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Marine-derived oligosaccharide sulfate (JG3) 
suppresses heparanase-driven cell adhesion events 
in heparanase over-expressing CHO-K1 cells 
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Aim: To elucidate the detailed mechanisms underlying the appreciable effects of JG3, a novel marine-derived oligosaccharide, on cell 
migration using a Chinese hamster ovary (CHO) cell line stably over-expressing heparanase.
Methods: A retrovirus infection system was used to establish a CHO-K1 cell line stably transfected with heparanase.  Immunocytochem-
istry was used to assess cell morphology.  Flow cytometry was selected to analyze the activation of β1-integrin, and Western blotting 
was used to analyze the downstream effects on the cell adhesion pathway.  An affinity precipitation assay was used to determine acti-
vation of the small GTPases, Rac1, and RhoA.  
Results: JG3 abolished heparanase-driven formation of focal adhesions and cell spreading.  Although JG3 failed to block the hepara-
nase-triggered activation of β1-integrin or the phosphorylation of Src, the oligosaccharide caused a significant dephosphorylation of 
FAK and subsequent inactivation of Erk.  Furthermore, JG3 was found to arrest the activation of Rac1.
Conclusion: All these findings help form an alternative view to understand the mechanisms underlying the inhibitory effects of JG3 on 
cell motility. 
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Introduction
Heparanase is an endo-β-D-glucuronidase capable of partially 
depolymerizing heparan sulfate (HS) side chains.  Pathologi-
cally, heparanase has been commonly accepted to be associ-
ated with the metastatic potential of tumor-derived cells, as 
a consequence of HS cleavage and the resulting disruption of 
the extracellular matrix (ECM) barrier[1–4].  Further investiga-
tion has revealed that heparanase is correlated with vascular 
density and shorter postoperative survival in cancer patients.  
All these data provide strong clinical support for the prometa-
static and proangiogenic functions of the enzyme and posi-
tion heparanase as an attractive target for the development of 
anticancer drugs[5–8].  In addition, recent evidence has emerged 
that underscores the non-catalytic feature of the enzyme; in 
particular, heparanase was noted to enhance cell adhesion 
via activation of β1-integrin, FAK phosphorylation and Rac1 

activation[9–11].
Previous results from our group revealed that JG3, a novel 

marine-derived oligosaccharide, significantly inhibited hepa-
ranase activity in a concentration-dependent manner by spe-
cifically binding to the KKDC and QPLK motifs of heparanase.  
Importantly, we found that JG3 targeted lung metastasis in 
a murine B16F10 experimental metastasis model, as well as 
angiogenesis and lung metastasis of MDA-MB-435 orthotopic 
xenografts in athymic mice[12].  Of these events, JG3 was par-
ticularly noted to arrest cell migration, which prompted us to 
investigate the possible mechanisms involved.

In the present study, we showed that JG3 abolishes hepara-
nase-driven formation of focal adhesions and cell spreading.  
Further studies indicated that JG3 caused a significant inacti-
vation of FAK, Erk, and the small GTPase Rac1.  However, JG3 
failed to block β1-integrin activation and Src phosphorylation.

Materials and methods
Materials 
JG3 was synthesized and prepared by our lab[12].  Briefly, 
hydrogen peroxide-degraded oligomannurarate from sodium 
alginate was reacted with sulfating reagents containing forma-
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mide and ClSO3H.  The products were desalted and analyzed 
via high-performance gel permeation chromatography with 
a G3000PWxl column (300×7.8 mm; Tosoh, Tokyo, Japan).  
The structure of MS80 is shown in Figure 1.  It is composed 
of D-mannurarate by β(1–4) glycosidic linkage, with sulfate 
modification of the hydroxyl group at the C2/C3 position.  
The antibodies to RhoA, Rac1, paxillin, and β1-integrin were 
obtained from Santa Cruz Biotechnology (CA, USA), and anti-
phospho-FAK, anti-non-phospho-FAK, anti-phospho-Erk1/2, 
anti-non-phospho-Erk1/2, anti-β-actin were purchased from 
Cell Signaling Technology.  Other antibodies included anti-
active β1-integrin 12G10 (Serotec, Oxford, UK), FITC-labeled 
goat anti-rabbit IgG, and FITC-labeled goat anti-mouse IgG 
(Chemicon International Inc, Temecula, CA, USA).  Fibronec-
tin was purchased from Calbiochem (San Diego, CA, USA); 
laminin, collagen and vitronectin were from Sigma (St Louis, 
MO, USA).

