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Abstract:



The objective of this study was to examine the combined effect of Interferon-gamma (IFN-γ) and Tumor Necrosis factor-alpha (TNF-α) on cytotoxicity and expression of prostate apoptosis response-4 (Par-4) and Par-4 interacting proteins B-cell lymphoma (Bcl-2), nuclear factor kappa-light-chain-enhancer of activated B cells/p65 subunit (NF-κB/p65), Ak mouse strain thymoma (Akt) in human neuroblastoma (NB) cells. Materials and methods included human neuroblastoma cell lines-SK-N-MC, SK-N-SH, and SH-SY5Y, which were treated with IFN-γ and TNF-α individually, or in combination, and were assessed for viability by tetrazolium (MTT) assay. Apoptosis was monitored by hypodiploid population (by flow cytometry), DNA fragmentation, Poly (ADP-ribose) polymerase (PARP) cleavage, and caspase-8 activity. Transcript level of Par-4 was measured by RT-PCR. Protein levels of Par-4 and suppressor of cytokine signaling 3 (SOCS-3) were assessed by immunoblotting. Cellular localization of Par-4 and p65 was examined by immunofluorescence. Unbiased transcript analysis for IFN-γ, TNF-α, and Par-4 were analyzed from three independent clinical datasets from neuroblastoma patients. In terms of results, SK-N-MC cells treated with a combination of, but not individually with, IFN-γ and TNF-α induced apoptosis characterized by hypodiploidy, DNA fragmentation, PARP cleavage, and increased caspase-8 activity. Apoptosis was associated with up-regulation of Par-4 mRNA and protein expression. Immunofluorescence studies revealed that Par-4 was localized exclusively in cytoplasm in SK-N-MC cells cultured for 24 h. but showed nuclear localization at 48 h. Treatment with IFN-γ and TNF-α together enhanced the intensity of nuclear Par-4. In gene expression, data from human neuroblastoma patients, levels of IFN-γ, and TNF-α have strong synergy with Par-4 expression and provide good survival advantage. The findings also demonstrated that apoptosis was associated with reduced level of pro-survival proteins–Bcl-2 and Akt and NF-κB/p65. Furthermore, the apoptotic effect induced by IFN-γ-induced Signal Transducer and Activator of Transcription-1(STAT-1), and could be due to down-regulation of suppressor of cytokine signaling-3 (SOCS3). The study concludes that a combinatorial approach using IFN-γ and TNF-α can be explored to maximize the effect in chemotherapy in neuroblastoma, and implies a role for Par-4 in the process.
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1. Introduction


Neuroblastoma (NB) is the most common extracranial solid tumor in children and accounts for 8 to 10% of pediatric tumors [1]. Neuroblastoma is characterized by high rate of spontaneous regression suggesting activation of an apoptotic/differentiation program; however, advanced stages are associated with poor prognosis and resistance to chemotherapy [2]. Despite advancements in conventional therapies and the development of a recent line of treatments that include blood stem cell transplantation, differentiation therapy with retinoic acid, and passive immunotherapy with anti-disialoganglioside (GD2) antibodies, there is no significant improvement in the survival rate [3].



Tumor necrosis factor-alpha (TNF-α) is a pleiotropic cytokine with multifaceted functions. In vitro and in vivo studies have demonstrated strong anti-tumor activity of TNF-α in different types of cancers [4,5,6]. TNF-α has been exploited for potentiation of cytotoxicity induced by chemotherapeutic drugs. Interferon-gamma (IFN-γ) is a pro-inflammatory cytokine belonging to the type II class of interferons. The biological activity of IFN-γ as an anticancer agent is attributed to inhibition of proliferation, induction, and modulation of gene expression mediated by activation of Janus Kinase/Signal Transducer and Activator of Transcription (JAK/STAT) signaling pathway. Several earlier studies have demonstrated the effectiveness of the combination of IFN-γ and TNF-α in inducing apoptosis and necrosis in cancer cells [7,8,9,10,11,12]. However, the mechanisms underlying the combined effect of these cytokines are not clearly understood.



Prostate apoptosis response-4 (Par-4) is a pro-apoptotic protein and is highly conserved in vertebrates. Par-4 is a major player in the survival of cancer cells and down-regulation of Par-4 is documented in many types of cancers [13,14,15]. We have previously shown that Par-4 sensitized glioma stem cells and enhanced drug-induced apoptosis human glioblastoma cells [16]. This study suggested that constitutive Par-4 level by itself in not sufficient for induction of cell death but enhanced expression in response to apoptotic stimuli results in apoptosis [17,18]. The overexpression of Par-4 sensitizes cancer cell lines and tumor cells to cytotoxicity triggered by anticancer drugs such as doxorubicin, 5-Fluorouracil (5-FU) and by stimuli including TNF-α, TNF-related apoptosis-inducing ligand (TRAIL) [19,20,21]. Par-4 localizes in the nucleus in most cancer types and nuclear entry is essential for direct apoptosis [22]. Recent findings indicate that extracellular Par-4 induces cell-specific apoptosis by interaction with the cell-surface receptor glucose-regulated proteins 78(GRP78) and P53 dependent manner [23,24], suggesting a role of Par-4 in cellular-cross talk. The pro-apoptotic function of Par-4 is affected by its binding via the leucine zipper domain to several proteins including Ak mouse strain thymoma/protein kinase C-zeta (Akt/PKC-ζ), nuclear factor kappa-light-chain-enhancer of activated B-cells/p65 subunit (NF-κB/p62), wilms tumor-1(WT1), DAPk like kinase/Zipper interacting protein kinase (DLk/ZIP), Thanatos-associated domain-containing apoptosis-associated protein 1 (THAP-1), and thus blocking pro-survival pathways [25,26,27,28].



