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Abstract:

 Oral squamous cell carcinoma (OSCC) typically migrates and metastasizes. Interleukin-6 (IL-6) is a multifunctional cytokine associated with disease status and cancer outcomes. The effect of IL-6 on human OSCC cells, however, is unknown. Here, we showed that IL-6 increased cell migration and Intercellular adhesion molecule-1 (ICAM-1) expression in OSCC cells. Pretreatment of OSCC cells with IL-6R monoclonal antibody (mAb) significantly abolished IL-6-induced cell migration and ICAM-1 expression. By contrast, IL-6-mediated cell motility and ICAM-1 upregulation were attenuated by the Syk and c-Jun N-terminal kinase (JNK) inhibitors. Stimulation of OSCC cells with IL-6 promoted Syk and JNK phosphorylation. Furthermore, IL-6 enhanced AP-1 activity, and the IL-6R mAb, Syk inhibitor, or JNK inhibitor all reduced IL-6-mediated c-Jun phosphorylation, c-Jun binding to the ICAM-1 promoter, and c-Jun translocation into the nucleus. Our results indicate that IL-6 enhances the migration of OSCC cells by increasing ICAM-1 expression through the IL-6R receptor and the Syk, JNK, and AP-1 signal transduction pathways.
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1. Introduction

Oral squamous cell carcinoma (OSCC), the most common head and neck cancer, represents 1%–2% of all human malignancies and is characterized by poor prognosis and a low survival rate. OSCC has been reported to migrate into the maxillary and mandibular bones [1,2] and has a potent capacity to invade locally and metastasize distantly [3,4]. Hence, a decrease in its ability to invade and metastasize is a goal in the development of effective adjuvant therapy.

Interleukin (IL)-6, originally identified as a T cell-derived cytokine that induces the final maturation of B cells into antibody-producing cells [5], exhibits multiple biological activities that differ widely among various types of tissues and cells. IL-6 has been reported to enhance or inhibit the proliferation of carcinoma cells [6–9]. Furthermore, a variety of malignant tumors, including OSCC and adenocarcinomas were shown to contain or synthesize IL-6, and autocrine growth stimulation has been suggested as a possible mechanism for the action of IL-6 [10–12]. Recent studies have documented that IL-6 enhances cell migration in human chondrosarcoma and osteosarcoma [13,14].

Invasion and metastasis of tumors are critical steps in determining the aggressive phenotype of human cancers. Mortality in cancer patients principally results from the metastatic spread of cancer cells to distant organs [15,16]. To facilitate cell motility, invading cells must alter their cell-cell adhesion properties, rearrange the extracellular matrix environment, suppress anoikis, and reorganize their cytoskeletons [17]. Several cell adhesion molecules have been reported to be involved in tumor progression and metastasis such as integrin, cadherin, and immunoglobulin superfamilies [16,18]. Intercellular adhesion molecule-1 (ICAM-1, also called CD54), a member of the immunoglobulin supergene family, is an inducible surface glycoprotein that mediates adhesion-dependent cell-to-cell interactions [19,20]. ICAM-1 has been reported to mediate the migration of leukocytes from the capillary bed into the tissue [21]. On the other hand, ICAM-1 also promotes the movement of cells through the ECM [21]. A recent study indicated that ICAM-1 plays an important role during lung cancer invasion [22]. Pretreatment with ICAM-1 antibody or transfection with antisense ICAM-1 has been reported to reduce the migration of breast cancer cells [23]. Furthermore, ICAM-1 upregulation has been reported to play an important role during OSCC metastasis [24–26]. Therefore, ICAM-1 might play a critical role in tumorigenesis, and its disruption may prevent metastasis.

Previous studies confirmed that IL-6 is important in the metastasis of human cancer cells [14,27]. ICAM-1 is a potent metastatic factor that mediates cancer migration and metastasis. Although a role for IL-6 in metastasis has been implicated in some cancer cells, the signaling pathway for IL-6 in cell motility and ICAM-1 expression in human OSCC has not been extensively studied. In this study, we examined the intracellular signaling pathway involved in IL-6-induced ICAM-1 expression and tumor migration in human OSCC. Here, we reported that the interaction between IL-6 and IL-6R activates the Syk, c-Jun N-terminal kinase (JNK), and activator protein (AP)-1 pathways, leading to upregulation of ICAM-1 expression and cell migration. Our results indicate that IL-6 is a crucial factor during the metastasis of OSCC cells.



2. Results


2.1. IL-6 Increases Migration in OSCC (Oral Squamous Cell Carcinoma) Cells

It has been reported that IL-6 stimulates the directional migration and invasion of human cancer cells [14,27]. However, the effect of IL-6 on the migration of OSCC cells is mostly unknown. To identify a link between IL-6 expression and OSCC migration, we first examined the migratory activity of human OSCC cells using the Transwell assay. Stimulation of OSCC cells (SCC4, SAS, and CAL27 cells) with IL-6 promoted cell migration in a dose-dependent manner (Figure 1A). In addition, IL-6 also increased wound healing migration activity in SCC4 cells (Figure 1B). Hence, IL-6 promotes cell migration in human OSCC cells.