Cells and cell culture 
The retroviral packaging 293T cell line and Chinese hamster 
ovary cell line (CHO-K1) were purchased from American 
Type Culture Collection (Rockville, MD, USA).  293T cells 
were grown in Dulbecco’s modified Eagle’s medium and 
CHO-K1 cells were maintained in F12 medium (Gibco, Grand 
Island, NY, USA).  Both media were supplemented with 10% 
heat-inactivated fetal bovine serum and antibiotics (100 U/
mL penicillin, 100 μg/mL streptomycin), and cells were main-
tained in a 5% CO2 humidified atmosphere at 37 °C.

Transfection 
The generation of high-titer, helper-free retroviruses by tran-
sient transfection was achieved by using the highly transfect-
able 293T cell line.  Using Lipofectamine 2000 (Invitrogen) 
according to the manufacturer’s instructions, these cells were 
transfected with either a pBABE-puro vector that expresses 
retroviral packaging functions fused with the full-length hepa-
ranase cDNA gene (cloned in our lab) in the multiple cloning 
site or a control pBABE-puro vector, kindly provided by the 
Bob Weinberg lab.  Six hours after transfection, the medium 
was replaced with fresh medium, and cells were incubated in 
5% CO2 at 32 °C to increase the retroviral titer.  Supernatants 
were collected 48 h later and then filtered with a 0.45-μm 
pore size filter, stored at -80 °C or used immediately.  Equal 
volumes of virus suspension and polybrene were centrifuged 

at 1000×g for 30 min, then added to the CHO-K1 cells and 
incubated at 37 °C for 5 h.  Then, the suspension was replaced 
with CHO-K1 medium and the cells were incubated in a 5% 
CO2 humidified atmosphere at 37 °C for 48 h.  Transfected 
cells were selected with puromycin (10 µg/mL) for 2 weeks, 
and stable populations of heparanase-expressing cells were 
obtained and maintained in growth medium containing 5  
µg/mL puromycin to avoid the overgrowth of nontransfected 
cells.  Expression of heparanase was evaluated by reverse tran-
scriptase polymerase chain reaction (RT-PCR) and Western 
blotting.

Cell adhesion assay 
96-well microtiter plates were coated with 0.1 mL human 
plasma fibronectin (1 µg/mL) in serum-free F12 medium and 
incubated at 4 °C overnight.  On the next day, the unbound 
human plasma fibronectin was removed and the wells were 
blocked with 2% BSA at 37 °C for 1 h.  Cells suspended in 
serum-free F12 medium were added to each fibronectin-coated 
well (3×104 cells per well) and incubated at 37 °C for 1 h.  The 
wells were gently washed three times with 200 µL of pre-
warmed PBS to remove unbound cells, and then adherent cells 
were fixed with methanol for 10 min.  Cells were then stained 
with 0.1% crystal violet for 20 min and washed with PBS.  The 
crystal violet dye retained on the wells was removed with 10% 
acetic acid, and the absorbance of each well at 595 nm was 
measured using a multiwell spectrophotometer (VERSAmax; 
Molecular Devices, Sunnyvale, CA, USA).