In this study, we examined the individual and combined effect of IFN-γ and TNF-α on cell death and expression of Par-4, along with its interacting proteins in human neuroblastoma cells. We show that co-treatment, but not individual treatment, of IFN-γ and TNF-α induced cytotoxicity in neuroblastoma cell lines. The apoptosis was associated with up-regulation and nuclear localization of Par-4, decreased levels of pro-survival protein, B-cell lymphoma (Bcl-2), and activation of NF-κB and Akt. The apoptotic effect was partially mediated by IFN-γ-induced STAT-1, caused by down-regulation of Suppressor of cytokine signaling-3 (SOCS3). Finally, we identified similar synergistic patterns of IFN-γ and TNF-α expression with Par-4 transcripts in human neuroblastoma patients.




2. Materials and Methods


2.1. Reagents and Chemicals


The following primary antibodies were purchased from Santa Cruz Biotechnology, Santa Cruz, CA, USA: rabbit anti-PARP (sc-7150), rabbit Par-4 (sc-1807), goat anti-Akt 1/2 (sc-1619), rabbit p-NF-κB/p65 (sc-101749) (1). Rabbit NF-κB/p65 (#4764), mouse p-STAT-1 Tyr701 (#9171), and rabbit p-Akt, Ser 473(#9271) was from Cell Signaling Technology, Danvers, MA, USA. Mouse Bcl-2 (#551109) was from BD Bioscience San Jose, CA, USA, rabbit SOCS-3 was procured from Abcam, Cambridge, MA, USA, and mouse actin from MP-Biomedicals. All common chemicals were purchased from Sigma chemicals, St. Louis, MO, USA.




2.2. Cell Lines


Human Neuroblastoma cells SK-N-MC, SH-SY-5Y, and SK-N-SH were obtained from American Type Culture Collection (ATCC) and cultured in Eagle’s Minimum Essential Medium MEM (E) containing 10% Fetal Calf Serum (FCS) (Gibco BRL, Carlsbad, CA, USA) and penicillin/streptomycin (Sigma, St. Louis, MO, USA) at 37 °C and 5% CO2.




2.3. Cell Viability Assay


Cells (1 × 104 cells/well) seeded in 96-well plates for 24 h were treated with serial concentrations of recombinant human IFN-γ and TNF-α (BD Pharmingen, San Jose, CA, USA) alone or in combination for 24 h and 48 h. After treatment, cells were incubated with 5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) for 4 h, and subsequently solubilized in Dimethyl sulfoxide (DMSO). The absorbance was measured at 570 nm using a microplate reader (Molecular Devices, SPECTRA max 250, Sunnyvale, CA, USA). Readings in the untreated control cells were considered 100%.




2.4. Flow Cytometry Analysis


SK-N-MC cells (0.5 × 106 cells/6-well plate) were treated with IFN-γ (10 ng/mL) and TNF-α (20 ng/mL) alone or in combination for 48 h and assessed for apoptosis. Control and treated cells were harvested, washed in cold Phosphate buffered saline (PBS), and fixed in 70% ethanol and washed in PBS. The cells were centrifuged and the pellet was incubated with RNase-A (5 mg/mL) (Amersham Biosciences, Piscataway, NJ, USA) for 15 min followed by propidium iodide (50 µg/mL) for 2 h at 37 °C. DNA content was determined on the FL-2A channel with a flow cytometer (FACS Vantage, Becton Dickinson, San Jose, CA, USA) equipped with a 488 nm argon laser. Ten thousand events were scored for each sample and data was analyzed using CellQuest Pro software (BD Pharmingen, San Jose, CA, USA) for the analysis.




2.5. DNA Fragmentation Assay


DNA fragmentation assays were performed to determine the apoptosis on combination treatment. SK-N-MC cells (5 × 106) were treated with combination of TNF-α (20 ng/mL) and IFN-γ (10 ng/mL) for 48 h. DNA was isolated, and DNA fragmentation was assessed (Suicide-Track™ DNA Ladder Isolation Kit Cat # AM41, Calbiochem, San Diego, CA, USA) and loaded on a 1.5% agarose gels. The gels were stained with 0.5 μg/mL ethidium bromides for 15 min and visualized using a gel-documentation system.




2.6. Western Blot Analysis


SK-N-MC cells were harvested, washed twice with PBS, and lysed in Radio-immunoprecipitation assay (RIPA) buffer (Upstate #20-188) (0.5 M Tris-HCl, pH 7.4, 1.5 M NaCl, 2.5% deoxycholic acid, 10% NP-40, 10 mM Ethylenediaminetetraacetic acid (EDTA) and protease inhibitor cocktail (Roche Diagnostics, Meyland, France), followed by centrifugation at 12,000 rpm for 30 min at 4 °C. Cells were lysed and nuclear fraction was isolated using NE-PER extraction reagent (Pierce, Thermo Fisher Scientific, Waltham, MA, USA). Supernatants were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and proteins transferred onto Polyvinylidene fluoride (PVDF) membranes. Membranes were blocked with 5% bovine serum albumin in Tris-buffered saline (TBS) containing 0.1% Tween-20 and probed with the following primary antibodies. The probed proteins were detected by the Enhanced chemiluminescence system (Pierce, Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. The expression of the proteins was normalized with respect to actin.




