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Expression of Nur77 induced by an n-butylidenephthalide derivative promotes apoptosis and inhibits cell growth in oral squamous cell carcinoma
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[bookmark: Abstract]Summary In spite of numerous advances, the 5-year survival rate for head and neck squamous cell cancer has remained largely stagnant and few new anti-tumor drugs have been developed. PCH4, a derivative of n-butylidenephthalide, has been investigated for its anti-tumor effects on oral squamous cell carcinoma (OSCC). The aim of this study was to investigate the anti-tumor mechanism of a potential target gene, Nur77, in

OSCC cells, which can be induced by PCH4 treatment. Data show that PCH4 promoted Nur77 translocation from the nucleus to the cytoplasm and induced cell apoptosis in OSCC cells. When Nur77 translocation was blocked, the degree of tumor apoptosis caused by PCH4 was significantly inhibited (p<0.05). Within the MAPK pathway, PCH4 only induced JNK  phosphorylation.  Furthermore,  treatment  with  a  JNK
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inhibitor significantly reduced PCH4-induced apoptosis (p<0.05) and decreased PCH4-induced Nur77 expression (p<0.05). In a xenograft animal model, administration of PCH4 also showed anti-tumor effects. We have demonstrated that OSCC cells are sensitive to PCH4 and that Nur77 protein translocation from the nucleus to the cytoplasm might be associated with the induction of apoptosis by PCH4. These results indicate that PCH4 may serve as a potential anti-tumor drug for OSCC therapy.
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Abbreviations
OSCC    Oral squamous cell carcinoma
PCH4	(Z)-N-(2-(dimethyl-amino)   ethyl)-2-(3-((3-oxo- isobenzofuran- 1(3H)-ylidene) methyl) phenoxy) acetamide)
BP	butylidenephthalide

which changes the role o factor binding protein-3 [5, 7, 8]. Thus, an anti-cancer drug that can promote the migration of Nur77 from the nucleus to the cytoplasm will have promise for cancer patients. However BP, an anti-cancer drug which induces Nur77 expression and translocation to the mitochon- dria, is difficult to dissolve in aqueous solution and has a short half-life in cells. To overcome these difficulties, we synthesized (Z)-N-(2-(dimethyl-amino) ethyl)-2-(3-((3-oxo- isobenzofuran- 1(3H)-ylidene) methyl) phenoxy) acetamide) (PCH4), which has the isobenzofuran-1(3H) -one framework and a chain substituent at the C3 position of the furanone ring similar to that of BP. Unlike the butylidene substituent in BP, the long chain substituent at the C3 position of the furanone ring of PCH4 contains the functional groups ether, amide and amine, which will provide more hydrogen bonds with water thereby increasing solubility. Therefore, PCH4 growth more water soluble than BP and we chose to study its anti-tumor activity.
In this study, we showed that over-expression of Nur77 in OSCC cells was induced after PCH4 exposure. We then

RT- PCR

reverse transcription-polymerase chain reaction

characterized the induction of Nur77 and focused on the possible role of Nur77 in OSCC cell apoptosis following

DMSO   dimethyl sulfoxide
PCR	polymerase chain reaction siRNA	small interfering RNA
MTT	3-(4,5-dimethyl thizol-2-yl)-2,5-diphenyl tetrazo- lium bromide
PVDF     polyvinyldenefluoride


[bookmark: Introduction]Introduction

Oral squamous cell carcinoma (OSCC) is a significant public health problem in the United States. Each year, 30,000 new cases are diagnosed and an estimated 11,000 deaths are attributed to the disease [1]. In Taiwan, the Peoples Health Bureau reports that 9.6 persons per 100,000 die annually from oral cancer based on reports from the Peoples Health Bureau of Taiwan. Current surgical, radiotherapy and chemotherapeutic options for oral cancer treatment are inadequate in curing and controlling the disease, therefore, many investigators are focused on identifying new agents and novel targets for its treatment.
In our previous study, seven genes, showing a greater than twofold increase in expression after 3 h of n-butylidenephthalide (BP) treatment, were identified. Of the seven, three (Nurr1, NOR-1 and Nur77) belonged to an orphan nuclear receptor superfamily occurring in glioblastoma multiform cells [2].
Nur77, which is also called TR3 or NGFI-B (nerve growth factor–induced gene B), is an orphan nuclear receptor [3, 4] that translocates from the nucleus to the mitochondria in response to a variety of death signals. In the mitochondria, Nur77 binds Bcl-2 inducing a conformational change [5, 6],

PCH4 exposure. These results distinguish the mechanism of action of PCH4 from that of other stimuli and provide allow an understanding of the downstream effectors involved in PCH4-induced apoptosis in OSCC cells.


