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Abstract (in English) 

 

Transforming Growth Factor-β1-Regulated Fractalkine 

and Its Receptor, CX3CR1, Mediate Human Oral Squamous 

Cell Carcinoma-Induced Bone Invasion 

 

Seung Hwa Son 

 

Department of dentistry 

The Graduate School, Yonsei University 

 

(Directed by Professor Kwang-Kyun Park) 

 

Oral squamous cell carcinoma (OSCC) is a world-wide health problem and its 

incidence accounts for 1.9-3.5% of all malignant tumors approximately. Despite 

advances in multimodal treatments, OSCC has a potent activity of local bone 

invasion; thereby the 5-year survival of patients with OSCC remains less than 50%. 

Transforming growth factor (TGF)-β1 is a multifunctional polypeptide that elicits 

numerous cellular effects pertinent to the metastatic process, including cell 
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differentiation, proliferation, modulation of angiogenesis and synthesis of 

extracellular matrix proteins. However, the role of TGF-β1 in OSCC-induced bone 

invasion is less well understood. We examined whether TGF-β1 signaling could 

regulate bone invasion by OSCC in vivo and in vitro.  

We first established an in vivo model by subcutaneous injection of human TGF-

β1 wild or knockdown OSCC cells onto the surface of calvaria in nude mice, which 

developed tumors for 40 days. Micro-CT analysis revealed that OSCC-induced 

bone destruction or resorption was inhibited by TGF-β1 knockdown. Histological 

examination of calvarial sections indicated that TGF-β1 knockdown significantly 

decreased tumor growth and invasion, and resulted in an obvious recovery of 

calcium release and the reduced osteoclast formation at the tumor-bone interface. 

Immunohistochemical analysis showed the reduced expressions of fractalkine, 

CX3CR1, BMP-4, M-CSF, MMP-2, MMP-9 and PTHrP in calvarial tissues of TGF-

β1 knockdown OSCC-inoculated mice compared with wild OSCC-inoculated mice. 

As the results of in vitro experiments, TGF-β1 enhanced the migration, invasion 

and uPA activity of OSCC cells. To examine the molecular mechanisms underlying 

TGF-β1 activity on bone invasion of OSCC cells, we focused on the role of 

fractalkine, detected by chemokine array with culture media of TGF-β1 wild or 

knockdown OSCC cells. Fractalkine increased the migration, invasion and uPA 
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activity of OSCC cells. These data suggest that the OSCC-induced bone invasion 

may be mediated by TGF-β1-regulated chemokines, particularly fractalkine and its 

receptor CX3CR1. 

 

 

Key words: OSCC, Bone invasion, TGF-β1, Fractalkine, CX3CR1 
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Ⅰ. Introduction 

 

Oral carcinogenesis is a multi-step process, initially beginning with premalignant 

lesions, among which oral leukoplakia is the most common type (up to 85% of all 

pre-malignant lesions), through hyperplasia to dysplasia, then carcinoma in situ, 

and finally invasive squamous cell carcinoma [1]. Oral squamous cell carcinoma 

(OSCC) accounts for about 90% of malignant oral lesions, followed by larynx 

cancer, hypopharynx cancer, head and neck cancers [2-4]. Each year, 

approximately 500,000 new cases are diagnosed worldwide, with only a 50% five-

year survival rate [5]. In the early stages, the tumor responds well to combination 

therapy, as evidenced by the 80% five-year survival in these patients. However, 

the response to treatment is much lower in advanced stage OSCC [1]. In addition, 

treatment is complicated by disruption of speech and swallowing after surgical 

resection. Patients with mandible invasion should be treated surgically but 

resection of the mandible bone leads to physical damage and frequently results in 

psychological problems for patients [6]. Therefore, there is a need for 

understanding of the molecular mechanisms and biomarkers for the early detection 

of OSCC, monitoring of disease progression, and identification of therapeutic 

targets. 
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OSCC arising in proximity to the mandible have a tendency to invade the bone 

either by direct extension or perineural spread of the tumor [7-9]. The incidence of 

mandible invasion ranges from 12 to 56% in the literature [10, 11]. In particular, the 

extension of OSCC into mandible bone classifies the tumor as stage IV and is 

considered an indicator of poor prognosis [12]. SCC of the gingiva is the second 

most common carcinoma of the oral cavity, next to those of the tongue (Figure 1A).    

Unlike lingual carcinomas, gingival carcinomas easily invade underlying jawbone. 

Gingival SCC is thus one among the human neoplasms that directly invade the 

bone. In human cancers metastasizing to bone (Figure 1B), such as breast cancer 

[13, 14], prostate cancer [15, 16], and myeloma [17, 18], the bone destruction 

associated with cancer cell invasion is thought to be mediated by osteoclasts 

rather than directly by the carcinoma . However, the precise mechanism by which 

regulates OSCC-associated bone invasion has not been elucidated. 

To explore the factors that contribute to OSCC-associated bone invasion or 

destruction, several research groups have investigated the expression of bone-

resorbing factors such as interleukin (IL)-1β, IL-6, tumor necrosis factor (TNF)-α, 

parathyroid hormone-related protein (PTHrP) and connective tissue growth factor 

(CTGF/CCN2) in human OSCC [19-23]. Among these, IL-6 is an important cytokine 

that stimulates osteoclastic bone resorption by inducing receptor activator of    
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(A) 

 

(B) 

 

 

Figure 1. Spread of tumor, scaffolding, and metastasis. (A) Advanced squamous 

cell carcinoma that had been present for 6 months before the patient sought 

consultation. The malignancy that had started as ulceration in the floor of the 

mouth was extended to the tongue, mandible, and through the skin of the chin. (B) 

The patient with a lung cancer treated by surgery and radiation. 4 years later, the 

patient had a painful jaw swelling. Intraoral examination revealed an ulcerated, firm 

mass in the bicuspid area. The surgical specimen revealed metastatic tumor from 

the lung [24]. 
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nuclear factor κB ligand (RANKL) expression in osteoblastic cells [25]. Moreover, 

the serum levels of IL-6 are elevated in patients with head and neck SCC [26-28], 

thus elevated serum IL-6 levels may serve as a valuable biomarker for predicting 

tumor recurrence and survival in patients with head and neck SCC. CTGF/CCN2 is 

a cysteine-rich secretory protein and belongs to the CCN family. CCN proteins 

interact with a number of extracellular molecules, such as adhesion proteins, 

proteoglycans, and growth factors including transforming growth factor (TGF)-β 

and modulate diverse cellular functions including chemotaxis, differentiation, and 

apoptosis. It should be noted that CCN2 is one of the contributors to bone 

metastasis, which can convert low-metastatic breast cancer cells to high-metastatic 

breast cancer cells under the collaboration with the other contributors [29]. Also, 

CCN2 is regulated by TGF-β in skin and is a stromal-expressed factor that 

promotes tumorigenesis [30].  

The chemokine ligand (CXCL)-13 and RANKL have been related to OSCC-

associated osteolysis, and the activated T-cells transcriptional factor 3 (NFATc3) is 

the downstream target of CXCL13, inducing RANKL expression [31]. A high-level 

expression of CXCL13 and RANKL as well as an autocrine regulation of matrix 

metallopeptidase (MMP)-9 productions in OSCCs coincided with the degree of 

osteoclastogenesis. The RANKL/its receptor RANK signaling pathway regulate 
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bone invasion or metastasis in several types of human cancer [49-52] and RANKL-

expressing cancer cells induce bone resorption or osteolysis in the absence of 

other accessory cells [53, 54]. Besides, the stromal cell-derived factor (SDF)-

1/CXC receptor (CXCR)-4 pathways are noted the tumor-stromal crosstalk in the 

invasion of OSCC. CXCR4 expression is associated with lymph-node metastasis in 

OSCC [32], and is recognized as one of the significant prognostic indicators for 

poor survival rates in patients with OSCC [33]. Furthermore, it has also been found 

that SDF-1α promotes invasion of OSCC by activating nuclear factor κB (NF-κB) 

[34-36]. The bone-derived SDF-1 stimulates IL-6 release via CXCR4, extracellular 

signal-regulated kinase, and NF-κB pathways, promoting osteoclastogenesis in 

human OSCC [37]. As mentioned above, many factors secreted from cancer cells 

influence osteoclastgenesis including osteoclast differentiation and osteolysis. 

However, further studies are still required to determine the factors triggering 

OSCC-mediated bone invasion and destruction.  

Bone tissue is rich in cytokines and local factors that, along with systemic 

hormones, regulate the activity of bone cells [38, 39]. TGF-β, which is abundant in 

bone matrix, is a pleiotrophic cytokine that plays a crucial role in regulating the 

pathogenesis of a wide variety of disorders including cancer, fibrosis and 

inflammation [40-42]. TGF-β is secreted from osteoblasts and tumor cells, and 
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influences in an autocrine or paracrine manner. In early tumorigenesis, TGF-β acts 

as a growth inhibitory cytokine [43]. However, in the late stage, primary tumor cells 

can reprogram their response to TGF-β by dysregulation or mutational activation of 

various components of the TGF-β signaling pathway and through cross-interaction 

with other oncogenic pathways. Consequently, TGF-β signaling promotes 

metastasis of cancer cells [44].  

TGF-β1, which is one of the homologous TGF-β families and is best-

characterized, is released from tumor cells and bone matrix in a latent high 

molecular weight complex. Treatment with proteases such as plasmin and 

cathepsin D leads to the activation of the latent form of TGF-β [45] and the 

carbohydrate structures in the remnant of the TGF-β precursor molecule are 

important for TGF-β1 latency [46]. Another regulatory step for the TGF-β1 action 

may be at the receptor level. Signaling by TGF-β1 occurs through type Ⅰ and type 

Ⅱ serine/threonine kinase receptors. Upon activation, the ligand binds to TGF-β 

type Ⅱ receptor (TβRⅡ), then recruits and phosphorylates TGF-β type Ⅰ receptor 

(TβRⅠ). The signal is finally propagated downstream through the receptor-mediated 

phosphorylation of Smad proteins. Their complex is translocated to the nucleus, 

where it regulates the transcription of target genes (Figure 2). This signaling 

cascade initiates cellular and noncellular processes including proliferation,  
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Figure 2. Signaling arms of the TGF-β1 pathway. The TGF-β1 signaling begins 

with the binding of the TGF-β1 ligand to the type I and type II TGF-β receptors at 

the surface of the cell. The formation of this heteromeric complex initiates a 

phosphorylation event in which the TβRⅡ phosphorylates the TβRⅠ, thereby 

activating the complex. TGF-β1 can then signal through the Smad pathway or 

other pathways. The canonical Smad pathway is activated by receptor-mediated 

phosphorylation of Smad transcriptional factors. This arm of the pathway can elicit 

a broad range of traditional TGF-β1 responses such as cytostasis, apoptosis, 

epithelial to mesenchymal transition induction, and protease activation [47]. 
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differentiation, migration, and deposition of extracellular matrix (ECM) and 

induction of cytokines, contributing to tumorigenesis, angiogenesis and metastasis 

[47-49]. Recent studies demonstrated that blockade of TGF-β1 signaling by TβRⅠ 

inhibitor decreased TGF-β1-induced migration of HSC-2 cells, which partly invade 

into bone when inoculated into the paraperiosteal tissue of the tibial metaphysis, 

and TβRⅠ inhibitor suppressed tumor cell-induced bone invasion [50]. However, the 

precise mechanism by which TGF-β1 exerts its activity or function in human 

OSCC-induced invasion is still not fully understood. 
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The purpose of study 

 

Bone invasion is associated with poorer prognosis and the clinical morbidity of 

OSCC patients [51-53]. Despite the frequency and undesirable clinical 

consequence of bone invasion in OSCC patients, the mechanism responsible for 

bone invasion is poorly understood. 

We hypothesized that TGF-β1 signaling is responsible for OSCC-induced 

invasion through chemokines regulated by TGF-β1. To determine the role of TGF-

β1 on OSCC-induced invasion, we first investigated bone invasion onto mouse 

calvarial tissue injected with TGF-β1 wild or knockdown OSCC cells. To explain the 

molecular mechanism underlying TGF-β1-mediated bone invasion of OSCC, we 

detected TGF-β1-regulated chemokines and then focused on particularly the 

function of fractalkine and its receptor, CX3CR1, in OSCC. We further examined 

the effect of fractalkine on the viability, migration, invasion and uPA activity of 

human OSCC cell lines derived from different sites. 
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Ⅱ. Materials and methods 

 

1. Reagents and antibodies 

Dulbecco’s phosphate-buffered saline (PBS), Dulbecco’s modified Eagle’s 

medium (DMEM), Ham’s nutrient mixture F12, antibiotic-antimycotic (100x) and 

25% trypsin-EDTA (1x) were purchased from Gibco BRL (Grand Island, NY). 

Keratinocyte growth medium-2 (KGM-2) was purchased from Lonza (Walkersville, 

MD) and fetal bovine serum (FBS) was obtained from Hyclone (Logan, UT). 3-(4, 

5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl sulfoxide 

(DMSO), ethylenediaminetetraacetic acid (EDTA), cholera toxin, hydrocortisone, 

human insulin, transferrin, triiodothyronine (T3), puromycin, canada balsam and 

rabbit anti-actin were purchased from Sigma (St. Louis, MO). Recombinant human 

TGF-β1 was obtained from Millipore (Danvers, MA). Recombinant human 

fractalkine was purchased from R&D system (Minneapolis, MN). TβRⅠ kinase 

inhibitor was obtained from Calbiochem (Darmstadt, Germany). The following 

antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA): TGF-

β1, MMP-2, MMP-9, fractalkine, CX3CR1, PTHrP, bone morphogenetic protein 

(BMP)-4 and macrophage colony-stimulating factor (M-CSF). Horseradish 

peroxidase (HRP)-conjugated secondary antibodies were obtained from Santa 
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Cruz Biotechnology and Zymed (San Francisco, CA). All reagents used in this 

study were of analytical grade. 

 

2. Cell lines and cell culture 

Four human OSCC cell lines (HSC-2, HSC-3, Ca.9-22 and YD-10B) and human 

normal gingival epithelial cells (NGECs) were used for experiments. YD-10B OSCC 

cell lines were kindly donated by Professor Jin Kim in Department of Oral 

Pathology, Yonsei University College of Dentistry (Seoul, Korea) [54]. HSC-2 (No. 

JCRB0622) derived from SCC of mouth floor, HSC-3 (No. JCRB0623) derived from 

SCC of tongue, and Ca.9-22 (No. JCRB0625) derived from gingival SCC were 

purchased from Japanese Collection of Research Bioresources Cell Bank 

(Shinjuku, Japan). OSCC cells were cultured in DMEM and Ham’s nutrient mixture 

F12 at a 3:1 ratio supplemented with a 10% FBS, 1 x 10-10 M cholera toxin, 0.4 

mg/ml hydrocortisone, 5 ㎍/ml human insulin, 5 ㎍/ml transferrin, 2 x 10-11 M T3 

and 1% antibiotic-antimycotic mixture. NGECs were collected from a primary 

explant culture of human healthy gingival tissues. Human gingiva was obtained 

from patients who had Crown lengthening procedure at Yonsei University Dental 

Hospital. The protocol was approved by the Institutional Review Board of Yonsei 

University Dental Hospital. Written informed consent was received from all donors. 
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NGECs were cultured in KGM-2 supplemented with 2.0 ml bovine pitutary extract 

(BPE), 0.5 ml human epidermal growth factor (hEGF), 0.5 ml insulin, 0.5 ml 

hydrocortisone, 0.5 ml transferrin, 0.5 ml epinephrine, and 0.5 ml gentamicin 

amphotericin (GA)-1000. NGECs were grown in 60-mm culture dish or 6-well plate 

coated with type I collagen (Iwaki, Tokyo, Japan). All cells were incubated in a 

humidified atmosphere of 5% CO2 at 37℃.  

 

3. Transfection for stable knockdown of TGF-β1 

Human OSCC cells were seeded in 6-well plate at a density of 1 X 107 cells 

overnight. The cells were transfected with shRNA expression plasmids TGF-β1 

shRNA or control shRNA (Santa Cruz Biotechnology) after complex formation in 

500 ㎕ Opti-MEM® I reduced-serum medium (Gibco BRL) with lipofectaminTM 

2000 (Invitrogen, Carlsbad, CA). The cells were incubated for 30 min at room 

temperature and the transfection mixture was changed to fresh 1.5 ml Opti-MEM® I 

reduced-serum medium. After 5 h incubation at 37℃, the transfected cells were 

cultured in the medium containing 10 ㎍/ml puromycin for 3-4 weeks. Puromycin-

resistant TGF-β1 knockdown cell clones were selected. shRNA suppression of 

TGF-β1 expression in OSCC cells was confirmed by Western blot analysis. 
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4. The collection of conditioned media (CM) from OSCC cells 

TGF-β1 wild or knockdown OSCC cells (1 X 104 cells/ml) were plated in 100-mm 

culture dishes (Corning Costar, Cambridge, MA) and incubated in culture medium 

with 10% FBS until they reached about 80-85% confluence. The cells were washed 

twice with PBS, and then cultured in serum-free medium for 24 h at 37℃. The 

medium was collected and centrifuged at 1,910 xg for 10 min. The supernatant as 

the CM was aliquoted, and stored at - 80℃ until testing. 

