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Abstract: Although metastasis is the primary cause of death in patients with malignant solid tumors,
efficient anti-metastatic therapies are not clinically available currently. Sulfated glycosaminoglycans
from marine sources have shown promising pharmacological effects, acting on different steps of
the metastatic process. Oversulfated dermatan sulfates from ascidians are effective in preventing
metastasis by inhibition of P-selectin, a platelet surface protein involved in the platelet-tumor
cell emboli formation. We report in this work that the heparan sulfate isolated from the
viscera of the ascidian Phallusia nigra drastically attenuates metastases of colon carcinoma cells
in mice. Our in vitro and in vivo assessments demonstrate that the P. nigra glycan has very low
anticoagulant and antithrombotic activities and a reduced hypotension potential, although it efficiently
prevented metastasis. Therefore, it may be a promising candidate for the development of a novel
anti-metastatic drug.

Keywords: marine invertebrates; glycosaminoglycans; platelets; circulating tumor cells; circulating
tumor microemboli; hematogenous metastasis

1. Introduction

Metastasis is a multi-step process by which cells from a primary tumor invade the adjacent
extracellular matrix, reach the blood or lymphatic vessels, travel through circulation and extravasate
the vessel wall to invade a distant tissue and form secondary tumors [1]. During the hematogenous
dissemination, tumor cells release cytokines in the bloodstream that activate platelets and the
coagulation system [2]. Many glycoproteins at the surface of circulating tumor cells (CTCs) exhibit a
specific epitope described as sialyl-Lewis X (or sialyl-Lewis A). These epitopes are recognized and
bind to P-selectin expressed on the membrane of activated platelets, which lead to the formation of a
platelet cloak around CTCs. Additionally, platelet and tumor cell interaction is reinforced by fibrin
accumulation around these cloaks, originating a circulating tumor microemboli (CTM) [3].
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CTM protects tumor cells from circulatory mechanical forces and immune cell attack (e.g., natural
killer cells) in the bloodstream [4,5]. Both physical stress and immune surveillance make the bloodstream
a hostile environment for CTCs. It is estimated that only 0.01% of tumor cells released in the circulation
successfully form metastases [6]. Other than mechanically protecting tumor cells, platelets have the
intrinsic ability to interact with endothelium, which facilitates the arrest of CTCs in capillaries at
metastatic sites, leading to extravasation [7]. In this context, preventing P-selectin binding and the
formation of CTMs might decrease the chances of CTC survival in the bloodstream, thus, hindering
metastasis formation [8,9].

Heparan sulfate (HS) is a glycosaminoglycan (GAG) expressed in virtually all cells throughout
the body. It is mostly found at the cell surface and at the extracellular matrix, forming heparan sulfate
proteoglycans (HSPGs) such as Syndecan, Glypican, Perlecan, etc. [10]. Specific interactions of HS
with its ligands such as growth factors and receptors, regulate coagulation, inflammation, metastasis,
viral infection and many other biological processes [11,12]. Both HS and its analog heparin (HEP)
are composed of repetitive disaccharide unities containing α-glucosamine and uronic acid residues
linked by (1→4)-glycoside bonds. HS is enriched in N-acetyl α-glucosamine→β-glucuronic acid
disaccharides bearing different sulfation patterns, whereas HEP is composed mainly of N,6-disulfated
α-glucosamine→2-sulfated α-iduronic acid disaccharides [13].

GAG-based drugs currently approved for medical use, such as unfractionated (UFH) and
low-molecular-weight (LMWH) heparin, chondroitin sulfate (CS) and hyaluronic acid are obtained
from tissues of vertebrate animals. Nevertheless, GAG-like polysaccharides found in different marine
invertebrates such as clams (mollusks), sea cucumbers (echinoderms) and ascidians (Subphylum:
Urochordata; Class: Ascideacea) have shown promising therapeutic effects in different animal models of
human diseases [14–16]. In the ascidian Styela plicata, for instance, HEP-like glycans were found in
intracellular granules of oocyte test cells and hemolymph basophil-like cells [17]. This glycan is enriched
in disaccharides containing 2-sulfated α-iduronic acid linked to N,6-disulfated α-glucosamine (~75%)
or N-sulfated α-glucosamine (~25%) and was shown to attenuate inflammation in animal models
of colitis. Moreover, this polysaccharide also yielded a nano-derivative able to inhibit proliferation
and invasiveness of breast cancer cells [18,19]. Interestingly, the ascidian HEP has significantly lower
anticoagulant activity than pharmaceutical UFH from porcine mucosa [20,21].

Recently, we isolated an HS-like glycan (PNH) from the viscera of the ascidian Phallusia nigra.
Structural analyses by solution 1H and 13C nuclear magnetic resonance (NMR) (Figure 1A) showed
that PNH is a highly heterogeneous HS enriched in 2-sulfate β-glucuronic and 6-sulfate N-acetyl
α-glucosamine units (Figure 1B) [21]. The aPTT assay revealed that PNH has an anticoagulant activity
approximately 60-fold lower than UFH (Figure 1C); nevertheless, PNH was still able to inhibit the
binding of tumor cells to P-selectin at doses 11-fold lower than UFH, as depicted in Figure 1D [21].
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Figure 1. Chemical composition, anticoagulant activity and P-selectin binding blockage by the 

heparan sulfate from Phallusia nigra (PNH). (A) 1H NMR spectrum of PNH. For details on the signals 

annotated in the spectra, check reference [21]. (B) Proportions of PNH major disaccharides 

components. (C) Anticoagulant activities (expressed as heparin International Units (IU/mg) of PNH 

(blue circles) and heparin (gray triangles) determined by aPTT clotting assays. (D) Doses (EC50) of 

PNH and heparin necessary to inhibit adhesion of LS180 colon carcinoma cells to P-selectin 

immobilized onto microplate wells. This experiment was repeated and is similar to the one shown in 

reference [21]. * (p < 0.05). Modified (A,C) or similar (D) to reference [21]. 

In this study, using mouse models we demonstrate that PNH can prevent lung metastasis of 

colon carcinoma cells by inhibiting the formation of CTMs. Additionally, we showed that PNH does 

not activate the coagulation zymogen factor XII (FXII), suggesting its low hypotension potential. 

Although pharmaceutical UFH and LMWHs have also shown satisfactory P-selectin mediated anti-

metastatic activities, they might provoke bleeding in patients [22,23]. Therefore, a compound with 

ultra-low anticoagulant activity and high efficacy in preventing metastasis, such as PNH, is a 

promising candidate for therapeutic targeting of P-selectin. 

2. Results 

2.1. PNH Has No Cytotoxic Effect on Tumor Cells 

Once we have confirmed the purity and physical-chemical features of the PNH molecule [21], 

we began to evaluate the in vitro antitumor activity of this molecule. First, we assessed whether PNH 

has cytotoxic effects on the MC-38 colon carcinoma cell line using an MTT assay. The viability of cells 

incubated with media supplemented with crescent concentrations of PNH (0.1–10.0 µg/mL) showed 

no statistically significant differences when compared with those incubated with media without the 

glycan (control) (Figure 2). This result shows that PNH does not exert in vitro cytotoxic effects on 

MC-38 cells. 