[bookmark: Material and methods]Material and methods

[bookmark: Cell line and cell culture]Cell line and cell culture

The human tongue squamous carcinoma cell line SCC-4 and SCC-25 was obtained from Bioresources Collection and Research Center (BCRC, Hsin Chu, Taiwan). The human oral cancer cell line HSC-3 and OCE-M1 was kindly provided by Professor Jing-Gung Chung (China medical university, Taichung, Taiwan). Cells were cultured as a monolayer in DMEM/F12 (1:1) with 2.5 mML- glutamine and 15 mM HEPES (HyClone, Logan, UT) containing 10% FBS (HyClone), 100 U/ml penicillin, and 100 ng/ml streptomycin (HyClone) at 37°C in a humidified atmosphere comprising 95% air and 5% CO2.

[bookmark: Chemicals and reagents]Chemicals and reagents

PCH4 were dissolved in  DMSO  to  a  concentration  of 48 mg/ml and stored at −20°C as a master stock solution. 3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro- mide (MTT) was dissolved in phosphate buffer solution to a concentration of 5 mg/ml and stored at 4°C. MTT, DMSO were from Sigma (St. Louis, MO,USA). Nur77 antibody was  purchased  from  abcam  (Abcam,  Cambridge,  UK).





phospho-Nur77 was purchased from Santa Cruz (San Diego, CA, USA). Phosphor-p44/42 MAPK, p44/42 MAPK, phosphor-p38, p38, phosphor-SAPK/JNK, SAPK/ JNK, cytochrome c, antibodies were purchased from Cell signaling (Beverly, MA, USA). Polyvinyldenefluoride (PVDF) membranes, BSA protein assay kit and western blot chemiluminescence reagent were purchased from Amersham Biosciences (Arlington Heights, IL). Nur77 siRNA was purchased from Ambion.

[bookmark: MTT assay]MTT assay

In this study, cell viability was assayed by  the  MTT assay as described [9]. Briefly, cells were seeded at 3 × 103 cells/well in a 96-well plate for 24 h. The cells were then treated with different concentrations of PCH4 (25, 50, 75, and 100 μg/ml) for 48 h. The purple crystals that formed were dissolved by DMSO, and the absorbance was detected by an ELISA reader at a wavelength of 570 nm.

[bookmark: Apoptosis assay]Apoptosis assay

The apoptosis was analyzed according to the method described by van Engeland et al. [10]. In brief, SCC-4 cells were grown in 35-mm plates. The cells were incubated in various concentrations of PCH4 for the indicated times and then labeled with 10 mg/mL of Annexin V-FITC apoptosis detection kit (BD Bioscienes, San Jose, CA) and 20 mg/mL of PI. After labeling, the cells were washed with binding buffer and harvested by scraping. Cells were resuspended in binding buffer at a concentration of 2 × 105 cells/ml before analysis by FACScan (BD Bioscienes). The data were analyzed using WinMDI V2.8 software. The percentage of cells undergo- ing apoptosis was determined by three independent experiments.