 

5. Human TGF-β1 ELISA assay 

The CMs collected from 4 OSCC cell lines (1 X 104 cells/ml) and NGECs (5 X 

104 cells/ml) were treated with solutions for acid activation and neutralization to 

activate latent TGF-β1 as an immunoreactive form. The amount of TGF-β1 and 

total protein in the CM was measured with human TGF-β1 ELISA kit (R&D 

Systems) and bicinchoninic acid (BCA) protein assay reagent (Pierce, Rockford, IL) 

according to the manufacturer’s instructions, respectively. 

 

6. Animals 

Animal studies were performed in accordance with experimental protocols that 

were approved by the animal ethics committee of Yonsei University College of 
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Dentistry. Balb/C athymic nude mice (7-week-old, male; Central Lab Animal, Seoul, 

Korea), weighing 20 g ± 2 g, were maintained at 20 ± 2℃ and permitted free 

access to a normal standard chow diet and tap water, with a relative humidity of 50 

± 5% and on a 12 h light-dark cycle. The mice were adjusted in a clear plastic case 

under the specific pathogen-free conditions for 2 weeks and then used to develop 

a tumor xenograft model for OSCC cell invasion into bone. 

 

7. Xenograft model of OSCC cells into nude mice 

The mice were divided into 9 groups and assigned to 10 mice per group: Control 

group, TGF-β1 wild or knockdown HSC-2 cells-inoculated group, TGF-β1 wild or 

knockdown HSC-3 cells-inoculated group, TGF-β1 wild or knockdown Ca.9-22 

cells-inoculated group and TGF-β1 wild or knockdown YD-10B cells-inoculated 

group. The respective TGF-β1 wild or knockdown OSCC cells (1 X 107 cells/100 

㎕ in PBS) adjacent to the periosteal layer of calvaria were directly implanted by 

subcutaneous injection using a 1 ml syringe with a sterile 26-gauge needle. Control 

group received PBS alone. Under anesthesia, animals were sacrificed on days 40 

(Figure 3). The mouse calvaria were collected for μ-CT analysis and histological 

and immunohistochemical analysis. 
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Figure 3. The schematic diagram of xenograft model on calvarial tissue of nude 

mouse. 
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8. Micro-computed tomography (μ-CT) and 3-dimensional (3D) images  

Calvaria were isolated from nude mice and analyzed using a micro-CT (SkyScan 

1076, Aartselaar, Belgium; 100 kV, 100 µA) at a resolution of 35 μm. Micro-CT 

analyer NRecon software (SkyScan) was used to analyze the structure of the 

sample using the global segmentation method. 2-dimensional (2D) images were 

used to generate 3D reconstructions with the software supplied with the instrument.  

 

9. Histological and immunohistochemical (IHC) examination 

Calvaria tissues surgically obtained from the mice of 9 groups were fixed in 4% 

neutral phosphate-buffered formalin at 4℃ after the removal of soft tissues. 

Formalin-fixed calvaria specimens containing OSCC were decalcificated with 10% 

EDTA solution (pH 5.5) at 40℃ for 5 days in the dark condition and then embedded 

in paraffin. Serial sections (2 μm thick) were prepared and mounted onto slides. 

The sections were deparaffinized in xylene, rehydrated, and stained with 

hematoxylin-eosin (HE). Tumor and proximal calvaria tissue in stained sections 

were observed and photographed under Axio Imager Microscopy (Carl Zeiss, Jena, 

Germany). To detect osteoclasts, the sections were stained for tartrate-resistant 

acid phosphatase (TRAP) using the Acid Phosphatase Leukocyte kit. The total 

tumor area and osteoclasts in tumor/bone interface were measured in the 
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midsections of the calvaria. The perimeter of eroded bone, distribution of active 

osteoclasts, and osteoclast length were determined in calvarial tissues TGF-β1 

wild and knockdown OSCC cells-inoculated group compared with control group. 

For IHC staining, the sections were deparaffinized in xylene, rehydrated in 

alcohol and treated with 3% (v/v) H2O2 for 15 min at room temperature to block 

endogenous peroxidase activity. The antigen retrieval was performed by 

microwave treatment of the sections for 15 min in 10 mM sodium citrate buffer (pH 

6.0) or 10 min in DIGEST-ALLTM pepsin solution (Invitrogen) at 37℃. After rinsing 3 

times with PBS for 5 min, the sections were pretreated with 3% bovine serum 

albumin (BSA; Sigma) or 10% goat serum (Gibco BRL) in PBS for 1 h at room 

temperature to block non-specific binding sites, and reacted overnight at 4℃ with 

the respective primary antibody against TGF-β1, fractalkine, CX3CR-1, BMP-4, M-

CSF, MMP-2, MMP-9 and PTHrP at a dilution of 1:100 in PBS. The sections were 

incubated with HRP-conjugated anti-mouse/anti-rabbit/anti-goat immunoglobulin G 

(1:100 in PBS) at room temperature for 1 h. After the PBS washing, the immune 

complexes were visualized using 0.02% 3, 3'-diaminobenzidine as chromogen (Life 

Science Division, Mukileto, WA). The sections were counterstained with Mayer’s 

hematoxylin (Lab Vision Corporation, Fremont, CA) and mounted with canada 

balsam. The stained sections were observed by light microscopy. Non-immune 
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goat serum was diluted to the same strength as negative controls, instead of 

primary antibodies. These control sections did not show any specific 

immunoreactivity. 

 

10. Alizarin Red S staining in calcified calvarial tissues 

Alizarin Red S (Sigma) is particularly used for staining the accumulated calcium 

in bone mineralization processes. ARS staining provides great contrast between 

light and shade in the bone tissue for the detection of calcium at sites of 

mineralization [55]. This method involved the use of resin embedded sections (15 

μm thick) from calcified calvarial tissue. After rinsing with distilled water, the 

sections were stained with 2% Alizarin Red S adjusted by using 0.5% ammonium 

hydroxide to a final pH 4.1-4.3 at room temperature for 3 min. The sections were 

then washed by acetone for removal of excess dye and finally immersed twice in 

acetone-xylene. The formed Alizarin Red S-calcium complexes were developed 

oranges’ color. 

 

11. Human cytokine array 

The CMs derived from TGF-β1 wild or knockdown OSCC cell lines were diluted 

with 1x blocking buffer. The amount of protein in CM was measured with BCA 
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protein assay reagent. Cytokine array was carried out with Human Cytokine 

Antibody Array 6 (RayBiotech, Norcross, GA) according to manufacturer’s 

instructions. Briefly, cytokine array membranes were blocked with blocking buffer 

for 1 h at room temperature. The membranes were then incubated with 2 ml of 

diluted CMs with equal amounts of protein at 4℃ for overnight, respectively. After 

extensive washing with 2 ml of wash buffer Ⅰ (3 times, 5 min each) and 2 ml of 

wash buffer Ⅱ (2 times, 5 min each) to remove unbound materials, the membranes 

were incubated with a cocktail of biotin-conjugated antibodies against different 

individual cytokines. The membranes were then washed and incubated with diluted 

HRP-conjugated streptavidin (1:1000) for 2 h at room temperature. Unbound HRP-

conjugated streptavidin was washed out with wash buffer. Finally the signals were 

detected by enhanced chemiluminescence (ECL) system (Santa Cruz 

Biotechnology). Densitometric values of spots were quantified using TINA-program 

(version 2.10) software. Raw densities of each spot were normalized with positive 

control (POS) densities. 

 

12. Human Fractalkine ELISA assay 

4 OSCC cell lines (1 X 104 cells/ml) were treated with TGF-β1 antibody (0, 1, and 

10 ng/ml) for 24 h. The concentrations of soluble fractalkine and protein in the 
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collected CMs were assayed with Human fractalkine ELISA kit (RayBiotech), and 

BCA protein assay reagent as recommended in the manufacturer’s instructions. 

 

13. Western blotting 

Cell lysates were prepared using lysis buffer containing 5 mM EDTA, 50 mM 

Tris-HCl, 0.1% sodium dodecyl sulfate (SDS), 10% glycerol, 0.2% TritonX-100, 5 

㎍/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride and protease inhibitor cocktail 

tablet (Roche Diagnostics, Penzberg, Germany). Lysates were centrifugated at 

22,250 xg for 20 min at 4˚C. The protein contents were quantitated using BCA 

protein assay reagent. Protein (30 ㎍) was separated by SDS-polyacrylamide gel 

electrophoresis. The electrophoresed proteins were transferred onto a 

polyvinylidene difluoride membrane (Millipore, Danvers, MA). After blocking with 

5% skim milk or 10% BSA in Tris-buffered saline containing 0.1% Tween-20 for 4 h 

at room temperature or overnight at 4˚C, the membranes were incubated with 

primary antibodies (1:1000) in 3% skim milk or 5% BSA overnight at 4˚C. The 

membranes were incubated with an appropriate peroxidase-conjugated secondary 

antibody (1:2000) in 3% skim milk or 5% BSA for 1 h at room temperature and then 

developed with an ECL system. 
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14. MTT assay 

The viability of OSCC cells was evaluated by MTT assay. This colorimetric assay 

based on the ability of viable cells to reduce a soluble yellow tetrazolium salt (MTT) 

to a blue formazan crystal by mitochondrial succinate dehydrogenase. OSCC cells 

were seeded at the density of 2 X 104 cells/well (HSC-2 and HSC-3 OSCC cells) 

and 1 X 104 cells/well (Ca.9-22 and YD-10B OSCC cells) with 200 ㎕ of 10% FBS 

culture medium in a 96-well plate (NUNC, Roskilde, Denmark), respectively and left 

to adhere overnight. Then, cells were treated with 200 ㎕ of serum-free medium 

containing indicated concentrations of TGF-β1, TGF-β1 antibody or TβRⅠ inhibitor 

for 24 or 72 h at 37˚C. In another experiment, cells were treated with indicated 

concentrations of fractalkine antibody, CX3CR1 antibody, or CX3CR1 antibody with 

TGF-β1 or fractalkine for 24 or 72 h at 37˚C. After the MTT solution (5 mg/ml) 

addition, the cells were incubated for 4 h at 37˚C. The media were carefully 

removed, and formazan product was dissolved with 200 ㎕ DMSO. The 

absorbance was measured at 570 nm in a microplate reader (BIO-RAD, Hercules, 

CA). Cell viability was expressed as % of control: (absorbance of TGF-β1, 

fractalkine, antibody or inhibitor-treated cells / that of only medium-treated cells) X 

100. 
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15. Cell migration assay 

Cell motility was examined using the wound healing migration assay. OSCC cells 

were seeded at the density of 5 x 104 cells/well (HSC-2 and HSC-3 OSCC cells) 

and 1 X 104 cells/well (Ca.9-22 and YD-10B OSCC cells) in 6-well plate (NUNC) 

and incubated in culture medium with 10% FBS. When reaching to confluence, the 

cells were starved for 12 h in serum-free medium. The cell monolayer was 

scratched using a yellow tip. After rinsing with PBS to remove floating cells, the 

cells were treated without or with indicated concentrations of TGF-β1, TGF-β1 

antibody or TβRⅠ inhibitor in culture medium containing 1% FBS and 0.5 ㎍/ml 

mitomycin C (Sigma) for 14 h. In another experiment, cells were treated with 

indicated concentrations of fractalkine antibody, CX3CR1 antibody, or CX3CR1 

antibody with TGF-β1 or fractalkine. Cell migration was observed under the light 

microscope. Movement of cells from the wound edges into the wound as the 

indicative of cell motility was observed under phase contrast microscopy (Original 

magnification, x40). 

 

16. Cell invasion assay 

Cell invasion assay was conducted as described previously [56]. In brief, the 

upper and lower surfaces of polycarbonate filter inserts with 8 μm pores in a 
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24‐well transwell chamber (Corning Costar, Cambridge, MA) were coated with 100 

㎍ of Matrigel (BD Biosciences, Palo Alto, CA) in each medium and 10 ㎍ of type I 

collagen (Upstate Biotechnology, Lake Placid, NY) in PBS for 5 h at 37°C, 

respectively. The cells were suspended in medium containing 1% FBS, and 100 ㎕ 

of the cell suspension (1 X 105 cells/ml) was placed onto the upper part of the 

Matrigel‐coated insert. The portions underneath were filled with 600 ㎕ of medium 

containing TGF-β1 or fractalkine at the indicated concentrations. After 20 h of 

incubation, nonmigratory cells in the upper portions were removed via scraping. 

The migrated cells on collagen were fixed with methanol and stained with 

hematoxylin. The stained cells were then photographed (Original magnification, 

x40) and counted under an optical microscope at a magnification of x100. Four 

fields were counted per filter in each group, and the experiment was conducted in 

triplicate. 

 

17. Urokinase-type plasminogen activator (uPA) activity assay 

OSCC cells (1 X 104 cells/ml) were treated with TGF-β1 (0, 1, and 10 ng/ml) for 

24 h or fractalkine (0, 1, and 10 ng/ml) for 24 h. The collected CMs were added into 

96-well plate together with uPA positive control, and uPA activity was analyzed 

using an uPA activity assay kit (Chemicon International, Billerica, MA) in 
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accordance to the manufacture’s protocol. After incubation for 4 h at 37℃, 

absorbance was measured at 405 nm in a microplate reader.  

 

18. Statistical analysis 

Results were expressed as mean ± standard error (S.E.) of three independent 

experiments, and analyzed by one-way ANOVA and Student’s t-test. P values of < 

0.05 were considered statistically significant. The SPSS (version 10.0) statistical 

program (SPSS Inc., Chicago, IL) was utilized for all analyses. 
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Ⅲ. Results 

 

1. TGF-β1 secretion in OSCC cells 

TGF-β1 enhances cell invasion, migration, and evasion of immunity. Each of 

these functions plays an important role in the ability of TGF-β1 to enhance tumor 

progression and eventually aid in the metastatic process [47]. CMs derived from 

NGECs and 4 OSCC cell lines were examined for TGF-β1 by an ELISA assay. 

HSC-2 (805.38 ± 18.46 pg/ml ; 338.11 ± 7.75 pg/mg protein), HSC-3 (827.31 ± 

1.15 pg/ml ; 340.18 ± 0.47 pg/mg protein), Ca.9-22 (492.31 ± 11.54 pg/ml ; 212.84 

± 4.99 pg/mg protein) and YD-10B (840.38 ± 21.92 pg/ml ; 350.01 ± 9.13 pg/mg 

protein) OSCC cells secreted far better TGF-β1 than NGECs (71.15 ± 1.15 pg/ml ; 

35.90 ± 0.58 pg/mg protein) (Figure 4A). Consequently, OSCC cells produced a 

higher level of TGF-β1 secretion than NGECs.  

 

2. Establishment of TGF-β1 knockdown OSCC cells 

To investigate whether the TGF-β1 is critical to OSCC-induced invasion, we 

preferentially established the TGF-β1 knockdown OSCC cells by shRNA plasmid 

transfection. Western blot analysis indicated that an active form of TGF-β1 protein 

detected in wild OSCC cells but did not detect in TGF-β1 knockdown OSCC cells 
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Figure 4. TGF-β1 secretion and knockdown in OSCC cell lines. (A) CMs derived 

from NGECs and 4 OSCC cell lines were analyzed for TGF-β1 by an ELISA assay, 

respectively. (B) TGF-β1 wild or knockdown HSC-2, HSC-3, Ca.9-22 and YD-10B 

OSCC cells were cultured in serum-free media for 24 h. The prepared protein 

lysates (30 ㎍) were electrophoresed and TGF-β1 was detected a specific primary 

antibody by Western blotting. β-actin was served as a loading control. The result 

was representative of three independent experiments. W, TGF-β1 wild; KD, TGF-

β1 knockdown. 

 

 

 

 

 

 

 

 

 

 

 



32 
 

(Figure 4B). Therefore, shRNA transfection effectively down-regulated the 

expression of TGF-β1 protein in 4 OSCC cell lines. 

 

3. Bone invasion in TGF-β1 wild or knockdown OSCC cells-inoculated mice 

TGF-β1 wild or knockdown cells were injected onto mouse calvarial tissue of 

nude mice, and mice were then rested for 40 days to examine whether inhibition of 

TGF-β1 by shRNA tranfection altered cancer cell invasion to calvarial tissue. The 

mouse calvaria were collected for μ-CT analysis. Tumor formation occurred in all 

mice and was located at the calvarial tissue on the front aspect of the skull. TGF-

β1 knockdown in OSCC cells resulted in decreased tumor size (Figure 5A). As a 

result of μ-CT analysis, reconstructed 3D-images revealed that HSC-3 and Ca.9-22 

wild OSCC-inoculated calvaria showed severe bone destruction, whereas HSC-2 

and YD-10B wild OSCC-inoculated calvaria appeared to cause a little bone 

resorption at the tumor-bone interface (Figure 5A). However, TGF-β1 knockdown 

in HSC-3 and Ca.9-22 OSCC cells significantly decreased bone destruction.  

 

4. Histological analysis and TGF-β1 expression in calvarial tissues of TGF-β1 

wild and knockdown OSCC-inoculated mice 

Figure 5B revealed a representative histological pattern of weak-invasive (HSC-2 
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Figure 5. Bone invasion and TGF-β1 expression in the xenograft model of OSCC 

cells. The TGF-β1 wild (W) or knockdown (KD) OSCC cells (1 X 107 cells/100 ㎕ 

in PBS) were subcutaneously injected onto mouse calvarial tissue and control 

group received PBS alone. (A) The photo was taken of the front aspect of the skull 

at day 40. The mouse calvaria were analyzed using a μ-CT (SkyScan 1076) and 

then were reconstructed for 3D-images. (B) The collected calvarial tissues were 

fixed with 4% neutral phosphate-buffered formalin at 4℃, decalcified in 10% EDTA 

solution, sectioned, and stained with HE. (C) The calvarial tissues were fixed in 4% 

neutral phosphate-buffered formalin, decalcified in 10% EDTA, sectioned, and 

stained with a primary antibody against TGF-β1. Tm, Tumor; Bn, Bone; Br, Brain. 

