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Abstract
Purpose Among the signaling pathways implicated in the tumorigenesis of oral squamous cell carcinoma (OSCC) is the extracellular signal-regulated kinase (ERK) mitogen-activated protein kinase (MAPK) pathway, a downstream target of which is a family of serine/threonine kinases known as the 90kDa ribosomal S6 kinases (RSKs). This study aims to investigate the role of BI-D1870, a specific inhibitor of p90 RSKs, in a panel of OSCC cell lines. 
Methods The antitumor effects and mechanisms of BI-D1870 were assessed by MTT assays, flow cytometry, Western blotting, transfection and confocal microscopy. 
Results BI-D1870 exhibited a dose-responsive antiproliferative effect on OSCC cells with relative sparing of normal human oral keratinocytes. The compound inhibited the downstream RSK target YB-1, and caused apoptosis as evidenced by PARP cleavage, activation of the caspase cascade, and the presence of pyknotic nuclei in the 4,6-diamidino-2-phenylindole (DAPI) assay. In addition, BI-D1870 also induced G2/M arrest by modulating the expression of p21 and other cell cycle regulators. Other newly discovered anticancer attributes of BI-D1870 include the generation of reactive oxygen species and increases in endoplasmic reticulum stress and autophagy. 
Conclusions Together, these results suggest the translational value of BI-D1870 in oral squamous cell carcinoma therapy.

Keywords BI-D1870  Oral cancer  RSK  Reactive oxygen species  Autophagy


Introduction
Oral squamous cell carcinoma (OSCC) is the most commonly diagnosed malignancy of the oral cavity. Although the causes underlying the initiation and progression of OSCC are not fully understood, tobacco use, alcohol, and betel quid chewing are major risk factors. The treatment modalities for unmetastatic OSCC are radical surgery followed by adjuvant chemoradiation, and definitive chemoradiation. Unfortunately, the prognosis is poor for relapsed and refractory disease or for patients with metastatic disease even after therapeutic interventions with chemotherapeutic or targeted agents [1]. This unmet need highlights the necessity to develop novel therapeutic strategies for patients with advanced OSCC. 
The extracellular signal-regulated kinase (ERK) mitogen-activated protein kinase (MAPK) pathway, activated by various growth factors, ligands and hormones, is important for the survival, proliferation, growth and differentiation of normal cells. ERK has also been a subject of many researchers exploiting its role in oncogenic transformation, cancer cell migration and metastasis, and drug resistance [2, 3].  Among the targets is a family of serine/threonine kinases that lie downstream of the Ras-MAPK cascade, the 90kDa ribosomal S6 kinases (RSKs). The RSK isoforms are directly activated by ERK1 and ERK2 in response to stimuli [4]. RSKs phosphorylate many cytosolic and nuclear targets, and they have been implicated in the regulation of various cellular processes, such as cell survival, proliferation, growth and motility [2]. With regards to oral cancer, RSK2 promotes the invasion and metastasis of head and neck carcinoma cells through the activation of cAMP-responsive element-binding protein (CREB) and Hsp70 [5].
BI-D1870, a specific inhibitor of RSK, has been shown to inhibit the four RSK isoforms with in vitro IC50’s of 15-30 nM at an ATP concentration of 100 M [6, 7]. BI-D1870 significantly inhibited the PMA-induced phosphorylation of GSK3 and GSK3 (RSK substrates), while having a minimal effect on PMA-induced activation of ERK1/ERK2 [8]. In vivo studies in HEK-293 cells indicated that BI-D1870 does not interfere with the activation of RSK or upstream ERK signaling, but affects the phosphorylation of its substrates [8]. In the present study, we compared the in vitro efficacy of BI-D1870 against a panel of oral squamous cell carcinoma cell lines and normal human oral keratinocytes (NHOK). The possible mechanisms underlying the activity of BI-D1870 against oral squamous cell carcinoma cells are also investigated.

Materials and methods
Cell culture
SCC4, SCC9, and SCC2095 human oral cancer cells were kindly provided by Professor Susan R. Mallery (The Ohio State University) and cultured in DMEM/F12 medium (Gibco, Grand Island, NY). Ca922 and HSC-3 cells were purchased from the Japanese Cancer Research Resource Bank and cultured in MEM (Gibco) and DMEM medium (Gibco), respectively. All culture medium for cancer cells was supplemented with 10% fetal bovine serum and penicillin (100 U/mL)/streptomycin (100 g/mL) (Invitrogen, Carlsbad, CA). Normal human oral keratinocytes (NHOK) were kindly provided by Dr. Tzong-Ming Shieh (China Medical University) and maintained in  keratinocyte serum-free medium (Gibco). All cell lines were cultured at 37oC in a humidified incubator containing 5% CO2.