[bookmark: Caspase activity assay]Caspase activity assay

Activity of caspase-3 and caspase-9 was detected by using a CaspACE™ Assay System, Colorimetric (Prom- ega, Madison, WI,USA). In brief, 2 × 106 control or treated cells were lysed in 50 μl of cold lysis buffer and incubated in ice for 10 min. Fifty microliters of cell lysates was added to 50 μl of reaction buffer and 5 μl of fluorogenic report substrates specific for caspase-3 orcaspase-9 in a 96-well microplate. After incubation at 37°C for 1 h, the fluorescence from the cleaved C-terminal side of the aspartate residue of DEVD-7- amino-4- trifluoromethyl coumarin was detected by a fluorescence microplate reader (Fluoroskan Ascent; ThermoFisher Scientific, Waltham, MA), with excitation at 400 nm andemission at 505 nm.
[bookmark: RNA extraction and RT-PCR]
RNA extraction and RT-PCR

RT-PCR was used to analyze mRNA expression. Total RNA was extracted and purified using the RNeasy mini kit (Qiagen, Valencia, CA, USA). RNA quality was confirmed by electrophoresis. The concentration of total RNA was measured by DU800 spectrophotometer (Beckman Coulter, Fullerton, CA, USA). cDNA was produced from 1 μg of total RNA using the Reverse-Transcriptase kit (Qiagen). The cDNA was amplified by PCR with primers specific for the sequences that encode Nur77, and glyceraldehyde-3- phosphate dehydrogenase (GAPDH). The primers for Nur77 were (F) 5′-CGACCCCCTG ACCCCTGAGTT-3′ and  (R)  5′-GCCCTCAAGGTGTTGGAGAAGT-3′.  The
primers for GAPDH were (F) 5′-TGAAGGTCGGAGT CAACGG ATTTGGT -3 ′ an d    ( R)    5 ′ -C AT G
TGGGCCATGAGGTCCACCAC-3′. PCR was conducted using an initial denaturation step at 95°C for 10 min, followed by 35 cycles of denaturation at 95°C for 30 s, annealing at 60°C for 30 s, extension at 72°C for 1 min, and a final extension step at 72°C for 10 min. The PCR products were analyzed by electrophoresis on a 2% agarose gel (MDBio, Taipei, Taiwan).

[bookmark: Cell fractionation]Cell fractionation

Nuclear, cytoplasmic, and mitochondrial fractions were separated using the Active Motif nuclear extract kit (Active Motif, Carlsbad, CA). The cells were treated PCH4 for 6, 12, 24, and 48 h. Then detached by 0.05% trypsin and washed once with PBS. The cells were re-suspended with cold 1× cytosolic buffer for 15 min on ice. Cells were then homogenized on ice (30–50 strokes per sample). Cells were passed through a 22-gauge needle. The nuclei were collected by centrifugation at 800 ×g for 20 min at 4°C. The nuclear pellet was lysed by incubation in lysis buffer on ice for 30 min. The supernatant was centrifuged at 10 000 ×g for 20 min at 4°C to separate the mitochondria and cytoplasm. Finally, the mitochondrial fraction was lysed in mitochondrial buffer.

[bookmark: Western blot analysis]Western blot analysis

Total cell protein was extracted by PRO-PREPTM protein extraction solution (INtRON, Sangdaewon Joongwon Seongnam Kyunggi, Korean) according to the manufac- turer’s instructions. In brief, the cell pellets were lysed with
protein  extraction  solution  and  incubated  at  −20°C  for
20 min. The cell lysates were then centrifuged at 12,000 g for 5 min, and total proteins were collected. The concen- tration of the cell lysate was measured by protein assay kit (Strong Biotech, Taipei, Taiwan). Total proteins (50 μg) were separated by 10% SDS-PAGE and transferred to a



PVDF membrane. The membrane was blocked with 5% skim milk, and proteins were detected with primary antibodies against Nur77, phospho-Nur77, phospho-ERK, ERK, phospho-p38, p38, phospho-SAPK/JNK, SAPK/ JNK, phospho-AKT, AKT, phospho-PKC, phospho-c-Jun
, cytochrome c, and β-actin. The primary antibody was detected with horseradish peroxidase–conjugated anti– mouse, or anti–rabbit secondary antibody for 1 h at 25°C. The horseradish peroxidase–conjugated secondary antibody was visualized with the enhanced chemiluminescence (ECL) Plus system (PerkinElmer Life Sciences, USA).


[bookmark: RNA interference]RNA interference

The siRNA of Nur77 (5′-CAGUCCAGCCAUGCUCCU
CUU-3′) was purchased from Santa Cruz. SCC-4 cells were transfected with siRNA using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) and 25, 50, or 100 nM siRNA. After 48 h, the expression of Nur77 was assayed by RT-PCR.