Figure 1. Chemical composition, anticoagulant activity and P-selectin binding blockage by the
heparan sulfate from Phallusia nigra (PNH). (A) 1H NMR spectrum of PNH. For details on the signals
annotated in the spectra, check reference [21]. (B) Proportions of PNH major disaccharides components.
(C) Anticoagulant activities (expressed as heparin International Units (IU/mg) of PNH (blue circles) and
heparin (gray triangles) determined by aPTT clotting assays. (D) Doses (EC50) of PNH and heparin
necessary to inhibit adhesion of LS180 colon carcinoma cells to P-selectin immobilized onto microplate
wells. This experiment was repeated and is similar to the one shown in reference [21]. * (p < 0.05).
Modified (A,C) or similar (D) to reference [21].

In this study, using mouse models we demonstrate that PNH can prevent lung metastasis of
colon carcinoma cells by inhibiting the formation of CTMs. Additionally, we showed that PNH does
not activate the coagulation zymogen factor XII (FXII), suggesting its low hypotension potential.
Although pharmaceutical UFH and LMWHs have also shown satisfactory P-selectin mediated
anti-metastatic activities, they might provoke bleeding in patients [22,23]. Therefore, a compound
with ultra-low anticoagulant activity and high efficacy in preventing metastasis, such as PNH, is a
promising candidate for therapeutic targeting of P-selectin.

2. Results

2.1. PNH Has no Cytotoxic Effect on Tumor Cells

Once we have confirmed the purity and physical-chemical features of the PNH molecule [21],
we began to evaluate the in vitro antitumor activity of this molecule. First, we assessed whether PNH
has cytotoxic effects on the MC-38 colon carcinoma cell line using an MTT assay. The viability of cells
incubated with media supplemented with crescent concentrations of PNH (0.1–10.0 µg/mL) showed
no statistically significant differences when compared with those incubated with media without the
glycan (control) (Figure 2). This result shows that PNH does not exert in vitro cytotoxic effects on
MC-38 cells.
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Figure 2. Cytotoxic effect of P. nigra heparan sulfate (PNH). 2 × 104 MC-38 cells were cultured in the 

presence of different concentrations of PNH for 24 h. MTT was added during the last 2 h and the 

absorbance was measured at 560 nm. The percentage of viable cells was calculated relative to control. 

Three independent assays were performed and data were compared by analysis of variance 

(ANOVA); NS = no significant statistical difference. 

2.2. PNH Hinders the Formation of CTMs 

The interaction of circulating tumor cells with platelets is responsible for the formation of CTMs 

and is essential to the successful seeding at metastatic sites [3]. This interaction is primarily mediated 

by P-selectin and our results showed that PNH strongly inhibits the binding of tumor cells to 

immobilized P-selectin in vitro (Figure 1D). Hence, the ability of PNH to prevent the formation of 

CTMs was assessed by quantifying the aggregation of GFP-positive MC-38 cells (MC-38GFP) to 

activated platelets in the lung microvasculature (Figure 3A–C). C57BL/6 mice were intravenously 

injected (i.v. injection) with PNH (1 mg/Kg) or UFH (20 mg/kg) 10 min before i.v. injection of MC-

38GFP cells. After 30 min (Figure 3D) or 3 h (Figure 3E), tumor cells-platelets complex was quantified 

in lung sections by immunofluorescence. We used a dose 20 times lower of PNH on this experiment, 

because our in vitro analyses showed that PNH inhibits adhesion of LS180 colon carcinoma cells to 

P-selectin more efficiently than HEP. Figure 3 shows that at both time points, the lung capillaries of 

the animals treated with the GAGs presented fewer aggregates than those treated with saline. 

Furthermore, platelets-tumor cell aggregation was inhibited to the same extent by PNH and HEP, 

despite the use of a much lower dose of PNH. 

Figure 2. Cytotoxic effect of P. nigra heparan sulfate (PNH). 2 × 104 MC-38 cells were cultured in the
presence of different concentrations of PNH for 24 h. MTT was added during the last 2 h and the
absorbance was measured at 560 nm. The percentage of viable cells was calculated relative to control.
Three independent assays were performed and data were compared by analysis of variance (ANOVA);
NS = no significant statistical difference.

2.2. PNH Hinders the Formation of CTMs

The interaction of circulating tumor cells with platelets is responsible for the formation of CTMs
and is essential to the successful seeding at metastatic sites [3]. This interaction is primarily mediated by
P-selectin and our results showed that PNH strongly inhibits the binding of tumor cells to immobilized
P-selectin in vitro (Figure 1D). Hence, the ability of PNH to prevent the formation of CTMs was
assessed by quantifying the aggregation of GFP-positive MC-38 cells (MC-38GFP) to activated platelets
in the lung microvasculature (Figure 3A–C). C57BL/6 mice were intravenously injected (i.v. injection)
with PNH (1 mg/Kg) or UFH (20 mg/kg) 10 min before i.v. injection of MC-38GFP cells. After 30 min
(Figure 3D) or 3 h (Figure 3E), tumor cells-platelets complex was quantified in lung sections by
immunofluorescence. We used a dose 20 times lower of PNH on this experiment, because our in vitro
analyses showed that PNH inhibits adhesion of LS180 colon carcinoma cells to P-selectin more efficiently
than HEP. Figure 3 shows that at both time points, the lung capillaries of the animals treated with the
GAGs presented fewer aggregates than those treated with saline. Furthermore, platelets-tumor cell
aggregation was inhibited to the same extent by PNH and HEP, despite the use of a much lower dose
of PNH.
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[anti-CD41]) formed in the lung microvasculature of mice were analyzed by immunofluorescence. 

Quantification of aggregates present in the lungs of animals treated during 30 min (D) or 3 h (E) with 

saline (white squares), 1 mg/kg PNH (blue) or 20 mg/kg porcine heparin (gray). Results were 

expressed as percentages of aggregated tumor cells (20 fields per lung, three animals per treatment) 

and compared by analysis of variance (ANOVA); NS (no statistical significance) and * (p < 0.05). 

2.3. PNH Prevents Lung Metastases of Colon Carcinoma Cells in Mice 

Because metastasis efficiency depends on the platelet and tumor cell association, we evaluated 

the efficacy of PNH in preventing the onset of lung metastasis in mice 28 days after i.v. injection of 

GFP-positive MC-38 cells (Figure 4A). Both macroscopic counting of metastatic foci (Figure 4B) and 

fluorescence quantification present in lung homogenates (Figure 4C) showed that a single dose of 

PNH (1 mg/kg), administered intravenously 15 min before the injection of MC-38 cells, dramatically 

reduces (p < 0.05) the incidence of lung metastases relative to control (up to 100 foci per lung observed 

in animals treated with saline) (Figure 4A–C). Considering that it has no cytotoxic effect on MC-38 

cells (Figure 2), the high anti-metastatic activity may be directly related to the ability of PNH to 

prevent P-selectin mediated formation of CTMs, decreasing their survival in the bloodstream and 

preventing metastatic colonization. 