Reagents 
BI-D1870 (2-((3,5-difluoro-4-hydroxyphenyl)amino)-8-isopentyl-5,7-dimethyl-7,
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]8-dihydropteridin-6(5H)-one) was kindly provided by Professor Ching-Shih Chen (The Ohio State University) with identity and purity (≥ 99%) verified by proton nuclear magnetic resonance, high-resolution mass spectrometry, and elemental analysis. Sodium 4-phenylbutyrate was purchased from Enzo Life Sciences (Farmingdale, NY). Primary antibodies against various biomarkers were obtained from the following sources: Akt, Bcl-2, caspase-3, caspase-9, cdc25C, p-216Ser-cdc25C, Bcl-xL, CDK6, cyclin B1, cyclin D1, ER, ERK, p-202/204Thr/Tyr-ERK, c-fos, LC3B, MEK, p-217/221Ser-MEK, PARP, RSK, p-380Ser-RSK, p38 MAPK, p-180/182Thr/Tyr-p38 MAPK, p-102Ser-YB1, XBP1, p-51Ser-eIF2, eIF2 (Cell Signaling Technologies, Beverly, MA); p-308Thr-Akt, p-473Ser-Akt, procaspase-8,  Bcl-2, ATF6, GRP78 (Santa Cruz Biotechnology, Santa Cruz, CA); p21, YB1 (Abcam, Cambridge, MA); -actin (Sigma-Aldrich, St. Louis, MO). 

MTT assay
Measurement of cell growth was assessed using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide] assay in six replicates. The cells (5 × 103/200 L) were seeded in 96-well, flat-bottom plates for 24 h, then exposed to various concentrations of test agents for the indicated time intervals. After removing the culture medium, 200 L of the medium containing MTT at a concentration of 0.5 mg/mL was added, and the cells were incubated at 37oC for 2 h. The medium was removed and the reduced MTT dye in each well was dissolved in 200 L DMSO. Absorbance was determined with a multi-mode microplate reader Synergy HT (Bio-Tek) at 570 nm.

Apoptosis assay
Cells (2 × 105/2 mL) were plated and treated with the indicated concentration of BI-D1870 or DMSO for 48 h and the cells were washed twice with ice-cold phosphate-buffered saline (PBS) and collected by trypsinization. After 1200 rpm for 5 min at room temperature, the cells were stained with Annexin V and propidium iodide (PI) (1 g/mL) and analyzed by using BD FACSAria flow cytometer (Becton, Dickinson and Company). 
 
Cell cycle analysis	
Cells (2 × 105/2 mL) were treated with the indicated concentration of BI-D1870 or DMSO for 48 h. After two washes with ice-cold phosphate-buffered saline (PBS), cells were fixed in 70% cold ethanol for 4 h at 4oC. For cell cycle analysis, the cells were stained with propidium iodide and analyzed on a FACScort flow cytometer equipped with ModFitLT ver.3.0 software program (Verity Software House, Topsham ME).

Western blotting
Cell lysates were prepared using RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate and 0.1% sodium dodecyl sulfate) containing protease inhibitor (Sigma, Saint Louis, MO) and phosphatase inhibitor cocktail (Calbiochem, Gibbstown, NJ). Protein concentrations of cell lysates were measured using the Bio-Rad protein assay dye reagent (BIO-RAD Laboratories, Hercules, CA). The mixture solution of Laemmli sample buffer (BIO-RAD, 62.5 mmol/L Tris-HCl, pH 6.8, 2% sodium dodecyl sulfate, 25% glycerol, and 0.01% bromphenol blue) and -mercaptoethanol (19:1) was added to the lysates, and the lysates were boiled at 95oC for 10 min. Equal amounts of protein lysates were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred to nitrocellulose membranes (Hyperbond ECL, GE Healthcare, Piscataway, NJ). After blocking with TBST (TBS containing 0.1% Tween 20) containing 5% nonfat milk for 1 h, the membranes were incubated with the indicated primary antibodies at 4oC overnight. The membrane was washed five times with TBST and then incubated with horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG antibodies or goat anti-rabbit IgG antibodies (Jackson ImmunoResearch) for 1 h at room temperature. After five washes with TBST, the blots were visualized with the enhanced chemiluminescence Amersham ECL Western Blotting Detection Reagents (GE Healthcare, Piscataway, NJ). 