[bookmark: Antitumor activity in vivo]Antitumor activity in vivo

Xenograft mice as a model system to study cytotoxicity effect of PCH4 in vivo. The implantation of cancer cells were carried out similarly to previous reports. Female congenital athymic nude BALB/c (nu/nu) mice were purchased from National Laboratory Animal Center (Taipei, Taiwan). All experiments were carried out using 6–8 week mice weighing 18–22 g. The animals were subcutaneous implanted with 2×106 SCC-4 cells into the back of mice. When the tumor reached 80–120 mm3 in volume, animals were divided randomly into control and test groups consist- ing of six mice per group (day 0). Daily subcutaneous administration of PCH4, dissolved in Vitamin K1 was performed from days 4 to 8 far from the inoculated tumor sites (>1.5 cm). The control group was treated with Vitamin K1 only. Xenograft tumors of treated and control mice were harvested and fixed in 4% formalin, embedded in paraffin, and cut in 4-mm sections for histologic study.

[bookmark: Immunohistochemical staining]Immunohistochemical  staining

All tumor tissues (subcutaneous SCC-4 tumors with or without PCH4 treatment) were harvested and fixed. Paraffin- embedded sections were obtained from the tumors and processed for immunohistochemical staining. A rabbit poly- clonal anti-Nur77 antibody (1/100 dilution; Abcam) was used in immunohistochemical studies with 4°C overnight incuba- tion. The immune complexes were visualized using the horseradish peroxidase-conjugated anti-goat IgG secondary antibodies (1/1,000 dilution; Santa Cruz) and LSAB2 system

(DAKO, Corp., Carpinteria, CA, USA), respectively, and then incubated for 10 min with 0.5 mg/mL diaminobenzidine and 0.03% (v/v) H2O2 in PBS. Finally, sections were counter- stained with hematoxylin, mounted, observed under a light microscope at magnifications of 400×, and photographed.

[bookmark: Statistical analysis]Statistical analysis

The data was shown as mean with standard deviation. The statistical difference was analyzed using the Student’s t-test for normal distributed values and by nonparametric Mann– Whitney T-test for values of non-normal distribution. Values of P<0.05 were considered significant.


[bookmark: Results]Results

[bookmark: Cytotoxic effects of PCH4 on OSCC cells ]Cytotoxic effects of PCH4 on OSCC cells and other cell lines

The anti-proliferative effects of PCH4 on OSCC cells, normal fibroblasts and human bone marrow cells were examined. The half maximal inhibitory concentration (IC50) values of PCH4 after a 48-h incubation with OSCC cell lines (IC50: 48–60 μg/ml) were significantly lower than the values for normal cells (IC50: 374–432 μg/ml, p<0.05) or BP treated OSCC cells (IC50: 85–93 μg/ml, p<0.05). IC50 values for the different cells lines and treatments are summarized in Table 1. PCH4 treatment inhibited the growth of HSC-3 and SCC-4 cell lines in a dose- dependent manner. The IC50 values of PCH4 in HSC-3 and SCC-4 cells were 50±4 μg/ml and 48±3 μg/ml, respectively, after 48 h of PCH4 treatment (Fig. 1). Compared with untreated cells, PCH4-treated cells showed obvious cell shrinkage and chromosomal fragmentation typical of cells undergoing apoptosis (data not shown). These experiments showed that PCH4 induces high cytotoxicity in OSCC cells but only minimal cytotoxicity in normal fibroblast and human bone marrow cells.

[bookmark: PCH4 induced the expression of Nur77 mRN]PCH4 induced the expression of Nur77 mRNA

To confirm the results of the oligodeoxynucleotide-based microarray analysis [2], we examined the expression of Nur77 mRNA in PCH4-treated OSCC cells by RT-PCR. We found that treatment with PCH4 induced Nur77 in OSCC cells in a time-dependent manner. Nur77 was obviously induced 1 h after PCH4 treatment and decreased after 6 h of treatment (Fig. 2a). Because Nur77 is implicated in apoptosis and growth inhibition, expression of Nur77 mRNA may be associated with PCH4-induced apoptosis, suggesting that Nur77 induction could be an early event in PCH4-induced apoptosis of OSCC cells.