(Original magnification; x100, x200)  
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and YD-10B OSCC) bone resorption and strong-invasive (HSC-3 and Ca.9-22 

OSCC) bone destruction observed in wild OSCC-inoculated calvarial tissues. The 

weak-invasive type cells showed adhesive tumor development on the bone matrix 

and a well-defined border between the tumor and the bone matrix. In contrast, the 

strong-invasive type cells invaded into bone marrow and destroyed the cortical 

bone of the calvaria. The shape of the strong invasive OSCC cells-inoculated 

calvaria had an irregular margin compared to the control calvaria. However, tumor 

growth and bone destruction were significantly prevented by TGF-β1 knockdown in 

OSCC cells. In IHC analysis, as expected, the expression of TGF-β1 was hardly 

detected in TGF-β1 knockdown OSCC-inoculated calvarial tissues (Figure 5C). An 

abundance of TGF-β1 was detected in HSC-3 and Ca.9-22 OSCC-inoculated 

calvarial tissues compared to HSC-2 and YD-10B OSCC-inoculated calvarial 

tissues. Therefore, the invasiveness of OSCC cells can be closely related with 

TGF-β1 expression. 

 

5. PTHrP expression and osteoclast formation in calvarial tissues inoculated 

with TGF-β1 wild or knockdown cells 

According to a current model, carcinoma cells respond to TGF-β1 with 

upregulation of PTHrP that plays a key role in cancer-associated osteoysis [57]. 
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Within the bone microenvironment, PTHrP acts upon osteoblasts to stimulate 

production of RANKL that activates osteoclasts [58]. To examine the expression of 

PTHrP at the tumor-bone region, we investigated immunohistochemically the 

distribution of PTHrP-positive cells in TGF-β1 wild or knockdown OSCC-inoculated 

calvarial tissues. All wild OSCC tumors on calvarial tissue showed PTHrP 

expression (Figure 6A). In contrast, all TGF-β1 knockdown OSCC on calvarial 

tissues illustrated less immunoreactivity. We next examined the existence of 

osteoclasts at the tumor-bone region by TRAP activity staining. TRAP-positive 

osteoclasts (dark violet-color) were observed at the tumor-bone interface of all wild 

OSCC-inoculated calvarial tissues (Figure 6B), but markedly reduced at the tumor-

bone interface of TGF-β1 knockdown OSCC-inoculated calvarial tissues. The 

reduced tumor growth and PTHrP expression by TGF-β1 downregulation may 

block osteoclast formation at the bone surface. 

 

6. Calcium loss in calcified calvarial tissues 

About 99% of the body's calcium is stored in the bone. The body moves calcium 

out of bones into blood as needed to maintain a steady level of calcium in the blood. 

Calcium can be also released into blood when cancer cells spread to bone and 

then destroy bone matrix [59, 60]. To evaluate the accumulations of calcium at the 
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Figure 6. IHC analysis for PTHrP and osteoclast detection by TRAP staining. (A) 

OSCC-inoculated calvarial tissues were fixed in 4% neutral phosphate-buffered 

formalin, decalcified in 10% EDTA, sectioned and stained with PTHrP antibody. (B) 

OSCC-inoculated calvarial tissue sections were examined with TRAP activity 

staining for osteoclasts. Tm, Tumor; Bn, Bone; Br, Brain, Oc; Osteoclasts. (Original 

magnification; x100, x200) 
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calvaria mineralization region, we performed the ARS staining in the calcified 

tissues. We found that control calvarial tissue showed distinct red-color by ARS, 

but HSC-2 TGF-β1 wild and knockdown OSCC-inoculated calvarial tissues 

appeared light-red color (Figure 7). Interestingly, Ca.9-22 wild OSCC-inoculated 

calvarial tissue frequently presented yellow or white-color by ARS in the area that 

had been invaded by tumor, but orange-color was observed by TGF-β1 knockdown. 

Therefore, bone destruction in more invasive OSCC cells may be due to the 

excessive loss of calcium, but TGF-β1 knockdown reduced calcium loss. 

 

7. TGF-β1-regulated human cytokines 

To identify TGF-β1-regulated factors that stimulate cancer cell invasion into bone, 

a human cytokine array (Figure 8A) was used to analyze cytokines in CM of TGF-

β1 wild and knockdown OSCC cells (Figure 8B). The images of the membranes 

were scanned and the intensity of each spot was normalized with POS. Many 

cytokines by decreased by TGF-β1 knockdown in HSC-2 and YD-10B OSCC cells 

compared with wild OSCC cells (Figure 8C). In particular, BMP-4, GDNF, IL-1β, IL-

1ra, M-CSF and MDC were significantly decreased by TGF-β1 knockdown. 

However, in HSC-3 and Ca.9-22 OSCC cells, GM-CSF and MIP-3α were weakly 

increased by TGF-β1 knockdown, compared with wild OSCC cells (Figure 8D).  
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Figure 7. Detection of calcium in calcified calvarial tissues. OSCC-inoculated 

calvarial tissues were fixed in 4% neutral phosphate-buffered formalin, embedded 

by resin without decalcification process, and sectioned (15 μm thick). OSCC-

inoculated calvarial tissue sections were stained with Alizarin Red S for calcium. 

Tm, Tumor; Bn, Bone, Dotted circle line; yellow or white color area. (Original 

magnification; x100, x200) 
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Figure 8. Human cytokine analysis in TGF-β1 wild and knockdown OSCC cells. (A) 

Membranes were expressed as human cytokine antibody array map of table. The 

signals of detected spot were labeled with red numeral letters. (B) CM obtained 

from each cell line was examined using a human cytokine array. Images of eight 

were respectively revealed human cytokine detection by ECL system. (C) and (D) 

The images of the array were scanned to determine the density of the cytokine 

array position. The value from scans was adjusted based on the intensity of POS 

(P) on each membrane. The spot densities of P have been set to 100%. Data were 

expressed as the means ± S.E. 
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There were no common cytokines modulated by TGF-β1 knockdown in all OSCC 

cells, but fractalkine was decreased by TGF-β1 knockdown in HSC-2, HSC-3 and 

YD-10B OSCC cells. These data indicate that several cytokines secrete from 4 

OSCC cell lines are regulated by TGF-β1 and OSCC cells derived from different 

origin site clarify diverse cytokine profile. 

 

8. Fractalkine secretion and its receptor, CX3CR1, expression in OSCC cells 

Fractalkine (CX3CL1) is the only member of the CX3C family of chemokines and 

signals through a single Gα-linked receptor CX3CR1 [61, 62]. Membrane-bound 

fractalkine enables the integrin-independent capture and firm adhesion of 

leukocytes via the CX3CR1. Under inflammatory conditions, cleavage of cell-

surface fractalkine by MMPs generates a soluble chemokine, which binds CX3CR1 

on nearby cells and induces cell chemotaxis and survival via signaling 

intermediates [63]. To validate the finding in cytokine array experiment, we 

measured the secretion level of fractalkine in CMs of HSC-2, HSC-3 or YD-10B 

OSCC cells treated with TGF-β1 antibody by the human fractalkine ELISA assay. 

Consistent with the array observation, the secreted fractalkine levels derived from 

YD-10B OSCC cells were significantly decreased, and fractalkine levels in CM of 

HSC-2 and HSC-3 OSCC cells also considerably reduced by treatment with TGF-
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β1 antibody for 24 h (Figure 9A). However, the secretion of fractalkine from Ca.9-

22 OSCC cells did not inhibit by TGF-β1 antibody treatment. Furthermore, Western 

blot analysis indicated TGF-β1 antibody treatment decreased CX3CR1 expression 

in 4 OSCC cell lines (Figure 9B), suggesting the possibility that TGF-β1 regulates 

not only fractlakine secretion in some OSCC cells but also CX3CR1 expression in 

most OSCC cells.  

 

9. Fractalkine and CX3CR1 expressions in OSCC-inoculated calvarial tissues 

We next investigated the expressions of fractalkine and CX3CR1 in OSCC-

inoculated calvarial tissues. Immunohistochemical analysis showed that fractalkine 

expressed all calvarial tissues inoculated with wild OSCC cells but fractalkine 

expression was blocked by TGF-β1 knockdown. The most intense immonostaining 

for fractalkine was observed in calvarial tissues of wild Ca.9-22 OSCC, but weak 

expression in those of YD-10B wild OSCC (Figure 10A). CX3CR1 was intensively 

observed in all TGF-β1 wild OSCC-inoculated calvarial tissues but almost 

completely inhibited by TGF-β1 knockdown (Figure 10B). 

 

10. The expressions of BMP-4, M-CSF and MMPs in OSCC-inoculated 

calvarial tissues 
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Figure 9. Fractalkine secretion and CX3CR1 expression in OSCC cells. (A) OSCC 

cells were cultured in the presence of TGF-β1 antibody (Ab) for 24 h. CMs were 

analyzed for fractalkine by an ELISA assay. Data were expressed as the means ± 

S.E. * P<0.05, ** P<0.01, *** P<0.001 versus control. (B) 4 OSCC cells were 

treated with TGF-β1 Ab in serum-free media for 24 h. CX3CR1 expression was 

detected by Western blotting. β-actin served as a loading control.  
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Figure 10. IHC analysis for fractalkine and CX3CR1. (A) OSCC-inoculated calvarial 

tissues were fixed in 4% neutral phosphate-buffered formalin, decalcified in 10% 

EDTA, sectioned and stained with fractalkine antibody. (B) OSCC-inoculated 

calvarial tissue sections were stained with CX3CR1 antibody. Tm, Tumor; Bn, 

Bone; Br, Brain. (Original magnification; x100, x200) 
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We further examined the expression of BMP-4 and M-CSF, TGF-β1-regulated 

cytokines found in cytokine array experiment, in OSCC-inoculated calvarial tissue 

sections. BMPs regulate developmental epithelial to mesenchymal transition (EMT) 

and a role for BMP signaling in promoting the metastatic cascade is emerging [64-

67]. Intense immunostaining for BMP-4 was observed in all wild OSCC-inoculated 

calvarial tissues, particularly along the bone matrix, while TGF-β1 knockdown 

substantially reduced BMP-4 level in HSC-2 and YD-10B OSCC cells (Figure 11A).  

M-CSF has been reported to be closely associated with a step in the metastatic 

spread not tumor growth [68, 69]. In this study, immunostaining for M-CSF was 

observed in all TGF-β1 wild OSCC-inoculated calvarial tissues, but TGF-β1 

knockdown resulted in the decreased immunoreactivity in HSC-2 and YD-10B 

OSCC cells (Figure 11B).  

The family of MMPs is subdivided into collagenases, gelatinases, stromelysins, 

membrane type MMPs, and new MMPs [70]. Malignant cells use MMPs to break 

down the basement membrane, thus facilitating tumor invasion and/or metastasis. 

MMP expression is elevated in several different malignancies, and its expression 

has been correlated with aggressive tumor performance and poor patient prognosis 

[71]. MMPs have been implicated in leading the invasion and metastasis of breast, 

colon and pancreatic cancer cells [64, 65]. Invasive OSCC cells secrete MMPs  
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Figure 11. IHC analysis for BMP-4 and M-CSF. (A) OSCC-inoculated calvarial 

tissues were fixed in 4% neutral phosphate-buffered formalin, decalcified in 10% 

EDTA, sectioned and stained with BMP-4 antibody. (B) OSCC-inoculated calvarial 

tissue sections were stained with M-CSF antibody. Tm, Tumor; Bn, Bone; Br, Brain. 

(Original magnification; x100, x200) 
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[72-74], which are a large family of highly conserved metalloendopeptidases with 

activity directed against a variety of ECM substrates [75-77]. Since OSCC-induced 

bone invasion or destruction were blocked by TGF-β1 knockdown, we investigated 

if MMP-2 or MMP-9 could contribute to TGF-β1-mediated OSCC-induced bone 

invasion in the tumor xenograft model. All wild OSCC-inoculated calvarial tissues 

showed MMP-2 (Figure 12A) and MMP-9 (Figure 12B) expressions, particularly at 

the tumor-bone interface. However, MMP-2 and MMP-9 were barely detected in all 

TGF-β1 knockdown OSCC-inoculated calvarial tissues, suggesting that MMP-2 

and/or MMP-9 contribute to TGF-β1-regulated OSCC-induced bone invasion.  

 

11. Effects of TGF-β1, TGF-β1 antibody or TβRⅠ inhibitor on the viability and 

migration of OSCC cells 

To verify the effect of TGF-β1 on the proliferation of OSCC cells, we investigated 

whether TGF-β1, TGF-β1 antibody or TβRⅠ inhibitor influence the viability in OSCC 

cells. . The viability of HSC-2, HSC-3 and Ca.9-22 cells was significantly decreased 

by the treatment with TGF-β1 for 24 or 72 h, but was increased by treatment with 

TGF-β1 antibody (Figure 13). In contrast, that of YD-10B cells was increased by 

TGF-β1 treatment but decreased by TGF-β1 antibody. Treatment with TβRⅠ 

inhibitor significantly decreased cell viability in the different OSCC cells. These data 
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Figure 12. IHC analysis for MMP-2 and MMP-9. (A) OSCC-inoculated calvarial 

tissues were fixed in 4% neutral phosphate-buffered formalin, decalcified in 10% 

EDTA, sectioned and stained with MMP-2 antibody. (B) OSCC-inoculated calvarial 

tissue sections were stained with MMP-9 antibody. Tm, Tumor; Bn, Bone; Br, Brain. 

(Original magnification; x100, x200) 
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Figure 13. Effects of TGF-β1, TGF-β1 Ab or TβRⅠ inhibitor on the viability of OSCC 

cells. Cells were treated with TGF-β1, TGF-β1 antibody or TβRⅠ inhibitor for 24 or 

72 h. Cell viability was evaluated by MTT assay. Data were expressed as the 

means ± S.E. of three independent experiments. * P<0.05, ** P<0.01, *** P<0.001 

versus control. 
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demonstrate that autocrine stimulation of TGF-β1 inhibited the viability of OSCC 

cells. However, the blockade of TGF-β1 and its receptor signaling by TβRⅠ inhibitor 

treatment decreased cell viability. 

TGF-β1 strongly stimulates the invasive and metastatic capacity of tumor cells 

[78, 79]. Treatment with TGF-β1 stimulated the migration of 4 OSCC cells (Figure 

14A, B, C and D). However, the migration of 4 OSCC cells was inhibited by TGF-β1 

antibody or TβRⅠ inhibitor in a dose-related manner.  

 

12. Effect of TGF-β1 on the invasion and uPA activity of OSCC cells 

The effect of TGF-β1 on cell invasion was evaluated by Matrigel invasion assay, 

treatment with TGF-β1 in HSC-2 (Figure 15A) and Ca.9-22 (Figure 15B) OSCC 

cells significantly increased cell invasion. uPA plays a role in basement membrane 

degradation and cell invasion, via a cascade involving activation of plasminogen 

and the MMPs [80, 81]. TGF-β1 increasaed the uPA levels in the CMs from HSC-2 

and Ca.9-22 OSCC cells (Figure 16). These results suggest the potential that TGF-

β1 enhances invasion of OSCC cells by stimulating uPA-induced ECM degradation. 

 

13. Effects of fractalkine and CX3CR1 on the viability of OSCC cells 

 Through human cytokine array and ELISA assay, we found that TGF-β1  
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Figure 14. Effects of TGF-β1, TGF-β1 Ab or TβRⅠ inhibitor on the migration of 

OSCC cells. Cell motility was evaluated using wound healing migration assay, as 

described in Materials and methods. (A) HSC-2, (B) HSC-3, (C) Ca.9-22 and (D) 

YD-10B OSCC cell monolayer was scratched using a sterile yellow tip, then cells 

were treated with TGF-β1, TGF-β1 antibody or TβRⅠ inhibitor in culture medium 

containing 1% FBS for 14 h. (Original magnification; x40) 
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Figure 15. Effect of TGF-β1 on the invasion of HSC-2 and Ca.9-22 OSCC cells. 

Cell invasion was evaluated using Matrigel invasion assay, as described in 

Materials and methods. (A) HSC-2 and (B) Ca.9-22 OSCC cells were plated onto 

the upper part of the Matrigel‐coated insert. The lower wells were filled with 600 ㎕ 

of medium containing TGF-β1. Following 20 h incubation, invaded cells were 

stained with hematoxylin and counted under an optical microscope. Eight fields 

were counted per filter in each group. The values were expressed as the means ± 

S.E. * P<0.05, ** P<0.001 versus control. 
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Figure 16. Effect of TGF-β1 on the uPA activity of HSC-2 and Ca.9-22 OSCC cells. 

Cells were treated with TGF-β1 in serum-free medium for 24 h. uPA activity in CM 

was revealed by uPA activity assay, which detects colored product released from 

cleavage of substrate by active uPA. Data were presented as the means ± S.E. of 

as an uPA amount (units). 1 unit; uPA standard 5 ㎕/ml. The experiment was done 

independently in triplicate twice. * P<0.05, ** P<0.01, *** P<0.001 versus control. 
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regulates the production of fractalkine in OSCC cells, particularly in HSC-2 and YD-

10B cells. To determine the role of TGF-β1-regulated fractalkine in OSCC cells, we 

first evaluated the effects of fractalkine and CX3CR1 on cell viability. OSCC cells 

were treated with indicated concentrations of fractalkine antibody, CX3CR1 

antibody, or CX3CR1 antibody with fractalkine or TGF-β1 for 24 and 72 h at 37˚C. 

