE electro-
phoresis, and it was displayed as a single band with green
fluorescence in the gel under the 488-nm excitation light
(Fig. 2C), suggesting the successful synthesis of EPS11-FITC.
To observe colocalization of EPS11 with membranes more
clearly, Huh7.5 liver cancer cells were first labeled with
membrane-specific dye, 1,10-dioctadecyl-3,3,30,30-tetramethy-
lindocarbo-cyanine perchlorate (Dil) and then treated with
EPS11-FITC for 3 h. The observations of confocal laser
scanning microscopy showed that EPS11-FITC induced
evident cell aggregation (Fig. 2D) similar to that of EPS11
(Fig. 3B), indicating that the conjugation of FITC does not
change the activity and structure of EPS11. The green fluo-
rescence emitted by EPS11-FITC and the red fluorescence



Figure 1. EPS11 inhibits migration, invasion, and colony formation of liver cancer cells (Huh7.5, Bel-7402, and HepG2 cell lines). A, observation of
the filiform structures in Bel-7402 and HepG2 cells after treatment of EPS11 via scanning electron microscopy. Liver cancer cells were treated with indicated
concentrations of EPS11 (0, 0.1, and 0.2 mg/ml) for 6 and 12 h, respectively. Transwell assay showed that EPS11 inhibited migratory (B) and invasive (C)
ability of liver cancer cells (Huh7.5, Bel-7402, and HepG2 cells) after treatment with EPS11 (0, 0.1, and 0.2 mg/ml) for 6 and 12 h, respectively. D, EPS11 could
obviously inhibit colony formation of liver cancer cells (Huh7.5, Bel-7402, and HepG2 cells) after incubation with EPS11 (0, 0.1, and 0.2 mg/ml) for 5 and
10 days, respectively. The experiments were performed in triplicate. EPS11, exopolysaccharide 11.
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emitted by Dil overlapped completely on the membranes of
Huh7.5 cells (Fig. 2D), clearly suggesting that EPS11 is asso-
ciating with membranes. Besides, EPS11/membrane floatation
assay was also performed in our work, and the result showed
that the green fluorescence signals of EPS11-FITC were only
detected in fractions of crude cell lysates and cell membranes,
but not in fraction of cellular mitochondria, further indicating
the colocation between EPS11 and membranes (Fig. S1).
Interaction analysis of ECM and EPS11 in Huh7.5 liver cancer
cells

To better understand the inhibitory effects of EPS11 on the
liver cancer cells, we performed a proteomic analysis to
identify differentially expressed proteins after EPS11 treat-
ment. Information for all protein identifications are provided
as Supporting information. For the single-peptide identifica-
tions of proteins, mass-labeled MS/MS spectra were also
provided (Supporting figure).

Compared with that in the untreated cells, there were 1140
and 1127 proteins differentially expressed (1.5-fold change
cutoff and p value less than 0.05) in 0.1 and 0.2 mg/ml EPS11-
treated groups, respectively (Table 1). Kyoto Encyclopedia of
Genes and Genomes pathway–based enrichment analysis
indicated that the most significantly impacted pathway in the
EPS11-treated versus EPS11-untreated group comparison was
the ECM–receptor interaction signaling pathway. About
36 proteins were significantly downregulated in this pathway
J. Biol. Chem. (2021) 297(4) 101133 3



Figure 2. Subcellular localization analysis of EPS11 in Huh7.5 liver cancer cells. A and B, purification and activity assay of EPS11-FITC. The fractions of
EPS11-FITC in the gel filtration (55–65 ml, fractions 10–12) were collected and monitored for the cell proliferation determined at an absorbance at 570 nm
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. C, the purified EPS11-FITC on the native-PAGE gel exhibited green fluo-
rescence signals under the 488-nm excitation light. D, laser confocal microscopic observations showed that EPS11-FITC and Dil were colocated on the cell
membrane of Huh7.5 liver cancer cells. Images of stacks of confocal Z series of EPS11-FITC and Dil in the surface of Huh7.5 cells are shown (a–g). In addition,
peripheral visualization of merge of Z-stack images is shown (h), demonstrating the surface location of EPS11. Dil, 1,10-dioctadecyl-3,3,30 ,30-tetramethy-
lindocarbo-cyanine perchlorate; EPS11, exopolysaccharide 11.
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after Huh7.5 liver cancer cells were treated with EPS11 (0.1
and 0.2 mg/ml) for 24 h (Fig. 3A), suggesting that ECM is likely
to be involved in the anticancer activity of EPS11.
Figure 3. Interaction analysis of ECM and EPS11 in Huh7.5 liver cancer
receptor interaction signaling pathway. Huh7.5 cells were treated with differ
sates were separated and identified using liquid chromatography electrospra
expressed proteins (fold change ≤ 0.67 and p ≤ 0.05) were imported for cluster
of the plates rescued the abnormal cell morphology (B), cell adhesion reduc
whereas coating with laminin and fibronectin had no effects. The data were p
extracellular matrix; EPS11, exopolysaccharide 11.
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Collagen I, laminin, and fibronectin are the main ECM
proteins that can participate in cell–ECM interaction and play
a key role in cell migration. After coating culture wells with
cells. A, proteomic analysis showed that EPS11 downregulated the ECM–
ent concentrations of EPS11 (0, 0.1, and 0.2 mg/ml) for 24 h, and cell ly-
y ionization tandem MS analysis. The relative abundances of differentially
ing analysis using HemI software. B–D, coating with collagen I on the surface
tion (C), and cell viability inhibition (D) induced by EPS11 in Huh7.5 cells,
resented as means ± SD of three experiments. *p ≤ 0.05, **p ≤ 0.01. ECM,