[bookmark: _bookmark0]Table 1  The IC50 of PCH4 and BP in different cells
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n-Butylidenephthalide (BP; BdPh, a natural compound,
MW: 188.23)

PCH4
 (
N
)(BP derivatives compound MW: 366.41)


	Cell line
	Cell  type
	PCH4
	BP

	HSC-3
SCC-4 SCC-25
	Human OSCC cell
Human OSCC cell Human OSCC cell
	50±4
48±4
60±3
	85±1
87±4
88±5

	OCE-M1 DBTRG-05MG
Normal cells
HBM02
Balb/3T3
	Human OSCC cell Human GBM cell

Human bone marrow cells Mouse fibroblast cells
	55±9
30±3


483±2
395±8
	93±2
39±2


432±4
374±1


Note: Values are mean ± SD IC50 (µg/ml) in day 2.

[bookmark: PCH4 causes Nur77 to migrate from the nu]PCH4 causes Nur77 to migrate from the nucleus to the cytoplasm in SCC-4 cells
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Nur77 migrates from the nucleus to the mitochondria to induce apoptosis in response to certain apoptotic stimuli [5]. In this study, the subcellular localization of Nur77 in SCC-4 cells was examined by western blot analysis. Immunoblot- ting showed that in the absence of PCH4, Nur77 is predominantly localized to the nucleus. However, when cells were treated with PCH4, Nur77 expression was mainly found in the cytoplasm (Fig. 2b). In the mitochondria, Nur77 binds to Bcl-2, converting it to a potent pro-apoptotic molecule which triggers cytochrome c release and subse- quent apoptosis [5]. To examine the effect of Nur77 on cytochrome c release, mitochondria-enriched fractions from SCC-4 cells were isolated following treatment with PCH4 (Fig. 2c). These results indicate that PCH4 acts through a mitochondria-dependent apoptosis pathway in SCC-4 cells.

[bookmark: Apoptosis of SCC-4 cells is triggered by] (
*
SCC-4
HSC-3
**
**
**
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)Apoptosis of SCC-4 cells is triggered by PCH4-induced

Fig. 1 PCH4 inhibits the growth of OSCC cells. The OSCC cell lines SCC-4 and HSC-3 were treated with PCH4 at concentration ranging from 0 μg/ml to 100 μg/ml for 48 h. Cell viability was determined by a MTT assay. The data represent the mean and SD from three independent experiments. *P<0.05, **P< 0.01, ***P<0.001

Nur77 expression

To further determine whether Nur77 is critical for PCH4- induced apoptosis, Nur77 short interfering RNA (siRNA)
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[bookmark: The JNK signaling pathway is involved in]
The JNK signaling pathway is involved in PCH4-induced Nur77 expression

We used western blot analysis to determine the signaling pathway involved in PCH4- induced Nur77 expression. Results showed that c-Jun-N terminal kinase (JNK) was significantly phosphorylated after PCH4 treatment for 1 h (Fig. 4a). We then used the JNK-specific inhibitor SP600125 to examine whether the induction of Nur77 by
PCH4 is involved in JNK signaling. PCH4-induced pJNK
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and pNur77 expression decreased when cells were pre- treated with this JNK inhibitor (Fig. 4b). Moreover, PI/ Annexin V staining showed that the apoptosis ratio decreased by 31% when SCC-4 cells treated with PCH4 were pre-treated with 20–40 μM JNK inhibitor (Fig. 4c). To examine whether JNK inhibitor blocked the Nur77 translocation that occurred in response to PCH4 treatment,

Mitochondria

Cytosolic
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-actin

Nur77 localization was evaluated using an anti-Nur77 antibody and immunofluorescence. After treatment of PCH4 for 24 h, translocation of Nur77 from the nucleus
to the cytosol was observed]. Further, Nur77 expression