Figure 1. Interleukin (IL)-6 induces migration activity of human oral squamous cell carcinoma (OSCC) cells. (A) Cells were incubated with various concentrations of IL-6, and in vitro migration activity was measured using the Transwell assay after 24 h (n = 4); and (B) SCC4 cells were incubated with IL-6 for 24 h, and a wound-scratching assay was performed (n = 5). Results are expressed as the mean ± standard error of the mean (SEM); *, p < 0.05 compared with the control.
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2.2. Involvement of ICAM-1 in IL-6-Directed Cell Migration of OSCC Cells

A previous report indicated that ICAM-1 mediates the migration and metastasis of OSCC cells [24]. We therefore examined whether ICAM-1 is involved in IL-6-induced migration of OSCC cells. Pretreatment of cells with ICAM-1 monoclonal antibody (mAb) or transfection of cells with ICAM-1 siRNA abolished IL-6-induced cell migration (Figure 2A). By contrast, incubation of cells with IL-6 increased the cell surface, mRNA, and protein expression of ICAM-1 (Figure 2B–D). To confirm that IL-6 mediates cell migration and ICAM-1 expression in human OSCC cells, SCC4 cells expressing IL-6 shRNA were established. IL-6 expression in stable transfectants was compared by western blotting. Expression of IL-6 was dramatically inhibited in SCC4/IL-6 shRNA cells (Figure 2E). However, knockdown of IL-6 did not affect SCC4 cell growth (data not shown). The migratory ability of these transfectants was then analyzed using a Transwell migration assay. Knockdown of IL-6 expression inhibited the migratory ability of SCC4 cells (Figure 2F). In addition, IL-6 knockdown also reduced ICAM-1 expression in SCC4 cells (Figure 2E). These results indicate that IL-6 increases cell migration by upregulating ICAM-1 in human OSCC cells.

Figure 2. IL-6 increases cell migration by upregulating intercellular adhesion molecule-1 (ICAM-1). (A) Cells were pretreated for 30 min with ICAM-1 mAb (10 μg/mL) or transfected with ICAM-1 small interfering RNA (siRNA) for 24 h, followed by stimulation with IL-6 (30 ng/mL). In vitro migration activity was measured with the Transwell assay (n = 5); (B–D) SCC4 cells were incubated with IL-6 for 24 h, and ICAM-1 expression was examined by flow cytometry, quantitative real-time polymerase chain reaction (qPCR), and western blotting (n = 6); and (E,F) Protein levels and migratory activity of IL-6 and ICAM-1 in SCC4/control short hairpin RNA (shRNA) and SCC4/IL-6 shRNA cells were examined by western blotting and the Transwell assay (n = 5). Results are expressed as the mean ± SEM; *, p < 0.05 compared with the control; #, p < 0.05 compared with the IL-6-treated group.
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IL-6 is known to affect tumor migration by binding to cell-surface IL-6R molecules [13,14]. Pretreating cells for 30 min with anti-IL-6R mAb significantly reduced IL-6-increased cell migration and ICAM-1 expression (Figure 3A–C). Thus, IL-6 increased cell migration and ICAM-1 expression in human OSCC cells via the IL-6R receptor.

Figure 3. IL-6 and IL-6R interaction promotes cell migration and ICAM-1 expression. (A–C) Cells were pretreated with IL-6R monoclonal antibody (mAb) (10 μg/mL) for 30 min followed by stimulation with IL-6 (30 ng/mL) for 24 h. The in vitro migration activity and ICAM-1 expression were measured with the Transwell, wound healing, and qPCR assays (n = 5); *, p < 0.05 compared with the control; #, p < 0.05 compared with the IL-6-treated group.
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2.3. Syk and c-Jun N-Terminal Kinase (JNK) Signaling Pathways are Involved in IL-6-Mediated ICAM-1 Upregulation and Cell Motility of OSCC Cells

Syk-dependent JNK activation has been reported to mediate VCAM-1 expression [28]. We therefore hypothesized that the Syk and JNK signaling pathways are involved in IL-6-directed cell migration activity in OSCC cells. Our results showed that the IL-6-induced migration ability and ICAM-1 upregulation of OSCC cells were significantly reduced by pretreating the cells with Syk inhibitor (Figure 4A–C). In addition, transfection of cells with Syk siRNA also inhibited IL-6-induced motility and ICAM-1 expression (Figure 4A–C). We next directly measured the phosphorylation of Syk in response to IL-6. Stimulation of SCC4 cells with IL-6 increased Syk phosphorylation (Figure 4D). In addition, pretreating the cells with IL-6R mAb abolished IL-6-enhanced Syk phosphorylation (Figure 4E). Thus, IL-6 appears to act through IL-6R and the Syk-dependent signaling pathway to enhance cell migration and ICAM-1 expression in human OSCC cells. Next, we investigated the role of JNK in mediating IL-6-induced cell migration and ICAM-1 expression using the specific JNK inhibitor SP600125. Pretreatment of cells for 30 min with SP600125 or transfection of cells for 24 h with the JNK mutant reduced IL-6-induced increases in cell motility and ICAM-1 expression (Figure 5A–C). To directly confirm the critical role of JNK in IL-6-mediated cell migration, we measured the level of JNK phosphorylation in response to IL-6. Stimulation of SCC4 cells with IL-6 resulted in time-dependent phosphorylation of JNK (Figure 5D). We next evaluated the relationship between IL-6R, Syk, and JNK in the IL-6-mediated signaling pathway. Incubating the cells with IL-6R mAb or Syk inhibitor diminished IL-6-increased JNK phosphorylation (Figure 5E). Based on these results, IL-6 appears to act via the IL-6R receptor and the Syk and JNK-dependent signaling pathways to enhance cell migration and ICAM-1 expression in human OSCC cells.