2.7. Immunofluorescence Microscopy


For immunofluorescence, control and treated cells were fixed with 3.7% paraformaldehyde at room temperature for 10 min, permeabilized for 5 min with 0.2% triton X-100, and washed and blocked for 1 h in 3% Bovine serum albumin (BSA). Incubation with primary antibodies was done for 2 h at RT. After three PBS washes, the cover slips were incubated with goat anti-rabbit Cy3 (1:250, Molecular Probes, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) antibody at RT for 60 min. Cells were stained with DAPI (Sigma, St. Louis, MO, USA) and cover slips were mounted using anti-fade mounting reagent and observed under confocal laser scanning microscope (Carl Zeiss, Jena, Germany).




2.8. Semi-Quantitative Reverse Transcription Polymerase Chain Reaction (RT-PCR)


Total RNA was extracted from SK-N-MC cells using Trizol. Complementary-DNA was prepared from 3 µg of total RNA by reverse transcription with MMLVRT enzyme (Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C for 60 min. The Par-4 transcripts of 200 bp were amplified from the cDNA using recombinant Taq polymerase (Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA). Beta-actin was used as an internal control. The following primers were used:

	
Par-4: forward 5′GCAGATCGAGAAGAGGAAGC3′

	
   reverse 5′GCAGATAGGAACTGCCTGGA3′,








	
β-Actin: forward 5′ GTGGGGCGCCCCAGGCACC3′

	
   reverse 5′CTCCTTAATGTCACGCACGATTTC3′.














2.9. Caspase-8 Activity Assay


Caspase-8 activity was measured using a commercially available kit (FLICE assay kit, Calbiochem, La Jolla, CA, USA). Briefly, cells treated with IFN-γ (10 ng/mL), TNF-α (20 ng/mL) individually or in combination for 48 h, were washed with cold PBS, and lysed on ice in 50 µL of cold lysis buffer. Cell lysates were centrifuged at 10,000× g for 10 min and supernatants were collected, and assay for caspase-8 activity was performed in duplicates on a 96-well plate as per manufacturer’s protocol.




2.10. Gene-Expression Omnibus (GEO) Data Acquisition and Analysis


The Gene-Expression Omnibus (GEO) have functional transcriptomics data repository from microarray and next-generation sequence-based data. We analyzed microarray from three independent neuroblastoma datasets obtained from GEO (http://www.ncbi.nlm.nih.gov/geo/). The primary neuroblastoma datasets GSE45480, GSE49710, and GSE19274 with 881, 498, and 138 patients were chosen, respectively.



Expression of gene was quantile normalized and processed from the raw datasets by MatLab (version 2010a). The normalized dataset and their fold change (Patient/Average) were represented as log2 expression level. Furthermore, the gene with fold change over 0.58 (50% upregulated) or under 0.58 was defined as differentially expressed genes. For one-to-one gene correlation, MatLab (2010a) software was used and Pearson correlation analysis was performed. Fisher’s exact test was used to determine the synergy between the expressions of IFN-γ, and TNF-α with Par-4. Further, normalized expression levels IFN-γ, TNF-α, and PAR-4 in neuroblastoma patients between survival and non-survival group were measured. For this analysis, we performed Dunn’s multiple comparison test between the groups.




2.11. Statistical Analysis


Data are represented as mean ± standard deviation and analyzed with Sigma Stat software (Jandel Scientific, San Rafael, CA, USA). Treated cells and the corresponding controls were compared using one-way analysis of variance (ANOVA), followed by Student-Newman-Kuels test. p < 0.05 were considered significant.





3. Results


3.1. Neuroblastoma (NB) Cell Lines Sensitive to Combination of IFN-γ and TNF-α Induced Cell Death


The effect of IFN-γ and TNF-α alone and in combination on cell viability in human NB cell line SK-N-MC was evaluated by MTT assay. As depicted in Figure 1A, the cells were resistant to TNF-α. Treatment with IFN-γ (10 ng/mL) decreased the cell viability by 17.3% and this was further decreased by 37.8% on treatment with TNF-α (20 ng/mL) for 48 h (Figure 1B). We also determined the effect of these cytokines in other NB cell lines. Neither, TNF-α (20 ng/mL) nor IFN-γ (10 ng/mL) individually had any effect on viability in SK-N-SH and SH-SY-5Y cell lines, but co-treatment with these cytokines for 48 h resulted in significant decrease in viability (Figure 1C). Longer exposure (72 h) of these cytokine did not reduce the viability further of SH-SY-5Y (Figure S1). These preliminary results suggested the possibility that NB cells can be sensitized by combination treatment of IFN-γ and TNF-α towards cell death. Further studies to understand the mechanism of action were performed in SK-N-MC cells.