Figure 3. Heparan sulfate from P. nigra (PNH) hinders in vivo platelet-tumor cell aggregation.
(A–C) Aggregates of MC-38GFP colon carcinoma cells (in green [GFP] and blue [DAPI]) and platelets (in
red [anti-CD41]) formed in the lung microvasculature of mice were analyzed by immunofluorescence.
Quantification of aggregates present in the lungs of animals treated during 30 min (D) or 3 h (E) with
saline (white squares), 1 mg/kg PNH (blue) or 20 mg/kg porcine heparin (gray). Results were expressed
as percentages of aggregated tumor cells (20 fields per lung, three animals per treatment) and compared
by analysis of variance (ANOVA); NS (no statistical significance) and * (p < 0.05).

2.3. PNH Prevents Lung Metastases of Colon Carcinoma Cells in Mice

Because metastasis efficiency depends on the platelet and tumor cell association, we evaluated
the efficacy of PNH in preventing the onset of lung metastasis in mice 28 days after i.v. injection of
GFP-positive MC-38 cells (Figure 4A). Both macroscopic counting of metastatic foci (Figure 4B) and
fluorescence quantification present in lung homogenates (Figure 4C) showed that a single dose of
PNH (1 mg/kg), administered intravenously 15 min before the injection of MC-38 cells, dramatically
reduces (p < 0.05) the incidence of lung metastases relative to control (up to 100 foci per lung observed
in animals treated with saline) (Figure 4A–C). Considering that it has no cytotoxic effect on MC-38 cells
(Figure 2), the high anti-metastatic activity may be directly related to the ability of PNH to prevent
P-selectin mediated formation of CTMs, decreasing their survival in the bloodstream and preventing
metastatic colonization.
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Figure 4. P. nigra heparan sulfate (PNH) prevents lung metastasis of colon carcinoma in mice. 
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present in mice treated with a single dose of PNH (1 mg/kg; blue circles) or saline (white squares) 15 

min before injection of MC-38GFP colon carcinoma cells. Results (seven animals per group) were 

compared by t-test; * (p < 0.05) and ** (p < 0.001). 
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Figure 4. P. nigra heparan sulfate (PNH) prevents lung metastasis of colon carcinoma in mice.
Representative images (A), metastatic foci (B) and fluorescence quantification (C) of lung metastases
present in mice treated with a single dose of PNH (1 mg/kg; blue circles) or saline (white squares)
15 min before injection of MC-38GFP colon carcinoma cells. Results (seven animals per group) were
compared by t-test; * (p < 0.05) and ** (p < 0.001).

2.4. PNH Has Low Anticoagulant and Antithrombotic Activities and Hypotension Potential

The major challenge of using HEPs as antitumoral or anti-metastatic agents is the large risk for
bleeding and hemorrhage due to their strong anticoagulant activity. For this reason, we evaluated
the potential of PNH to cause hemorrhage by assessing its anticoagulant and antithrombotic activity.
Our previous study showed that PNH slightly increased the clotting time, as shown in (Figure 1C) [21],
and its anticoagulant activity was determined as 2.46 IU/mg, around 60-fold lower than that of UFH
(~180 IU/mg). Therefore, we evaluated the ability of PNH to potentiate antithrombin (AT) or heparin
cofactor II (HCII)-mediated factor IIa or factor Xa inhibition. The EC50 of PNH for AT-mediated
FIIa and FXa inhibition was 9.98 and 17.32 µg/mL, respectively, far higher than UFH (EC50 = 0.10
and 0.22 µg/mL) (Figure 5A,B). Likewise, the EC50 of PNH for HCII-mediated FIIa inhibition was
3.18 µg/mL, four-fold higher than that of UFH (EC50 = 0.79 µg/mL) (Figure 5C).

Next, we determined whether PNH has antithrombotic activity in vivo. We employed a mouse
model of ferric chloride-induced arterial thrombosis, and evaluated carotid artery occlusion time after
injury [20]. Animals treated intravenously with 1 or 2 mg/kg of PNH showed similar occlusion time
when compared to those receiving saline (control) (Figure 5D). Nevertheless, a higher dose of PNH
(4 mg/kg) was able to double the occlusion time compared to the control, but it was significantly less
effective (p < 0.05) than UFH administered at 40-fold lower doses (0.1 mg/kg) (Figure 5D). These results
indicate that the metastasis-preventing dose of PNH (1 mg/kg) has a minimal antithrombotic effect
in mice.

Previous reports have shown that the fucosylated chondroitin sulfate (FucCS), a GAG composed of
a CS core decorated with branches of sulfated fucose, purified from the body-wall of the sea cucumber
Holothuria grisea may provoke kallikrein-mediated hypotension by activating FXII (FXIIa) [15]. Hence,
we used a chromogenic assay to evaluate the potential of PNH to cause FXIIa-triggered hypotension by
comparing its ability to promote the generation of kallikrein relative to the H. grisea FucCS. Our in vitro
chromogenic assays demonstrate that PNH is approximately six-fold less potent (p < 0.05) than H. grisea
FucCS in activating prekallikrein (Figure 5E).
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Figure 5. Anticoagulant, antithrombotic and pro-FXIIa activities of the heparan sulfate from P. nigra
(PNH). Doses (EC50) of PNH and UFH promoting in vitro AT-mediated anti-FIIa and anti-FXa (A,B)
and HCII-mediated anti-FIIa (C) activities. Results expressed as IU/mg and EC50 in panels A–C (means,
three independent assays) were compared by t-test. Gray triangles—UFH and blue circles—PNH.
(D) Effects of saline (white squares), UFH (0.1 mg/kg) and crescent doses of PNH (1→4 mg/kg) on the
thrombus formation in arteries of mice. Occlusion times (seven animals per condition) were compared
by analysis of variance (ANOVA). (E) FXII activation promoted by PNH (blue circles) and H. grisea
FucCS (red diamonds) was estimated by assessing in vitro activation of prekallicrein present in human
plasma with basis on the increase in absorbance (405 nm) promoted by the chromogenic substrate for
kallikrein; results expressed as optical density/min (mean, three independent assays) were compared
by t-test. NS (no statistical significance) and * (p < 0.05).

3. Discussion

Although metastasis is the main cause of mortality for most malignant tumors, therapeutic agents
targeting its prevention are not clinically available yet. Current treatment of metastatic tumors is mostly
based on surgical excision and/or chemotherapy, which often present poor outcomes in prolonging
patient survival [24,25]. Nevertheless, the search for new therapeutic compounds aiming different
events of the metastatic cascade has shown promising results [25]. PNH from the ascidian P. nigra
demonstrated, in this work, a significant anti-metastatic activity associated with low bleeding and
hypotensive potential, suggesting that it is a strong candidate for development of a novel therapeutic
agent for metastatic tumor treatment.