Figure 4. Syk is involved in IL-6-induced migration and ICAM-1 expression. (A–C) Cells were pretreated for 30 min with Syk inhibitor (10 μM) or transfected with Syk siRNA for 24 h and stimulated with IL-6 (30 ng/mL) for 24 h. In vitro migration and ICAM-1 expression were measured using the Transwell, wound healing, and qPCR assays (n = 5); (D) SCC4 cells were incubated with IL-6 (30 ng/mL) for the indicated time intervals, and Syk phosphorylation was examined by western blotting (n = 5); and (E) SCC4 cells were pretreated for 30 min with IL-6R mAb and stimulated with IL-6 (30 ng/mL) for 15 min; Syk phosphorylation was determined by western blotting (n = 4). Results are expressed as the mean ± SEM; *, p < 0.05 compared with the control; #, p < 0.05 compared with the IL-6-treated group.
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Figure 5. JNK is involved in IL-6-induced migration and ICAM-1 expression. (A–C) Cells were pretreated for 30 min with SP600125 (3 μM) or transfected with the JNK mutant for 24 h and stimulated with IL-6 (30 ng/mL) for 24 h. In vitro migration and ICAM-1 expression were measured using the Transwell, wound healing, and qPCR assays (n = 5); (D) SCC4 cells were incubated with IL-6 (30 ng/mL) for the indicated time intervals, and JNK phosphorylation was examined by western blotting (n = 5); and (E) SCC4 cells were pretreated for 30 min with IL-6R mAb or the Syk inhibitor and stimulated with IL-6 (30 ng/mL) for 30 min; Syk phosphorylation was determined by western blotting (n = 4). Results are expressed as the mean ± SEM; *, p < 0.05 compared with the control; #, p < 0.05 compared with the IL-6-treated group.
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2.4. Involvement of AP-1 in IL-6-Induced Cell Migration and ICAM-1 Expression

As previously described, AP-1 transactivation is involved in cell migration and ICAM-1 expression in human OSCC cells [29]. To examine the role of the AP-1-binding site in IL-6-mediated cell motility and ICAM-1 expression, we used AP-1 inhibitors (curcumin and tanshinone). Pretreating cells with curcumin and tanshinone reduced IL-6-induced cell migration and ICAM-1 expression (Figure 6A–C). AP-1 activation was further evaluated by analyzing c-Jun phosphorylation and c-Jun translocation into the nucleus, and by conducting a chromatin immunoprecipitation (ChIP) assay. Transfection of cells with c-Jun siRNA suppressed IL-6-induced cell migration and ICAM-1 expression (Figure 6A,C). Incubating the cells with IL-6 promoted time-dependent phosphorylation of c-Jun (Figure 6D). In contrast, pretreating the cells with IL-6R, Syk inhibitor, or SP600125 abolished IL-6-mediated c-Jun phosphorylation (Figure 6E).

Figure 6. Activator protein 1 (AP-1) is involved in IL-6-mediated migration in human OSCC cells. (A–C) Cells were pretreated for 30 min with curcumin (10 μM) and tanshinone (10 μM) or transfected for 24 h with c-Jun siRNA followed by stimulation with IL-6 for 24 h. In vitro migration and ICAM-1 expression were measured using the Transwell, wound healing, and qPCR assays (n = 5); (D) SCC4 cells were incubated with IL-6 (30 ng/mL) for the indicated time intervals, and c-Jun phosphorylation was examined by western blotting (n = 4); and (E–G) SCC4 cells were pretreated for 30 min with IL-6R mAb, the Syk inhibitor, or SP600125 for 30 min followed by stimulation with IL-6 for 60 min. c-Jun phosphorylation, c-Jun binding to the AP-1 element, and c-Jun translocation into the nucleus were determined by western blotting, ChIP, and immunofluorocytochemistry (n = 5). Results are expressed as the mean ± SEM; *, p < 0.05 compared with the control; #, p < 0.05 compared with the IL-6-treated group.
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The AP-1 binding site between −284 and −279 is important for activation of the ICAM-1 gene [30]. We next investigated whether c-Jun binds to the AP-1 element in the ICAM-1 promoter after IL-6 stimulation. In vivo recruitment of c-Jun to the ICAM-1 promoter (−346 to −24) was assessed by ChIP. In vivo binding of c-Jun to the AP-1 element of the ICAM-1 promoter occurred after IL-6 stimulation (Figure 6F). Binding of c-Jun to the AP-1 element by IL-6 was attenuated by IL-6R, the Syk inhibitor, or SP600125 (Figure 6F). In addition, IL-6R, the Syk inhibitor, or SP600125 also reduced IL-6-increased c-Jun accumulation in the nucleus (Figure 6G). Taken together, these data suggest that activation of the IL-6R, Syk, and JNK pathways are required for IL-6-induced AP-1 activation and tumor metastasis in human OSCC cells.




3. Discussion

Efforts to understand the molecular biology of cancer cells in recent years have identified various molecular pathways that are altered in different cancers. This information is currently being exploited to develop potential therapies that target the molecules involved in these pathways. To achieve metastasis, cancer cells must evade multiple barriers and overcome specific cellular rules. Several discrete steps are discernible in the biological cascade leading to metastasis, including loss of cellular adhesion, increased motility and invasiveness, entry and survival into circulation, entrance into new tissue, and eventual colonization of a distant site [15]. The mechanism of metastasis is a complicated and multistage process; however, our study showed that IL-6 induces cell migration and expression of ICAM-1 in human OSCC cells. In addition, we found that ICAM-1 acts as a crucial transducer of cell signaling that regulates cell migration, whereas IL-6 acts as a critical mediator of metastasis activity of OSCC cells in the tumor microenvironment.