Immunocytochemistry 
Cells were trypsinized and washed with PBS, then resus-
pended in FBS-free F12 medium with or without 100 µg/mL 
JG3.  The cell suspension was seeded on fibronectin-coated 
glass coverslips in a 24-well plate for 1 h at 37 °C (1×106 cells 
per well), fixed with 4% paraformaldehyde in PBS for 15 min, 
and permeabilized with 0.5% Triton X-100 in PBS for 1 min.  
Cells were then washed with PBS and subsequently incubated 
in PBS containing 10% normal goat serum for 1 h at room 
temperature, followed by a 2 h incubation with the indicated 
primary antibody.  Cells were then extensively washed with 
PBS and incubated with the relevant (Cy2/Cy3-conjugated) 
secondary antibody (Jackson ImmunoResearch, West Grove, 
PA, USA) for 1 h.  For actin staining, cells were fixed and per-
meabilized as above, and after being washed three times with 
PBS, they were incubated with FITC-conjugated phalloidin 
(Sigma) for 30 min.  Slides were mounted in Vectashield anti-
fade medium (Vector Laboratories, Burlingame, CA, USA) 
and viewed using a confocal microscope (Leica, Mannheim, 
Germany).

Western blotting 
Cells were seeded on fibronectin coated 6-well plates with JG3 
for 1 h as described above.  After the incubation, cells were 
washed (×3) with serum-free medium, the remaining attached 
cells were lysed with RIPA buffer [1% NP-40, 0.5% sodium 

deoxycholate, 0.1% SDS, 150 mmol/L NaCl, 50 mmol/L Tris 

Figure 1.  Chemical structure of JG3.  The oligosaccharide is composed of 
D-mannurarate by a β(1-4)glycosidic linkage, with sulfate modification of 
the hydroxyl group at the C2/C3 position. 
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(pH 8.0), 10 µg/mL aprotinin, 10 µg/mL leupeptin, 1 mmol/L 
phenylmethylsulfonyl fluoride, 1 mmol/L sodium orthova-
nadate], and the protein concentration was quantified by the 
BCATM protein assay reagent kit (Pierce Biotech, Rockford, IL, 
USA).  Cell lysates in 2×SDS loading buffer were subjected to 
SDS-PAGE and transferred to PVDF membranes.  After block-
ing with 5% BSA in TBST, the membranes were incubated 
with the appropriate primary antibody (1:1000) in TBST buffer 
for 2 h at room temperature.  After being washed three times 
in TBST, the membranes were probed with HRP-conjugated 
anti-rabbit or anti-mouse IgG (1:2000) for 1 h followed by 
another three TBST washes.  Protein bands were visualized 
by enhanced chemiluminescence (ECL kit, Pierce Biotechnol-
ogy, Rockford, IL, USA).  For estimation of small GTPase 
activation, lysis buffer including 50 mmol/L Tris (pH 7.5), 150 
mmol/L NaCl, 10 mmol/L MgCl2, 10 µg/mL aprotinin, 10 
µg/mL leupeptin, 1 mmol/L phenylmethylsulfonyl fluoride, 
and 1% Triton X-100 was used.  The amount of GTP-bound 
Rac1 and RhoA was analyzed by incubating total cell lysates 
with the p21-binding domain (PBD) of PAK-agarose beads or 
RhoA-binding domain (RBD) of Rhotekin-agarose beads.  Fol-
lowing a 30 min incubation, the beads were washed and, after 
electrophoresis and blotting, membranes were probed with 
anti-Rac1 or anti-RhoA antibodies[13, 14].

Flow cytometry 
Cells were detached with trypsin, centrifuged at 300×g for 4 
min, washed with PBS, and counted.  Cells (2×105) were cen-
trifuged, and the pellet was then resuspended in PBS with 1% 
FBS and incubated with anti-active β1-integrin 12G10 anti-
bodies for 30 min on ice.  Cells were then extensively washed 
with PBS and incubated with the relevant (FITC-conjugated) 
secondary antibody for 20 min, washed, and analyzed using a 
flow cytometer (Becton Dickinson, Mountain View, CA, USA).  
Live cells were gated for the analysis and protein expression 
levels were analyzed using CELLQuest software.  