Treatment with fractalkine antibody or CX3CR1 antibody inhibited the viability of 

HSC-2 and YD-10B cells (Figure 17), and CX3CR1 antibody inhibited cell viability 

induced by fractalkine and reduced together with TGF-β1. Fractalkine antibody or 

CX3CR1 antibody decreased the viability of HSC-3 cells, whereas did not affect the 

viability of Ca.9-22 cells (Figure 17), in the absence or presence of fractalkine or 

TGF-β1. Fractalkine significantly increased cell viability in HSC-3, but not Ca.9-22 

cells. 

 

14. Effects of fractalkine on the migration of OSCC cells 

Fractalkine-CX3CR1 pair is involved in the location of circulating cancer cells to 

the bone marrow, as well as their preferential migration and survival into the bone 

tissue [82]. Thus, we investigated whether cell migration could be affected by 

fractalkine in OSCC cells. The disruption of fractalkine or CX3CR1 by antibodies 

inhibited cell migration, and fractalkine or TGF-β1-induced migration were markedly  
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Figure 17. Effects of fractalkine on the viability of OSCC cells. The viability of HSC-

2, YD-10B, HSC-3 or Ca.9-22 OSCC cells was evaluated by MTT assay and 

expressed as percentage of absorbance of Ab or cytokine-treated cells to the 

absorbance of control. Data were expressed as the means ± S.E. * P<0.05, ** 

P<0.01, *** P<0.001 versus control; # P<0.05, ## P<0.01, ### P<0.001 versus 

fractalkine-treated cells; + P<0.05, ++ P<0.01, +++ P<0.001 versus TGF-β1-treated 

cells. 
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decreased by treatment with CX3CR1 antibody (Figure 18A, B, C and D). These 

results suggest that fractalkine and its receptor, CX3CR1, signaling regulates the 

migration of OSCC cells. 

 

15. Effect of fractalkine on the invasion and uPA activity of OSCC cells 

OSCC-induced bone invasion were investigated in which OSCC cells were 

incubated with fractalkine. Consistent with the results of wound healing assay, 

treatment of fractalkine in OSCC cells significantly increased cell invasion (Figure 

19A, B, C and D). Moreover, fractalkine promoted uPA activity in HSC-2, HSC-3 

and YD-10B OSCC cells in a dose dependent manner, not Ca.9-22 OSCC cells 

(Figure 20). Our data indicate that fractalkine promotes the invasion and uPA 

activity of OSCC cells.  
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Figure 18. Effects of fractalkine Ab, CX3CR1 Ab, or CX3CR1 Ab with fractalkine or 

TGF-β1 on the migration of OSCC cells. Cell motility was evaluated using wound 

healing migration assay, as described in Materials and methods. (A) HSC-2, (B) 

HSC-3, (C) Ca.9-22 and (D) YD-10B OSCC cell monolayer was scratched using a 

sterile yellow tip, then cells were treated with fractalkine Ab, CX3CR1 Ab, or 

CX3CR1 Ab with fractalkine or TGF-β1 in culture medium containing 1% FBS for 

14 h. (Original magnification; x40)  
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Figure 19. Effect of fractalkine on the invasion of OSCC cells. Cell invasion was 

evaluated using Matrigel invasion assay, as described in Materials and methods. 

(A) HSC-2, (B) HSC-3, (C) Ca.9-22 and (D) YD-10B OSCC cells were plated onto 

the upper part of the Matrigel‐coated insert. The lower wells were filled with 600 ㎕ 

of medium containing fractalkine. Following 20 h incubation, invaded cells were 

stained with hematoxylin and counted under an optical. The values were expressed 

as the means ± S.E. * P<0.05, ** P<0.01, *** P<0.001 versus control. 

 

 

 

 

 

 

 

 

 

 

 

 



87 
 

 

 

Figure 20. Effect of fractalkine on the uPA activity of OSCC cells. Cells were 

treated with fractalkine in serum-free medium for 24 h. CMs were collected and 

uPA activity was measured with commercially available kit. Data were presented as 

an uPA amount (units) and as the means ± S.E. The experiments were done 

independently in triplicate twice. * P<0.05, ** P<0.01, *** P<0.001 versus control. 
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Ⅳ. Discussion 

 

The involvement of TGF-β1 signaling to cancer cells has been investigated for 

more than two decades [83-85]. In an early phase TGF-β1 acts as a tumor 

suppressor [43], while later, when cells have become resistant to its anti-mitogenic 

effects, the role of TGF-β1 switches towards malignant conversion and progression. 

TGF-β1 stimulates cell invasion and modifies the microenvironment to the benefit 

of cancer cells [44]. Studies have shown that TGF-β1 promotes bone and lung 

metastasis via different mechanisms. However, the role of TGF-β1 in invasion and 

metastasis of OSCC cells is not well understood. This is because patients with oral 

cancer that metastasizes to lymph nodes in the neck or to the lung die early, and 

histological analysis of the bone was not fine performed [86-88]. Thus, the purpose 

of the present study was to elucidate the role of TGF-β1 and fractalkine as a 

chemokine regulated by TGF-β1 in OSCC-induced bone invasion. 

We firstly generated stable TGF-β1 knockdown OSCC cells by shRNA plasmid 

transfection. Human HSC-2, HSC-3, Ca.9-22 and YD-10B OSCC cells and the 

respective TGF-β1 knockdown OSCC cells were inoculated onto calvarial region of 

nude mice. Bone destruction by HSC-3 or Ca.9-22 OSCC-induced invasion and 

bone resorption by HSC-2 or YD-10B OSCC-induced invasion were strongly 
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reduced through shRNA suppression of TGF-β1. The tumor volumes of the TGF-β1 

knockdown OSCC cells tended to be small, although the data did not show a 

significant statistical correlation between tumor volume and bone invasion. In 3D-

image as a result of μ-CT analysis, the bone destruction or bone resorption in 

TGF-β1 knockdown OSCC-inoculated calvarial tissues were obviously less than in 

wild OSCC-inoculated calvarial tissues, implying that TGF-β1 are important for 

active bone invasion by OSCC. 

Current experimental studies support the concept that there is a vicious cycle at 

the bone metastatic site, where metastatic cancer cells stimulate osteoclast-

mediated bone resorption and bone-derived growth factors released from the 

resorbed bone promote tumor growth [89]. The most abundant repository for TGF-

β1 is the bone matrix, and this factor is released nearby into the microenvironment 

as a consequence of osteoclastic bone resorption [90]. One study showed that 

plasma TGF-β1 levels were elevated in more than half of the cancer patients with 

bone metastasis [91]. In our model, OSCC-induced bone invasion was strongly 

suppressed by TGF-β1 knockdown. We further studied the molecular mechanism 

by which TGF-β1 may regulate bone destruction by invading OSCC. 

A recent study showed that TβRI accumulation as a histological marker was 

correlated with OSCC-induced mandible destruction and that overexpression of 
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TβRI in tumor cells induced the observed osteoclastogenesis [50]. In the present 

study, PTHrP expression and TRAP-positive osteoclasts were observed in TGF-β1 

wild OSCC-inoculated region that faced the calvarial tissue surface, but not TGF-

β1 knockdown OSCC-inoculated calvarial tissue, suggesting that OSCC cells 

destroyed the balance of bone formation and resorption in the host environment 

through the release of TGF-β1 from OSCC cells. Consistent with these results, loss 

of calcium in calcified calvarial tissues were intensely observed in Ca.9-22 TGF-β1 

wild OSCC-inoculated calvarial tissue by ARS staining, but were inhibited in Ca.9-

22 TGF-β1 knockdown OSCC-inoculated calvarial tissue. These characteristics 

indicate that TGF-β1 may stimulate osteoclastogenesis and bone resorption 

activity in OSCC cells. 

Tumor invasion and metastasis are regarded as multistep occurrences that 

involve proteolytic degradation of the basement membrane and ECM, and altered 

cell adhesion and physical movement of the tumor cells. Of these steps, 

degradation of the ECM is essential, and many proteinases, e.g., serine proteases 

and MMPs, are implicated [70, 71]. In particular, MMP-2 and MMP-9 are 

consistently detected in malignant tissues and closely associated with tumor 

growth and progression [92-94]. Therefore, we evaluated MMP-2 and MMP-9 

expressions in wild and TGF-β1 knockdown OSCC-inoculated calvarial tissues by 
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IHC analysis. TGF-β1 knockdown OSCC-inoculated calvarial tissues hardly 

showed immunoreactivity, suggesting that MMP-2 and/or MMP-9 are regulated by 

TGF-β1. 

Systemic inhibition of TGF-β1 affects the entire tumor microenvironment from the 

cancerous epithelium to the stromal cells. To directly investigate the role of TGF-β1 

signaling, several groups have sought to target the TGF-β1 pathway within the 

tumor cells as well as stromal fibroblasts. However, depending on the in vivo 

xenograft models, conflicting results have emerged regarding the role of TGF-β1 

signaling in cancer and metastasis [47]. To determine the factors underlying the 

invasion of OSCC cells, we examined the chemokines regulated by TGF-β1 in 

OSCC cells by human cytokine array. Many cytokines were decreased in TGF-β1 

knockdown OSCC cells of HSC-2 and YD-10B compared with wild OSCC cells. 

However, in HSC-3 and Ca.9-22 OSCC cells, a few cytokines were weakly 

changed by TGF-β1 knockdown. There were no common cytokines regulated by 

TGF-β1 in all OSCC cells, but fractalkine was decreased by TGF-β1 knockdown in 

HSC-2, HSC-3 and YD-10B OSCC cells, suggesting that fractalkine from OSCC 

cells may be regulated by TGF-β1 via indirect or direct mechanisms and 

associated with the unique bone invasion. We also found that treatment with TGF-

β1 antibody inhibited soluble fractalkine secretion and the expression of its receptor, 
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CX3CR1, in all OSCC cells, supporting IHC analysis of the tumor xenograft model 

that their expressions were abrogated by TGF-β1 knockdown. These results 

propose that fractalkine production as one of the effects of TGF-β1 signaling in 

OSCC cells may facilitate cancer cell migration and invasion.  

BMP-4 and M-CSF were also reduced by TGF-β1 knockdown in the CMs of 

HSC-2 and YD-10B OSCC cells and in HSC-2 and YD-10B OSCC-inoculated 

calvarial tissues. BMPs are extracellular signaling molecules that organize the 

largest branch of the TGF-β superfamily [95, 96]. By regulating target gene 

transcription, these growth factors control various cellular processes, such as 

proliferation, differentiation, apoptosis and migration. BMPs were originally 

identified based on their ability to process bone at extraskeletal sites [97, 98]; 

currently, they are known to play critical roles in diverse developmental phases [99, 

100]. M-CSF plays an important role in osteoclast physiology. At least part of that 

role may be attributable to its well-documented stimulatory action on osteoclast 

migration [101-103]. In in vitro cultures, osteoclasts have been shown to migrate 

toward sources of M-CSF, marking the cytokine as one of the potential mediators 

of osteoclast recruitment. 

Several tumors expresses TGF-β1 and TGF-β1/TGF-β receptor signaling not 

only regulates to osteoclastogenesis but also elicits numerous cellular effects 
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pertinent to the metastatic process. Our results revealed that TGF-β1 enhanced the 

migration, invasion and uPA activity, although TGF-β1 has the inhibitory effect of 

cell proliferation excluding the YD-10B OSCC cells. In addition, TGF-β1 antibody or 

TβRⅠ inhibitor strongly decreased the cell migration. We next verified the effects of 

fractalkine and CX3CR1 regulated by TGF-β1 in OSCC cells. The 

fractalkine/CX3CR1 axis generates a vascular gateway for cytotoxic effector cells 

by promoting migration into inflamed tissues or ECM, leading to further 

inflammation and metastasis [82, 104]. As expected, fractalkine induced the 

migration, invasion and uPA activity. Moreover, fractalkine-induced or TGF-β1-

induced cell migration was remarkably reduced by CX3CR1 antibody, and 

fractalkine antibody or CX3CR1 antibody reduced the migration of OSCC cells. 

However, fractalkine stimulated the viability of only HSC-2 and YD-10B OSCC cells. 

The results indicate that TGF-β1 is an important enhancer for motility, invasiveness 

and uPA activity of OSCC cells via modulation of fractalkine and its receptor, 

CX3CR1. TGF-β1-regulated fractalkine and/or CX3CR1, at least in part, may 

encourage OSCC-induced bone destruction through stimulation of migration and 

invasion of OSCC cells (Figure 21). 
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Figure 21. The role of TGF-β1 in OSCC-induced bone invasion. 
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Ⅴ. Conclusion 

 

Tumor growth, invasion, osteolysis by activated osteoclasts, release of calcium 

from bone, and expressions of PTHrP, MMP-2 and MMP-9 were substantially 

observed in the calvarial tissues of nude mice inoculated with wild OSCC cells. 

However these were inhibited by TGF-β1 knockdown. TGF-β1 and fractalkine as a 

chemokine regulated by TGF-β1 cause a significant increase in the cell migration, 

invasion and uPA activity of OSCC cells. 

Consequently, fractalkine and/or CX3CR1 may be diagnostic marker and 

potential target for the treatment of OSCC-induced bone destruction. Further 

investigation on the molecular mechanisms of fractalkine signaling via CX3CR1 

and TGF-β1-inducible genes responsible for bone destruction is essential to the 

objective of finding an effective therapy for bone-destructive OSCC. 
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Abstract (in Korean) 

 

TGF-β1에 의해 조절되는 fractalkine과 CX3CR1은 

사람 구강 편평상피세포암의 골 침윤을 촉진시킨다 

 

< 지도교수 박 광 균 > 

 

연세대학교 대학원 치의학과  

손 승 화 

 

구강 편평상피세포암의 발병률은 1.9~3.5%이며 구강암을 가진 환자들이 복합

적인 방법으로 치료를 받더라도 5년간 생존율이 50% 미만으로 알려져 있다. 특

히, 구강 편평상피세포암은 국소부위의 골 침윤에 대해 강한 활성을 가진 것으

로 보고되어 있다. TGF-β1은 많은 세포를 전이 과정에 적합하도록 변화시키는 

다기능 폴리펩타이드이다. 그러나 구강암에 의해 유도된 골 침윤에서 TGF-β1의 

역할은 명확하게 밝혀져 있지 않다. 따라서, 본 연구에서는 TGF-β1이 구강암에 

의해 유도된 골 침윤을 조절하는지 조사하였다. 

먼저, 정상 또는 TGF-β1 발현이 감소된 사람 구강 편평상피세포암 세포를 생
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쥐의 머리덮개 골 표면 위에 피하주사로 접종하였다. 40일 후, micro-CT 분석을 

통해 구강편평상피세포암 세포에 TGF-β1 발현을 감소시키면 구강암으로 유도

되는 골 파괴 및 흡수가 억제된다는 것을 확인하였다. 머리덮개 골의 조직학적 

염색 결과, 종양과 골 사이에서 종양 침윤, 파골세포의 형성 그리고 칼슘 방출

이 TGF-β1 발현을 감소시킨 생쥐에서 현저히 감소하였다. 면역조직화학적 분석 

결과, TGF-β1을 발현하는 구강암 세포를 접종한 생쥐와 비교하였을 때 TGF-β1 

발현이 감소된 구강암 세포를 접종한 생쥐의 머리덮개 골 조직에서 fractalkine, 

CX3CR1, BMP-4, M-CSF, MMP-2, MMP-9 그리고 PTHrP의 발현들이 감소하였다. 

In vitro 실험 결과, TGF-β1은 구강암 세포의 이동성, 침윤성 그리고 uPA의 활성

을 증가시켰다. 또한, 정상 또는 TGF-β1 발현이 감소된 구강암 세포들의 배양 

배지에서 케모카인을 분석한 결과, TGF-β1 발현이 감소된 구강암 세포들에서 

공통적으로 fractalkine의 분비가 억제되는 것을 확인하였다. TGF-β1에 의해 조

절되는 fractalkine은 구강암 세포의 이동성, 침윤성 그리고 uPA의 활성을 증가

시켰다. 이러한 결과들은, 구강암에 의해 유도된 골 침윤이 TGF-β1에 의해 조

절되는 케모카인, 특히 fractalkine과 그 수용체 CX3CR1에 의해 매개되어 일어

날 수 있음을 제시한다. 

 

 

핵심되는 말: 구강 편평상피세포암, 골 침윤, TGF-β1, Fractalkine, CX3CR1 
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Abstract:

 

Although chemotherapy has an important function in the treatment of most solid tumours, its clinical applications
are limited by severe side effects such as nephrotoxicity, hepatotoxicity, ototoxicity and neurotoxicity. Recently, a growing
amount of attention has been focused on the investigation of the effects of chemopreventive agents on the inhibition of
cancer cell growth and toxicity in combination with chemotherapeutics. The aim of this study was to determine whether
licochalcone A (LCA) has the potential to serve as a beneficial supplement during cisplatin chemotherapy. We found that
the administration of LCA alone significantly inhibited the size of the solid tumours in CT-26 cell-inoculated Balb/c mice,
without any detectable induction of nephrotoxicity, hepatotoxicity and oxidative stress. LCA also suppressed cell proliferation
by reducing DNA synthesis of  CT-26 murine colon cancer cells in a dose-dependent manner. LCA did not affect the
therapeutic efficacy of cisplatin. Furthermore, LCA inhibited the cisplatin-induced kidney damage characterized by
increases in the serum creatinine and blood urea nitrogen, as well as the cisplatin-induced liver damage characterized by
increases in the serum alanine aminotransferase and aspartate aminotransferase. The repeated oral administration of LCA
prior to cisplatin treatment exerted a preventive effect on the cisplatin-mediated increases in the serum nitric oxide and the
tissue lipid peroxidation levels, and recovered the depleted reduced glutathione levels in the tissues. These results suggest

 

that supplementation with LCA may be beneficial in counteracting the side effects of cisplatin therapy in cancer patients.