HSs from different sources should be studied as a family of related polysaccharides rather
than a single GAG type considering their significant compositional variability [26]. Despite the
intrinsic heterogeneity, the distinct disaccharide components of mammalian HSs are often arranged
as repetitive building-blocks along their chains [26]. Previous two-dimensional (2D) NMR spectra
assessments performed by our group have already demonstrated that PNH possesses increased
proportions of disaccharides containing N-acetyl α-glucosamine and/or β-glucuronic acid (>50%),
which is characteristic of HSs, but they are randomly arranged along their chains [21].
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The primary GAG mechanism for metastasis prevention relies on disrupting the
P-selectin-mediated interaction between CTCs and platelets, compromising the formation of CTMs,
which are responsible for improving tumor cell survival during hematogenous dissemination [27].
DSs from S. plicata and P. nigra, which are mostly composed of disulfated disaccharides containing
2-sulfated α-iduronic acid linked to 4-sulfated or 6-sulfated N-acetyl α-galactosamine, can inhibit
P-selectin at similar doses (IC50 = 13 µg/mL), whereas porcine DS, enriched in monosulfated
disaccharides of α-iduronic acid→N-acetyl α-galactosamine 4-sulfated (up to 95%), is ineffective [8].
Likewise, HS purified from the viscera of the scallop N. nodosus, which presents increased proportions
of monosulfated β-glucuronic acid→N-acetyl α-glucosamine disaccharides (>70%), also inhibits
P-selectin (IC50 ~ 30 µg/mL) [28]. Both PNH and other GAGs with low sulfate content have already
shown higher efficacy to inhibit P-selectin compared to the highly anionic UFH [22,29]. For this reason,
the capacity of distinct GAGs to bind to P-selectin seem to be related to the presence of oligosaccharide
sequences bearing specific conformational features (e.g., ring shapes, torsion angles and spatial
distribution of sulfate groups) along their chains rather than relying exclusively on anionic strength [30].
Furthermore, in the present study, we demonstrated that PNH has also higher efficacy in preventing
the formation of CTMs than UFH (20-fold), DSs from S. plicata and P. nigra (four-fold) and N. nodosus HS
(eight-fold), indicating stronger anti-metastatic potential than other GAGs obtained from vertebrates
or invertebrates [22,28,29].

As observed for PNH during our in vivo experiments, DSs from S. plicata and P. nigra, as well as
FucCS from the sea cucumber H. grisea, also attenuate (>95%) lung metastases of MC-38 colon
carcinoma cells in mice [8,31]. Similarly, N. nodosus HS is effective in decreasing (>75%) the incidence
of lung metastases of LLC lung carcinoma cells injected intravenously in mice [28]. Despite being less
effective, UFH and LMWHs also exert satisfactory P-selectin-mediated anti-metastatic activities [22,23].
Furthermore, a few clinical trials indicate that administration of UFH and LMWHs dalteparin,
nadroparin and certoparin might bring benefit clinical outcomes to patients with different solid tumors
in advanced stages [32]. Although we did not evaluate whether PNH can modulate other pathways in
cancer, where GAG treatment has shown positive outcomes, such as E-cadherin up-regulation and
HGF, heparanase and galectin-3 inhibition, its structural resemblance with other HSs/HEPs allows us
to speculate that PNH could exert pharmacological effects in different events of the metastatic cascade
and might act as anti-metastatic agent in a synergistic manner [22,33–36].

The anticoagulant activity of UFH is due to the AT/HCII-mediated inactivation of several
coagulation system enzymes, especially FIIa, and FXa [37]. Our in vitro assays revealed that PNH exerts
a negligible anticoagulant activity, mostly mediated by HCII. This reduced AT-mediated anticoagulant
potency may occur due to the absence of the specific pentasaccharide sequence present in UFH,
which promotes the conformational change responsible for potentiating AT [37,38]. Despite presenting
mostly a serpin-independent anticoagulant activity, the FucCS from H. grisea also activates HCII;
nevertheless, its activity (~50 IU/mg) is far higher than that obtained with PNH [15]. N. nodosus
HS is also more anticoagulant (38 IU/mg) than PNH [28]. On the other hand, DSs from S. plicata
and P. nigra have anticoagulant activities (~8.0 and ~0.5 IU/mg, respectively) similar to PNH [8].
Some low-molecular-weight HEP derivatives with very-low-anticoagulant activities (up to 1 IU/mg
anti-Xa activity) were also able to attenuate metastasis in mice, but at higher doses (up to 20-fold) than
PNH [39].

Pharmaceutical doses of UFH and LMWHs required to effectively inhibit either P-selectin
or other therapeutic targets of the metastatic cascade may provoke bleeding on patients [22,23].
Previous attempts to develop HEP derivatives, as well as semi-synthetic GAG-like oligosaccharides
(SAGEs), which are depleted of anticoagulant activity but effective in preventing metastasis, have shown
poor pharmaceutical outcomes [22,23,40]. Therefore, the low-anticoagulant GAGs with high
anti-metastatic activities found in marine invertebrates, especially PNH and DSs from ascidians,
are attractive sources of novel drugs to prevent metastasis. Moreover, the low but detectable
antithrombotic effect of PNH might also attenuate the procoagulant state commonly observed in cancer
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patients without increasing the bleeding risk [32]. In addition, the low ability to activate kallikrein,
involved in hypotension events, is an advantage of PNH compared to other GAGs [15].

Notwithstanding the pharmacological potential, the production of GAG-based drugs such as
PNH on an industrial scale relies on a constant supply of large amounts of animal raw material.
The ascidian Ciona intestinalis, which has been mass-produced via aquaculture as a source of biomass
to produce biogas by Swedish and Norwegian companies, presents in their viscera anti-metastatic DS
similar to that found in P. nigra [41]. Moreover, scallops of the genus Nodipecten containing HS effective
in preventing metastasis are largely cultivated for food purposes in marine farms spread around
the world [28,42]. Considering that the viscera of both C. intestinalis and N. nodosus are underused
or discarded, their use would not affect the target products of the aquaculture industry, and thus,
the current farming should be fully capable of supplying marine raw material for manufacturing novel
GAG-based anti-metastatic drugs.

4. Material and Methods

4.1. Samples and Cell Lines

DS and HEP/UFH from porcine mucosa and 4-sulfated (CS-4S) and 6-sulfated (CS-6S) CSs
from porcine or shark cartilage, employed as GAG’s standards, were purchased from Sigma-Aldrich
(St. Louis, MO, USA). The 6th international Heparin Standard (2154 UIs per vial, Lot No. 07/328) was
obtained from the National Institute for Biological Standards and Control (Potters Bar, UK). The FucCS
from Holothuria grisea was kindly provided by Dr. Gustavo Santos (Federal University of Rio de Janeiro,
Rio de Janeiro, Brazil). Human colon carcinoma cells (LS180) purchased from ATCC (Manassas, VA,
USA) were grown in minimum essential medium-α (Invitrogen; Carlsbad, CA, USA) supplemented
with 10% FBS (Invitrogen). Mouse colon carcinoma cells (MC-38) expressing green fluorescent protein
(MC-38GFP) [8], provided by Dr. Lubor Borsig, were grown in Dulbecco’s modified Eagle’s medium
with 4.5 g/L glucose (Sigma-Aldrich) supplemented with 10% FBS (Invitrogen). All reagents were
purchased from Sigma-Aldrich unless otherwise stated.