Table 1
Summary of differentially expressed proteins analyzed by proteomic
analysis

Label Upregulated Downregulated All regulated

0.1 mg/ml EPS11-treated
versus untreated group

778 362 1140

0.2 mg/ml EPS11-treated
versus untreated group

765 362 1127

1.5-fold change cutoff and p value less than 0.05.
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collagen I (20 μg/ml), the aggregation of Huh7.5 cells induced
by EPS11 was evidently reversed (Fig. 3B). In contrast, laminin
(20 μg/ml) and fibronectin (20 μg/ml) showed no obvious
reversal effects on the cell aggregation (Fig. 3B). The effects of
ECM proteins on cancer cell adhesion were assessed by crystal
violet staining. Compared with the noncoated condition,
collagen I coating significantly improved the cell adhesion in
Huh7.5 cells (Fig. 3C). However, laminin showed no further
stimulation, and neither did fibronectin (Fig. 3C). In addition,
the inhibitory effect of EPS11 on the viability of Huh7.5 cells
was clearly rescued by collagen I, whereas stimulation of cell
viability was not observed in the presence of laminin and
fibronectin (Fig. 3D). These data demonstrated that collagen I,
but not laminin and fibronectin, appeared to be mainly
involved in EPS11-induced tumor inhibition, and it could
Figure 4. Collagen I is the potential target of EPS11 in anti-metastasis o
adhesion (A), migration (B), and invasion (C) in the Huh7.5 cells. D, the expressi
the siRNAs (RNAi #1, RNAi #2, and RNAi #3) of collagen I for 48 h. Knockdown
adhesion (E), migration (F), and invasion (G) in the Huh7.5 cells. H and I, EPS11 h
in the Huh7.5 cells. Col I stands for collagen I. The data were presented
exopolysaccharide 11.
specifically and effectively facilitate cell adhesion and viability
in Huh7.5 cells.
Collagen I is the potential target of EPS11 in antimetastasis of
liver cancer

To further evaluate the efficiency of collagen I on anti-
metastasis of liver cancer induced by EPS11, culture wells were
first coated with different doses of collagen I (0, 20, 40, 100,
200, and 400 μg/ml), and Huh7.5 cells were then seeded with
EPS11 treatment (0, 0.05, and 0.1 mg/ml). Figure 4A showed
that compared with the uncoated group, coating with collagen
I significantly attenuated the suppression of cell adhesion
induced by EPS11, and 40 μg/ml collagen I had the most
obviously stimulatory effect. Thus, 40 μg/ml collagen I was
used in the following experiments. The effect of collagen I on
cell migration was assessed by the wound-healing assay. As
shown in Figure 4B, compared with the initial wounds when
time is zero (Fig. S2), all the wounds became narrower because
of cell migration. Collagen I (40 μg/ml) coating significantly
restored the migratory ability of Huh7.5 cancer cells inhibited
by EPS11, when compared with the noncoated condition
(Fig. 4B). Boyden chamber inserts coated with or without
collagen I on both sides were applied to evaluate cell invasion.
The result showed that EPS11 suppressed cell invasion in
f liver cancer. Collagen I reduced the inhibitory effects of EPS11 on cell
on levels of collagen I were reduced after Huh7.5 cells were transfected with
of collagen I expression increased the inhibitory activities of EPS11 to cell

ad no effects on the expressions of collagen I at the mRNA and protein levels
as means ± SD of three experiments. *p ≤ 0.05, **p ≤ 0.01. EPS11,
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Huh7.5 cells without collagen I coating, whereas cell invasion
in Huh7.5 cells with collagen I coating (40 μg/ml) was almost
unaffected by EPS11 (Fig. 4C). Knockdown of endogenous
collagen I was conducted by RNAi, and the data of quantitative
RT-PCR (qRT-PCR) analysis showed that the mRNA expres-
sion levels of collagen I decreased after Huh7.5 cells were
transfected with three siRNAs of collagen I for 48 h (Fig. 4D).
The inhibition on cell adhesion, migration, and invasion in
Huh7.5 cells caused by EPS11 was further strengthened with
the depressed mRNA levels of collagen I (Fig. 4, E–G). In
conclusion, collagen I appeared to be the most promising
mediator in antimetastasis of liver cancer induced by EPS11.