 

Chemotherapy is usually accompanied by negative side
effects that determine poor quality of life in cancer patients,
although it has been shown to play an important role in the
treatment of solid tumours. The overwhelming production
of reactive oxygen species (ROS) is considered to be one of
the causes for the toxic side effects of chemotherapeutic
agents [1–3]. Therefore, a growing body of evidence suggests
that a combination treatment of chemotherapy and chemo-
preventive agents with antioxidant activity may enhance the
efficacy of chemotherapeutics and/or reduce the systemic
toxicity induced by chemotherapy [4].

Cisplatin (

 

cis

 

-diamminedichloroplatinum II) is one of
the most active antitumour drugs, and is used extensively
for the treatment of a variety of solid tumours, including can-
cers of the ovary, testis, lung, bladder, head and neck, cervix
and endometrium [5]. Despite its profound chemotherapeu-
tic properties, the efficacy of cisplatin is frequently limited
by its dose-limiting nephrotoxicity [6,7]. Hepatotoxicity is
not considered as a dose-limiting factor, but liver injury
occur and adversely affect the patients to whom high doses
of cisplatin were administered [8]. Although the precise
mechanism underlying this cisplatin-induced toxicity

remains poorly understood, cisplatin is preferentially taken
up and accumulates within human kidney and liver cells [9],
resulting in enhanced lipid peroxidation, free radical-
trapping capacity in plasma, and a reduction in levels of tissue
antioxidant enzymes and glutathione through cisplatin-
induced generation of ROS [10,11]. Furthermore, several
studies have indicated that antioxidant micronutrients, such
as vitamin C, vitamin E and selenium, may provide protec-
tion against cisplatin-induced nephrotoxicity [12,13].

Licorice is an esteemed crude drug in both the Orient and
Occident that is originated from the dried roots of several

 

Glycyrrhiza

 

 species (Leguminosae), including 

 

Glycyrrhiza
uralensis

 

 Fischer, 

 

G. glabra

 

 Linne and 

 

G. inflata

 

 Batalin
[14,15]. In Chinese traditional medicine, licorice remains
one of the most commonly prescribed herbs and has been
used in the treatment of various ailments ranging from
tuberculosis to peptic ulcers [16]. The chemical constituents
of licorice include glycyrrhizin, liquiritin, isoliquiritin and
their aglycones, and species-specific flavonoids such as
glycocoumarin, glabridin and licochalcone A [17,18]. Both
licorice extract and glycyrrhizin, its principle component,
have been approved for use in foods by the US Food and
Drug Administration, the Council of Europe, and the Joint
FAO/WHO Expert Committee on Food Additives. They have
also been included in the list of substances Generally Recog-
nized as Safe (GRAS) by the Flavor and Extract Manufacturers’
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Association. Glycyrrhizin and its aglycon, glycyrrhetinic
acid, showed an inhibition against CCl

 

4

 

-induced hepatotoxicity
[19–21]. In addition, a recent study reported that an aqueous
extract of licorice and glycyrrhizin protected against hepato-
toxicity induced by an immunosuppressant azathioprine
[22]. However, protective effect of licochalcone A (fig. 1), a
species-specific typical constituent of 

 

G. inflata

 

, on cisplatin-
induced toxicity have not yet been studied, although it has
been reported to have anti-inflammatory [23], antioxidative and
superoxide scavenging [24], anti-

 

Helicobacter pylori

 

 [25],
chemopreventive and antitumour effects [26–29].

The aim of this study was to determine whether LCA has
potential to function as a beneficial supplement, which
could be used to maintain patients’ health during cisplatin
chemotherapy. We evaluated the inhibitory effect of LCA
alone and in combination with cisplatin on the growth of
xenografted mouse colon carcinoma cells, as well as its
protective effects against cisplatin-induced nephrotoxicity
and hepatotoxicity in mice.

 

Materials and Methods

 

Chemicals.

 

Licochalcone A was purchased from Calbiochem (La
Jolla, CA, USA). Cisplatin, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), 1,1,3,3-tetramethoxypropane,
sulfanilamide, 

 

α

 

-naphthylamine, sodium nitrite, thiobarbituric
acid, potassium chloride, trichloroacetic acid, ammonium sulfamate,
N-(1-naphthyl)ethylenediamine and reduced glutathione (GSH)
were obtained from Sigma-Aldrich Chemical (St. Louis, MO, USA).
Dulbecco’s modified Eagle’s medium (DMEM), foetal bovine
serum (FBS), trypsin-EDTA, and phosphate-buffered saline (PBS)
were acquired from Gibco-BRL (Gaithersburg, MD, USA). All
reagents used in this study were of analytical grade.

 

Animals.

 

Balb/c male mice (30 ± 5 g, 5 weeks of age) were purchased
from the Central Lab Animal Inc. (Seoul, South Korea), and
permitted free access to a normal standard chow diet (Daejong
Inc., Seoul, South Korea) and tap water. All mice were housed for
acclimatization for 1 week prior to the experiments and maintained
at 25 ± 2

 

°

 

, with a relative humidity of 55 ± 5% and a 12-hr light:dark
cycle. Animal studies were conducted after the experimental protocols
were approved by the animal ethics committee of  the Yonsei
University College of Dentistry.

 

Mouse xenograft model.

 

In an effort to assess the inhibitory effect
of LCA on tumour growth, as well as its protective effects against
cisplatin-induced nephrotoxicity and hepatotoxicity, the mice were
divided into five groups, each group consisting of eight mice: PBS-
treated group, CT-26 cell-inoculated group, CT-26 cell-inoculated
group with cisplatin, CT-26 cell-inoculated group with LCA, CT-26
cell-inoculated group with LCA and cisplatin. The CT-26 mouse
colon cancer cells (2 

 

×

 

 10

 

6

 

 cells in 0.1 ml PBS) cultured in DMEM
with 10% FBS were subcutaneously injected into the right flanks of
the mice. Twenty-four hours later, Balb/c mice were dosed with
LCA (1 mg/kg body weight) in PBS via oral gavage. Two hours
after treatment with LCA, cisplatin (5 mg/kg body weight) in PBS
was intraperitoneally injected. LCA and cisplatin were administered
once a day for 15 days. The control group received PBS rather than
LCA and cisplatin. On day 15, tumour size was measured with
calipers and tumour volumes were calculated in accordance with
the following formula: (length 

 

×

 

 width

 

2

 

)/2. Sixteen hours after the
final cisplatin injection, the mice were killed under anaesthesia.
The livers and kidneys of the mice were excised immediately after
the blood was collected from each mouse, then homogenized for the
following experiments.

 

Cell viability and DNA synthesis in colon cancer cell lines.

 

The via-
bility of CT-26 mouse colon cancer cells was determined via a MTT
assay. In brief, colon cancer cells (2.5 

 

×

 

 10

 

4

 

 cells/ml) were seeded
onto each well of a 96-well plate with DMEM containing 10% FBS
and cultured to adhere overnight. The cells were then treated with
various concentrations of LCA in serum-free medium for 24 and
72 hr, respectively. Twenty microlitres of a MTT solution (5 mg/ml)
was added to each well, and the cells were incubated for 4 hr at 37

 

°

 

.
The medium was then removed, and 200 

 

μ

 

l of dimethyl sulfoxide
was added to each well. The absorbance was determined at 570 nm
using a microplate reader (Bio-Rad Laboratories, Hercules, CA, USA).

DNA synthesis was evaluated by measuring the quantity of 5-
bromo-2

 

′

 

-deoxyuridine (BrdU) incorporated into the colon cancer
cells. Colon cancer cells (5 

 

×

 

 10

 

3

 

 cells/ml) were plated onto each well
of a 96-well plate and grown to 70% confluence. The cells were
treated with serum-free medium in the absence or presence of LCA
at the indicated concentrations for 24 and 72 hr, respectively. The
cells were labelled with 10 

 

μ

 

M BrdU for an additional 4 hr. The
cells were fixed for 30 min with 70% acidic ethanol at –20

 

°

 

. Cell
proliferation was then evaluated using a Roche BrdU labelling
and detecting kit III (Roche Diagnostics, Mannheim, Germany) in
accordance with the manufacturer’s protocols. Absorbance was
measured at 450 nm using a microplate reader.

 

Determination of serum biochemical parameters.

 

Blood samples were
maintained at room temperature for 1 hr, then centrifuged for 10
min at 300 

 

×

 

g to obtain serum. As indicators of kidney function,
serum blood urea nitrogen (BUN) and creatinine levels were
assessed. In order to evaluate liver function, serum alanine ami-
notransferase (ALT) and aspartate aminotransferase (AST) levels
were evaluated. All biochemical assays were conducted spectropho-
tometrically, using commercially available kits (Asan Pharmaceutical,
Seoul, South Korea).

 

Nitric oxide determination.

 

Serum nitrite was estimated as an index
of nitric oxide production using the Griess reagent. 100 

 

μ

 

l of Griess
reagent (1:1 solution of 0.2% 

 

α

 

-naphthylamine in distilled water
and 2% sulphanilamide in 5% phosphoric acid) was added to 100 

 

μ

 

l
of appropriately diluted serum. Total nitrite was spectrophotometrically
measured at 540 nm after the conversion of nitrate to nitrite for 5
min at room temperature [30]. Nitrite concentration was calculated
using a standard curve for sodium nitrite. Nitrite levels were
expressed as 

 

μ

 

mol/l of serum.

 

Preparation of the homogenates from kidney and liver tissues.

 

Kidney and liver tissues were immediately perfused with ice-cold
saline (0.9% KCl) to remove the blood. The tissues were sliced into

Fig. 1. Licochalcone A.
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small pieces with scissors on ice, then homogenized in 10 volumes
of ice-cold 1.15% KCl. The homogenates were centrifuged at 800 

 

×

 

g
for 10 min at 4

 

°

 

 to separate the nuclear debris. Aliquots of the
homogenate were collected and stored at 

 

−

 

80

 

°

 

 in order to determine
the levels of  malondialdehyde (MDA) and GSH. Total protein
concentrations were determined using a BCA protein assay kit
(Pierce Biotechnology Inc., Rockford, IL, USA).

 

Determination of lipid peroxidation.

 

The content of  MDA, as an
index of the extent of lipid peroxidation, was assayed in the form of
thiobarbituric acid-reactive substances as previously described [31].
The reaction mixture (4 ml) consisted of 0.2 ml of 8.1% sodium
dodecyl sulfate, 1.5 ml of 20% acetic acid (pH 3.5), 1.5 ml of 0.8%
thiobarbituric acid, 0.2 ml of the homogenate, and distilled water.
The mixture was incubated for 1 hr at 95

 

°

 

, cooled for 5 min with tap
water, vigorously mixed with 5 ml of a n-butanol-pyridine (15-1, v/v)
mixture, and centrifuged for 10 min at 1200 

 

×

 

g. The absorbance of
the organic layer (upper n-butanol phase) was determined at 532
nm. 1,1,3,3-Tetramethoxypropane was utilized to establish the
standard curve, and the final MDA concentration was expressed as
nmol MDA per mg protein.

 

Determination of GSH level.

 

To determine GSH content in accord-
ance with the method described by Higach [32], 0.1 ml of the tissue
homogenate was added to an equal volume of 10% trichloroacetic
acid solution, then centrifuged for 20 min at 1200 

 

×

 

g. 0.1 ml of the
supernatant was added to 0.5 ml of a 0.2 N H

 

2

 

SO

 

4

 

 solution containing
1 mM NaNO

 

2

 

 and incubated for 5 min at room temperature, followed
by the addition of  0.2 ml of  a 0.5% sulfamic acid ammonium
solution, 1 ml of  a 0.4 N HCl solution containing 0.1% HgCl

 

2

 

and 3% sulfanilamide, and 1 ml of a 0.4 N HCl solution containing
0.1% N-(1-naphthyl)ethylenediamine. Five minutes later, the
absorbance was determined at 540 nm. The GSH content was
expressed as nmol GSH per mg protein using GSH standard
calibration curve.

 

Statistical analysis.

 

The results are expressed as means ± S.E. In
order to determine the effects of treatment, data were analysed via
repeated measures of one-way 

 

anova

 

 followed by Dunnett’s t-test.
P-values of  less than 0.05 were considered to be statistically

significant. All analyses were conducted using SPSS statistical
software (version 10.0 software, SPSS Inc., Chicago, IL, USA).

 

Results

 

LCA alone and in combination with cisplatin inhibits the 
growth of CT-26 colon carcinoma cells inoculated into Balb/c 
mice.

 

In an effort to investigate the antitumour activity of LCA
and whether the oral administration of LCA reduces cisplatin-
induced toxicity without any loss of the antineoplastic capacity
of cisplatin, we initially evaluated the effects of LCA (1 mg/
kg body weight), ciaplatin (5 mg/kg body weight) and LCA
together with cisplatin on tumorigenicity in a xenograft
model, in which murine colon carcinoma CT-26 cells were
inoculated into Balb/c mice. Orally administered LCA and
intraperitoneally administered cisplatin treatment applied
daily for 15 days, significantly inhibited the growth of tumours
by 49% and 76%, respectively, as shown in fig. 2. The mice
receiving LCA together with cisplatin reduced tumour growth
by 77%. In 

 

in vitro

 

 experiments to confirm the anticancer
activity of LCA, we determined that LCA reduced the viability
and DNA synthesis of  CT-26 colon cancer cells in a
dose-dependent manner (fig. 3).

Fig. 2. Effects of licochalcone A (LCA) alone and in combination
with cisplatin on the growth of CT-26 colon carcinoma cells
inoculated into Balb/c mice. CT-26 cells (2 × 106 cells in 0.1 ml PBS)
were subcutaneously injected into the right flanks of mice on day 0.
24 hr later, LCA and/or cisplatin were administered to Balb/c once
daily for 15 days. On day 15, tumour volumes were calculated using
the following formula: (length × width2)/2. *P < 0.005 versus CT-26
cell alone-treated group.

Fig. 3. Effect of licochalcone A (LCA) on the proliferation of CT-
26 murine colon cancer cells. Cell viability and DNA synthesis were
determined by a MTT assay and a BrdU incorporation assay,
respectively. *P < 0.05, **P < 0.001 versus LCA-untreated cells.
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LCA alleviates cisplatin-induced nephrotoxicity and 
hepatotoxicity.

 

The nephroprotective and hepatoprotective activities of
LCA were determined in a xenograft model of colon carci-
noma. As shown in table 1, cisplatin administration induced
a marked reduction in renal functions, as characterized by
significant increases in the serum BUN and creatinine levels,
in mice treated with cisplatin alone for 15 days in a xenograft
model. Cisplatin also caused a marked impairment of liver
functions, elevating the serum ALT and AST levels, in all
mice receiving cisplatin administration. However, LCA itself
did not affect kidney and liver function. Pre-treatment with
LCA 2 hr prior to cisplatin administration exerted a
remarkable preventive effect against the cisplatin-induced
increases in the serum BUN and creatinine levels, as well as
in the serum AST and ALT levels.

 

LCA blocks cisplatin-induced oxidative stress.

 

The serum nitrite level as an indicator of  nitric oxide
production and the tissue MDA level as a measure of lipid
peroxidation were found to be elevated significantly, whereas
the tissue GSH level was markedly reduced, in mice treated

for 15 days with cisplatin in a xenograft model. Treatment
with LCA alone did not influence the levels of the serum
nitrite, nor did it affect the tissue MDA and GSH levels.
The cisplatin-mediated increases in the serum nitrite (fig. 4)
and tissue MDA levels (fig. 5) were prevented by LCA
pre-treatment. The reduction of tissue GSH levels by cisplatin

Table 1.

Effect of licochalcone A (LCA) on cisplatin-induced nephrotoxicity and hepatotoxicity.

Groups BUN (mg/dl) Creatinine (mg/dl) AST (U/l) ALT (U/l)

Control 4.1 ± 0.1 4.2 ± 0.3 17.8 ± 0.8 3.6 ± 0.4
CT-26 cells 5.4 ± 0.8 5.3 ± 0.3 33.4 ± 0.8 7.1 ± 1.2
CT-26 cells + LCA (1 mg/kg body weight, per orally) 4.0 ± 0.1 5.1 ± 0.5 23.5 ± 2.1 6.8 ± 0.6
CT-26 cells + cisplatin (5 mg/kg body weight, intraperitoneally) 50.1 ± 2.01 14.8 ± 0.71 91.7 ± 7.21 29.5 ± 1.21

CT-26 cells + LCA + cisplatin 34.7 ± 1.22 10.4 ± 0.42 58.1 ± 2.22 18.8 ± 1.42

Values are expressed as mean ± S.E. (n = 8).
1P < 0.01 versus CT-26 cell-inoculated group.
2P < 0.05 versus CT-26 cell-inoculated group with only cisplatin treatment.