4.2. Isolation and Purification of PNH

Adult specimens of the ascidian P. nigra were collected in the Ilha Grande Bay (Rio de Janeiro state,
Brazil) by scuba diving. Sulfated polysaccharides from the viscera of P. nigra were extracted through
proteolytic digestion with papain, and then, PNH was purified with anion-exchange chromatography,
as previously described [21,43]. Briefly, crude polysaccharide extracts from P. nigra were applied
into a DEAE-cellulose column, equilibrated with 50 mM sodium acetate (pH 5.0), and then eluted
through a linear gradient of 0.5→1.0 M NaCl. Fractions of 4 mL were collected and checked for
metachromasy [43]; four peaks were identified at different NaCl concentrations. Fractions containing
each peak were pooled together, dialyzed against distilled water, lyophilized and stored at −20 ◦C for
further utilization. PNH disaccharide composition was previously shown by NMR analysis [21].

4.3. Cell Viability Assay

To evaluate cytotoxicity of PNH, an MTT reduction assay was performed. 2 × 104 MC-38 cells
were seeded to a 96-well plate (Jet Biofil, Guangzhou, China) and cultured with 0.1; 1.0 or 10.0 µg/mL
of PNH for 24 h (200 µL of final volume). Then, 500 µg of MTT was added to the wells and incubated
for 2 h at 37 ◦C in an atmosphere of 5% CO2. After this period, MTT was solubilized with DMSO and
the absorbance was read in a microplate reader (560 nm). Cells cultured without PNH were identified
as the control group and its absorbance was considered 100% of viability. This experiment was done
in triplicate.



Cancers 2020, 12, 1353 10 of 13

4.4. In Vivo Platelet-Tumor Cell Aggregation

Assessments of in vivo formation of tumor cell-platelet aggregates were performed as previously
described [8]. C57BL/6 mice of 8–12 weeks old (~25 g; both sexes) were anesthetized via intramuscular
injection of 10 mg/kg ketamine (Cristalia; São Paulo, Brazil) and 1.6 mg/kg xylazine (Bayer; São Paulo,
Brazil). Subsequently, PNH (1 mg/kg), UFH (20 mg/kg) or saline (control) were intravenously
administered in their tail vein, followed by a tail vein injection of 3× 105 MC-38GFP cells 10 minutes later.
Lungs from animals euthanized 30 min or 3 h after treatment were analyzed by immunofluorescence
using an Axio Imager A1 microscope (Zeiss; Oberkochen, Germany). Frozen sections of the lungs were
incubated with rat anti-mouse CD41 antibody (BD Life Sciences; Franklin Lakes, NJ, USA) and then
by goat anti-rat Alexa 568-conjugated antibody for labeling the platelets. Twenty fields/lung section
in four sections per lung were analyzed. The number of aggregates present in animals treated with
PNH, UFH, and saline was compared by ANOVA followed by Bonferroni post-test using Origin 8.0
software. All the in vivo assays were performed by following, in a strict manner, the guidelines of our
institution (Federal University of Rio de Janeiro) for animal care and experimentation approved by the
local ethical committee (approval number 01200.001568/2013-87, protocol 054/19).

4.5. Experimental Metastasis Model

The anti-metastatic effect was evaluated by quantifying lung metastases in C57BL/6 mice treated
intravenously with a single dose of PNH (1 mg/kg) or saline (control) 15 min before injection of
3 × 105 MC-38GFP cells. After 28 days, animals were euthanized and macroscopical metastatic foci
present in their lungs were counted. Measurements of fluorescence emitted by MC-38GFP cells present
in lung homogenates were performed as described elsewhere [8]. The anti-metastatic efficacy of
PNH compared to the control group was analyzed by t-test using Origin 8.0 software (OriginLab;
Northampton, MA, USA).

4.6. In Vitro Anti-FIIa and -FXa Activities

PNH and UFH were subjected to FIIa and FXa amidolytic activity assessments by measuring the
hydrolysis of chromogenic substrates [32]. AT (50 nM) or HCII (68 nM) from Hematologic Technologies
(Essex Junction, Chittenden, VT, USA) were incubated in TS/PEG buffer (0.02 M Tris/HCl, 0.15 M NaCl
and 1.0 mg/mL polyethylene glycol 8000, pH 7.4) and then 2 nM FIIa or FXa (Hematologic Technologies)
was added to trigger the reaction. After incubation (60 s at 37 ◦C), residual FIIa or FXa activities were
determined by adding 100 µM of chromogenic substrates S-2238 or S-2765, respectively (Chromogenix;
Molndal, Sweden), and then recording absorbance (405 nm) during 300 s in a ThermoMax Microplate
Reader (American Devices; Sunnyvale, CA, USA). Anti-FIIa and -FXa potencies of PNH and UFH
(IC50) were compared by t-test using Origin 8.0 software (OriginLab).

4.7. In Vivo Antithrombotic Activity

The effectiveness of PNH in preventing arterial thrombosis was evaluated with an in vivo
model [20]. Carotid arteries of C57Bl/6 mice isolated by surgical dissection were placed under an
ultrasonic probe (Transonic System; Ithaca, NY, USA) for monitoring blood flow and then PNH
(1→4 mg/kg), UFH (0.1 mg/kg) and saline (control) were administered intravenously to the animals.
Thrombus was induced by laying a filter piece soaked with 10% ferric chloride over the isolated artery
for 3 min and then monitored for 60 min or up to the complete occlusion of the artery (occlusion time).
Antithrombotic activities of PNH and UFH were compared by ANOVA using Origin 8.0 software
(OriginLab).

4.8. FXII Activation Assay

Different concentrations of PNH or FucCS from H. grisea were incubated with 40 µL human plasma
diluted in TS/PEG (three times). After incubation (60 s at 37 ◦C), activation of FXII was indirectly
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assessed by measuring the conversion of plasma prekallikrein with 0.3 mM kallikrein chromogenic
substrate S-2302 (Chromogenix) and then recording the absorbance (405 nm) for 300 s. The efficacy of
the GAGs in activating FXII was calculated based on the rate of p-nitroanilide formation [15].

5. Conclusions

Compounds such as the S-nitrocaptropil and some PEGylateted-thioaptamers (ESTAs) were
shown to impair metastasis by inhibiting P- or E-selectin in preclinical evaluations [44,45]; nevertheless,
none of them has shown satisfactory progress in clinical trials thus far. The comprehensive set of
in vitro and in vivo assays presented here shows that PNH purified from the viscera of the ascidian
P. nigra has high anti-metastatic activity and low bleeding and hypotensive potential; therefore, it could
be an interesting candidate to be tested in future clinical trials.