Moreover, qRT-PCR and Western blotting showed that the
mRNA and protein expression levels of collagen I were not
affected by EPS11 (Fig. 4, H and I), suggesting that EPS11 had
no effect on the gene transcription and expression of collagen
I. Therefore, we speculated that collagen I was a key target for
EPS11 exerting antimetastasis activity.
EPS11 directly targets collagen I

To test the interaction of EPS11 with collagen I, we first
performed target identification by cellular thermal shift assay
(CETSA). CETSA experiment revealed that EPS11 treatment
efficiently protected collagen I protein from temperature-
dependent degeneration (Fig. 5A). Immunofluorescence
staining showed that collagen I was widely distributed inside
and outside Huh7.5 cells, whereas EPS11 labeled with FITC
was distributed more on or outside the Huh7.5 cells (Fig. S3).
The distribution of EPS11 and collagen I overlapped, and they
were colocalized on or outside the cells (Fig. S3). To verify the
direct interaction between EPS11 with collagen I, we next
performed surface plasmon resonance (SPR) assay. SPR anal-
ysis revealed that target affinity (equilibrium dissociation
constant value) of EPS11 binding to collagen I was 15 μM
(Fig. 5B), showing a specific binding of EPS11 with collagen I.
In addition, FITC pull-down assay was further performed to
confirm the binding of EPS11 with collagen I in cells. FITC
magnetic beads were first incubated with cell lysates, and after
Figure 5. EPS11 directly targets collagen I. A, EPS11 protected target protein
the target affinity (equilibrium dissociation constant [KD] value) of EPS11 bind
FITC beads. FITC beads were incubated with cell lysates of Huh7.5 cells, and af
analysis. M, marker; 1, total cell lysates; 2, flow through (the bead-unbound
saccharide 11; SPR, surface plasmon resonance.
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a series of washing steps, the complexes of FITC beads and
target molecules were finally obtained for Western blotting
analysis. As shown in Figure 5C, collagen I was detected in all
three fractions, including total cell lysates, flow through (the
unbound proteins), and FITC pull down (FITC-beads bound
proteins), further confirming the previously proposed inter-
action between EPS11 and collagen I.
EPS11 displays antimetastasis activity through collagen
I/β1-integrin signaling

β1-Integrin is a transmembrane receptor, which plays a vital
role in cell–ECM interactions. It is reported that β1-integrin is
positively correlated with the level of collagen I in liver cancer
tissue. To further figure out whether β1-integrin is involved in
the antimetastasis of liver cancer induced by EPS11, β1-
integrin is cloned and overexpressed in three liver cancer
cell lines (Huh7.5, Bel-7402, and HepG2) through transfection.
As shown in Figure 6A, the expression levels of β1-integrin in
these three liver cancer cells were dramatically increased after
transfection for 48 h. Indeed, the decreased cell adhesion
caused by EPS11 in these three liver cancer cells was all
restored by overexpressions of β1-integrin (Fig. 6B). Besides,
the overexpressions of β1-integrin also alleviated the inhibiting
effects of EPS11 on cell migration (Fig. 6C, left panels) and
invasion (Fig. 6C, right panels) in these three liver cancer cells.
Blocking antibody against β1-integrin was used to perturb the
signaling pathways related with β1-integrin in our study. As
shown in Figure 6E, blocking antibody against β1-integrin
could decrease the migratory and invasive ability of un-
treated liver cancer cells (Huh7.5, Bel-7402, and HepG2),
suggesting that β1-integrin is involved in cell migration and
invasion. EPS11 caused the reduction of cell adhesion in all
three liver cancer cell lines but had no inhibitory effects on cell
adhesion when cells were treated with blocking antibody
against β1-integrin (Fig. 6D). Similarly, the inhibition on cell
migration (Fig. 6E, upper panels) and invasion (Fig. 6E, lower
panels) of three cell lines induced by EPS11 were completely
reversed by addition of blocking antibody against β1-integrin.
(collagen I) against temperature-dependent degeneration in Huh7.5 cells. B,
ing to collagen I was detected by SPR. C, collagen I was pulled down using
ter washing steps, the complexes were finally obtained for Western blotting
proteins); 3, FITC pull-down (the bead-bound proteins). EPS11, exopoly-