Figure 1. Dose-dependent effect of Interferon-gamma (IFN-γ) and Tumor necrosis factor-alpha (TNF-α) alone or in combination treatment on neuroblastoma cell lines. SK-N-MC cells were treated for 48 h with increasing concentrations of (A) TNF-α; and (B) IFN-γ alone and in combination and the viability was quantified by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The effect of combination treatment was tested on other Neuroblastoma cell lines; SH-SY-5Y and SK-N-SH (C). Cells were treated with TNF-α (20 ng/mL) and IFN-γ (10 ng/mL) alone and in combination for 48 h and the viable cells were quantified by MTT assay. The data represented is the mean ± standard error of mean (n = 5). * p < 0.05; ** p < 0.005. −: untreated; +: treated.
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3.2. Combination Treatment of IFN-γ (Interferon Gamma) and TNF-α Induced Apoptosis in SK-N-MC Cells


To assess whether cell death induced by combination of IFN-γ and TNF-α was by apoptosis, the population of cells in sub-G1 phase were measured by flow cytometric analysis. Co-treatment with IFN-γ (10 ng/mL) and TNF-α (20 ng/mL) resulted in significant number of cells in the sub-G1 phase (62.9%) and decreased populations in G1, S, and G2/M phases. IFN-γ and TNF-α treated cells showed 13.4% and 4.83% hypodiploid cells respectively, with no significant difference in cell cycle profiles (Figure 2A). Apoptosis was also confirmed by cleavage of PARP (Figure 2B) and DNA fragmentation (Figure 2C). Activity of caspase-8 is essential for cellular apoptosis [29]. To assess caspase-8 activity, SK-N-MC cells were treated with either IFN-γ (10 ng/mL) or TNF-α (20 ng/mL) alone and in combination for 48 h. IFN-γ and TNF-α alone had no effect on caspase-8 activity, however, in combination the cytokines induced caspase-8 activity that was 2.1 fold higher compared to untreated control cells (Figure 2D).


Figure 2. Combination of IFN-γ (interferon gamma) and TNF-α (tumor necrosis factor-alpha) enhances apoptosis in SK-N-MC cells. Cells were treated with IFN-γ (10 ng/mL) and TNF-α 20 ng/mL) alone and in combination for 48 h, and analyzed for apoptosis: (A) hypodiploid population by flow-cytometry; (B) DNA fragmentation; (C) Poly (ADP-ribose)polymerase (PARP) cleavage by immunoblotting; and (D) Casapase-8 activity assay. The figures are representative of 2 similar experiments.
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3.3. Combined Treatment of IFN-γ and TNF-α Induced Expression of Pro-Apoptotic Protein-4


Expression of Par-4, a pro-apoptotic protein, is absent or low in NB cell lines [30]. To examine the role of Par-4 in induction of apoptosis, the expression of Par-4 was determined in SK-N-MC cells treated with IFN-γ and TNF-α, alone and in combination. An increase in the transcripts levels of Par-4 was observed with combination treatment for 48 h (Figure 3A). Western blot analysis revealed that Par-4 was constitutively expressed in SK-N-MC cells and the expression was increased in cells cultured for 48 h compared to 24 h. Immunoblotting analysis showed that the combined treatment of IFN-γ and TNF-α up-regulated the levels of Par-4 in a time dependent manner, and was significantly higher compared to control cells and cells treated with IFN-γ and TNF-α alone (Figure 3B). Immunofluorescence studies indicated that Par-4 was localized exclusively in cytoplasm in cells cultured for 24 h. It was noteworthy that control SK-N-MC cells cultured for 48 h showed nuclear expression of Par-4, and the combined treatment of IFN-γ and TNF-α enhanced the intensity of staining of Par-4 remarkably in the nucleus (Figure 3C). This was further confirmed by increased expression of Par-4 in nuclear fraction in IFN-γ and TNF-α co-treatment (Figure 3D). Such a response is an important feature during Par-4 induced apoptosis [26].


Figure 3. Combination of IFN-γ and TNF-α up-regulates the expression of Prostate apoptosis response-4 (Par-4). SK-N-MC cells were treated with IFN-γ (10ng/mL) and TNF-α (20 ng/mL) alone and in combination and analyzed for the expression of Par-4 by: (A) RT-PCR; (B) immunoblotting. Actin was used as loading control in both; (C) Immunofluorescence shows merged images with Par-4 (red) and nucleus (blue); Bar = 20 μm and (D) Immunoblotting represents level of Par-4 in cytoplasmic, and nuclear fraction of SK-N-MC cells at 48 h with actin and lamin-a/c as loading control, respectively.
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3.4. Co-Treatment with IFN-γ and TNF-α Resulted in Down-Regulation of Bcl-2 and Phosphorylated Akt in SK-N-MC Cells


Overexpression of Par-4 is directly associated with the down-regulation of anti-apoptotic protein, Bcl-2 at protein and mRNA level [31]. Consistent with this finding, in this study, co-treatment with IFN-γ and TNF-α (24 h and 48 h) resulted in significant down-regulation of Bcl-2 protein (Figure 4A). Also, reduction in Bcl-2 at mRNA level was observed at 48 h (Figure S2). Functional regulator of Par-4, including Akt and NF-κB/p65 in cytoplasm, can render its ability to interact with other proteins [21,25,26]. Combination treatment with IFN-γ and TNF-α decreased the levels of phosphorylated Akt (Ser-473) in SK-N-MC cells (Figure 4A). As shown in Figure 4B, TNF-α induced activation of NF-κB with nuclear translocation of p65 subunit. Interestingly, while IFN-γ alone had no effect on p65, it inhibited the expression of nuclear p65 induced by TNF-α. Western blot data using antibody to phosphorylated p65 confirmed this observation (Figure 4C). These results demonstrated that enhanced expression of Par-4 with concomitant decrease in the pro-survival proteins Bcl-2, Akt, and NF-κB/p65 might be crucial in apoptosis induced by combined treatment of IFN-γ and TNF-α in SK-N-MC cells.