Author Contributions: Conceptualization, L.B. and M.S.G.P.; Formal analysis, C.F.S.S., J.M.M., F.C.O.B.T. and
E.V.; Investigation, C.F.S.S., J.M.M., F.C.O.B.T. and A.M.G.; Methodology, C.F.S.S., A.M.G. and E.O.K.; Supervision,
L.B. and M.S.G.P.; Writing—original draft, J.M.M., F.C.O.B.T. and E.V.; Writing—review and editing, M.S.G.P.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from Conselho Nacional de Desenvolvimento Cientifico e Tecnológico
(CNPq), Coordenação de Aperfeiçoamento do Pessoal de Nível Superior (CAPES) and Fundação de Amparo à
Pesquisa do Estado do Rio de Janeiro (FAPERJ). MSGP is a research fellow from CNPq and FAPERJ. L.B. was
supported by Swiss National Science Foundation no. 31003A-133025.

Acknowledgments: Authors would like to thank Gustavo Santos for providing FucCS samples.

Conflicts of Interest: The authors state that they have no conflict of interests.

References

1. Samatov, T.R.; Shkurnikov, M.U.; Tonevitskaya, S.A.; Tonevitsky, A.G. Modelling the metastatic cascade by
in vitro microfluidic platforms. Prog. Histochem. Cytochem. 2015, 49, 21–29. [CrossRef] [PubMed]

2. Li, J.; Sharkey, C.C.; Wun, B.; Liesveld, J.L.; King, M.R. Genetic engineering of platelets to neutralize
circulating tumor cells. J. Control. Release 2016, 228, 38–47. [CrossRef] [PubMed]

3. Umer, M.; Vaidyanathan, R.; Nguyen, N.-T.; Shiddiky, M.J.A. Circulating tumor microemboli: Progress in
molecular understanding and enrichment technologies. Biotechnol. Adv. 2018, 36, 1367–1389. [CrossRef]
[PubMed]

4. Borsig, L.; Wong, R.; Feramisco, J.; Nadeau, D.R.; Varki, N.M.; Varki, A. Heparin and cancer revisited:
Mechanistic connections involving platelets, P-selectin, carcinoma mucins, and tumor metastasis. Proc. Natl.
Acad. Sci. USA 2001, 98, 3352–3357. [CrossRef] [PubMed]

5. Leone, K.; Poggiana, C.; Zamarchi, R. The Interplay between Circulating Tumor Cells and the Immune
System: From Immune Escape to Cancer Immunotherapy. Diagnostics 2018, 8, 59. [CrossRef]

6. Valastyan, S.; Weinberg, R.A. Tumor Metastasis: Molecular Insights and Evolving Paradigms. Cell 2011,
147, 275–292. [CrossRef]

7. Schumacher, D.; Strilic, B.; Sivaraj, K.K.; Wettschureck, N.; Offermanns, S. Platelet-Derived Nucleotides
Promote Tumor-Cell Transendothelial Migration and Metastasis via P2Y2 Receptor. Cancer Cell 2013,
24, 130–137. [CrossRef]

8. Kozlowski, E.O.; Pavao, M.S.G.; Borsig, L. Ascidian dermatan sulfates attenuate metastasis, inflammation
and thrombosis by inhibition of P-selectin. J. Thromb. Haemost. 2011, 9, 1807–1815. [CrossRef]

9. Kozlowski, E.O.; Pavao, M.S.G. Effect of sulfated glycosaminoglycans on tumor invasion and metastasis.
Front. Biosci. 2011, 3, 1541–1551. [CrossRef]

10. Sarrazin, S.; Lamanna, W.C.; Esko, J.D. Heparan sulfate proteoglycans. Cold Spring Harb. Perspect. Biol. 2011,
3, a004952. [CrossRef]

11. Weiss, R.J.; Esko, J.D.; Tor, Y. Targeting heparin and heparan sulfate protein interactions. Org. Biomol. Chem.
2017, 15, 5656–5668. [CrossRef]

12. Soares, M.A.; Teixeira, F.C.O.B.; Fontes, M.; Arêas, A.L.; Leal, M.G.; Pavão, M.S.G.; Stelling, M.P. Heparan
Sulfate Proteoglycans May Promote or Inhibit Cancer Progression by Interacting with Integrins and Affecting
Cell Migration. BioMed Res. Int. 2015, 2015, 453801. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.proghi.2015.01.001
http://www.ncbi.nlm.nih.gov/pubmed/25759320
http://dx.doi.org/10.1016/j.jconrel.2016.02.036
http://www.ncbi.nlm.nih.gov/pubmed/26921521
http://dx.doi.org/10.1016/j.biotechadv.2018.05.002
http://www.ncbi.nlm.nih.gov/pubmed/29753882
http://dx.doi.org/10.1073/pnas.061615598
http://www.ncbi.nlm.nih.gov/pubmed/11248082
http://dx.doi.org/10.3390/diagnostics8030059
http://dx.doi.org/10.1016/j.cell.2011.09.024
http://dx.doi.org/10.1016/j.ccr.2013.05.008
http://dx.doi.org/10.1111/j.1538-7836.2011.04401.x
http://dx.doi.org/10.2741/244
http://dx.doi.org/10.1101/cshperspect.a004952
http://dx.doi.org/10.1039/C7OB01058C
http://dx.doi.org/10.1155/2015/453801
http://www.ncbi.nlm.nih.gov/pubmed/26558271


Cancers 2020, 12, 1353 12 of 13

13. Khan, S.; Fung, K.W.; Rodriguez, E.; Patel, R.; Gor, J.; Mulloy, B.; Perkins, S.J. The Solution Structure of
Heparan Sulfate Differs from that of Heparin Implications for Function. J. Biol. Chem. 2013, 288, 27737–27751.
[CrossRef] [PubMed]

14. Kim, H.N.; Whitelock, J.M.; Lord, M.S. Structure-Activity Relationships of Bioengineered Heparin/Heparan
Sulfates Produced in Different Bioreactors. Molecules 2017, 22, 806. [CrossRef]

15. Santos, G.R.C.; Glauser, B.F.; Parreiras, L.A.; Vilanova, E.; Mourão, P.A.S. Distinct structures of the α-fucose
branches in fucosylated chondroitin sulfates do not affect their anticoagulant activity. Glycobiology 2015,
25, 1043–1052. [CrossRef]

16. Valcarcel, J.; Novoa-Carballal, R.; Pérez-Martín, R.I.; Reis, R.L.; Vázquez, J.A. Glycosaminoglycans from
marine sources as therapeutic agents. Biotechnol. Adv. 2017, 35, 711–725. [CrossRef]

17. Cavalcante, M.C.M.; Allodi, S.; Valente, A.-P.; Straus, A.H.; Takahashi, H.K.; Mourão, P.A.S.; Pavão, M.S.G.
Occurrence of Heparin in the Invertebrate Styela plicata (Tunicata) Is Restricted to Cell Layers Facing the
Outside Environment an ancient role in defense? J. Biol. Chem. 2000, 275, 36189–36196. [CrossRef]