Figure 6. β1-integrin plays vital roles in the inhibition of EPS11 on adhesion, migration, and invasion of liver cancer cells (Huh7.5, Bel-7402, and
HepG2). A, the expression levels of β1-integrin were detected by Western blotting after Huh7.5, Bel-7402, and HepG2 cells were transfected with pmax-β1-
integrin for 48 h, respectively. The overexpression of β1-integrin rescued the EPS11-induced reduction of cell adhesion (B), migration (C, left panels), and
invasion (C, right panels) in three liver cancer cell lines (Huh7.5, Bel-7402, and HepG2). EPS11 had no inhibitory effects on cell adhesion (D, 0.01 mg/ml
EPS11), migration (E, upper panels), and invasion (E, lower panels) in three liver cancer cell lines (Huh7.5, Bel-7402, and HepG2) with blocking antibody
against β1-integrin. Ab stands for the blocking antibody against β1-integrin. Data were presented as means ± SD of three independent experiments (n = 3).
*p < 0.05, **p < 0.01. EPS11, exopolysaccharide 11.
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These data further support that EPS11 exerts the antimeta-
stasis of liver cancer via β1-integrin.

In conclusion, the obtained data demonstrate that the
antimetastasis of liver cancer cells induced by EPS11 is directly
based on collagen I via β1-integrin signaling pathway.
Discussion

As the culprit behind most cancer-related deaths, metastasis
is the ultimate challenge in our effort to fight cancer as a life-
threatening disease (28). Thus, development of effective ther-
apeutic agents and strategies for the prevention of metastatic
cancer will be a promising strategy for cancer. In the current
study, it has been demonstrated that natural marine
carbohydrate-based compound EPS11 could effectively inhibit
metastasis of liver cancer by directly targeting collagen I
through β1-integrin signaling pathway, indicating a novel and
key drug candidate for treating metastatic liver cancer. Previ-
ous studies mainly focus on the discovery of new agents
directly targeting cancer cells; however, tumor
microenvironment, especially ECM proteins, has been paid
less attention. In this study, our data revealed that EPS11 could
specially target extracellular collagen I to suppress metastasis
of liver cancer. To our knowledge, these findings have not
aroused extensive attentions before.

During tumor development, tumor cells constantly
communicate with the surrounding microenvironment
through both biochemical and biophysical cues (14). And in
particular, the tumor microenvironment can facilitate local
invasion and distant metastasis by instructing cancer cells to
undergo a morphogenesis program termed EMT. EMT refers
to a global cellular and molecular transition during tumor
metastasis, by which polarized epithelial cells gain mesen-
chymal properties to migrate (14, 29). In the tumor microen-
vironment, ECM plays an important role in tumorigenesis and
tumor development (30). The critical role of ECM in pro-
moting EMT was already reported in the original experiments
conducted by Greenburg and Hay. They showed that epithelial
cells from embryonic and adult anterior lens cultured in three-
dimensional collagen gels can elongate and migrate as
J. Biol. Chem. (2021) 297(4) 101133 7
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individual cells (31). Recently, Zhang et al. (32) unraveled that
ECM structural protein collagen I could promote tumor cell
invasion by activating downstream SRC/extracellular signal–
regulated kinase 2 to stabilize SNAIL1 in breast tumor cells.
Another ECM structural component, fibronectin, was reported
to stimulate EMT by inducing SNAIL1 expression in tumor
cells (33). Thus, the ECM-targeted therapy may be a potential
strategy for the treatment of tumor metastasis.

In our study, proteomic analysis revealed that EPS11 had
strong inhibition effect on the ECM–receptor interaction
signaling pathway of Huh7.5 liver cancer cells (Fig. 3A), indi-
cating that there was a strong link between the antimetastasis
of EPS11 and ECM. To determine which component of ECM
is responsible for the metastasis inhibition, we treated
Huh7.5 cells with EPS11 on plates coated with collagen I,
laminin, or fibronectin. This experiment showed that
Huh7.5 cells cultured on collagen I had a higher proliferation
and adhesion rates than those on laminin and fibronectin
(Fig. 3, B–D). Further study showed that collagen I was an
important potential target of EPS11 (Fig. 4). CETSA, immu-
nofluorescence, SPR, and pull-down studies finally proved that
there was a direct interaction between EPS11 and collagen I
(Fig. 5 and Fig. S3).