Reactive oxygen species (ROS) generation
Briefly, the cells (2 x 105/2 mL) were treated with DMSO or different concentrations of BI-D1870 for 48 h, and washed with PBS twice. The cells were stained by DCFH-DA (5 M) for 30 min for ROS determination and assessed for fluorescence intensity using a flow cytometer (Becton Dickinson, Germany). N-acetylcysteine was used to rescue the production of ROS.

Transient transfection and confocal microscopy
Cells in Fugene HD reagent (Roche, Mannheim, Germany) were transiently transfected with GFP-LC3 plasmids kindly provided by Professor Ching-Shih Chen (The Ohio State University). After seeding in six-well plates (2  105 cells/3 mL/well) for 15 h, cells were treated with BI-D1870 for 45 min. then fixed for 30 min. in 2% paraformaldehyde (Sigma-Aldrich) at room temperature.   The cells were permeabilized with 0.1% Triton X-100 for 20 min. then washed with PBS once and visualized using the Confocal Microscope Detection System, Leica TCS SP2 (Leica Biosystems Nussloch GmbH, Heidelberg, Germany)

Statistical analysis
ROS production was analyzed using Student’s t-test for comparisons. Differences were considered significant at P < 0.05. Statistical analysis was performed with SPSS for Windows (SPSS, Inc., Chicago, IL)

Results
The antiproliferative effect of BI-D1870 on oral cancer cells
Five oral cancer cell lines, SCC2095, SCC4, SCC9, Ca922 and HSC-3, and normal human oral keratinocytes (NHOK) were used to investigate the antiproliferative effect of BI-D1870 using the MTT assay. BI-D1870 induced a dose- and time-dependent inhibition of cell proliferation in all cell types (Fig. 1). Notably, the IC50 for NHOK was 2.4 to 6.6 fold higher than for the oral cancer cells. Because of the higher sensitivity to BI-D1870, the SCC4 cells were used to further characterize the antiproliferative effect.  

BI-D1870 induces apoptosis in SCC4 cells and HSC-3 cells
To investigate the role of apoptosis in the growth-inhibitory effect of BI-D1870, oral cancer cells treated with either BI-D1870 or DMSO were analyzed by PI/annexin V staining. Fig. 2A shows that the numbers of apoptotic cells (annexin V+) increased with increasing concentrations of BI-D1870. To confirm apoptosis at the protein level, Western blotting was carried out on total protein lysates from SCC4 and HSC-3 cells and showed dose-dependent increases in the cleavage of PARP and activation of caspase-3, caspase-9 and procaspase-8, hallmarks of apoptosis, in association with BI-D1870 treatment (Fig. 2B). DAPI staining conducted in SCC4 and HSC-3 cells treated for 48 h showed chromatin condensation with BI-D1870 treatment evidenced by intense bluish-white fluorescence in pyknotic nuclei (Fig. 2C).
Since Bcl-2 and Bcl-xL proteins are crucial in the initiation, amplification and regulation of apoptosis, we next examined whether change in Bcl-2 and Bcl-xL expression was involved in apoptosis caused by BI-D1870. As shown in Fig. 2D, BI-D1870 mediated a dose-dependent downregulation of the expression levels of Bcl-2 and Bcl-xL in oral cancer cells.

BI-D1870 induces G2/M phase arrest and modulates cell cycle-related proteins in a dose-dependent manner
Due to the implication of the ERK pathway in cell cycle regulation [9] and potential modulation of this pathway by BI-D1870, we next examined the effect of BI-D1870 on cell cycle. SCC4 and HSC-3 cells treated with the indicated concentrations of BI-D1870 or DMSO for 48 h were stained with PI and analyzed by a FACSAria flow cytometer. The proportion of cells in G1 phase decreased while that in G2/M phase increased (Fig. 3A). To investigate the change of cell cycle-related proteins, total cell lysates from SCC4 and HSC-3 were used for Western blotting (Fig. 3B). As shown, BI-D1870 induced the expression of the CDK inhibitor p21 in a dose-dependent manner, while down-regulating the expression of cyclin D1 and CDK6, and the G2/M cell cycle progression proteins cyclin B1 and cdc25c. Collectively, these results suggested the ability of BI-D1870 to arrest cell cycle propagation at the G2/M phase. 