Fig. 2  PCH4 exposure induces the expression of Nur77 mRNA and
causes Nur77 translocation from the nucleus to the cytoplasm and subsequent cytochrome c release from the mitochondria. (a) OSCC cells were treated with the IC50 concentration of PCH4 for 0, 0.5, 1, 3 and 6 h. After incubation with PCH4, cells were collected and the total RNA isolated. RT-PCR was done. GAPDH was used as an internal control and CD437 was used as a positive control. (b and c) SCC-4 cells were treated with 58 μg/ml PCH4 or vehicle for 3, 6, 12 or 24 h and then assayed at 6, 12, 24 and 48 h for Nur77 and cytochrome c.
(b) Nur77 expression in cytoplasmic and nuclear fractions was evaluated by western blotting. (c) Cytochrome c expression in the cytoplasm and mitochondria was evaluated by western blotting. β- actin was used as an internal control






was used to suppress Nur77 expression. To determine the role of Nurr77 in PCH4-induced apoptosis, PI/Annexin V staining was performed to identify the apoptosis ratio after treatment with Nur77 siRNA. In SCC-4 cells, the apoptosis ratio was decreased by 55% after treatment with 25 nM Nur77 siRNA (Fig. 3a). Nur77 was suppressed in a concentration dependent manner as confirmed by RT-PCR (Fig. 3b). Because activation of caspases are involved in the early stages of the proteolytic cascade, their involve- ment in PCH4-induced apoptosis was investigated in SCC-4 cells. As shown in Fig. 3c and d, caspase-9 and caspase-3 were both activated in a time-dependent manner after addition of 48 μg/ml PCH4 to SCC-4 cells. However, PCH4 did not induce caspase activation when cells were pre-treated with Nur77 siRNA. These results indicate that PCH4 acts on Nur77 through a mitochondria-dependent apoptosis pathway in SCC-4 cells.

was decreased in the cytosol following treatment of SCC-4 cells with 40 μM JNK inhibitor (Fig. 4d).

[bookmark: PCH4 inhibits the growth of SCC-4 tumors]PCH4 inhibits the growth of SCC-4 tumors in a xenograft mouse model

To evaluate the anti-tumor activity of PCH4 in vivo, representative tumors  were established by subcutaneous injection of ~2×106 SCC-4 cells into the dorsal tissue of nude mice. After the tumors reached ~100–130 mm3 in size, mice were randomly divided into control and treatment groups (six animals each) and given a daily subcutaneous injection of 0 (control group), 50 or 100 mg/ kg  of  PCH4  for  five  successive  days.  Treatment  with
50 mg/kg PCH4 significantly inhibited tumor growth (Fig. 5a). We did not observe toxic effects of PCH4 at the administered doses, as evidenced by a lack of change in body weight (Fig. 5b). The SCC-4 tumor tissues treated with PCH4 showed an up-regulation of Nur77 and caspase-
3 expression 5 days after treatment as determined by immunohistochemical staining (Fig. 5c). Western blot analysis also showed that Nur77 and caspase-3 protein were induced in the tumor tissues following PCH4 treatment (Fig. 5d). Hence, the inhibition of SCC-4 xenograft tumor growth by PCH4 in vivo was reflective of the results obtained in vitro.


[bookmark: Discussion]Discussion

In previous studies, we found that BP inhibited the growth and anti-tumor activity in GBM [2] and HCC [8, 11] cells.
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Bioactivity studies of various derivatives of BP indicate that
compounds containing a terminal dimethylamine moiety will significantly decrease the IC50. PCH4 is a derivative of BP that contains a terminal dimethylamine moiety as well as the functional groups ether, amide and amine. These functional groups provide more hydrogen bonds with water and thus, PCH4 is more water soluble than BP. Both BP and PCH4 have an isobenzofuran-1(3H)-one parent structure and show similar anti-tumor activities in GBM and OSCC cells. Thus, we believe that the (Z)-form of 3-alkylideneisobenzofuran-1 (3H)-one is the key structure responsible for their anti-tumor activity. We chose to study PCH4 as it regulates Nur77 expression in vitro and exhibits good water solubility, a requirement for therapeutic use.
We investigated Nur77 expression induced by PCH4 or BP treatment in OSCC cells. In both SCC-4 and HSC-3 cells, Nur77 expression was increased 1 h following PCH4 treatment. However, BP treatment required 3 h to induce increased Nur77 expression in OSCC cells (data not shown). The different solubilities of the two compounds is likely a key factor in their efficacy. However, Nur77 induced by PCH4 or BP appears to result from different signaling pathways and this may also contribute to differ- ences in their efficacy. In our previous study, the PKC signaling pathway was found to be involved in BP-induced Nur77 expression in GBM cells [2]. However, pre- treatment with a PKC inhibitor did not completely prevent apoptosis. The viability ratio of BP-treated GBM cells only recovered by 40%  following pre-treatment with a  PKC inhibitor. Hence, maybe there are different pathways involved in BP treatment.
Here,  we  provide  evidence  that  the  JNK  signaling