Integrin, a typical adhesion molecule in cancer cells, often
mediates cancer cell behavior, especially when combined with
collagen (4). Different types of collagen bind to various
integrins in cancer cells, mediating a broad spectrum of
cellular functions, such as differentiation, proliferation, sur-
vival, and progression (34). The expression level of β1-integrin
was often upregulated in human liver cancer specimens,
positively correlated with the level of collagen I. Besides, the
upregulated expressions of β1-integrin and collagen I in liver
cancer cells were closely associated with cancer proliferation
and metastasis (5). In our study, β1-integrin is identified as the
metastasis-inhibitory receptor for EPS11 via binding to
collagen I (Fig. 6). Integrin-targeted therapy has revealed
promising results in both preclinical and clinical studies in
breast cancer, melanoma, glioblastoma, and other solid tumors
(35). It has been reported that tumor cell migration and in-
vasion was strongly inhibited by anti-β1-integrin monoclonal
antibodies in the pancreatic carcinoma (36). Knockdown of
β1-integrin significantly reduces primary tumor growth and
inhibits pancreatic cancer metastasis (37). Consistently, our
data provide additional insights to the inhibition of β1-integrin
as a potential intervention for cancer metastasis.

In recent years, studies have shown that natural poly-
saccharides have significant anticancer activity, and the toxic
side effects of the human body are relatively small, making the
antitumor activity of polysaccharides become a hot topic of
domestic and foreign experts and scholars in the pharmaceu-
tical fields (38). Bacterial EPSs with low cytotoxicity and side
effects are considered to serve as a good substitute to the
synthetic antitumor agents (39) and have drawn a great deal of
attention in the fields of tumor therapy. At present, many
anticancer EPSs have been found, including EPSs isolated from
Rhizopus nigricans (40), Lactobacillus delbrueckii subsp bul-
garicus (41), and marine Bacillus amyloliquefaciens 3MS 2017
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(42). The mechanism of antitumor action of EPSs consists of
the stimulation of the immune system, induction of cell
apoptosis, and activation of autophagy, but so far, there are no
reports about the exact targets of antitumor effects of EPSs.
EPSs are usually long-chain high molecular-mass polymers
with an enormous structural diversity, composed of the sugar
units mainly glucose, galactose and rhamnose, mannose,
fructose, arabinose, and xylose in different ratios or some sugar
derivatives such as N-acetylgalactosamine and N-acetylglu-
cosamine (39), thus making the studies of in-depth mecha-
nisms extremely difficult. Our study has demonstrated for the
first time that EPS can directly target collagen I to display its
antimetastasis activity, which will contribute to the research
and development of new polysaccharides in medicine.

In summary, we demonstrate here that marine bacterial
EPS, EPS11, can directly interact with collagen I. And then the
blockade of collagen I by EPS11, in large part, inhibits the
metastasis of liver cancer cells via β1-integrin signaling
pathway. Considering the general research situation of poly-
saccharides in medicine, our data present a novel mechanism
underlying the antitumor metastasis of polysaccharides in
medicine and provide a theoretical basis for developing more
carbohydrate-based drugs.

Experimental procedures

Materials

RPMI1640 and high-glucose Dulbecco’s modified Eagle’s
medium (DMEM) were purchased from Thermo Fisher Sci-
entific. Fetal bovine serum (FBS) was bought from PAN
Biotech. Transwell plates were obtained from Corning.
Collagen I, laminin, and fibronectin were ordered from
Beyotime Institute of Biotechnology. siRNA and transfection
reagent siRNA-Mate were supplied by GenePharma. FITC was
provided by Solarbio. Antibodies against collagen I,
β1-integrin, β-actin, and β-tubulin were the products of Bioss.
Blocking monoclonal anti-β1-integrin (clone P5D2) was pur-
chased from R&D Systems. FITC magnetic beads were ob-
tained from Aladdin. Carboxymethylated 5 sensor chip was
purchased from GE Healthcare. All other reagents used in the
experiment were of analytical grade or higher.

Cell culture

Huh7.5 liver cancer cells were cultured in RPMI1640 me-
dium with 10% FBS, 100 U/ml penicillin, and 100 μg/ml
streptomycin. Both HepG2 liver cancer cells and Bel-7402 liver
cancer cells were cultured in high-glucose DMEM with 10%
FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin. All
experiments were carried out with the same batch of cell line
between passages 2 and 8.

Scanning electron microscopy observation

HepG2 and Bel-7402 cells in the logarithmic phase were
seeded onto the glass coverslips and treated with different
doses of EPS11 (0, 0.1, and 0.2 mg/ml) for 6 or 12 h. Cells were
then fixed by 5% glutaric dialdehyde, washed by PBS three
times, and gradually dehydrated in ethanol (30%, 50%, 70%,
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90%, and 100% for 10 min at each step). Finally, scanning
electon microscopy was performed to observe the ultrastruc-
tural changes of cells on the coverslips.