Figure 4. Down-regulation of anti-apoptotic proteins in SK-N-MC cells treated with the combination of IFN-γ and TNF-α. (A) SK-N-MC cells were treated with IFN-γ (10 ng/mL) and TNF-α (20 ng/mL) alone and in combination for 24 h and 48 h. Lysates were subjected to SDS-PAGE, followed by western blot analysis with the antibodies indicated; (B) SK-N-MC cells grown on glass cover slips were exposed to IFN-γ (10 ng/mL) and TNF-α (20 ng/mL) and in combination for 48 h, and analyzed for the localization NF-κB/p65 by immunofluorescence (Bar = 20 μm); and (C) immunoblotting analysis. Bcl-2: B-cell lymphoma-2; Ak mouse strain thymoma: Akt.
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3.5. IFN-γ Signaling Is Critical for Induction of Apoptosis on Combination Treatment


IFN-γ-induced apoptosis is mediated by STAT-1 signaling in a variety of cancer cells [32,33,34]. Consistent with earlier reports, we observed that the activation of STAT-1 (Tyr 701) was induced by IFN-γ, but not with TNF-α (Figure 5A). Furthermore, treatment of cells with STAT inhibitor (Stattic) (2.5 µg/mL) prior to combination treatment resulted in significant reduction of levels of 89 kDa cleaved fragment of PARP, suggesting that activation of STAT-1 was important for the induction of apoptosis (Figure 5B). A negative feedback loop regulates the cytokine signaling induced by expression of SOCS family [35]. In this context, we found a drastic reduction in SOCS-3 level in cells treated with combination, compared to control and cells exposed to IFN-γ and TNF-α alone as determined by immuno-blotting (Figure 5C).


Figure 5. Activation of Signal Transducer and Activator of Transcription-1 (STAT1) on phosphorylation by IFN-γ alone and in combination with TNF-α. (A) Activation of phospho-STAT1 (Try-701) in IFN-γ and in combination with TNF-α by immunoblotting; (B) Decrease in total PARP in cells treated with STAT1 inhibitor (Stattic) at 2.5 µg/mL; and (C) Expression of suppressor of cytokine signaling-3 (SOCS3) on combination treatment for 48 h determined by immunoblotting. −: untreated; +: treated.
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3.6. TNF-α and IFN-γ Co-Expression Synergize with Par-4 (Prostate Apoptosis Response-4) Expression in Neuroblastoma Patients


Par-4 expression is described in neuroblastoma, but its context-dependent function makes it a poor predictor of biomarker [30]. Therefore, we sought to determine if clinical evaluation of neuroblastoma transcript could help predict the outcome of diseases identified in our invitro findings. Differential expression of Par-4 was not correlated with TNF-α or IFN-γ alone by Pearson correlation (Figure 6A). Interestingly the expression of Par-4 was very strongly (*** p < 0.0001) correlated with expression of TNF-α and IFN-γ taken together (Figure 6B) in all three independent GEO datasets (Figure 6A). In other words, in the set of patients with either TNF-α and IFN-γ upregulated or downregulated together, we found similar regulation in Par-4 transcripts i.e., upregulated or downregulated, respectively. Upon further close inspection of selected patients with upregulated Par-4 (>0.53-fold changes), TNF-α and IFN-γ levels revealed that most of them were in stage 4 neuroblastomas with amplified myelocytomatosis gene (Myc) that was in line with a previous finding [36]. Careful analysis of normalized transcripts levels (TNF-α, IFN-γ, and Par-4) from the dataset (GSE49710) from patients with survival information was performed. Survival data (Figure 7) was strongly correlated with higher levels of Par-4 that intern relates with higher TNF-α and IFN-γ levels (Figure 6C). Taken together, this study substantially validates our in vitro in vitro finding in clinical datasets, and strongly argues that expression level of TNF-α and IFN-γ together matches with Par-4 levels.


Figure 6. Correlative gene-expression profile of IFN-γ and TNF-α in relation with Par-4 of human neuroblastoma datasets. Three datasets from neuroblastoma patients were obtained from gene expression omnibus (GEO) database (A) We evaluated the individual correlation between Par-4 with IFN-γ or TNF-α and significance value described for one dataset; (B) positive (upper panel; also upper panel in (C)); and negative (lower panel; also lower panel in (C)) synergies were determined in the datasets by determining the correlation between differentially regulated Par-4 with IFN-γ and TNF-α together. GSE: GEO accession number; *: detail analysis presented in (B,C).
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Figure 7. Expression levels of IFN-γ, TNF-α, and PAR-4 in neuroblastoma patients and their survival. Normalized gene expression of IFN-γ, TNF-α, and PAR-4 were analyzed in patients with their survival outcome. Dunn’s Multiples comparison was used to determine significant differences between groups (**** p < 0.0001).
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4. Discussion


In the current study, we show that a combination treatment of IFN-γ and TNF-α induces apoptosis in human NB cells. Our results demonstrate that IFN-γ and TNF-α up-regulate pro-apoptotic protein-Par-4 with a concomitant decrease in the expression of pro-survival protein-Bcl-2, and activation of NF-κB and Akt. We also show that IFN-γ and TNF-α together down-regulated SOCS3. Additionally, IFN-γ induced STAT-1 that was crucial for apoptosis. Finally, we also confirm that the gene expression profile of IFN-γ and TNF-α together synergistically correlate with the expression of Par-4 in human neuroblastoma patients. Clinical gene-expression data strongly argues that the level of Par-4 was higher in the patients group, with more survival then the poor survival. Taken together, this in vitro in vitro and clinical data confirms that co-expression of IFN-γ and TNF-α enhances the expression of Par-4 that gives beneficial survival rates in Neuroblastoma patient.