BI-D1870 modulates cell survival signaling pathways including Akt and p38 MAPK
Western blotting was extended to proteins of major cell survival signaling pathways to shed light on the mechanisms underlying the antiproliferative activity of BI-D1870.  As shown in Fig. 4A, phosphorylation of Akt, a pro-survival signaling pathway, was slightly down regulated in SCC4 cells, while phosphorylation of p38 MAPK was up regulated in both SCC4 and HSC-3 cells. As reported for other RSK inhibitors [10], BI-D1870 also exhibited strong, dose-dependent inhibition of downstream targets of RSK, including the phosphorylation/expression of YB-1, c-fos, and ERα (Fig. 4B).

BI-D1870 increases ROS and induces endoplasmic reticulum (ER) stress
To determine if ROS and ER stress contribute to the anticancer activity of BI-D1870 as with other anticancer drugs [11, 12], we examined the level of ROS in SCC4 and HSC-3 cells treated with BI-D1870 using flow cytometry. In SCC4 cells, BI-D1870 at 5 M significantly increased ROS from 22.8% to 45.5% (Fig. 5A, p=0.00065), which was partially rescued by co-treatment with the antioxidant N-acetylcysteine (NAC). A similar phenomenon was also noted in HSC-3 cells. Furthermore, our data suggest that BI-D1870 might increase ER stress in SCC4 and HSC-3 cells, as evidenced by increases in the expression of many ER stress markers [13], including GRP78, ATF6, and/or XBP-1 (Fig. 5B).  However, no changes in eIF-2 phosphorylation were noted in response to BI-D1870 in either cell line (Fig. 5B).  In addition, we tested the impact of an ER stress inhibitor, sodium 4-phenylbutyrate (SPB), on the expression of GRP78 induced by BI-D1870. As shown in Fig 5C, the expression level of GRP78 in the presence of sodium 4-phenylbutyrate decreased in both BI-D1870-treated SCC4 and HSC-3 cells.  

BI-D1870 induces autophagy
Autophagy is a cellular catabolic degradation response to starvation or stress whereby cellular proteins, organelles and cytoplasm are engulfed, digested and recycled [14]. Since accumulating evidence suggests an association of ROS and autophagy [15], we measured autophagy in cells treated with BI-D1870 (Fig. 6). Increased GFP-LC3 fluorescence in Fig. 6A shows that BI-D1870 induced autophagy, and Western blotting for LC3B-II shows that this induction was dose-dependent (Fig. 6B).

Discussion
BI-D1870 is a small molecule with narrow spectrum activity against RSK1, RSK2, RSK3 and RSK4 compared to other protein kinases [6, 7]. Because the MEK/ERK pathway is vital for cell survival, proliferation, differentiation and function, it is not surprising that inhibition of downstream RSK leads to fundamental changes in cells. BI-D1870 suppresses tumor cell motility by phosphorylating SH3P2 [16], reducing IL-1B-dependent MMP-1 gene expression in SW1353 cells [17], and preventing PMA-induced glucose transport in 3T3-L1 adipocytes [18]. The present study demonstrates that BI-D1870 also exhibits promising antitumor activity, in OSCC, by blocking the MEK/ERK/RSK pathway, inducing apoptotic cell death, facilitating G2/M cell cycle arrest, and increasing ROS production, autophagy, and ER stress. 
MAPK is a family of serine-threonine kinases that are activated by various extracellular stimuli. Among them is the ERK subfamily, which receives signaling from many oncogenes, such as ras and raf [19]. ERK1 and ERK2 are widely expressed and involved in the regulation of meiosis, mitosis and postmitotic functions in differentiated cells [20]. Various signaling molecules, including cytokines, growth factors, virus infection, G protein-coupled receptors, transforming agents and carcinogens can activate the ERK pathways [20]. Overexpression and activation of the Raf/MEK/ERK pathway has been implicated in tumorigenesis and in cancer progression [21], including oral squamous cell carcinoma [19, 22].
Many studies provide the rationale for modulating the ERK MAPK pathway in the treatment of OSCC. In OSCC, positive signals for ERK mRNA and proteins were found at higher levels in keratotic cells surrounding cancer pearls than in normal gingival mucosa [19]. Moreover, more than 30% of OSCC in southeast Asia is characterized by overexpression and mutation of ras proto-oncogene, which is associated with tobacco chewing [22, 23]. Furthermore, various growth factors/receptors upstream to ERK MAPK, including EGF-R, HER-2/neu and hepatocyte growth factor/receptor, were found to be overexpressed in OSCC [24-26].  Activation of the ERK signaling pathway has also been proposed as the underlying mechanism by which CXCR4 promotes OSCC migration and invasion through induction of MMP-9 and MMP-13 [27]. Finally, Yang LC and colleagues demonstrated that a MEK I inhibitor could enhance OSCC apoptotic cell death induced by bleomycin A5, while cells expressing MEK I exhibited significant delays in the onset of apoptosis [28]. All of these evidences suggest an important role of ERK MAPK in OSCC carcinogenesis and progression.
The effects of BI-D1870 on ROS and ER stress are noteworthy. It has been shown that increased ROS and ER stress contribute to the activity of some anticancer drugs [11, 12]. While increased ROS has been implicated in inflammation, cardiovascular disease, stroke, cell apoptosis, and the aging process, recent studies also highlight ROS as a strategy in anticancer therapy [11]. Here we show that BI-D1870 increases the production of ROS that can be rescued by co-treatment with NAC, an activity that has not been previously reported for this compound.
The ability to increase ER stress is an advantage of BI-D1870 because of the known interaction between ER stress and activation of MEK/ERK pathway. Cancer cell death related to ER stress can be enhanced through introduction of either dominant-negative Akt or MEK1 [29]. In gastric cancer cells, induction of ER stress did not trigger significant apoptosis, but inhibition of MEK accentuated ER stress-induced apoptosis via a caspase-dependent, mitochondria-mediated mechanism [30]. Accordingly, the dual ability of BI-D1870 to induce ER stress and inhibit the MEK MAPK pathway may explain its potent antitumor activity for OSCC. 
In summary, BI-D1870 induces apoptotic cell death, inhibits ERK/RSK signaling, arrests cells in the G2/M phase, and increases generation of ROS, ER stress and autophagy in oral cancer cells. This pleiotropic activity with relative sparing of normal human oral keratinocytes underscores the potential value of BI-D1870 in oral squamous cell carcinoma therapy and warrants its further study in this regard.
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Figure Legends
Fig. 1. Antiproliferative effects of BI-D1870 in oral cancer cell lines (SCC2095, SCC4, SCC9, Ca922 and HSC-3) and normal human oral keratinocytes (NHOK). Cells (5×103/200 L) were treated with BI-D1870 or DMSO, and cell viability was assessed by MTT assays. Points, means; bars, SD (n = 6).