Cell adhesion assay

Hepatocellular carcinoma cells (Huh7.5, Bel-7402, and
HepG2) were seeded in 96-well plates, which were filled with
RPMI1640 or DMEM containing EPS11. After incubation for
12 h, nonadherent cells were removed by washing with PBS
twice, whereas adhered cells were fixed with 95% ethanol for
30 min at room temperature and stained with 0.1% crystal
violet for 20 min. After redundant crystal violet was removed,
100 μl acetic acid was added into each well with gentle shaking
for 10 min. The absorbance at 590 nm was then measured by a
multidetection microplate reader (Infinite M1000 Pro;
TECAN).

Cell migration assay

For wound-healing assays, three human hepatocarcinoma
cell lines (Huh7.5, Bel-7402, and HepG2 cells) were seeded in
96-well plates. After 24 h, a scratch was made on the bottom of
each well using sterile pipette tips. Washed twice with PBS, the
cells were exposed to medium supplemented with or without
EPS11. After incubation for 6 or 12 h, three fields of each
wound were selected and photographed with an inverted mi-
croscope (NIKON TS100) equipped with a digital camera.

For transwell-migration assays, first, the lower compartment
of transwell plates contained 0.6 ml of medium supplemented
with 20% FBS. Hepatocellular carcinoma cells (Huh7.5, Bel-
7402, and HepG2) were then resuspended in 100-μl medium
containing 5% FBS with or without EPS11 and seeded into the
upper compartment of each well. Cells were further incubated
for 6 or 12 h to allow cell migration through the filter mem-
brane to the lower side of the insert. After washed with PBS
three times, cells were fixed with 95% ethanol and stained with
0.1% crystal violet. Then, the nonmigrated cells on the upper
side of the insert were gently removed using cotton swabs, and
the migrated cells on the lower side of the insert were observed
and photographed by an inverted microscope (NIKON
TS100).

Cell invasion assay

The invasive potential of cells was also assessed in the
transwell chamber, thereby allowing the cells to pass through a
polycarbonate membrane (8-μm pore size) coated with
Matrigel. Briefly, 2 mg/ml of Matrigel was coated on the
chambers for 6 h at 37 �C. Cells (Huh7.5, Bel-7402, and
HepG2) were then resuspended in RPMI1640 or DMEM
(100 μl) containing EPS11 and were added into the upper
chamber of each well. The lower chambers were also filled
with 500 μl of RPMI1640 or DMEM containing 20% FBS. After
incubation for 6 or 12 h, cells on the lower surface were fixed
with 95% ethanol for 30 min, followed by 0.1% crystal violet
staining for 20 min at room temperature. Afterward, the cells
on the upper surface were removed via gentle scraping with
cotton swabs. Images of the invading cells on the lower surface
of the chambers were captured using an inverted microscope
(NIKON TS100).

Colony formation assay

The colony formation assay was carried out in 6-well plates.
The plates containing 3000 cells (Huh7.5, Bel-7402, and
HepG2) were incubated at 37 �C for 5 to 10 days, after which
the colonies were stained with 0.1% crystal violet staining for
20 min at room temperature, and images of colonies were
captured by an inverted microscope (NIKON TS100).

Preparation and purification of EPS11-FITC

EPS11 was prepared according to the procedures described
before (25). The reaction of fluorescent labeling was performed
with a molar ratio of 10:1 FITC to EPS11. EPS11 was diluted
with 100 mM sodium carbonate (pH 9.3) to 0.5 mg/ml and
further dialyzed against this buffer for 24 h. Dilute FITC so-
lution with 100 mM sodium carbonate (pH 9.3) to 0.05 mg/ml.
About 0.5 mg/ml EPS11 solution was mixed with a freshly
made 0.05 mg/ml FITC solution (in reaction buffer) in the
50-ml tube. The tube was wrapped in aluminum foil for light
protection and was agitated for 30 min at 900 rpm. After
fluorescent labeling, the reaction mix was loaded onto Hiload
16/600 Sephadex 200 column (GE Healthcare) to purify
EPS11-FITC.

Confocal laser scanning microscopy observation

Huh7.5 cells were seeded in glass bottom dishes (35-mm
dish with 14-mm bottom well) for live cell microscopy mea-
surement. After incubation at 37 �C for 24 h, cells were first
labeled with membrane-specific dye Dil (1,10-dioctadecyl-
3,3,30,30-tetramethylindocarbocyanine perchlorate) and then
treated with EPS11-FITC (0.1 mg/ml) for 3 h. After being
washed twice with PBS, cells were observed by the laser
scanning confocal microscope LSM 710 (Carl Zeiss) for
colocalization analysis.