ICAM-1 is upregulated in response to a variety of cytokines and is associated with inflammatory and immune responses [21]. Several lines of evidence in this study showed that, in addition to its role in leukocyte adhesion and cancer cell invasion [31,32], ICAM-1 plays an important role in IL-6-mediated cancer metastasis. First, IL-6 promoted mRNA and protein expression of ICAM-1. Second, ICAM-1 siRNA significantly reduced IL-6-mediated cell motility. Third, SCC4/IL-6 shRNA cells showed a greater reduction in migration and ICAM-1 expression than did SCC4/control shRNA cells. Although ICAM-1 was reportedly associated with the cell motility of OSCC cells, we demonstrated that ICAM-1 is a downstream effector in IL-6-increased metastasis of OSCC. Adhesion molecules that are expressed in cancer cells can attract inflammatory cells such as macrophages or lymphocytes, which release trophic factors to enhance cancer cell survival and destabilize the tumor environment [33,34]. For example, tumor-associated macrophages, the major component of infiltrating inflammatory cells, release growth and angiogenic factors that stimulate tumor cell proliferation, promote angiogenesis, and even favor invasion and metastasis [34]. However, in our study, we were unable to examine whether human OSCC with high ICAM-1 expression aggregated more leukocytes and macrophages. Therefore, further studies are necessary to confirm this hypothesis regarding human OSCC.

Syk activation has been reported to be regulated by multiple mechanisms, including phosphorylation and interactions with various proteins that are involved in regulating gene expression [35]. We demonstrated that the Syk inhibitor antagonized the IL-6-mediated potentiation of ICAM-1 expression and cell migration. In addition, transfection of cells with Syk siRNA reduced IL-6-mediated potentiation of ICAM-1 expression and cell motility. These data suggest that the Syk pathway is required for IL-6-induced cell migration and ICAM-1 expression in OSCC cells. A Syk-dependent JNK pathway was shown to be involved in CCN4-induced gene expression [28]. In the current study, we found that IL-6 enhanced Syk and JNK phosphorylation. Pretreatment of cells with either IL-6R or the Syk inhibitor reduced IL-6-promoted JNK phosphorylation. Thus, our results indicate that IL-6 upregulates ICAM-1 expression and cell migration in human OSCC cells via the IL-6R, Syk, and JNK signaling pathways.

The Jun and Fos transcription factor families bind to the AP-1 sequence. These nuclear proteins interact with the AP-1 site as Jun homodimers or Jun-Fos heterodimers that are formed by protein dimerization through their leucine zipper motifs. In this study, we found that IL-6 promoted c-Jun phosphorylation and translocation into the nucleus. In addition, IL-6-mediated cell migration and ICAM-1 expression were abolished by c-Jun siRNA in human OSCC cells. Therefore, c-Jun activation is mediated by IL-6-increased cancer metastasis and ICAM-1 expression. Furthermore, IL-6 increased the binding of c-Jun to the AP-1 element within the ICAM-1 promoter, as shown by ChIP. Pretreatment of cells with IL-6R mAb, the Syk inhibitor, and SP600125 abolished the binding of c-Jun to the AP-1 element. These results indicate that IL-6 acts through the IL-6R, Syk, JNK, c-Jun, and AP-1 pathways to induce metastasis and ICAM-1 expression in human OSCC cells. In the current study, IL-6R, Syk, JNK, and c-Jun inhibitor all reduced IL-6-induced cell migration in three OSCC cell lines, indicating that IL-6R, Syk, JNK, and c-Jun pathways are involved in IL-6-mediated metastasis in these cells. However, to examine whether these pathways are activated after IL-6 treatment, we used the most widely used OSCC cells (SCC4) to represent the IL-6 effects.



4. Experimental Section


4.1. Materials

Protein A/G beads, anti-mouse and anti-rabbit horseradish peroxidase-conjugated IgG, rabbit polyclonal antibodies specific for ICAM-1, IL-6, Syk, p-Syk, p-JNK, JNK, p-c-Jun, c-Jun, and β-actin, and the IL-6 short hairpin RNA (shRNA), and control shRNA plasmids were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Recombinant human IL-6 and IL-6R antibodies were purchased from R&D Systems (Minneapolis, MN, USA). The JNK dominant-negative mutant was provided by Dr. Michael Karin (University of California, San Diego, CA, USA). The luciferase assay kit was purchased from Promega (Madison, WI, USA). All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA).



4.2. Cell Culture

Human OSCC cell lines (SCC4, SAS, and CAL27 cells) were purchased from the American Type Culture Collection (Manassas, VA, USA). The cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with 20 mM HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, Gibco, Grand Island, NY, USA] and 10% heat-inactivated fetal calf serum (FCS), 2 mM glutamine, penicillin (100 U/mL), and streptomycin (100 μg/mL) at 37 °C with 5% CO2.

IL-6 shRNA-expressing cells were selected with puromycin. Surviving cells were collected and expanded to prepare clonal cell populations. For monolayer growth curves, 104 cells were plated in 6-well plates and grown for 1–6 days. Cells were trypsinized and cell numbers were counted [36]. Cells were cultured in DMEM supplemented with 20 mM HEPES and 10% heat-inactivated FCS, 2 mM glutamine, penicillin (100 U/mL), and streptomycin (100 μg/mL) at 37 °C with 5% CO2.