Caspase-8, a key mediator of apoptosis, is activated by cell death receptor signaling pathway. Caspase-8 has been reported to be deleted frequently or silenced in neuroblastoma tumors and in cell lines including NB-7, NB-8, and NB-10 [36,37,38]. The resistance of neuroblastoma cells to apoptosis induced by TNF, tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), and cytotoxic agents such as doxorubicin, has been attributed to a lack or diminished expression of caspase-8 [36,39]. Recent studies show that IFN-γ increased caspase 8 mRNA and protein, critical for cytotoxic effect of stimuli-such as TRAIL, 5 FU, and 5-Aza-2(prime)-deoxycytidin [21,39,40]. Caspase-8 activity is pre-requisite for Par-4 cleavage in TNF-α induced cell death is reported in breast cancers [29]. In this study, we found that caspases-8 activity was unaltered on exposure to IFN-γ alone, but was increased when combined with TNF-α. The discrepancy between our results with IFN-γ and the reports may be due to the difference in estimating enzyme level versus activity.



The pro-apoptotic protein, Par-4 is frequently transcriptionally or post-transcriptionally down-regulated in central nervous system tumor cell lines, U87-MG, U251-MG, and human NB cell line- SH-SY5Y [30]. The intracellular localization of Par-4 is variable in different cell types [41]. We found that a SK-N-MC cell (24 h cultures) predominantly expressed Par-4 localized in cytoplasm, but enhanced nuclear expression was also observed in 48 h cultures. Similarly, Par-4 levels were found to be higher in nuclear fraction at a longer time point compared to cytoplasmic fractions. Considering the earlier report that HEC25-cells in G1 phase showed increased nuclear Par-4, it is possible that the nuclear Par-4 in SK-N-MC cells may be due to higher population of G1 cells in 48 h cultures [42]. Increased expression of Par-4 in renal carcinomas renders them sensitive to TNF-α mediated cytotoxicity and 5-fluorouracil-induced apoptosis in human colon cancer cell line, HT29 [43,44]. In this study, treatment with IFN-γ and TNF-α alone had minimal effect on Par-4 expression but a combined treatment of these cytokines increased expression of nuclear Par-4, suggesting that the treatment rendered the cells sensitive to apoptosis. This finding is consistent with the report that in cancer cells, resistance to apoptosis correlates with resistance of Par-4 to translocate to nucleus [17,18].



One of the mechanisms in Par-4 induced apoptosis involves the inactivation of transcriptional activity of NF-κB/p65 mediated by inhibition of atypical Protein kinase C [45]. In this context, we examined whether the up-regulation of Par-4 on treatment with combination of IFN-γ and TNF-α affected the NF-κB. TNF-α-induced apoptosis in SK-N-MC cells is shown to be mediated by a mechanism involving enhanced FasL expression through nuclear factor of activated T-cells (NFAT) activation [46]. In contrast to this report, in our experiments, TNF-α alone did not induce apoptosis though enhanced p65 activity. Our finding is consistent with the report that TNF-α alone is unable to induce cell death in SK-N-MC cells and IFN-γ sensitized the cells to TNF-α-induced apoptosis by inhibition of NF-κB activation [47]. Our finding also suggests that apoptosis induced by co-treatment of IFN-γ and TNF-α was triggered by induction of nuclear Par-4 and inactivation of pro-survival signaling of NF-κB.



Reports on the role of Bcl-2 in apoptosis in context with Par-4 are contradictory. While Par-4 mediated apoptosis has been demonstrated to be independent of the endogenous Bcl-2 levels in A-172, SH-SY5Y cell lines [30], others have suggested that down-regulation of Bcl-2 is crucial in Par-4 mediated apoptosis [31]. Par-4 has been shown to bind to Bcl-2 promoter through WT1 to transcriptionally down-regulate its expression [48]. In HL-60 and K562 leukemia cell lines, up-regulation of Par-4 on treatment with arsenic contributes to induction of apoptosis, rather than down-regulation of Bcl-2 [49]. We found that Bcl-2 was down regulated at RNA and protein levels in SK-N-MC cells treated with co-treatment of IFN-γ and TNF-α, suggesting that Bcl-2 might be important in apoptosis. At this point, it is not clear whether the reduced Bcl-2 level is directly dependent or not on Par-4 in SK-N-MC cells.