However, BP is difficult to dissolve in aqueous solution and has a short half-life in the organism, thus limiting its efficacy. Water solubility is important for both bioavailability and, consequently, for inducing the desired physicochemical properties. Thus, derivatives of BP that are both effective at

pathway, which phosphorylates Nur77, is involved in regulating PCH4-induced Nur77 nuclear export in both OSCC (Fig. 4a) and GBM cells (data not shown). Compared to the BP-induced PKC pathway, the apoptosis ratio of PCH4 treated OSCC and GBM cells pre-treated
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Fig. 4 Signaling pathways involved in PCH4-induced growth inhibition. (a) SCC-4 cells were treated with PCH4 for times from 0 min to 180 min. Western blot analysis was performed for pJNK, JNK, p-c-Jun, pPKC, PKC, pp38, p38, pERK, ERK, pAKT and AKT.
Expression of β-actin was used as an internal control. (b) The cells were pre-treated with the JNK inhibitor SP600125 (10, 20 or 40 μM) for 1 h and subsequently treated with 48 μg/ml PCH4. Western blot analysis was performed for pNur77, pJNK and JNK. Expression of β- actin was used as an internal control. (c) The cells were pre-treated with the JNK inhibitor SP600125 (20 or 40 μM) for 1 h and subsequently  treated  with  48  μg/ml  PCH4  for  12  h.  Cells  were

collected and apoptosis was analyzed using PI/Annexin V staining. The data represent the mean and SD from three independent experiments. *P< 0.05, ***P<0.001. (d) The cells were pre-treated with the JNK inhibitor SP600125 (40 μM) for 1 h and subsequently treated with 48 μg/ml PCH4 for 24 h. Cells were immunostained with an anti-Nur77 antibody followed by the corresponding rhodamine- conjugated anti-IgG secondary antibody to examine the localization of the Nur77 protein. Cells were also stained with DAPI to display the nuclei. The fluorescence images were visualized with a fluorescence microscope (400×) (scale bar=10 μm)






with a JNK inhibitor recovered more then cells pre-treated with a PKC inhibitor. In the same way, c-Jun-mediated Nur77 induction is critical for AHPN/CD437-induced apoptosis. Consistent with this, other apoptotic stimuli which induce Nur77 nuclear export, including TPA, VP16 and cisplatin, are known to activate JNK. It is rare for the PCK signaling pathway to implicated in Nurr77-induced apoptosis.
Results indicate that BP and PCH4 can trigger Nur77 induction by different pathways. In both BP and PCH4 treatment, Nur77 migrated from the nucleus to the cytoplasm. PCH4 -induced Nur77 transcripts were more increase in OSCC cells (Fig. 2a). It is possible that PCH4 and BP interact with different receptors or that different doses result in different signal  transduction  pathways. For example, Taxol induces different signal transduction pathways depending on the drug concentration [12].