Fig. 4. Effect of licochalcone A (LCA) on the serum nitric oxide
level in mice with cisplatin-induced toxicity. Serum nitrite levels as
an indicator of nitric oxide production were measured using the
Griess reagents, in mice treated with LCA and/or cisplatin for 15
days in a xenograft model. *P < 0.05 versus CT-26 cell-inoculated
group, **P < 0.01 versus CT-26 cell-inoculated group with only
cisplatin treatment.

Fig. 5. Effect of licochalcone A (LCA) on the lipid peroxidation
level in the tissues of mice with cisplatin-induced toxicity.
Malondialdehyde (MDA) levels in tissues were measured in mice
treated with LCA and/or cisplatin for 15 days in a xenograft model.
MDA in tissue homogenates was reacted with thiobarbituric acid
(TBA) and absorbance was measured at 532 nm. *P < 0.001 versus
CT-26 cell-inoculated group, **P < 0.05 versus CT-26 cell-
inoculated group with only cisplatin treatment.
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treatment were also suppressed in mice treated with a
combination of LCA and cisplatin (fig. 6).

 

Discussion

 

Chemotherapy improves disease-free and overall survival in
cancer patients, but its clinical applications are limited by
profound side effects. Emerging evidence suggests that
cancer treatments using combined therapies or combined
agents with distinct molecular mechanisms are more prom-
ising for higher efficacy and/or lower toxicity, thereby result-
ing in superior survival rates [4]. Oral administration of
green tea polyphenols, an excellent chemopreventive agent
with antioxdative activity, protected against chemotherapeutic
agent irinotecan-induced gastrointestinal toxicity by
reducing inflammatory processes and oxidative stress [33].
Ellagic acid reduced chemotherapy-induced toxicity in
patients with hormone refractory prostate cancer who
underwent chemotherapy with vinorelbine and estramustine
phosphate [34]. In addition, several trials have suggested
that chemopreventive antioxidants mitigate toxicity and
increase survival times and tumour responses [4,35]. How-
ever, some have argued that antioxidants scavenge the
ROS integral to the activity of certain chemotherapy drugs,
thereby diminishing therapeutic efficacy [36]. In the case
of  curcumin, clinically evaluated as a chemopreventive
drug for colon, breast and oral cavity cancer, it reduced
camptothecin-, mechlorethamine- and doxorubicin-induced
apoptosis in human breast cancer cells via the inhibition of
ROS generation, and significantly inhibited cyclophosphamide-
induced tumour regression in an 

 

in vivo

 

 model of human
breast cancer [36]. In contrast, curcumin promoted anti-
tumour activity of  ciaplatin and reduced toxicity, when
used in combination against fibrosarcoma [37]. It is very

important to find non-toxic agents that can be used for
protection against chemotherapy-induced nephrotoxicity
and hepatotoxicity, because kidney and liver are involved in
the maintenance of body homeostasis. Therefore, this study
was designed to estimate the protective potential of LCA
against cisplatin-induced nephrotoxicity and hepatotoxicity,
and whether its use influences the therapeutic efficacy of
cisplatin for clinical application, as well as its antitumour
activity in an animal model.

First, we found that the administration of  LCA alone
significantly reduced the size of the solid tumours in CT-26
cell-inoculated Balb/c mice. In 

 

in vitro

 

 experiments to explain
the inhibitory activity of LCA on 

 

in vivo

 

 tumour growth,
LCA reduced the viability and DNA synthesis of CT-26
murine colon cancer cells in a dose-dependent manner.
Although LCA with antioxidative and superoxide scaveng-
ing activities had the potential to inhibit the effectiveness of
cisplatin therapy, the combination of LCA and cisplatin in
this study was not shown to influence the therapeutic
efficacy of cisplatin. Furthermore, in our xenograft model,
LCA suppressed the cisplatin-induced kidney damage
characterized by increases in the serum creatinine and BUN,
as well as the cisplatin-induced liver damage characterized
by increases in the levels of the serum ALT and AST. LCA
itself  did not result in the enhanced serum creatinine, BUN,
ALT and AST levels. Therefore, our data demonstrate that
LCA has antitumour activity against colon carcinoma and
can attenuate cisplatin-induced nephrotoxicity and hepato-
toxicity without a loss in chemotherapeutic efficacy.

The pathogenesis of  cisplatin-induced tissue damage
is generally considered to be oxidative damage. Cisplatin
induces mitochondrial dysfunctions, particularly inhibition
of the electron transfer system, resulting in the enhanced
production of superoxide anions, hydrogen peroxide and
hydroxyl radicals [38,39]. These ROS lead to oxidative
damage of  cell components (e.g. proteins, lipids and
nucleic acids). Actually, there are evidences suggesting that
cisplatin-induced renal damage is closely associated with the
increase in lipid peroxidation by ROS [40,41]. In the present
study, cisplatin treatment at 5 mg/kg body weight increased
the concentration of MDA as a result of lipid peroxidation
in kidney and liver tissues of mice. However, oral adminis-
tration of LCA 2 hr prior to cisplatin injection significantly
suppressed the cisplatin-mediated increase in these tissue
MDA levels.

Reduced glutathione depletion increases the sensitivity of
organ to oxidative and chemical injury, because the balance
between oxidants and antioxidants is crucial for the mainte-
nance of the biological integrity of the tissues. The increased
lipid peroxidation in cisplatin-stimulated tissues may be due
to the lowered levels of intracellular antioxidants compared
to normal tissues. It has been suggested that the levels of
GSH in the liver are significantly reduced by cisplatin
treatment, although very little information is currently
available regarding cisplatin-induced liver injury and the
mechanisms underlying its hepatotoxicity [42,43], and this
suggestion was corroborated in our repeated preliminary

Fig. 6. Effect of licochalcone A (LCA) on the reduced glutathione
(GSH) level in the liver tissue of mice with cisplatin-induced
toxicity. GSH level in liver tissue were measured in mice treated
with LCA and/or cisplatin for 15 days in a xenograft model.
*P < 0.05 versus CT-26 cell-inoculated group, **P < 0.05 versus CT-
26 cell-inoculated group with only cisplatin treatment.
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experiments (data not shown). In the current study, cisplatin
treatment caused GSH depletion in mice, but administration
of LCA 2 hr before cisplatin treatment preserved GSH levels
in liver tissues of cisplatin-treated mice.

Cisplatin treatment also induces a significant increase in
the activity of calcium-independent nitric oxide synthase in
rat kidney and liver tissues, resulting in an increase in serum
nitric oxide levels as well as in tissue nitric oxide formation
[44,45]. Peroxynitrite, which is generated by the reaction
between nitric oxide and superoxide anion, also oxidizes
biomolecules. Therefore, we assessed serum nitric oxide level
in cisplatin-treated mice. The repeated oral administration
of LCA in combination with cisplatin treatment prevented
the cisplatin-induced increase in the serum nitric oxide level.
LCA itself  did not affect the serum nitric oxide level in mice.

In conclusion, the administration of LCA inhibits the
growth of tumours by reducing the proliferation of colon
cancer cells without the induction of toxicity, and attenuates
nephrotoxicity and hepatotoxicity by blocking cisplatin-
induced oxidative stress with no attendant loss of therapeutic
efficacy in a xenograft model of colon carcinoma. This
study is the first report on the protective effect of LCA
against cisplatin-induced toxicity and its anticancer activity
against colon cancer in 

 

in vivo

 

 model.
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a b s t r a c t

The root of Angelica gigas Nakai contains two major coumarins, which have been previously
identified as decursin and decursinol. Decursin has been demonstrated to exhibit potent
anti-cancer activity both in vitro and in vivo. In this study, we found that decursin and
decursinol at non-cytotoxic doses inhibited the VEGF-induced proliferation, migration,
and capillary-tube formation of HUVECs. Moreover, decursin and decursinol suppressed
microvessel formation on chorioallantoic membranes in fertilized eggs and into mouse
Matrigel plugs. The oral administration of decursin and decursinol also reduced VEGF-
induced angiogenesis in Matrigel. Furthermore, decursin and decursinol reduced the phos-
phorylation of ERK and JNK, but not p38 MAPK, in VEGF-stimulated HUVECs. Taken
together, our results reveal that decursin and decursinol inhibit VEGF-induced angiogenesis
by reducing the activation of ERK and JNK in HUVECs, and possess potent in vivo anti-angio-
genic activity, coupled with the advantage of oral dosing. Thus, these compounds may have
the potential for the treatment of cancers dependent on VEGF-induced vascularization.

� 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Angiogenesis is a process by which endothelial cells di-
vide and migrate to form new capillaries from pre-existing
blood vessels [1]. This acquisition of capillaries can be ob-
served under normal conditions such as embryonic vascu-
lar development and wound healing, as well as in disease
states including ocular neovascularization in diabetes,
arthritis, duodenal ulcers, and cancer [2]. In a cancerous

state, an adequate oxygen and nutritional supply is crucial
for an expansion of solid cancers beyond the size of
1–2 mm [3,4]. The newly formed capillaries are thin-walled
and leaky, and thus provide access to the circulation for
groups of cancer cells. An accumulating body of evidence
now shows that the blockade of tumoral angiogenesis rep-
resents a promising strategy for cancer therapy [5,6].

One of the most essential factors regulating angiogene-
sis is the vascular endothelial growth factor (VEGF). VEGF
is expressed and secreted by hypoxia, as well as genetic
mutations in oncogenes and tumor suppressor genes in tu-
mors [5–8]. VEGF activity is mediated by VEGF receptor
(VEGFR)-1 (Flt-1, 180 kDa) and VEGFR-2 (KDR/Flk-1,
200 kDa), both of which are almost exclusively located on
endothelial cells [9]. The binding of VEGF to VEGFRs and
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the subsequent ligand-induced dimerization of these
receptors stimulate their intrinsic tyrosine kinase activity,
and trigger key angiogenic responses of endothelial cells,
including proliferation, migration, differentiation, and pro-
tection from apoptosis, via a number of signaling cascades
[10–15]. Thus, a variety of angiogenesis inhibitors have
been developed to prevent vascular endothelial cells from
responding to tumor cell-derived VEGF, or to block the
expression and secretion of VEGF from tumor cells, as well
as VEGFRs on endothelial cells [5].

Angiogenesis is also a common and key target of che-
mopreventive molecules, where they most likely suppress
the angiogenic switch in premalignant tumors [16,17]. Pre-
ventative anti-angiogenic strategies may prove particularly
useful in patients at high risk for developing cancer or can-
cer recurrence, or the development of metastases. To
achieve these strategies, it is necessary to isolate and iden-
tify anti-angiogenic or angio-preventive compounds with
low or no toxicity, as long-term treatment is required for
the inhibition of tumor growth. Natural products have per-
formed a crucial function in the discovery and develop-
ment of new anti-angiogenic and angio-preventive
agents. Particularly, plant-derived compounds and dietary
substances with chemopreventive activity, including cur-
cumin [18,19], epigallocatechin gallate [20,21] and geni-
stein [22,23], have been previously reported to interfere
with the angiogenic process via the inhibition of the
recruitment and/or activation of endothelial cells.

The root of Angelica gigas Nakai (Umbelliferae) is one of
the Korean medicinal herbs used to treat female afflictions
and anemia [24,25], and harbors pyranocoumarin com-
pounds as major active principles, including decursin
[26], its isomer decursinol angelate [27] and decursinol
[28]. Decursin and decursinol angelate have been reported
to inhibit the growth of androgen-independent human
prostate cancer cells [29,30], as well as estrogen-depen-
dent MCF-7 and estrogen-independent MDA-MB-231
breast cancer cells [31], whereas decursinol without the
side chain has been demonstrated to exert far less pro-
found effects that have been noted with decursin [29,31].
Decursin and decursinol angelate also function as cytotoxic
and tumor-suppressing protein kinase C activators, and
evidence anti-leukemic activity in human K562 erythro-
leukemia and U937 myeloleukemia cells [32].

In this study, we evaluated the anti-angiogenic potential
of decursin and decursinol. We determined that both decur-
sin and decursinol significantly inhibited VEGF-induced
angiogenesis by suppressing the phosphorylation of extra-
cellular signal-regulated kinase (ERK) and c-Jun N-terminal
kinase (JNK) in human umbilical vein endothelial cells
(HUVEC). The in vitro anti-angiogenic activity of these com-
pounds was also verified in fertilized eggs and mice.

2. Materials and methods

2.1. Materials

Collagenase type II was obtained from BD Transduction
Laboratories (San Diego, CA), and the endothelial cell basal
medium (EBM)-2, EBM-2 supplemented with 10 ng/mL
hEGF, 5 ng/mL hFGF-B, 1 lg/mL hydrocortisone, 50 lg/mL

gentamicin, 50 ng/mL amphatericin B, and 10 lg/mL hepa-
rin (EGM-2), and fetal bovine serum (FBS) were purchased
from Lonza (Walkersville, MD). Decursin and decursinol
were generously provided by Professor Young Choong
Kim, a co-author, and the purity of the compoundswas over
98% by HPLC analysis. Recombinant human VEGF was ac-
quired from Upstate Biotechnology (Lake Placid, NY).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT), dimethyl sulfoxide (DMSO), gelatin, heparin,
Drabkin’s reagent kit 525, and a primary antibody of b-actin
were purchased from Sigma–Aldrich (St. Louis, MO). PD
98059 (an ERK inhibitor), SB 203580 (a p38MAPK inhibitor)
and SP 600125 (a JNK inhibitor) were purchased from
Calbiochem (La Jolla, CA). Primary antibodies of ERK, JNK
and p-JNK were purchased from Cell Signaling Technology
(Danvers, MA). Those of p38, p-p38 and p-ERK, and horse-
radish peroxidase-conjugated secondary antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

2.2. Cell culture

Freshly delivered umbilical cords were obtained from
natural births, and HUVECs were isolated from human
umbilical cord veins via collagenase digestion, as described
previously [33]. The cells were cultured in EGM-2 supple-
mented with 20% FBS at 37 �C in a humidified atmosphere
of 5% CO2. Confluent cultures between the third and eighth
passages were employed in the functional assays.

2.3. Animals

Male C57BL/6 mice (approximately 7 weeks of age)
were supplied by Orient Co. (Seoul, Korea). The mice were
provided with a standard laboratory diet (Daejong Inc.,
Seoul, Korea) and water ad libitum, and were maintained
at a temperature of 22 ± 2 �C with a 12 h light/dark cycle.
Animal studies were conducted after the experimental
protocols had been approved by the animal ethics commit-
tee of the Yonsei University College of Dentistry.

2.4. Endothelial cell viability assay

Cell viability was assessed via MTT assay, based on the
cleavage of the yellow tetrazolium salt (MTT) by metabol-
ically active cells, resulting in the formation of purple for-
mazan crystals. HUVECs (5 � 103 cells) were seeded into
each well of a 96-well plate with EGM-2 containing 20%
FBS. The cells were cultured in fresh 2% FBS-EBM-2 con-
taining various concentrations of each test compound at
37 �C, for 3 days without VEGF and for 24 h with VEGF
(20 ng/ml), respectively. An MTT solution (5 mg/ml) was
added to each well, and the wells were incubated for 4 h
at 37 �C. The medium was removed carefully, and the for-
mazan product was dissolved in DMSO. The absorbance
was measured at 570 nm using an ELISA reader (Bio-Rad
Benchmark, Hercules, CA).

2.5. 5-Bromo-20-deoxyuridine (BrdU) incorporation assay

DNA synthesis was assessed via the BrdU labeling meth-
od with commercially available kits (Roche Diagnostics,
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Mannheim, Germany). In brief, HUVECs (5 � 103 cells) were
seeded into each well of a 96-well plate with EGM-2 con-
taining 20% FBS, then incubated overnight at 37 �C in an
atmosphere of 5% CO2. The cells were cultured for 24 h in
fresh 2% FBS-EBM-2 with each compound at various con-
centrations and VEGF (20 ng/ml). BrdU (10 lM/well) was
added and incubated for an additional 4 h. The quantity of
BrdU incorporated into the newly synthesized DNA was as-
sessed in accordance with the manufacturer’s protocol.
Absorbancewasmeasured at 450 nmusing an ELISA reader.

2.6. Endothelial cell migration assay

The chemotactic motility of HUVECs was evaluated
using Transwell (Corning Costar, Cambridge, MA) with
6.5 mm-diameter polycarbonate filters (8 lM pore size).
In brief, the lower surface of the filter was coated with gel-
atin (10 lg). EBM-2 containing 2% FBS and VEGF (20 ng/
ml) was placed in the lower wells. The cells were pre-
treated with various concentrations of decursin or decurs-
inol for 1 h at room temperature. The cell suspension
(1 � 105 cells/100 ll) was loaded into each upper well,
then incubated for 7 h at 37 �C. The nonmigrating cells
on the upper surface of the filter were removed by wiping
with a cotton swab. The gelatin membrane, with cells that
had migrated to the lower surface of the filter, was fixed
with methanol and stained with hematoxylin and eosin.
The migrated cells were then counted under an optical
microscope at �200 magnification.