Proteomic analysis

Proteomic analysis of Huh7.5 cells was performed by PTM-
Bio labs Co, Ltd. Briefly, Huh7.5 cells seeded in dishes
(100 mm) were, respectively, treated with EPS11 (0, 0.1, and
0.2 mg/ml) for 24 h, and cells were then collected and lysed to
obtain total cellular protein. Protein samples were digested,
and the tryptic peptides were dissolved in solvent A (0.1%
formic acid and 2% acetonitrile in water), directly loaded onto
a reversed-phase analytical column (25-cm length, 100 μm
i.d.). Peptides were separated with a gradient from 7% to 23%
solvent B (0.1% formic acid in 90% acetonitrile) over 26 min,
23% to 35% in 8 min and climbing to 80% in 3 min then
holding at 80% for the last 3 min, all at a constant flow rate of
400 nl/min on an EASY-nLC 1000 UPLC system (Thermo
Fisher Scientific).

The separated peptides were analyzed in Q Exactive (Thermo
Fisher Scientific) with a nanoelectrospray ion source. The
electrospray voltage applied was 2.1 kV. The full MS scan res-
olution was set to 70,000 for a scan range of 350 to 1800 m/z.
J. Biol. Chem. (2021) 297(4) 101133 9
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Up to 20 most abundant precursors were then selected for
further MS/MS analyses with 30-s dynamic exclusion. The
higher energy collisional dissociation fragmentation was per-
formed at normalized collision energy of 28% and 31%. The
fragments were detected in the Orbitrap at a resolution of
17,500. Fixed first mass was set as 100 m/z. Automatic gain
control target was set at 5E4, with an intensity threshold of 1E4
and a maximum injection time of 200 ms.

The resulting MS/MS data were processed using MaxQuant
search engine (version 1.5.2.8, https://www.maxquant.org/).
Tandem mass spectra were searched against the human
SwissProt database (9606_SP_Human_201701.fasta, 20,130
entries) concatenated with reverse decoy database. Trypsin/P
was specified as cleavage enzyme allowing up to two missing
cleavages. The mass tolerance for precursor ions was set as
20 ppm in first search and 5 ppm in main search, and the mass
tolerance for fragment ions was set as 0.02 Da. Carbamido-
methyl on Cys was specified as fixed modification. Acetylation
on N-terminal protein and oxidation on Met were specified as
variable modifications. Tandem mass tag-6plex quantification
was performed. False discovery rate was adjusted to <1%, and
minimum score for peptides was set as >40.

The database search and analysis results of the mass spec-
trum data give the signal intensity value of each peptide in
different samples. According to this information, the relative
quantification of the protein is calculated by the following
steps:

(1) The signal intensity value (I) of the peptide in different
samples is changed by centralization, and then the relative
quantification value (R) of the peptide in different samples
is obtained. The calculation formula is as follows: where i
represents the sample and j represents the peptide.

Rij¼ Iij =meanðIjÞ

(2) In order to eliminate the systematic error of the sample
amount of different samples in the MS detection, the
relative quantitative value of the peptide needs to be cor-
rected by the median normalization (NR) method.

NRij¼Rij =medianðRiÞ

(3) The relative quantitative value of the protein is expressed
as the median value of the relative quantitative value of the
specific peptide corresponding to the protein. The calcu-
lation formula is as follows: where k represents protein. j
represents the specific peptide to which the protein
belongs.

Rik¼medianðNRij; j2 kÞ
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Preparation of coated surfaces

Preparation of coated surfaces with 20 μg/ml extracellular
matrices (collagen I, laminin, and fibronectin) was performed
as mentioned previously (43). To coat culture plates, laminin
(20 μg/ml), fibronectin (20 μg/ml), or collagen I (20 μg/ml)
diluted with PBS were added into each well and incubated for
1 h at 37 �C. Afterward, the coated surfaces were thoroughly
rinsed with PBS and water twice, respectively, and were air
dried before adding medium or cells.

Cell proliferation assay

Huh7.5 cells (7 × 103/well) in exponential phase of growth
were seeded in the 96-well plate at 37 �C for 12 h and then
were treated with EPS11. After treatment for 24 h, 20 μl 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide solu-
tion (5 mg/ml) was added into each well and incubated for
another 4 h. About 100 μl of “triplex solution” (10% SDS, 5%
isobutanol, and 12 mMHCl) was added to each well for 12 h to
dissolve purple crystals of formazan. Absorbance at 570 nm
was measured by a multidetection microplate reader (Infinite
M1000 Pro; TECAN).