Statistics 
Data is presented as means±SEM.  Statistical significance was 
analyzed by two-tailed Student’s t test.  The value of P<0.05 is 
considered significant.  

Results
Heparanase stimulates CHO-K1 cell adhesion on fibronectin
Heparanase expression has been found to be related to cell 
adhesion potential.  To investigate the effect of JG3 on hepa-
ranase-driven cell adhesion, CHO-K1 cells stably expressing 
heparanase were generated.  Both Western blotting and RT-
PCR analysis demonstrated a CHO-K1 cell line stably express-
ing heparanase (CHO-HPA) was successfully established 
(Figure 2A and 2B).  We assayed one-hour adhesion on several 
extracellular matrixes.  Heparanase overexpression stimulated 
CHO-K1 cell adhesion on fibronectin and vitronectin (Figure 
2C), which, in turn, helps substantiate the fact that the CHO-
HPA cell line functions as expected.

JG3 abolishes the formation of focal adhesions in CHO-HPA cells
Because JG3 at 100 µg/mL was determined to be the most 
appropriate concentration in our previous in vitro studies, we 
used this concentration for subsequent experiments.  To exam-
ine the effect of JG3 on the focal adhesion formation, we used 
an immunocytochemistry assay to detect the paxillin protein, 
a representative of the focal adhesion complex.  Our results 
indicated that JG3 inhibited cell spreading and focal contact 
formation in CHO-HPA cells (Figure 3A).  However, JG3 did 
not inhibit the attachment rates of CHO-HPA (Figure 3B).  

JG3 fails to inhibit β1-integrin activation 
The intimate involvement of integrins in cell adhesion and 
spreading has been well documented[15–19].  The α4β1 integrin 
complex has been reported to be implicated in heparanase-
mediated T-cell adhesion[20].  Moreover, this integrin complex 
functions as the main receptor of fibronectin[21, 22].  We there-
fore utilized a monoclonal antibody (12G10) that specifically 
recognizes the active state of β1-integrin to analyze β1-integrin 

Figure 2.  Heparanase stimulates CHO-K1 cells adhesion.  (A) Western 
blotting results of the CHO-HPA cells with the control of empty vector 
transfected CHO-mock cells; (B) RT-PCR results of the CHO-HPA cells 
with the CHO-mock cells; (C) Heparanase-expressing cells showed 
better adhesion ability on fibronectin and vitronectin, but no significant 
differences were seen on laminin, collagen and non-extracellular matrix-
coated plates.  The graph represents the mean values±SD from three 
separate experiments.  bP<0.05; cP<0.01 vs CHO-mock using an unpaired 
Student’s t test.
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activation by FACS.  As indicated in Figure 4A, β1-integrin 
localization on the cell membrane was significantly higher in 
the CHO-HPA cells than in the CHO-mock cells.  However, 
JG3 showed no marked impact on the activation of β1-integrin, 
nor any change in the expression level of β1-integrin (Figure 
4B).

JG3 suppresses cell adhesion signal transduction 
Although β1-integrin activation was not affected by JG3, we 
cannot exclude the possibility that JG3 affects its downstream 
molecule(s) independently of the β1-integrin-targeting pro-
file.  To test this possibility, Src, FAK, and Erk1/2, the critical 
components in cell adhesion and spreading, were assessed.  
Western blot analysis revealed that a marked increase in phos-
phorylation of Src, FAK, and Erk1/2 was observed in CHO-

HPA cells.  Treatment with JG3 caused a significant down-reg-
ulation of FAK and Erk1/2 phosphorylation, while no change 
was observed in Src phosphorylation (Figure 5).  