4.3. Migration Assay

The migration assay was performed using Transwell inserts (Costar, Corning, New York, NY, USA; pore size, 8 μm) in 24-well dishes. Before the migration assay was performed, cells were pretreated for 30 min with different concentrations of inhibitors, including the Syk inhibitor, SP600125, tanshinone, curcumin, and vehicle control [0.1% dimethyl sulfoxide (DMSO)]. Approximately 1 × 104 cells in 200 μL of serum-free medium were placed in the upper chamber, while 300 μL of serum-free medium containing IL-6 was placed in the lower chamber. The plates were incubated for 24 h at 37 °C in 5% CO2. Next, the cells were fixed in 3.7% formaldehyde solution for 15 min and stained with 0.05% crystal violet in phosphate-buffered saline (PBS) for 15 min. Cells on the upper side of the filters were removed using cotton-tipped swabs and the filters were washed with PBS. Cells on the underside of the filters were examined and counted under a microscope. Each clone was plated in triplicate in each experiment; each experiment was repeated at least 3 times. The number of migrating cells in each experiment was adjusted by the cell viability assay to correct for proliferation effects of IL-6 treatment (corrected migrating cell number = counted migrating cell number/percentage of viable cells) [37].



4.4. Wound-Healing Migration Assay

For the wound-healing migration assay, cells were seeded into 12-well plates at a density of 1 × 105 cells/well in culture medium. Twenty-four hours after seeding, the confluent monolayer of culture was scratched using a fine pipette tip, and migration was visualized using a microscope with magnification. The rate of wound closure was observed at the indicated time.



4.5. Quantitative Real-Time Polymerase Chain Reaction (PCR)

Total RNA was extracted from OSCC cells using a TRIzol kit (Invitrogen, Carlsbad, CA, USA). The reverse transcription reaction was performed using 2 μg of total RNA that was reverse-transcribed into cDNA using an oligo (dT) primer (Invitrogen, Carlsbad, CA, USA) [38]. Quantitative real-time PCR (qPCR) analysis was carried out using TaqMan® one-step PCR Master Mix (Applied Biosystems, Foster City, CA, USA). Two microliters of total cDNA mixtures was added per 25-μL reaction with sequence-specific primers and Taqman® probes. All target gene primers and probes were purchased commercially (β-actin was used as an internal control) (Applied Biosystems). qPCR assays were performed in triplicate (1 independent RNA sample per treatment) using a StepOnePlus sequence detection system (Applied Biosystems, Foster City, CA, USA). Cycling conditions were as follows: polymerase activation at 95 °C for 10 min followed by 40 cycles at 95 °C for 15 s and 60 °C for 60 s. The threshold was set above the no-template control background and within the linear phase of the target gene amplification to calculate the cycle number at which the transcript was detected (denoted CT).



4.6. Western Blot Analysis

Cellular lysates were prepared as described previously [39]. Proteins were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to Immobilon polyvinyldifluoride (PVDF) membranes (Millipore, Billerica, MA, USA). The blots were blocked with 4% bovine serum albumin (BSA) for 1 h at room temperature and then probed with rabbit anti-human antibodies against ICAM-1, p-Syk, Syk, p-JNK, JNK, p-c-Jun, or c-Jun (1:1000) for 1 h at room temperature. After 3 washes, the blots were incubated with a donkey anti-rabbit peroxidase-conjugated secondary antibody (1:1000) for 1 h at room temperature. Blots were visualized using enhanced chemiluminescence and Kodak X-OMAT LS film (Eastman Kodak, Rochester, NY, USA).



4.7. Transfection of Small Interfering RNAs (siRNAs) or Mutant

ON-TARGETplus siRNA targeting ICAM-1, Syk, c-Jun, and controls were purchased from Dharmacon Research (Lafayette, CO, USA). Transient transfection of siRNAs (100 nM) or dominant-negative mutants (0.5 μg) was carried out using DharmaFECT 1 transfection reagent or Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions, respectively.



4.8. Flow Cytometric Analysis

Human OSCC cells were plated in 6-well dishes. The cells were then washed with PBS and detached with trypsin at 37 °C. Cells were fixed for 10 min in PBS containing 1% paraformaldehyde. After rinsing in PBS, the cells were incubated with mouse anti-human antibody against ICAM-1 (1:100) for 1 h at 4 °C. Cells were then washed again and incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit secondary IgG (1:100; Leinco Tec. Inc.; St. Louis, MO, USA) for 45 min and analyzed by flow cytometry using FACS Calibur and CellQuest software (BD Biosciences, Franklin Lakes, NJ, USA).



4.9. Immunofluorocytochemistry

SCC4 cells were cultured on 12-mm coverslips. After treatment with IL-6, cells were fixed with 4% paraformaldehyde at room temperature. Thirty minutes later, 4% nonfat milk in PBS containing 0.5% Triton X-100 was added to the cells. The cells were then incubated with rabbit anti-c-Jun (1:100) and FITC-conjugated goat anti-rabbit secondary antibody (1:500; Leinco Technology Inc., St. Louis, MO, USA) for 1 h, successively. FITC was detected using a Zeiss fluorescence microscope.