The PI3K/Akt pathway is a new predictor of poor outcome in neuroblastoma, indicating the significance of the pathway in chemotherapy [50]. Recent reports have provided evidence that Par-4 is negatively regulated by Akt signaling. SK-N-MC cells treated individually with IFN-γ and TNF-α led to reduced levels of both phosphorylated (ser-473) and total Akt, while a combination of these cytokines further decreased the levels, probably reflecting the additive effect. While these findings clearly show an inverse correlation of Par-4 and Akt, it also raises the possibility that Par-4 is upregulated because of down-regulation of Akt during apoptosis induced by combination of IFN-γ and TNF-α.



STAT1 is a promoter of apoptosis and sensitizes cells to chemotherapy [51]. Consistent with earlier reports, IFN-γ alone induced phosphorylation of STAT1 (Tyr 701). Also, combination treatment did not alter the level, suggesting that TNF-α is not important in STAT1 phosphorylation. SOCS3, a negative regulator of IFN-γ signaling was down regulated with combined treatment but not individual treatment of IFN-γ and TNF-α. Levels of transcripts of SOCS3 was found to be increased with increased survival of neuroblastoma with leptin suggesting its role in neuroblastoma [52]. Additionally, we observed also observed down regulation SOCS3 with reduced transcripts of Bcl-2 as reported earlier in prostate cancers cells with regards to apoptosis [35]. Further, blocking STAT1 signaling with “stattic” blocked the in apoptosis in SK-N-MC cells. These results implicate the participation of STAT1 signaling in the apoptotic process.



The effect of TNF-α and IFN-γ in regulating Par-4 function led us to investigate if they can be predictors of neuroblastoma in clinical datasets. mRNA transcript levels of TNF-α, IFN-γ, and Par-4 show high degree of synergistic behaviors across all datasets that were tested (Figure 6A). Strong enrichment (p < 0.0001) in Par-4 expression was observed when TNF-α and IFN-γ were considered together (Figure 6C). Interestingly, one-to-one correlation analyses fail to identify any correlation across all datasets. This data strongly argues that in neuroblastoma, expression of either one of cytokine tested (TNF-α, or IFN-γ) is not sufficient to predict the level of pro-apoptotic protein, Par-4. Our in vitro in vitro data matched with the clinical gene expression where survival outcome is strongly argues/matches with the positive synergy of Par-4 with TNF-α and IFN-γ expression (Figure 7). Moreover, we also identified that the majority of patients with positive synergy between TNF-α, IFN-γ, and Par-4 were in stage 4 neuroblastoma with amplified Myc gene expression. Such changes indicate that these patients could be undergoing chemo-/radio-therapy for stage-4 treatments.



In conclusion, the present data suggests that though human neuroblastoma cells are resistant to IFN-γ and TNF-α, a combination of these cytokines strongly exert cytotoxic effects in neuroblastoma cells. The sensitization was associated with induction of pro-apoptotic protein Par-4 and inhibition of NF-κB, Bcl-2, and Akt. The study also underscores the significance of STAT1 activation by IFN-γ in induction of apoptosis by the cytokine combination. Finally, this study also confirms the invitro finding in clinical datasets, and provides evidence that positive synergy of TNF-α and IFN-γ together with Par-4 is a strong predictor of advance stage neuroblastoma. However, further in-depth mechanistic studies are warranted to define the precise role of IFN-γ and TNF-α signaling for eliciting apoptotic signals.








Supplementary Materials


The following are available online at www.mdpi.com/2227-9059/6/1/4/s1, Figure S1: Viability of SH-SY-5Y cells after 72 h exposure of IFN-γ and TNF-α alone and in combination treatment, Figure S2: Analysis of Bcl-2 transcript using RT-PCR at 24 and 48 h time on exposure of IFN-γ and TNF-α alone and in combination.





Acknowledgments


A part of the study was submitted by Ganesh V. Shelke of Institute of Bioinformatics and Biotechnology (IBB), Pune, India for M.Sc dissertation carried out in NCCS. Gowry Das, Mruthyunjaya Shivayogi, and Radha Pujari were research fellows supported by University Grants Commission (UGC), Department of Biotechnology (DBT) and Indian Council of Medical Research (ICMR) respectively. Reecha D. Shah was project assistant on Indian Council of Medical Research (ICMR) funded project.




Author Contributions


Ganesh V. Shelke (Writing—original draft, Validation, Investigation, Visualization, Methodology, Writing—reviewing & editing, Data curation, Bioinformatics data mining); Jayashree C. Jagtap (Methodology, Validation, Investigation, Visualization, Writing—review & editing, Data curation); Dae-Kyum Kim (Bioinformatics, Statistic analysis, Visualization and interpretation); Reecha D. Shah (Methodology, Writing—reviewing); Gowry Das (Supervision, Resources, Methodology, Writing—reviewing); Mruthyunjaya Shivayogi (Methodology, Supervision, Writing—reviewing); Radha Pujari (Methodology, Writing—reviewing); Padma Shastry (Writing-original draft, Conceptualization, Formal analysis, Methodology, Investigation, Supervision, Project administration, Funding acquisition.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Brodeur, G.M. Neuroblastoma: Biological insights into a clinical enigma. Nat. Rev. Cancer 2003, 3, 203–216. [Google Scholar] [CrossRef] [PubMed]

	2. 
Tonini, G.P.; Pistoia, V. Molecularly guided therapy of neuroblastoma: A review of different approaches. Curr. Pharm. Des. 2006, 12, 2303–2317. [Google Scholar] [CrossRef] [PubMed]