2.7. Tube formation assay

250 ll of growth factor-reduced Matrigel (Collaborative
Biomedical Products, Bedford, MA) was added to a 24-well
plate and polymerized for 30 min at 37 �C. After the HU-
VECs at subconfluence were cultured overnight in 2%
FBS-EBM-2 medium, the cells (1 � 105 cells) were seeded
onto each well of the Matrigel-precoated 24-well plates,
then incubated in 2% FBS-EBM-2 with various concentra-
tions of each test compound or specific inhibitors of ERK
(10 lM), p38 MAPK (10 lM) and JNK (5 lM) in the pres-
ence of VEGF (20 ng/ml) at 37 �C, respectively. Eight hours
later, the endothelial cells-derived tube-like structure was
visualized under an inverted microscope and photo-
graphed at a magnification of �40. Furthermore, tube-like
structure formation was quantified by calculating the tube
length, and expressed using untreated wells as 100%

2.8. Chorioallantoic membrane (CAM) assay

Fertilized chicken eggs (Pulmuone Co, Seoul, Korea)
were maintained in a humidified incubator at 37 �C. On
day 3, 2 ml of albumin was removed and a 1-cm square
window was made. On day 6, Thermanox coverslips (Nunc,
Roskilde, Denmark) with decursin or decursinol were
placed on the CAM of individual embryos for 2 days at
37 �C. A 10% fat emulsion was injected into the CAM, such
that the vascular network of the CAM stood out against the
white background of lipids. The presence of an avascular
zone (P4 mm diameter) was observed and scored positive
for the inhibition of angiogenesis. The anti-angiogenic

activity was expressed as the percentage of tested eggs evi-
dencing a positive response.

2.9. Mouse Matrigel plug assay

Seven-week-old male C57BL/6 mice were assigned ran-
domly to six groups, each group containing five mice: the
groups were subcutaneously injected with Matrigel mix-
ture (600 ll) containing heparin (20 units) and VEGF
(100 ng/ml) with or without each test compound (5 and
10 lM). The control group received Matrigel containing
0.01% DMSO without VEGF and test compounds. In the
experiment to assess bioavailability of these compounds,
mice were subcutaneously injected with Matrigel mixture
containing heparin and VEGF, and administered by oral
gavage [0.075 and 0.15 mg/kg body weight (BW)] with
decursin or decursinol once daily. The control group re-
ceived PBS containing 0.01% DMSO without test com-
pounds. Seven days later, the mice were sacrificed and
the plugs were collected. In order to quantify the formation
of a vessel in the Matrigel plug, the quantity of hemoglobin
(Hb) was measured using Drabkin’s reagent kit 525. The
results are expressed in g of hemoglobin/dL.

2.10. Protein extraction and Western blot analysis

The HUVECs were treated for 24 h with decursin or
decursinol at the indicated concentrations. The cell lysates
were prepared using lysis buffer [50 mM Tris–HCl (pH 7.9),
5 mM EDTA, 0.1% SDS, 10% glycerol, 0.2% Triton X-100,
5 lg/ml aprotinin, 1 mM PMSF, and a protease inhibitor
cocktail tablet]. The protein concentrations were deter-
mined using a BCA kit (Pierce, Rockford, IL). Each protein
lysate (30 lg) was separated via SDS–PAGE, then trans-
ferred onto a polyvinylidene difluoride membrane (Milli-
pore, Billerica, MA). The blots were incubated overnight
with primary antibodies against total/phospho ERK1/2,
JNK, or p38 at 4 �C, followed by 1 h of incubation with
horseradish peroxidase-conjugated secondary antibodies.
The targeted proteins were visualized using an enhanced
chemiluminescence detection system (Amersham Life Sci-
ence, Little Chalfone, UK).

2.11. Statistical analysis

The data were expressed as the means ± SD. The statis-
tically significant differences between the groups was
determined via 1-way ANOVA followed by the Student’s t
test, and considered to be present at P < 0.05.

3. Results

3.1. Effects of decursin and decursinol on VEGF-induced proliferation in
HUVECs

In an effort to determine the anti-angiogenic activity of decursin and
decursinol, we first assessed their effects on VEGF-induced proliferation
in HUVECs. Three days of treatment with decursin and decursinol ranged
from 1 lM to 20 lM did not significantly affect cell viability in the ab-
sence of VEGF (Fig. 1A). When HUVECs were treated for 24 h with various
concentrations of decursin or decursinol and VEGF (20 ng/ml), both com-
pounds significantly reduced the VEGF-induced cell viability (Fig. 1B) and
DNA synthesis in a dose-dependent manner (Fig. 1C). These results dem-
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onstrated that decursin and decursinol at non-cytotoxic doses inhibit
VEGF-induced proliferation of HUVECs.

3.2. Effects of decursin and decursinol on VEGF-induced migration and tube
formation in HUVECs

We then assessed the effects of decursin and decursinol on VEGF-in-
duced chemotactic motility and tube formation in HUVECs. VEGF (20 ng/
ml) significantly increased cell migration by 2.2-fold, but decursin at
1 lM or decursinol at 20 lM completely inhibited the VEGF-induced

migration of HUVECs (Fig. 2A). In addition, decursin and decursinol
dose-dependently blocked capillary-like tube formation in VEGF-treated
HUVEC (Fig. 2B). These results show that decursin and decursinol could

Fig. 2. Decursin and decursinol inhibited VEGF-induced migration and
tube formation. (A) The chemotactic motility of HUVECs was assayed
using Transwell. Cells were pretreated with 2% FBS-EBM-2 containing
decursin or decursinol (1, 10 or 20 lM) for 1 h at room temperature. The
cell suspension (1 � 105 cells/100 ll) was loaded into gelatin-coated
upper wells, and incubated for 7 h in 2% FBS-EBM-2 medium with VEGF
(20 ng/ml) in the lower wells. Chemotaxis was quantified by counting the
cells that had migrated to the lower surface of the filter with optical
microscopy at a magnification of �200 after staining with hematoxylin
and eosin. The values were expressed as the means ± SD. #P < 0.005 versus
unstimulated cells, *P < 0.05, **P < 0.001 versus VEGF-stimulated cells. (B)
HUVECs (1 � 105 cells/well) were seeded onto Matrigel-precoated 24-
well plates, then incubated in 2% FBS-EBM-2 with various concentrations
of each compound and VEGF (20 ng/ml) at 37 �C. Eight hours later, the
tube network formed by endothelial cells was visualized under an
inverted microscope and quantified by calculating the tube length (x 40
magnification).

Fig. 1. Decursin and decursinol inhibited the VEGF-induced proliferation
of HUVECs. (A) HUVECs (5x103 cells/well) were cultured for 3 days in 2%
FBS-EBM-2 containing decursin or decursinol (1, 10 or 20 lM) in the
absence of VEGF (20 ng/ml). (B, C) HUVECs were treated for 24 h with
decursin or decursinol in the presence of VEGF (20 ng/ml). Cell viability
and DNA synthesis in proliferating cells were measured via a MTT assay
and a BrdU incorporation assay, respectively. The values were expressed
as the means ± SD. #P < 0.05 versus unstimulated cells, *P < 0.05, **P < 0.01,
***P < 0.001 versus VEGF-stimulated cells.
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inhibit VEGF-induced angiogenesis by blocking cell migration and tube
formation in VEGF-treated HUVECs.

3.3. Effects of decursin and decursinol on in vivo angiogenesis

In order to further verify the anti-angiogenic activity of decursin and
decursinol, we conducted a CAM assay in fertilized eggs and a Matrigel
plug assay in mice. Avascular zones, which are reflective of anti-angio-
genic activity, were observed in decursin- or decursinol-treated CAMs
in fertilized eggs, whereas microvessels were normally produced in CAMs
lacking these compounds (Fig. 3A). VEGF-mediated angiogenesis was
inhibited in Matrigel plugs containing decursin or decursinol together
with VEGF as compared to plugs containing only VEGF (Fig. 3B). When
the Hb contents in Matrigel plugs were measured to quantify the newly
formed vessels, the VEGF-induced increase in the Hb contents of plugs
was dramatically inhibited by decursinol rather than by decursin at
5 lM, and to almost control level by both compounds at 10 lM. The oral
administration of decursin or decursinol, following subcutaneous injec-
tion of Matrigel mixture containing heparin and VEGF, also reduced
VEGF-induced angiogenesis (Fig. 3C). These results show that decursin
and decursinol exhibit potent in vivo anti-angiogenic activity.

3.4. Effects of decursin and decursinol on VEGF-induced expression of
mitogen-activated protein kinases (MAPKs) in HUVECs

We attempted to determine whether the anti-angiogenic activity of
decursin and decursinol are mediated through the modulation of MAPKs.
MAPKs are activated by the binding of VEGF to VEGF receptors, and con-
sequently regulate the VEGF-induced proliferation and migration of HU-
VECs [34–37]. In HUVECs, specific inhibitors of ERK, p38 MAPK, and JNK
reduced VEGF-stimulated tube formation (Fig. 4A). VEGF resulted in the
activation of all three MAPKs, but decursin and decursinol markedly
inhibited the VEGF-induced phosphorylation of ERK and JNK, but not
p38 MAPK (Fig. 4B).

4. Discussion

Cancer cells begin to promote angiogenesis early in
tumorigenesis to expand their growth, and the newly
formed vessels allow tumor cells to metastasize to distant
target organs. Thus, the inhibition of angiogenesis could
prevent tumor progression and metastasis, thereby turning
cancer into a manageable chronic disease [16,17,38], and
may also constitute a promising therapeutic approach for
the treatment of patients afflicted with tumors [6]. More-
over, slowly growing tumors, which are more difficult to
treat with chemotherapy, tend to respond well to anti-
angiogenic therapy, whereas rapidly growing tumors re-
quire higher doses of angiogenesis inhibitors. The combi-
nation of a low-dose chemotherapeutic agent and an
angiogenesis inhibitor can induce full and sustained
regressions of large established tumors without host toxic-
ity or drug resistance [39,40]. On the basis of these factors,
it is necessary to develop nontoxic antiangiogenic agents
for clinical application, and many plant-derived com-
pounds have been determined to harbor anti-angiogenic
potential, in addition to chemopreventive effects [18–
23,41]. In the present study to evaluate the potential of
decursin and decursinol as new nontoxic antiangiogenic
agents, we investigated their inhibitory effects on VEGF-in-
duced angiogenesis both in vitro and in vivo.

Several angiogenesis inhibitors have been developed to
target the vascular endothelial cells that support tumor
growth, rather than cancer cells specifically, as these endo-
thelial cells are genetically stable, nontransformed cells
and are thus generally less prone to develop drug resis-

tance [5]. These inhibitors block a multistep angiogenic
process of vascular endothelial cells induced by pro-angio-
genic proteins, including VEGF, basic fibroblast growth fac-
tor, interleukin-8, and platelet-derived growth factor. We
determined that decursin and decursinol at non-cytotoxic
doses inhibited VEGF-induced proliferation, migration,
and tube formation in HUVECs. Furthermore, decursin
and decursinol markedly inhibited the formation of micro-

Fig. 3. Decursin and decursinol inhibited in vivo angiogenesis. (A) Fertil-
ized chicken eggs were incubated for 3 days before a 1-cm square window
wasmade. On day 6, Thermanox coverslips with each test compoundwere
placed on the CAM of individual embryos for 2 days at 37 �C. The presence
of avascular zones (P4 mmdiameter)was observed and scoredpositive for
inhibition of angiogenesis. The anti-angiogenic activity of each compound
is given as the percentage of tested eggs presenting an avascular zone. (B)
Male C57BL/c mice (n = 5) were subcutaneously injected with Matrigel
mixture (600 ll) including decursin or decursinol (5 or 10 lM) together
with VEGF (100 ng/ml). (C) The other mice were orally administered
decursin or decursinol after the subcutaneous injection of Matrigel with
VEGF (100 ng/ml). Seven days later, the plugs were collected and the
amount of hemoglobin in the plugs was measured using Drabkin’s reagent
kit 525. The values were expressed as the means ± SD. #P < 0.01 versus
Matrigel alone, *P < 0.05, **P < 0.01 versus VEGF-treated Matrigel.
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vessels on the CAM of fertilized eggs, and VEGF-induced
angiogenesis in Matrigels injected subcutaneously into
mice, in both cases in which these compounds were in-
cluded in Matrigel together with VEGF or orally adminis-
tered. Decursin was found to be more potent in the cell-
based experiments, but was less effective than decursinol
in the in vivo experiments. The results of several studies
have indicated that decursinol, in which the (CH3)2–
C@CH–COO-side chain of decursin is replaced with –OH,

evidences significantly lower anti-cancer activity or no ef-
fect in human cancer cells [29,32,42]. However, decursin
and decursinol exhibited excellent anti-angiogenic activity
in endothelial cells and in an animal model. This is the first
report to show that decursinol, as well as decursin, exhibits
anti-angiogenic activities in vitro and in vivo.

MAPK signaling is one of the critical molecular events
for growth, survival, and migration in the VEGF-induced
angiogenesis of vascular endothelial cells. VEGF activates
three MAPKs-namely, ERK, JNK, and p38 MAPK
[34,35,37,43]. ERK activation results in an increased prolif-
eration of endothelial cells [35,37], whereas p38 MAPK
activation triggers actin-based cell motility [34–36]. JNK
performs a significant role in both the proliferation and
migration responses [37]. We verified that VEGF-stimu-
lated tube formation was blocked by treatment with each
specific inhibitor of ERK, p38, and JNK at a non-cytotoxic
dose in the HUVECs. Decursin and decursinol attenuated
the VEGF-induced phosphorylation of ERK and JNK, but
not p38 MAPK, in HUVECs. Our data support the notion
that three MAPKs mediate VEGF-induced tube formation,
but decursin and decursinol inhibit VEGF-induced angio-
genesis via an induced reduction in ERK and JNK activation.

Collectively, our results show that decursin and decurs-
inol isolated from Korean A. gigas root are potent VEGF-in-
duced angiogenesis inhibitors, both in vitro and in vivo.
Decursin and decursinol provide the advantage of oral dos-
ing, and lack some of the shortcomings of large proteins
(difficulty of manufacture in large quantities, cost, immu-
nogenic potential, and need for parental administration)
due to their low molecular weights. Therefore, these com-
pounds may be more appropriate for prolonged treat-
ments, not only in cancers dependent on VEGF-induced
vascularization but also in other diseases in which VEGF-
mediated angiogenesis performs a crucial role in patho-
genesis. Decursin and decursinol may be useful in the pre-
vention of cancer growth and metastasis.
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Colon Carcinoma
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The principal objective of the present study was to evaluate the antimetastatic activity of decursin and decursinol
isolated from Angelica gigas. Decursin and decursinol inhibited the proliferation and invasion of CT‐26 colon
carcinoma cells. The expressions of matrix metalloproteinase (MMP)‐2 and MMP‐9 in cells and the activities in
the culture medium were also reduced by decursin and decursinol treatment. In CT‐26 cells, the extracellular
signal‐regulated kinase (ERK) inhibitor inhibited cell proliferation, invasion and MMP‐9 expression, and the c‐
Jun N‐terminal kinase (JNK) inhibitor suppressed the expression of both MMPs, as well as cell proliferation and
cell invasion. The phosphatidylinositol‐3 kinase (PI3K) inhibitor reduced only the expression of MMP‐2. In
addition, the invasion of CT‐26 cells was inhibited by the treatment with anti‐MMP‐9 antibody, rather than anti‐
MMP‐2 antibody. These results indicate that MMP‐9 expression via ERK and JNK plays a critical role for the
invasion of CT26 cells. Decursin and decursinol downregulated ERK and JNK phosphorylation. Moreover, oral
administration of decursin and decursinol reduced the formation of tumor nodules in the lungs and the increase
in lung weight caused by CT‐26 metastases. Therefore, both decursin and decursinol may be beneficial
antimetastatic agents, targeting MMPs and their upstream signaling molecules. Copyright © 2011 John Wiley &
Sons, Ltd.

Keywords: decursin; decursinol; Angelica gigas; colon cancer; antiinvasive activity; matrix metalloproteinases.

INTRODUCTION

The high mortality rates caused by cancer are associated
closely with the metastatic spread of tumor cells from the
original site. Colorectal cancer, one of themost prevalent
cancers worldwide, can be prevented by the surgical
resection of the involved bowel prior to tumor cell
dissemination, but up to 61% of patients evidence
metastatic disease at presentation. The lung is one of
the most frequent sites of colorectal cancer metastases
(Saclarides et al., 1993), and the pulmonary metastasis of
colorectal cancer almost invariably manifests as multiple
lesions in both lungs due to the distribution of primary
tumors via the circulation (Sakamoto et al., 2001). Key
events in the metastatic cascade of colon cancer include
the invasion of stroma, the intravasation of the circula-
tory system at the primary site, extravasation at the
secondary site, and the outgrowth of new tumors; these
phenomena are, of course, also observed with most
other types of cancer cells (Liotta et al., 1991). A variety
of proteolytic enzymes participate in the metastatic
cascade, by degrading the environmental barriers
surrounding cancer cells, including the extracellular

matrix (ECM) and basement membranes; however,
matrix metalloproteinases (MMPs) are the principal
ECM‐degrading enzymes (Westermarck and Kahari,
1999). In particular, MMP‐2 and MMP‐9 have been
associated with the progression and metastasis of colon
cancer in animal models and patients, owing principally
to their capacity to degrade type IV collagen, a major
component of basement membranes (Emmert‐Buck
et al., 1994; Roeb et al., 2001). Thus, agents capable of
regulating MMP‐2 and MMP‐9 directly or indirectly by
targeting the signaling molecules that mediate the
expression of MMPs may have therapeutic potential in
treating cancer invasion and metastasis.
The root of Angelica gigas Nakai (Umbelliferae), used

to treat female afflictions and anemia (Lee et al., 2003),
contains pyranocoumarin compounds as major compo-
nents, including decursin, its isomer decursinol angelate,
and decursinol (Ahn et al., 1996; Kang et al., 2008).
Decursin and decursinol angelate have been shown to
suppress the growth of hormone‐independent human
prostate cancer and MDA‐MB‐231 breast cancer cells as
well as estrogen‐dependent MCF‐7 breast cancer cells
(Jiang et al., 2007; Song et al., 2007; Lee et al., 2009) and to
inhibit vascular endothelial growth factor (VEGF)‐
induced angiogenesis by blocking the activation of
extracellular signal‐regulated kinase (ERK) and c‐Jun
N‐terminal kinase (JNK) in human umbilical vein
endothelial cells (Jung et al., 2009). In addition, recent
studies demonstrate that decursinol angelate suppresses
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the invasion of cancer cells through the modulation of
PI3K/Akt, ERK and NF‐κB (Kim et al., 2010a), and
decursin inhibits the growth of cancer cells via apoptosis,
cell cycle arrest at G1 phase and ERK activation (Kim
et al., 2010b). By way of contrast, decursinol, which lacks
the side chain, has been shown to exert much less potent
effects than decursin (Jiang et al., 2007). Recently, it was
found that decursinol, rather than decursin, evidenced
profoundantiangiogenic activities in vivo (Son et al., 2009).
The current study investigated whether decursin and

decursinol could inhibit the lung metastasis of colon
carcinoma via the modulation of MMP‐2 or MMP‐9
activation.