4.10. Chromatin Immunoprecipitation (ChIP)

ChIP was performed as described previously [13]. DNA was immunoprecipitated using an anti-c-Jun antibody, extracted, purified, and resuspended in H2O. Immunoprecipitated DNA was amplified by PCR using the following primers: 5′-AGACCTTAGCGCGGTGTAGA-3′ and 5′-GCGACTCGAGGAGACGATGA-3′. PCR products were resolved by 1.5% agarose gel electrophoresis and visualized using ultraviolet light.



4.11. Statistical Analysis

Data are presented as the mean ± standard error of the mean (SEM). Statistical analysis between 2 samples was performed using the Student’s t-test. Statistical comparisons of more than 2 groups were performed using one-way analysis of variance with Bonferroni’s post-hoc test. In all cases, p < 0.05 was considered significant.




5. Conclusions

We have presented a molecular mechanism of IL-6-induced migration of human OSCC cells that occurs through the upregulation of ICAM-1. IL-6 increases ICAM-1 expression through the IL-6R, Syk, JNK, and AP-1 signaling pathways and induces tumor migration.






Acknowledgments

This work was supported by grants from the National Science Council of Taiwan (NSC100-2320-B-039-028-MY3); Taiwan Department of Health, China Medical University Hospital Cancer Research of Excellence (DOH102-TD-C-111-005); and China Medical University (CMU101-ASIA-01). We thank Michael Karin for providing the JNK mutant.



Conflicts of Interest

All authors have no financial or personal relationships with other people or organizations that could inappropriately influence our work.



References


	1. 
Lyons, A.J.; Jones, J. Cell adhesion molecules, the extracellular matrix and oral squamous carcinoma. Int. J. Oral Maxillofac. Surg 2007, 36, 671–679. [Google Scholar]

	2. 
Bau, D.-T.; Lin, C.-C.; Chiu, C.-F.; Tsai, M.-H. Role of nonhomologous end-joining in oral cancer and personalized pharmacogenomics. BioMedicine 2012, 2, 41–47. [Google Scholar]

	3. 
Greenberg, J.S.; El Naggar, A.K.; Mo, V.; Roberts, D.; Myers, J.N. Disparity in pathologic and clinical lymph node staging in oral tongue carcinoma. Cancer 2003, 98, 508–515. [Google Scholar]

	4. 
Thomas, G.J.; Speight, P.M. Cell adhesion molecules and oral cancer. Crit. Rev. Oral Biol. Med 2001, 12, 479–498. [Google Scholar]

	5. 
Rose-John, S.; Scheller, J.; Elson, G.; Jones, S.A. Interleukin-6 biology is coordinated by membrane-bound and soluble receptors: Role in inflammation and cancer. J. Leukoc. Biol 2006, 80, 227–236. [Google Scholar]

	6. 
Okamoto, M.; Lee, C.; Oyasu, R. Interleukin-6 as a paracrine and autocrine growth factor in human prostatic carcinoma cells in vitro. Cancer Res. 1997, 57, 141–146. [Google Scholar]

	7. 
Okamoto, M.; Hattori, K.; Oyasu, R. Interleukin-6 functions as an autocrine growth factor in human bladder carcinoma cell lines in vitro. Int. J. Cancer 1997, 72, 149–154. [Google Scholar]

	8. 
Miki, S.; Iwano, M.; Miki, Y.; Yamamoto, M.; Tang, B.; Yokokawa, K.; Sonoda, T.; Hirano, T.; Kishimoto, T. Interleukin-6 (IL-6) functions as an in vitro autocrine growth factor in renal cell carcinomas. FEBS Lett 1989, 250, 607–610. [Google Scholar]

	9. 
Chen, L.; Mory, Y.; Zilberstein, A.; Revel, M. Growth inhibition of human breast carcinoma and leukemia/lymphoma cell lines by recombinant interferon-beta 2. Proc. Natl. Acad. Sci. USA 1988, 85, 8037–8041. [Google Scholar]

	10. 
Okamoto, M.; Lee, C.; Oyasu, R. Autocrine effect of androgen on proliferation of an androgen responsive prostatic carcinoma cell line, LNCAP: Role of interleukin-6. Endocrinology 1997, 138, 5071–5074. [Google Scholar]

	11. 
Eustace, D.; Han, X.; Gooding, R.; Rowbottom, A.; Riches, P.; Heyderman, E. Interleukin-6 (IL-6) functions as an autocrine growth factor in cervical carcinomas in vitro. Gynecol. Oncol. 1993, 50, 15–19. [Google Scholar]

	12. 
Lu, C.; Kerbel, R.S. Interleukin-6 undergoes transition from paracrine growth inhibitor to autocrine stimulator during human melanoma progression. J. Cell Biol 1993, 120, 1281–1288. [Google Scholar]

	13. 
Lin, Y.M.; Chang, Z.L.; Liao, Y.Y.; Chou, M.C.; Tang, C.H. IL-6 promotes ICAM-1 expression and cell motility in human osteosarcoma. Cancer Lett 2013, 328, 135–143. [Google Scholar]

	14. 
Tang, C.H.; Chen, C.F.; Chen, W.M.; Fong, Y.C. IL-6 increases MMP-13 expression and motility in human chondrosarcoma cells. J. Biol. Chem 2011, 286, 11056–11066. [Google Scholar]

	15. 
Gupta, G.P.; Massague, J. Cancer metastasis: Building a framework. Cell 2006, 127, 679–695. [Google Scholar]

	16. 
Tang, C.H. Molecular mechanisms of chondrosarcoma metastasis. BioMedicine 2012, 2, 92–98. [Google Scholar]

	17. 
Desgrosellier, J.S.; Cheresh, D.A. Integrins in cancer: Biological implications and therapeutic opportunities. Nat. Rev. Cancer 2010, 10, 9–22. [Google Scholar]