Induction of Nur77 expression by c-Jun is most likely mediated by several AP-1 binding sites present in the Nur77 promoter [13, 14]. The mechanism of PCH4 induced c-Jun transcription requires further investigation. However, the rapid induction of c-Jun by PCH4 suggests that the effect is mediated by a kinase or phosphatase that modifies transcriptional factors required for c-Jun induction. Via this pathway, the IC50 is improved in PCH4-treated OSCC cells. Nur77 is phosphorylated at its N-terminal A/B domain by JNK [15, 16], ERK2 [17, 18] and the MAP kinase pathway [19]. Inhibition of JNK activation abolishes PCH4-induced Nur77 nuclear export (Fig. 4b), indicating that JNK activation is required for PCH4 to induce Nur77 cytoplas- mic localization. The PKC, p38, ERK and AKT pathways were not activated by PCH4 (Fig. 4a).
Li et al. [5] proposed that Nur77 might induce apoptosis via its translocation from the nucleus to the mitochondria,
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with the resultant release of cytochrome c. In SCC-4 cells, Nur77 protein translocation was observed after PCH4 treatment for 6 h (Fig. 3b). In addition, cytochrome c was increased in the cytoplasm of SCC-4 cells after 6 h of PCH4 treatment (Fig. 3c). On the other hand, BP-induced Nur77


protein translocation and cytochrome c expression in the cytoplasm were significantly slower than that observed during PCH4 treatment, occurring only after 24 h. In this study, the (Z)-form of 3-alkylideneisobenzofuran-1(3H)-one should be the main structure for triggering Nur77 expression.



In addition to this structure, PCH4 contains functional groups that can induce more Nur77 expression and cyto- chrome c release than BP.
We also confirmed the anti-tumor effects of PCH4 in vivo. There were no significant differences between the control and PCH4-treated groups with respect to the body weight of the animals, indicating that PCH4 did not induce drug related toxicity (Fig. 5b). Even with a high PCH4 dose of 100 mg/kg serial treatment for 5 days, histological analyses of various organs revealed very low or no drug- related toxicities (data not shown). Treatment on day 4, 5, 6, 7 and 8 after cell implantation with 50 mg/kg PCH4 significantly inhibited tumor growth compared to the control group (Fig. 5a). Doses lower than 50 mg/kg do not suppress tumor size. Hence, the inhibition of SCC-4 xenograft tumor growth by PCH4 in vivo was reflective of the results obtained in vitro.
In our previous study, BP had the ability to inhibit growth and induce apoptosis of GBM tumors through both a p53-dependent and p53-independent pathway [20]. Our results confirm that BP and PCH4 cause tumor cell apoptosis predominately through Nur77 over-expression. This pathway, in which Nur77 translocates from the nucleus to the cytoplasm, where it binds to Bcl-2 triggering cytochrome c release, has mechanistic resemblance to the transcription-independent pro-death programs of p53. In response to apoptotic stimuli, p53 acts as transcription factor in the nucleus to induce the expression of pro- apoptotic genes. In contrast, Nur77 is a Janus-type protein with pro- and anti-apoptotic actions. However, in the cytoplasm both p53 and Nur77 proteins mediate apoptosis by binding to the anti-apoptotic moieties Bcl2 (Nur77) and Bcl2/ BclXL (p53) in the mitochondria. However, abolish- ment of p53-mediated apoptosis is a fundamental defect enabling the formation of human tumors [21]. In addition, mutant p53 in tumors promotes chemoresistance, thus confounding the success of cancer therapy. In SCC-4 cells, p53 possess missense mutations generating R248Q. HSC-3 cells also have mutations causing the C-terminal truncation of p53 protein [22, 23]. Therefore, p53-mediated apoptosis is not a proper strategy in OSCC cells.
In this regard, Nur77 and Bcl2 are of particular interest because they are often over-expressed in cancer cells then normal cells [3], providing an excellent opportunity to preferentially induce their apoptosis. The Nur77 N-terminal A/B region is the major domain responsible for regulation by phosphorylation. For this reason, we sequenced the Nur77 N-terminal A/B region in seven OSCC tissue samples. However, we didn’t find any mutations. Strategies to increase Nur77 expression could be used in combination with agents that induce its mitochondrial targeting to improve the efficacy of cancer therapy.

In conclusion, we have demonstrated that OSCC cells are sensitive to PCH4 and that Nur77 protein translocation from the nucleus to the cytoplasm might be associated with the induction of apoptosis by PCH4. Furthermore, in a xenograft animal model, administration of PCH4 signifi- cantly inhibited tumor growth. These findings indicate that PCH4 may serve as a potential anti-tumor drug for OSCC therapy.
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