Gene silencing by siRNA

The RNAi sequences (RNAi#1, 50-GCUGUCUUAUGGC
UAUGAUTT-30), (RNAi#2, 50-CUGGAAAGAAUGGAGAU-
GATT-30), and (RNAi#3, 50-GCAAGACAGUGAUU-
GAAUATT-30) against human collagen I were synthesized by
GenePharma. Huh7.5 cells growing in the RPMI1640 medium
at 40% to 50% confluence were transfected with siRNA against
human collagen I using siRNA-Mate (GenePharma) according
to the manufacturer’s instructions. Three collagen I siRNAs
were applied separately, and a nonsilencing siRNA was used as
a negative control for nonspecific silencing events. The final
concentration of siRNA was 100 nM. After 48 h, the trans-
fected cells were further maintained in fresh medium before
experimentation, and the expression levels of collagen I in
transfected cells were detected by Western blotting analysis.

qRT-PCR

RNA was isolated according to the manufacturer’s protocol
of TRIpure reagent (Aidlab). RNA was reversely transcribed
into complementary DNA (cDNA) using a reverse transcrip-
tion kit (Toyobo) with the DNase I-treated total RNA as the
template. GAPDH was used as internal control. Real-time
qRT-PCR was performed in triplicates with ABI 7900 Real-
Time PCR System (Applied Biosystems), and data were
calculated by 2−ΔΔCT method.

Western blotting analysis

Huh7.5 cells were collected by trypsinization and centrifu-
gation, washed with ice-cold PBS three times, and lysed with
radioimmunoprecipitation buffer. Afterward, protein samples
were resolved on 10% SDS-PAGE gels, electrotransferred to
nitrocellulose membranes, and incubated with primary

https://www.maxquant.org/
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antibodies and secondary antibodies, and finally detected by
enhanced chemiluminescence kit using Tanon 5200SF Imag-
ing Analysis System (Tanon).

Target identification by CETSA

To find out the possible target responsible for EPS11-
mediated anticancer activity, CETSA was performed as
described previously (44). In brief, Huh7.5 cells were incubated
with EPS11 (0.1 mg/ml) for 12 h followed by heating for 3 min
at the desired temperatures (30, 40, 50, 60, 70, 80, and 90 �C)
and placed on ice until the range of heat treatments was
completed. Then the lysates were prepared using radio-
immunoprecipitation buffer and further analyzed by Western
blotting analysis.

SPR analysis

The whole flow path was first primed by running buffer
(PBS with 150 mM NaCl, 0.05% surfactant P20, and pH 7.5)
for three times. In SPR measurements, reaction temperature
was set at 25 �C. Collagen I protein (0.5 mg/ml) in 10 mM
sodium acetate buffer (pH 4.5) was immobilized on a car-
boxymethylated 5 sensor chip. Gradient concentrations of
EPS11 (0–15 μM) were injected to Biacore T200 system at a
flow rate of 30 μl/min. Results were analyzed with Biacore
evaluation software (GE, T200, version 1.0) and fitted to ki-
netic model. Equilibrium dissociation constant was derived by
fitting to a 1:1 Langmuir binding model.

FITC pull-down assay

After incubated with EPS11-FITC for 2 h at 4 �C, FITC
magnetic beads were washed three times by PBS to remove the
unbound EPS11-FITC. Huh7.5 cell lysates were then incubated
with EPS11-bound beads overnight at 4 �C. Wash away the
unbound proteins, and the bead-bound proteins were separated
by SDS-PAGE and examined by Western blotting analysis.

DNA constructs, transfection, and overexpression

Extraction of total RNA and synthesis of cDNA were per-
formed as mentioned previously (45). The full-length cDNA
sequence of β1-integrin was obtained by PCR. The PCR
products were gel purified, digested with restriction enzymes,
and ligated into the pmax-vector (Biovector). The constructed
plasmid (pmax-β1-integrin) was transformed into Escherichia
coli DH5α competent cells, and the cloned gene was confirmed
by sequencing. The correct plasmid pmax-β1-integrin was
transfected into liver cancer cells (Huh7.5, Bel-7402, and
HepG2) using the Lipofectamine 2000 (Thermo Scientific)
according to the manufacturer’s protocol. The transfected cells
were collected at 48 h post-transfection, and the over-
expression levels of β1-integrin in three liver cancer cell lines
were further confirmed by Western blotting analysis.

β1-integrin–blocking assay

For blocking β1-integrin signaling, Huh7.5 cells were pre-
treated for 45 min with 20 μg/ml anti-β1-integrin blocking
antibody at 37 �C and 5% CO2. After incubation, cell adhesion,
migration, and invasion were detected as described previously.

Statistical analysis

All data are expressed as means ± SD. Statistical signifi-
cances are analyzed by two-tailed Student’s t test using SPSS
17.0 (IBM). Differences of p ≤ 0.05 were considered statistically
significant (*p ≤ 0.05, **p ≤ 0.01).

Data availability

All MS data/data of proteomic analysis are deposited to the
ProteomeXchange Consortium via the PRIDE partner re-
pository (dataset identifier: PXD025155).
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