	18. 
Makrilia, N.; Kollias, A.; Manolopoulos, L.; Syrigos, K. Cell adhesion molecules: Role and clinical significance in cancer. Cancer Investig 2009, 27, 1023–1037. [Google Scholar]

	19. 
Lawson, C.; Wolf, S. ICAM-1 signaling in endothelial cells. Pharmacol. Rep 2009, 61, 22–32. [Google Scholar]

	20. 
Zimmerman, T.; Blanco, F.J. Inhibitors targeting the LFA-1/ICAM-1 cell-adhesion interaction: Design and mechanism of action. Curr. Pharm. Des 2008, 14, 2128–2139. [Google Scholar]

	21. 
Duperray, A.; Languino, L.R.; Plescia, J.; McDowall, A.; Hogg, N.; Craig, A.G.; Berendt, A.R.; Altieri, D.C. Molecular identification of a novel fibrinogen binding site on the first domain of ICAM-1 regulating leukocyte-endothelium bridging. J. Biol. Chem 1997, 272, 435–441. [Google Scholar]

	22. 
Huang, W.C.; Chan, S.T.; Yang, T.L.; Tzeng, C.C.; Chen, C.C. Inhibition of ICAM-1 gene expression, monocyte adhesion and cancer cell invasion by targeting IKK complex: Molecular and functional study of novel alpha-methylene-gamma-butyrolactone derivatives. Carcinogenesis 2004, 25, 1925–1934. [Google Scholar]

	23. 
Rosette, C.; Roth, R.B.; Oeth, P.; Braun, A.; Kammerer, S.; Ekblom, J.; Denissenko, M.F. Role of ICAM1 in invasion of human breast cancer cells. Carcinogenesis 2005, 26, 943–950. [Google Scholar]

	24. 
Yang, S.F.; Chen, M.K.; Hsieh, Y.S.; Chung, T.T.; Hsieh, Y.H.; Lin, C.W.; Su, J.L.; Tsai, M.H.; Tang, C.H. Prostaglandin E2/EP1 signaling pathway enhances intercellular adhesion molecule 1 (ICAM-1) expression and cell motility in oral cancer cells. J. Biol. Chem 2010, 285, 29808–29016. [Google Scholar]

	25. 
Chuang, J.Y.; Chang, A.C.; Chiang, I.P.; Tsai, M.H.; Tang, C.H. Apoptosis signal-regulating kinase 1 is involved in WISP-1-promoted cell motility in human oral squamous cell carcinoma cells. PLoS One 2013, 8, e78022. [Google Scholar]

	26. 
Lin, C.W.; Chuang, C.Y.; Tang, C.H.; Chang, J.L.; Lee, L.M.; Lee, W.J.; Chow, J.M.; Yang, S.F.; Chien, M.H. Combined effects of icam-1 single-nucleotide polymorphisms and environmental carcinogens on oral cancer susceptibility and clinicopathologic development. PLoS One 2013, 8, e72940. [Google Scholar]

	27. 
Lo, C.W.; Chen, M.W.; Hsiao, M.; Wang, S.; Chen, C.A.; Hsiao, S.M.; Chang, J.S.; Lai, T.C.; Rose-John, S.; Kuo, M.L.; et al. IL-6 trans-signaling in formation and progression of malignant ascites in ovarian cancer. Cancer Res 2011, 71, 424–434. [Google Scholar]

	28. 
Liu, J.F.; Hou, S.M.; Tsai, C.H.; Huang, C.Y.; Hsu, C.J.; Tang, C.H. CCN4 induces vascular cell adhesion molecule-1 expression in human synovial fibroblasts and promotes monocyte adhesion. Biochim. Biophys. Acta 2013, 1833, 966–975. [Google Scholar]

	29. 
Chen, Z.; Hagler, J.; Palombella, V.J.; Melandri, F.; Scherer, D.; Ballard, D.; Maniatis, T. Signal-induced site-specific phosphorylation targets I kappa B alpha to the ubiquitin-proteasome pathway. Genes Dev 1995, 9, 1586–1597. [Google Scholar]

	30. 
Van de Stolpe, A.; van der Saag, P.T. Intercellular adhesion molecule-1. J. Mol. Med 1996, 74, 13–33. [Google Scholar]

	31. 
Chen, L.M.; Kuo, C.H.; Lai, T.Y.; Lin, Y.M.; Su, C.C.; Hsu, H.H.; Tsai, F.J.; Tsai, C.H.; Huang, C.Y.; Tang, C.H. RANKL increases migration of human lung cancer cells through intercellular adhesion molecule-1 up-regulation. J. Cell Biochem 2011, 112, 933–941. [Google Scholar]

	32. 
Fong, Y.C.; Lin, C.Y.; Su, Y.C.; Chen, W.C.; Tsai, F.J.; Tsai, C.H.; Huang, C.Y.; Tang, C.H. CCN6 enhances ICAM-1 expression and cell motility in human chondrosarcoma cells. J. Cell. Physiol 2012, 227, 223–232. [Google Scholar]

	33. 
Coussens, L.M.; Werb, Z. Inflammation and cancer. Nature 2002, 420, 860–867. [Google Scholar]

	34. 
Mantovani, A.; Bottazzi, B.; Colotta, F.; Sozzani, S.; Ruco, L. The origin and function of tumor-associated macrophages. Immunol. Today 1992, 13, 265–270. [Google Scholar]