18. Piperigkou, Z.; Karamanou, K.; Afratis, N.A.; Bouris, P.; Gialeli, C.; Belmiro, C.L.R.; Pavão, M.S.G.;
Vynios, D.H.; Tsatsakis, A.M. Biochemical and toxicological evaluation of nano-heparins in cell functional
properties, proteasome activation and expression of key matrix molecules. Toxicol. Lett. 2016, 240, 32–42.
[CrossRef] [PubMed]

19. Alvarenga, V.; Pacheco, R.G.; Esposito, C.C.; Buongusto, F.; Castelo-Branco, M.T.L.; Madi, K.; Belmiro, C.R.;
Pavão, M.S.G.; de Souza, H.S.P.; Schanaider, A. Ascidian (chordate-tunicate) and mammalian heparin enemas
attenuate experimental diversion colitis. Surgery 2014, 155, 217–227. [CrossRef] [PubMed]

20. Santos, J.C.; Mesquita, J.M.F.; Belmiro, C.L.R.; da Silveira, C.B.M.; Viskov, C.; Mourier, P.A.; Pavão, M.S.G.
Isolation and characterization of a heparin with low antithrombin activity from the body of Styela plicata
(Chordata-Tunicata). Distinct effects on venous and arterial models of thrombosis. Thromb. Res. 2007,
121, 213–223. [CrossRef]

21. Abreu, W.S.; Soares, P.A.G.; Motta, J.M.; Kozlowski, E.O.; Teixeira, F.C.O.B.; Soares, M.A.; Borsig, L.;
Mourão, P.A.S.; Pavão, M.S.G. Tunicate Heparan Sulfate Enriched in 2-Sulfated β-Glucuronic Acid: Structure,
Anticoagulant Activity, and Inhibitory Effect on the Binding of Human Colon Adenocarcinoma Cells to
Immobilized P-Selectin. Mar. Drugs 2019, 17, 351. [CrossRef]

22. Borsig, L. Antimetastatic activities of heparins and modified heparins. Experimental evidence. Thromb. Res.
2010, 125 (Suppl. 2), S66–S71. [CrossRef]

23. Chen, Y.; Peng, J.; Han, M.; Omar, M.; Hu, D.; Ke, X.; Lu, N. A low-molecular-weight heparin-coated
doxorubicin-liposome for the prevention of melanoma metastasis. J. Drug Target. 2015, 23, 335–346.
[CrossRef] [PubMed]

24. Frankowski, K.J.; Wang, C.; Patnaik, S.; Schoenen, F.J.; Southall, N.; Li, D.; Teper, Y.; Sun, W.; Kandela, I.; Hu, D.;
et al. Metarrestin, a perinucleolar compartment inhibitor, effectively suppresses metastasis. Sci. Transl. Med.
2018, 10, aap8307. [CrossRef] [PubMed]

25. Yong Lu, D.; Ren Lu, T.; Xu, B.; Yu Che, J.; Yun Wu, S.; Ying Wu, H.; Sastry Yarla, N. Anti-Metastatic Drug
Developments: Work Out towards New Direction. Med. Chem. 2018, 8, 192–196. [CrossRef]

26. Shriver, Z.; Capila, I.; Venkataraman, G.; Sasisekharan, R. Heparin and Heparan Sulfate: Analyzing Structure
and Microheterogeneity. In Heparin—A Century of Progress; Lever, R., Mulloy, B., Page, C.P., Eds.; Springer:
Berlin/Heidelberg, Germany, 2012; pp. 159–176.

27. Coupland, L.A.; Parish, C.R. Platelets, Selectins, and the Control of Tumor Metastasis. Semin. Oncol. 2014,
41, 422–434. [CrossRef]

28. Gomes, A.M.; Kozlowski, E.O.; Borsig, L.; Teixeira, F.C.O.B.; Vlodavsky, I.; Pavão, M.S.G. Antitumor
properties of a new non-anticoagulant heparin analog from the mollusk Nodipecten nodosus: Effect on
P-selectin, heparanase, metastasis and cellular recruitment. Glycobiology 2015, 25, 386–393. [CrossRef]

29. Pavão, M.S.G. Glycosaminoglycans analogs from marine invertebrates: Structure, biological effects,
and potential as new therapeutics. Front. Cell. Infect. Microbiol. 2014, 4, 123. [CrossRef]

30. Soares, P.A.G.; Ribeiro, K.A.; Valente, A.P.; Capillé, N.V.; Oliveira, S.-N.M.C.G.; Tovar, A.M.F.; Pereira, M.S.;
Vilanova, E.; Mourão, P.A.S. A unique fucosylated chondroitin sulfate type II with strikingly homogeneous
and neatly distributed α-fucose branches. Glycobiology 2018, 28, 565–579. [CrossRef]

http://dx.doi.org/10.1074/jbc.M113.492223
http://www.ncbi.nlm.nih.gov/pubmed/23921391
http://dx.doi.org/10.3390/molecules22050806
http://dx.doi.org/10.1093/glycob/cwv044
http://dx.doi.org/10.1016/j.biotechadv.2017.07.008
http://dx.doi.org/10.1074/jbc.M005830200
http://dx.doi.org/10.1016/j.toxlet.2015.10.005
http://www.ncbi.nlm.nih.gov/pubmed/26476401
http://dx.doi.org/10.1016/j.surg.2013.06.057
http://www.ncbi.nlm.nih.gov/pubmed/24287143
http://dx.doi.org/10.1016/j.thromres.2007.03.025
http://dx.doi.org/10.3390/md17060351
http://dx.doi.org/10.1016/S0049-3848(10)70017-7
http://dx.doi.org/10.3109/1061186X.2014.996760
http://www.ncbi.nlm.nih.gov/pubmed/25541466
http://dx.doi.org/10.1126/scitranslmed.aap8307
http://www.ncbi.nlm.nih.gov/pubmed/29769289
http://dx.doi.org/10.4172/2161-0444.1000512
http://dx.doi.org/10.1053/j.seminoncol.2014.04.003
http://dx.doi.org/10.1093/glycob/cwu119
http://dx.doi.org/10.3389/fcimb.2014.00123
http://dx.doi.org/10.1093/glycob/cwy048


Cancers 2020, 12, 1353 13 of 13

31. Borsig, L.; Wang, L.; Cavalcante, M.C.M.; Cardilo-Reis, L.; Ferreira, P.L.; Mourão, P.A.S.; Esko, J.D.;
Pavão, M.S.G. Selectin Blocking Activity of a Fucosylated Chondroitin Sulfate Glycosaminoglycan from Sea
Cucumber Effect on Tumor Metastasis and Neutrophil Recruitment. J. Biol. Chem. 2007, 282, 14984–14991.
[CrossRef]