JG3 inhibits cell motility mediated by heparanase 
We next wondered whether JG3 had an inhibitory effect on 
filamentous actin.  Using an immunocytochemistry assay, we 
found that JG3 significantly decreased the staining intensity of 
FITC-phalloidin labeled actin in CHO-HPA cells, as compared 
with the control (Figure 6A).  

Small GTPases are thought to play instrumental roles in the 
early phases of cell adhesion and spreading.  Cdc42 and Rac1 
activation have been assumed to result in filopodia/lamellipo-
dia extension and focal complex formation, while activation of 

Figure 3.  JG3 has inhibitory efficacy against heparanase-mediated cell adhesion.  (A) The paxillin staining pattern shows that JG3 prevented the 
formation of focal adhesions in CHO-HPA cells.  Photographs were taken under a confocal microscope (60×); (B) JG3 cannot inhibit the attachment rates 
of CHO-HPA cells.  The graph indicates mean values±SD from three separate experiments.

Figure 4.  JG3 has no effect on β1-integrin activation and expression.  
(A) Heparanase expression induced β1-integrin activation, as detected 
by the 12G10 antibody, which specifically recognizes active β1-integrin, 
but treatment with JG3 did not affect the activation; (B) The β1-integrin 
protein was not influenced by JG3 treatment and heparanase expression.

Figure 5.  JG3 inhibits adhesion signal transduction.  After being seeded 
on fibronectin for 1 h, CHO-HPA cells, as well as CHO-mock cells, were 
extracted and subjected to the Western blotting.  Erk, FAK, and Src 
phosphorylation was stimulated by the overexpression of heparanase.  
Moreover, treatment with JG3 during the 1 h adhesion reduced Erk 
phosphorylation and FAK 861 site phosphorylation of CHO-HPA cells, while 
phosphorylation of Src was not affected.
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RhoA induces the maturation of focal complexes to focal adhe-
sions, assembly of stress fibers, and cell locomotion [23].  There-
fore, we examined Rac1 and RhoA activation by employing 
agarose beads coupled to the RhoA-binding domain (RBD) of 
Rhotekin, and the p21 binding domain (PBD) of p21-activated 
protein kinase (PAK), domains which specifically bind the 
active, GTP-bound form of RhoA and Rac1, respectively[13, 14].  
We found that Rac1 activation was markedly induced in the 
heparanase-expressed cells, and this activation was signifi-
cantly reversed by the treatment of JG3.  The effect of JG3 on 
RhoA activation was not obvious (Figure 6B), and no change 
was observed in Cdc42 (data not shown).

Discussion
Adhesion and subsequent spreading are crucial steps involved 
in metastasis.  Metastatic spreading is a severe complication of 
neoplastic disease that is responsible for most cancer-related 
deaths.  Besides its role in metastasis and angiogenesis, hepa-
ranase was further noted to enhance cell adhesion via activa-
tion of β1-integrin and Rac1[9, 10].  A recent paper[24] under-
scored the idea that the pro-adhesive properties of heparanase 
were mediated by its interaction with cell surface heparan 
sulfate proteoglycans (HSPG) via the KKDC domain on hepa-
ranase.  This subsequently results in clustering of syndecan-1 
and syndecan-4, which initiates signaling cascades involving 
Rac1 and the PKC pathways.

In the present study, we found that heparanase-overex-
pressing CHO-K1 cells showed better spreading profiles and 
formed more focal contacts; furthermore, these properties 
were accompanied by the activation of FAK and Erk and Rac1.  
Encouragingly and expectedly, these features can be signifi-
cantly inhibited by the treatment with JG3.  The fact that JG3 
is capable of binding to the KKDC domain of heparanase[12], 
together with its marked inhibition of syndecan clustering 
(unpublished data), help us understand the mechanisms 
underlying the inhibitory action of JG3 on cell motility, and 

thus how it may contribute to the inhibition of metastasis.
Taken together, our results provide further evidence to 

support a notion that JG3 functions as a promising new com-
pound for cancer therapy.
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