	35. 
Efremov, D.G.; Laurenti, L. The Syk kinase as a therapeutic target in leukemia and lymphoma. Expert Opin. Investig. Drugs 2011, 20, 623–636. [Google Scholar]

	36. 
Tsou, H.K.; Chen, H.T.; Hung, Y.H.; Chang, C.H.; Li, T.M.; Fong, Y.C.; Tang, C.H. HGF and c-Met interaction promotes migration in human chondrosarcoma cells. PLoS One 2013, 8, e53974. [Google Scholar]

	37. 
Wu, M.H.; Lo, J.F.; Kuo, C.H.; Lin, J.A.; Lin, Y.M.; Chen, L.M.; Tsai, F.J.; Tsai, C.H.; Huang, C.Y.; Tang, C.H. Endothelin-1 promotes MMP-13 production and migration in human chondrosarcoma cells through FAK/PI3K/Akt/mTOR pathways. J. Cell. Physiol 2012, 227, 3016–3026. [Google Scholar]

	38. 
Tang, C.H.; Hsu, C.J.; Fong, Y.C. The CCL5/CCR5 axis promotes interleukin-6 production in human synovial fibroblasts. Arthritis Rheum 2010, 62, 3615–3624. [Google Scholar]

	39. 
Huang, C.Y.; Chen, S.Y.; Tsai, H.C.; Hsu, H.C.; Tang, C.H. Thrombin induces epidermal growth factor receptor transactivation and CCL2 expression in human osteoblasts. Arthritis Rheum 2012, 64, 3344–3354. [Google Scholar]



















© 2014 by the authors; licensee MDPI, Basel, Switzerland This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
(2]

>

ICAM-1 mRNA expression

400
.
i
5300
o
]
k]
<200
- #
c
S
2
£ 100
o
H
0
Cop Cop  Sby Vo On, N , o,
ro, o, OOp. 72 lop My lroy troy 6‘00,3 .
L6 [
1000
IL-6
300 0 10 15 30 60 120(min)
- x x p-JNK
£600
5400 E
IL-6
: [scca] 6
iztw # # N » o
s« <O o
ATV o

L RN

Cop. o, SRy V. O,
oy oy sg”’?g Tor Ve

IL-6





nav.xhtml


  ijms-15-00545


  
    		
      ijms-15-00545
    


  




  





media/file5.png
ICAM-1 mRNA expression

3
8

Migration ( % of control )
3 5
3 3

N
KO
O o Yira
c-Jun

, == ractn

0
Co, Co, 7y, Cy  Co  ©y
Ny, Oty sy ey, )
oy oy Shyy ", “or g Sy
Ong 7Ry g
L6
1000
800
K
£ 600
o
8
G 400
R*
200 #

oL

C C 7 [ C ©,
Nty Oty sy, ey, Ot
o7 o7 l”"o,, /7,,'7 o/,
o

"V
it
Ry 4

IL-6

S W ¥
@ R
o Vet

w

a
S

2 2 NN wow
a 2 @ o a o
8 8 8 & 8 o

Wound healing ( % of control )

*
£ #
C C 73

C,
o, o, an, Uy,
oy oy oy, ey,
%

o

IL-6

D
IL

-6
30 60 120 ( min )
p-c-Jun
LT I 1 1 I |BN

E
IL-6
o e
N N QP O W
& xR AN O
™ o™ W e o

p-c-Jun






media/file3.png
>
w

400 5 30 )
= in £ 300
[
£300 % 250
L = 200
9 j=]
2200 £ 150 "
H £ 100
s °
£100 5
2 3 s
s g, _
0 S, % o e
o, Cop S4 Cop Sy o o ’
7 "y % j, e, S o, o inny,
troy oy "’l”b/, "o/sf'? "?441 / sy, or
lor
[
6

D IL-6

0 10 15 30 60 120(min)
& B L 1§ Y 50
g 500 * * Fold 1.0 2.7 32 3.9 5.3 5.5
] L X X T T
3 £ 600 E
38
5 400 s .
== . 7“0 o5
% 200 # o o
o
- p-Syk

oo%

Co, 5‘
Sy
ollt»O/ % ‘g, 17;, ’m/ iy, /,?4,4

IL-6





media/file0.png
30 (ng/mL)

3
£3
£ !
3
22
r 3 350
S 2 N
g1 £ 300
o 8
= ‘5 250
" 3 10 30 (ngmy) X 200 * :
2
£ 150
©
Q
< 100
°
5
3 50
=
0 3 10 30 (ng/mL)
L6





media/file1.png
ICAM-1 mRNA expression

Migration ( % of control )

( % of control )

1]

C, C
e, Pt

( % of control )

»N
S
3

ICAM-1 fluorescence intensity

% C ()
., “ong,, i,
Ak

4,
oy
g g
IL-6

Migration ( % of control )
o s

2 @ ® 3 B

& &8 8 8 8

»
S

Nl

30 (ng/mL)

IL-6
IL-6
3 10 30
25 34 34
—i

o






media/file2.png
<

o

g

#
7,
R4

IL-6

&
¢

2 o 9 o
L S B

Buipeay punop

= =3 o
m 0
( _ob:Ou J0%) :o_uEm_s_

S

o

1000

=3 o =3 o )

=3 o =3 o
© © < ~N
(1013u09 J0 %)
EO_WmQ._QXW VYNYW L-AWVOI