MATERIALS AND METHODS

Materials. Decursin and decursinol (≥ 98% purity) were
provided by Professor Young Choong Kim (Anh et al.,
2008). 3‐(4,5‐Dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazo-
lium bromide (MTT), a primary β‐actin antibody and
curcumin (≥ 94% purity) were purchased from Sigma‐
Aldrich (St Louis, MO). Celecoxib (≥ 99% purity) was
obtained from Pfizer (Groton, CN). PD98059,
SB203580, SP600125 and LY294002 were purchased
from Calbiochem (La Jolla, CA). Primary antibodies
against ERK, pERK, JNK, pJNK, Akt, pAkt and MMP‐
9 were purchased from Cell Signaling Technology
(Danvers, MA). Primary antibodies against p38, pp38
and MMP‐2, normal goat IgG, and horseradish
peroxidase‐conjugated secondary antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Dulbecco’s modified Eagle medium (DMEM),
fetal bovine serum (FBS), phosphate‐buffered saline
(PBS) and antibiotics were purchased from Gibco BRL
(Grand Island, NY).

Animals. BALB/c mice (male, 6 weeks of age) were
purchased fromCentral LaboratoryAnimals Inc. (Seoul,
Korea), and were provided free access to a standard
chow diet (Daejong Inc., Seoul, Korea). All the mice
were allowed 1week to acclimatize, andweremaintained
at 25±2 °C, with a relative humidity of 55±5% and a 12 h
light–dark cycle. The animal studies were conducted in
accordance with the experimental protocols of the
animal ethics committee of the Yonsei University
College of Dentistry.

Cell proliferation assay. Murine colon carcinoma CT‐26
cells (2.5×104 cells/mL) were seeded into each well of a
96‐well plate with DMEM containing 10% FBS, then
incubated overnight at 37 °C in a humidified atmo-
sphere of 5% CO2. The cells were again cultured in
serum‐free DMEM containing decursin, decursinol, or
each specific inhibitor against p38, ERK, JNK and PI3K
at the indicated concentrations. Twenty‐four hours later,
cell viability and the quantity of newly synthesized
DNA were assessed via MTT assay and 5‐bromo‐2′‐
deoxyuridine (BrdU) incorporation assays, respectively,
as described previously (Son et al., 2009).

Matrigel invasion assay. The in vitro invasion assay was
conducted as described previously (Knutson et al., 1996).
In brief, the upper and lower surfaces of polycarbonate
filter inserts with 8 μm pores in a 24‐well transwell

chamber (Corning Costar, Cambridge, MA) were
coated with 100 μg of Matrigel in DMEM (Becton‐
Dickinson, Lincoln Park, NJ) and 10 μg of type I
collagen in PBS (Upstate Biotechnology, Lake Placid,
NY) for 5 h at 37 °C, respectively. The cells were
suspended in DMEM containing 1% FBS, and 100 μL
of the suspension (1×105 cells/mL) was placed onto the
upper part of the Matrigel‐coated insert. The portions
underneath were filled with 600 μL of medium contain-
ing decursin, decursinol, or specific inhibitors against
three MAPKs and PI3K at the indicated concentra-
tions. As an experiment to examine the role of MMP‐2
and MMP‐9 in cancer cell invasion, cell suspension with
primary antibodies against MMP‐2 and MMP‐9 was
added to the Matrigel‐coated upper part of the insert,
and the portions underneath were filled with 600 μL of
medium. After 20 h of incubation, nonmigratory cells in
the upper portions were removed via scraping. The
migrated cells on collagen were fixed with methanol
and stained with hematoxylin. The stained cells were
then counted under an optical microscope at a
magnification of×100.

Gelatin zymography. The CT‐26 cells were incubated for
24 h in serum‐free DMEMwith decursin or decursinol at
the indicated concentrations. The conditioned medium
was collected, and the protein concentration was
evaluated via the Bradford method (Bio‐Rad, Hercules,
CA). Then 10 μg of protein was electrophoretically
separated on 10% sodium dodecyl sulfate (SDS)‐
polyacrylamide gels containing 1 mg/mL of gelatin.
The gels were washed for 1 h with 2.5% Triton X‐100 at
room temperature, then incubated in activation buffer
containing 50 mM Tris–HCl (pH 7.5), 0.01% NaN3 and
10mMCaCl2 for 24 h at 37 °C. The gels were stained with
0.2% Coomassie Brilliant Blue. The gelatinolytic activ-
ities of MMPs were detected as clear bands against a
dark blue background.

Protein extraction and western blot analysis. Colon
carcinoma CT‐26 cells were treated for 24 h with
decursin, decursinol, or specific MAPKs and PI3K
inhibitors at the indicated concentrations. The cell
lysates were prepared as described previously (Son et al.,
2009). Each of the protein lysates (30 μg) was separated
via SDS‐polyacrylamide gel electrophoresis. Proteins
were transferred to PVDF membranes (Millipore,
Billerica, MA) and the membranes were then blocked
for 4 h with 5% skim milk in PBS with 0.01% Tween‐20.
The blots were incubatedwith primary antibodies against
MMP‐2, MMP‐9, ERK1/2, pERK1/2, JNK, pJNK, p38,
pp38, Akt, pAkt or β‐actin at 4 °C overnight, followed by
1 h of incubationwith horseradish peroxidase‐conjugated
secondary antibodies. The targeted proteins were visual-
ized using an enhanced chemiluminescence detection
system (Santa Cruz Biotechnology, CA).

Experimental mouse lung metastasis model. A pulmo-
nary colonization assay was conducted as described by
Fidler (1973). The Balb/c mice were divided into six
groups, each containing five mice. CT‐26 colon carci-
noma cells (1×105 cells/0.2 mL) were injected into the
tail veins of Balb/c mice. Decursin, decursinol, curcumin
or celecoxib at the indicated doses were administered
by oral gavage 30 min prior to the injection of cancer
cells, then treated once a day for 2 weeks. The mice
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were killed and the lungs were separated, washed and
fixed overnight in Bouin’s solution. The number of
surface tumor nodules was counted using an ocular
micrometer, and the body and lung weights were
measured.

Statistical analysis. The data were expressed as the
mean ± standard error (SE), and analysed by one‐way
ANOVA followed by Duncan’s test. A value of p<0.05
was considered statistically significant.

RESULTS AND DISCUSSION

Colorectal cancer is the second leading cause of cancer‐
related mortality in developed countries (Kyosseva,
2004). The death of colorectal cancer patients is induced
by metastatic disease rather than by primary tumors. Up
to 90% of cancer patients with metastatic disease die
within 5 years of diagnosis (Jemal et al., 2005). Therefore,
the control of cancer cell metastasis is a critical factor in
the increased mean survival of cancer patients. Addi-
tionally, plant‐derived compounds have been known to
inhibit metastasis via the control of cancer cell invasion
(Vayalil and Katiyar, 2004). Decursin and decursinol
angelate, isolated from A. gigas, have been shown to
exhibit excellent anticancer and antiangiogenic activities
(Jiang et al., 2007; Jung et al., 2009). These previous
studies focused on identifying the potential of decursin
and its isomer as novel anticancer agents, because
decursinol did not evidence anticancer activity in several
human cancer cell lines (Jiang et al., 2007). In contrast, a
recent study demonstrated that intraperitoneally in-
jected decursin and decursinol angelate were rapidly
hydrolysed to decursinol, and decursinol inhibited the
growth of mouse Lewis lung cancer allograft in syngenic
mice (Lee et al., 2009). The present study attempted to
assess the antiinvasive and antimetastatic activities of
decursin and decursinol.
In order to evaluate the effects of decursin and

decursinol on the proliferation of CT‐26 colon cancer
cells, cell viability and DNA synthesis were measured
using MTTand BrdU incorporation assays, respectively.
Treatment with decursin or decursinol reduced cell
viability (Fig. 1A) and DNA synthesis (Fig. 1B) in a
dose‐dependent fashion, but did not result in dramatic
inhibition. In the Matrigel invasion assay, the invasion of
CT‐26 cells was inhibited significantly by treatment with
both compounds. 20 μMof decursin reduced cell invasion
by 53%, and decursinol treatment at 10 and 20 μM
resulted in inhibitions of 60% and 81% (Fig. 1C). These
results indicate that the antiinvasive activity of decursinol
was shown to be more potent than that of decursin.
To determine themolecularmechanism underlying the

antiinvasive activity of decursin and decursinol, their
effects on the activation of MMP‐2, MMP‐9, three
MAPKs and Akt were assessed in CT‐26 cells. MMP‐2
and MMP‐9 gelatinases degrade the ECM in a process
associated with colorectal cancer progression, invasion,
angiogenesis and metastasis (Mook et al., 2004;
Bogenrieder and Herlyn, 2003); thus, the blockade of
MMP‐2 and MMP‐9 activity can suppress the metastasis
of cancer cells into other organs. Gelatin zymographic
analysis indicated that decursin and decursinol sup-
pressed the activities of MMP‐2 and MMP‐9 in the

conditioned media of CT‐26 cells (Fig. 2A). Western blot
analysis demonstrated that MMP‐2 and MMP‐9
expression (Fig. 2B) as well as ERK and JNKphosphory-
lation (Fig. 2C) was suppressed by treatment with these
compounds, particularly by decursinol treatment. In
addition, it was found that MMP‐2 expression was
downregulated by JNK and PI3K inhibitors, whereas

Figure 1. Effects of decursin and decursinol on the proliferation and
invasion of CT‐26 cells. CT‐26 cells (2.5×104 cells/mL) were
treated for 24 h with DMEM containing decursin (DN) or decursinol
(DL) at various concentrations. Cell viability (A) and the quantity of
newly synthesized DNA (B) were determined via MTT and BrdU
incorporation assays, respectively. *p<0.05, **p<0.001 versus
vehicle‐treated cells. (C) The cells (1×104 cells/100 μL) were
placed onto the upper part of the Matrigel‐coated inserts. The
underneath portions were filled with 1% FBS‐DMEM containing
decursin or decursinol, followed by 20 h of incubation at 37 °C.
After fixation with methanol and staining with hematoxylin, the
migratory cells were then counted under an optical microscope at
×100 magnification. *p<0.001 vs vehicle‐treated cells.
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Figure 2. Effects of decursin and decursinol on MMP‐2 and MMP‐9 expression and the activation of upstream signaling molecules. CT‐26
cells were treated for 24 h in serum‐free media with decursin (DN), decursinol (DL), or each specific inhibitor against p38 (SB203580, SB),
ERK (PD98059, PD), JNK (SP600125, SP) and PI3K (LY294002, LY) at the indicated concentrations. (A) The conditioned medium was
collected, and gelatin zymography was conducted as described in the Materials and Methods section. (B, C) The prepared protein lysate
(30 μg) was separated via SDS‐polyacrylamide gel electrophoresis and western blot analysis was conducted with primary antibodies against
MMP‐2, MMP‐9, ERK1/2, pERK1/2, JNK, pJNK, p38, pp38, Akt and pAkt as described in Materials and Methods.

Figure 3. Effects of specific inhibitors of MAPKs and PI3K on the proliferation and invasion of CT‐26 cells. CT‐26 cells (2.5×104 cells/mL)
were cultured in DMEM containing each specific inhibitor against p38 (SB203580, SB), ERK (PD98059, PD), JNK (SP600125, SP) and PI3K
(LY294002, LY) for 24 h. Cell viability (A) and the amount of newly synthesized DNA (B) were determined via MTTand BrdU incorporation
assays, respectively. The cells (1×105 cells/100 μL) without (C) or with (D) primary antibodies against MMP‐2 and MMP‐9 were placed onto
the upper part of the Matrigel‐coated insert. The portions underneath were filled with medium in the presence (C) or absence (D) of 10 μM of
each specific inhibitor of MAPKs and PI3K, followed by 20 h of incubation at 37 °C. The migrated cells were then counted under an optical
microscope at×100 magnification as described in the Materials and Methods section. *p<0.05, **p<0.001 vs vehicle‐treated cells.
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MMP‐9 expression was blocked by ERK and JNK
inhibitors. The p38 MAPK inhibitor did not have an
effect on the expression of MMPs (Fig. 2B). In order to
further confirm the role of MAPKs and PI3K in the
proliferation and MMP‐mediated invasion of CT‐26
colon cancer cells, cell viability and DNA synthesis were
evaluated in the cells treated with each specific inhibitor.
MAPK and PI3K/Akt signaling modulate the functions
of a number of substrates involved in the regulation of
cell growth, survival and invasion in several cancer types
(Yao et al., 2001; Liao et al., 2005). Treatment with an
ERK inhibitor (PD98059) and a JNK inhibitor
(SP600125), but not a p38 MAPK inhibitor (SB203580),
resulted in significant reductions in cell viability (Fig. 3A),
A), DNA synthesis (Fig. 3B) and cell invasion in CT‐26
cells (Fig. 3C). The PI3K inhibitor (LY294002) exerted a
negligible effect at the same concentrations.According to
our results, ERK performs a central role in invasion and
MMP‐9 expression in CT‐26 cells, as well as the
proliferation of these cells. JNK is closely associated
with cell invasion and the expression of both MMPs. In
addition, it was found that cancer cell invasion was dose‐
dependently inhibited by the treatment with anti‐MMP‐9
antibody, but not anti‐MMP‐2 antibody (Fig. 3D). These
results suggest that MMP‐9 mainly contributes to the
invasion of CT‐26 cells.Decursin and decursinol suppress
cell invasion via the blockage of JNK/ERK‐mediated
MMP‐9 expression in CT‐26 cells.
Next, the study investigated whether decursin and

decursinol could inhibit the spontaneous lung metastasis
of colon cancer in mice. The number of tumor nodules
increased dramatically in the lungs of mice injected with
CT‐26 cells alone, but orally administered decursin and
decursinol at 10 mg/kg reduced the formation of tumor
nodules by 69% and 77%, respectively (Fig. 4A). The
raised lung weight by CT‐26 murine colon cancer
metastases was also considerably reduced as the result
of decursin or decursinol treatment (Fig. 4B). Body
weight was not changed by the injection of CT‐26 cells
and/or decursin or decursinol treatment (Fig. 4C).
Moreover, curcumin and celecoxib were administered
as in vivo positive controls. Curcumin is a promising
natural product as a chemopreventive and therapeutic
agent in various cancers, including colon and pancreas
cancers. Extensive research has demonstrated that
curcumin activates apoptosis and inhibits proliferation
and invasion by regulating p53, Bax, Bcl‐2, caspases,
cyclin D1, MAPKs and MMPs (Epstein et al., 2010).
Celecoxib is a specific inhibitor of COX‐2, which is
related to colorectal cancer development and propaga-
tion through multiple mechanisms, including stimulation
of growth, migration, and invasiveness, resistance to
apoptosis, and enhancement of angiogenesis (Sanborn
and Blanke, 2005). Treatment with curcumin and
celecoxib resulted in 54% and 80% inhibition in the
colonization ofCT‐26 cells in lungs. These results indicate
that decursin and decursinol potently inhibited the
formation of CT‐26 metastases and their antimetastatic
activities were as effective as that of celecoxib.
In conclusion, decursin and decursinol effectively

inhibited the proliferation and invasion of CT‐26 colon
carcinoma cells, as well as the lung metastasis of CT‐26
cells in mice. The antiinvasiveness of decursin and
decursinol in CT‐26 cells was achieved by the
suppression of MMP‐9 expression via ERK and/or
JNK signaling molecules. Therefore, decursin and

decursinol may be useful in the blockade of cancer
invasion and metastasis. This is the first report to
demonstrate that orally administered decursin and
decursinol suppress the invasion and lung metastasis
of colon cancer cells.

Figure 4. Effects of decursin and decursinol on spontaneous lung
metastasis of CT‐26 cells in mice. CT‐26 colon carcinoma cells
(1×105 cells/0.2 mL) were injected into the tail veins of Balb/c
mice (n=5) 30 min after oral administration of decursin (DN),
decursinol (DL), curcumin (Cur) and celecoxib (Cel) 10 mg/kg BW,
respectively. These compounds were then administered once
daily for 2 weeks. The number of tumor nodules was counted (A),
and the lung (B) and body weights (C) were measured. *p<0.05,
**p<0.01 vs CT‐26 cells alone‐injected mice.
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