32. Kuderer, N.M.; Khorana, A.A.; Lyman, G.H.; Francis, C.W. A meta-analysis and systematic review of the
efficacy and safety of anticoagulants as cancer treatment. Cancer 2007, 110, 1149–1161. [CrossRef]

33. Vijaya Kumar, A.; Salem Gassar, E.; Spillmann, D.; Stock, C.; Sen, Y.-P.; Zhang, T.; Van Kuppevelt, T.H.;
Hülsewig, C.; Koszlowski, E.O.; Pavao, M.S.G.; et al. HS3ST2 modulates breast cancer cell invasiveness via
MAP kinase- and Tcf4 (Tcf7l2)-dependent regulation of protease and cadherin expression. Int. J. Cancer 2014,
135, 2579–2592. [CrossRef] [PubMed]

34. Weissmann, M.; Arvatz, G.; Horowitz, N.; Feld, S.; Naroditsky, I.; Zhang, Y.; Ng, M.; Hammond, E.; Nevo, E.;
Vlodavsky, I.; et al. Heparanase-Neutralizing Antibodies Attenuate Lymphoma Tumor Growth Metastasis.
Proc. Natl. Acad. Sci. USA 2016, 113, 704–709. [CrossRef] [PubMed]

35. Gomes, A.M.; Stelling, M.P.; Pavão, M.S.G. Heparan Sulfate and Heparanase as Modulators of Breast
Cancer Progression. Available online: https://www.hindawi.com/journals/bmri/2013/852093/ (accessed on
26 November 2019).

36. Fortuna-Costa, A.; Gomes, A.M.; Kozlowski, E.O.; Stelling, M.P.; Pavão, M.S.G. Extracellular galectin-3 in
tumor progression and metastasis. Front. Oncol. 2014, 4, 138. [CrossRef] [PubMed]

37. Tovar, A.M.F.; Vairo, B.C.; Oliveira, S.-N.M.C.G.; Glauser, B.F.; Santos, G.R.C.; Capillé, N.V.; Piquet, A.A.;
Santana, P.S.; Micheli, K.V.A.; Pereira, M.S.; et al. Converting the Distinct Heparins Sourced From Bovine or
Porcine Mucosa into a Single Anticoagulant Drug. Thromb. Haemost 2019, 119, 618–632. [CrossRef]

38. Vilanova, E.; Vairo, B.C.; Oliveira, S.-N.M.C.G.; Glauser, B.F.; Capillé, N.V.; Santos, G.R.C.; Tovar, A.M.F.;
Pereira, M.S.; Mourão, P.A.S. Heparins Sourced From Bovine and Porcine Mucosa Gain Exclusive Monographs
in the Brazilian Pharmacopeia. Front. Med. 2019, 6, 16. [CrossRef]

39. Duckworth, C.A.; Guimond, S.E.; Sindrewicz, P.; Hughes, A.J.; French, N.S.; Lian, L.-Y.; Yates, E.A.;
Pritchard, D.M.; Rhodes, J.M.; Turnbull, J.E.; et al. Chemically modified, non-anticoagulant heparin
derivatives are potent galectin-3 binding inhibitors and inhibit circulating galectin-3-promoted metastasis.
Oncotarget 2015, 6, 23671–23687. [CrossRef]

40. Prestwich, G.; Kennedy, T. Methods for Treating or Preventing the Spread of Cancer Using Semi-Synthetic
Glycosaminoglycosan Ethers. U.S. Patent Application 13/575,069, 7 February 2013.

41. Kozlowski, E.O.; Lima, P.C.; Vicente, C.P.; Lotufo, T.; Bao, X.; Sugahara, K.; Pavão, M.S. Dermatan
sulfate in tunicate phylogeny: Order-specific sulfation pattern and the effect of [→4IdoA(2-Sulfate)β-1
→3GalNAc(4-Sulfate)β-1→] motifs in dermatan sulfate on heparin cofactor II activity. BMC Biochem. 2011,
12, 29. [CrossRef]

42. Rupp, G.S.; Parsons, G.J. Chapter 25 Scallop aquaculture and fisheries in Brazil. In Developments in Aquaculture
and Fisheries Science; Shumway, S.E., Parsons, G.J., Eds.; Elsevier: Amsterdam, The Netherlands, 2006; Volume
35, pp. 1225–1250.

43. Stelling, M.P.; de Bento, A.A.; Caloba, P.; Vilanova, E.; Pavão, M.S.G. Methods for Isolation and
Characterization of Sulfated Glycosaminoglycans from Marine Invertebrates. In The Extracellular Matrix:
Methods and Protocols; Vigetti, D., Theocharis, A.D., Eds.; Springer: New York, NY, USA, 2019; pp. 55–70.

44. Lu, Y.; Lian, S.; Ye, Y.; Yu, T.; Liang, H.; Cheng, Y.; Xie, J.; Zhu, Y.; Xie, X.; Yu, S.; et al. S-Nitrosocaptopril
prevents cancer metastasis in vivo by creating the hostile bloodstream microenvironment against circulating
tumor cells. Pharmacol. Res. 2019, 139, 535–549. [CrossRef]

45. Morita, Y.; Kamal, M.; Kang, S.-A.; Zhang, R.; Lokesh, G.L.; Thiviyanathan, V.; Hasan, N.; Woo, S.;
Zhao, D.; Leslie, M.; et al. E-selectin Targeting PEGylated-thioaptamer Prevents Breast Cancer Metastases.
Mol. Ther.-Nucleic Acids 2016, 5, e399. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1074/jbc.M610560200
http://dx.doi.org/10.1002/cncr.22892
http://dx.doi.org/10.1002/ijc.28921
http://www.ncbi.nlm.nih.gov/pubmed/24752740
http://dx.doi.org/10.1073/pnas.1519453113
http://www.ncbi.nlm.nih.gov/pubmed/26729870
https://www.hindawi.com/journals/bmri/2013/852093/
http://dx.doi.org/10.3389/fonc.2014.00138
http://www.ncbi.nlm.nih.gov/pubmed/24982845
http://dx.doi.org/10.1055/s-0039-1678663
http://dx.doi.org/10.3389/fmed.2019.00016
http://dx.doi.org/10.18632/oncotarget.4409
http://dx.doi.org/10.1186/1471-2091-12-29
http://dx.doi.org/10.1016/j.phrs.2018.10.020
http://dx.doi.org/10.1038/mtna.2016.103
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	PNH Has no Cytotoxic Effect on Tumor Cells 
	PNH Hinders the Formation of CTMs 
	PNH Prevents Lung Metastases of Colon Carcinoma Cells in Mice 
	PNH Has Low Anticoagulant and Antithrombotic Activities and Hypotension Potential 

	Discussion 
	Material and Methods 
	Samples and Cell Lines 
	Isolation and Purification of PNH 
	Cell Viability Assay 
	In Vivo Platelet-Tumor Cell Aggregation 
	Experimental Metastasis Model 
	In Vitro Anti-FIIa and -FXa Activities 
	In Vivo Antithrombotic Activity 
	FXII Activation Assay 

	Conclusions 
	References