Fig. 2. BI-D1870 induced apoptosis in SCC4 and HSC-3 cells. Cells (5×103/200 L) were treated with BI-D1870 or DMSO for 48 h then stained with PI / annexin V. Histogram showing dose-dependent effect of BI-D1870 on apoptotic cell death. The percentage of cells in Q2 and Q4 phases after treatment is shown. Data are presented as means ± SD. *P＜ 0.05, **P ＜ 0.001 as compared to the DMSO group.  (A). Western blotting of cell lysates showed cleavage of PARP and activation of caspase-3, caspase-9 and procaspase-8 (B). DAPI staining showed apoptotic cells with pyknotic nuclei featuring intense bluish-white fluorescence (C). Western blotting using antibodies against Bcl-2 and Bcl-xL proteins. Cells were exposed to BI-D1870 for 48 h (D).

Fig. 3. The effect of BI-D1870 on the cell cycle and cell cycle-related proteins in SCC4 and HSC-3 cells. The percentage of cells in each cell cycle phase was determined by PI staining and analyzed by flow cytometry. Data are presented as the mean  S.D. and representative of an average of three independent experiments per concentrations (A). Western blotting analysis of the effect of BI-D1870 on the cell cycle-related proteins. Cells were exposed to BI-D1870 at the indicated concentrations for 48 h (B).

Fig. 4. The effect of BI-D1870 on cell survival signaling pathways including ERK, Akt and p38 MAPK (A), and signals downstream to RSK (B). Cells were exposed to BI-D1870 at the indicated concentrations for 48 h. 

Fig. 5. Reactive oxygen species (ROS) and endoplasmic reticulum (ER) stress analysis in SCC4 and HSC-3 cells. Cells treated with DMSO or BI-D1870 for 48 h were stained with DCFH-DA (A). N-acetylcysteine (NAC) was used to rescue ROS production. Data are presented as the mean  S.D. (n = 3). Western blotting of GRP78, eIF2, XBP1, and ATF6 in cells treated with BI-D1870 for 48 h (B), Western blot analysis of the effects of BI-D1870 and sodium 4-phenylbutyrate (SPB) on the expression level of GRP78 (C). 

[bookmark: _GoBack]Fig. 6. BI-D1870 induced autophagy in oral cancer cells. Cells transfected with immunofluorescent GFP-LC3 were treated with BI-D1870 or DMSO for 48 h, and visualized under a confocal microscope (A, x630). DAPI staining was used to localize the nuclei. Western blotting of LC3B in cells treated with BI-D1870 for 48 h (B). 
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