	3. 
Volchenboum, S.L.; Cohn, S.L. Progress in defining and treating high-risk neuroblastoma: Lessons from the bench and bedside. J. Clin. Oncol. 2009, 27, 1003–1004. [Google Scholar] [CrossRef] [PubMed]

	4. 
Aggarwal, B.B. Signalling pathways of the TNF superfamily: A double-edged sword. Nat. Rev. Immunol. 2003, 3, 745–756. [Google Scholar] [CrossRef] [PubMed]

	5. 
Mocellin, S.; Rossi, C.R.; Pilati, P.; Nitti, D. Tumor necrosis factor, cancer and anticancer therapy. Cytokine Growth Factor Rev. 2005, 16, 35–53. [Google Scholar] [CrossRef] [PubMed]

	6. 
Watanabe, N.; Niitsu, Y.; Umeno, H.; Kuriyama, H.; Neda, H.; Yamauchi, N.; Maeda, M.; Urushizaki, I. Toxic effect of tumor necrosis factor on tumor vasculature in mice. Cancer Res. 1988, 48, 2179–2183. [Google Scholar] [PubMed]

	7. 
Fish, S.M.; Proujansky, R.; Reenstra, W.W. Synergistic effects of interferon γ and tumour necrosis factor α on T84 cell function. Gut 1999, 45, 191–198. [Google Scholar] [CrossRef] [PubMed]

	8. 
Sasagawa, T.; Hlaing, M.; Akaike, T. Synergistic induction of apoptosis in murine hepatoma Hepa1-6 cells by IFN-γ and TNF-α. Biochem. Biophys. Res. Commun. 2000, 272, 674–680. [Google Scholar] [CrossRef]

	9. 
Suk, K.; Kim, S.; Kim, Y.H.; Kim, K.A.; Chang, I.; Yagita, H.; Shong, M.; Lee, M.S. IFN-γ/TNF-α synergism as the final effector in autoimmune diabetes: A key role for STAT1/IFN regulatory factor-1 pathway in pancreatic β cell death. J. Immunol. 2001, 166, 4481–4489. [Google Scholar] [CrossRef]

	10. 
Suk, K.; Kim, Y.H.; Chang, I.; Kim, J.Y.; Choi, Y.H.; Lee, K.Y.; Lee, M.S. IFNα sensitizes ME-180 human cervical cancer cells to TNFα-induced apoptosis by inhibiting cytoprotective NF-κB activation. FEBS Lett. 2001, 495, 66–70. [Google Scholar] [CrossRef]

	11. 
Gao, Y.; Theng, S.S.; Mah, W.C.; Lee, C.G. Silibinin down-regulates fat10 and modulate TNF-α/IFN-γ-induced chromosomal instability and apoptosis sensitivity. Biol. Open 2015, 4, 961–969. [Google Scholar] [CrossRef] [PubMed]

	12. 
Liu, F.; Hu, X.; Zimmerman, M.; Waller, J.L.; Wu, P.; Hayes-Jordan, A.; Lev, D.; Liu, K. TNFα cooperates with IFN-γ to repress Bcl-xL expression to sensitize metastatic colon carcinoma cells to trail-mediated apoptosis. PLoS ONE 2011, 6, e16241. [Google Scholar] [CrossRef] [PubMed]

	13. 
Alvarez, J.V.; Pan, T.C.; Ruth, J.; Feng, Y.; Zhou, A.; Pant, D.; Grimley, J.S.; Wandless, T.J.; Demichele, A.; Investigators, I.S.T.; et al. Par-4 downregulation promotes breast cancer recurrence by preventing multinucleation following targeted therapy. Cancer Cell 2013, 24, 30–44. [Google Scholar] [CrossRef] [PubMed]

	14. 
Nagai, M.A.; Gerhard, R.; Salaorni, S.; Fregnani, J.H.; Nonogaki, S.; Netto, M.M.; Soares, F.A. Down-regulation of the candidate tumor suppressor gene Par-4 is associated with poor prognosis in breast cancer. Int. J. Oncol. 2010, 37, 41–49. [Google Scholar] [CrossRef] [PubMed]

	15. 
Ranganathan, P.; Rangnekar, V.M. Regulation of cancer cell survival by Par-4. Ann. N. Y. Acad. Sci. 2005, 1059, 76–85. [Google Scholar] [CrossRef] [PubMed]

	16. 
Jagtap, J.C.; Dawood, P.; Shah, R.D.; Chandrika, G.; Natesh, K.; Shiras, A.; Hegde, A.S.; Ranade, D.; Shastry, P. Expression and regulation of prostate apoptosis response-4 (Par-4) in human glioma stem cells in drug-induced apoptosis. PLoS ONE 2014, 9, e88505. [Google Scholar] [CrossRef] [PubMed]

	17. 
Chakraborty, M.; Qiu, S.G.; Vasudevan, K.M.; Rangnekar, V.M. Par-4 drives trafficking and activation of Fas and Fasl to induce prostate cancer cell apoptosis and tumor regression. Cancer Res. 2001, 61, 7255–7263. [Google Scholar] [PubMed]

	18. 
El-Guendy, N.; Rangnekar, V.M. Apoptosis by Par-4 in cancer and neurodegenerative diseases. Exp. Cell Res. 2003, 283, 51–66. [Google Scholar] [CrossRef]

	19. 
Diaz-Meco, M.T.; Lallena, M.J.; Monjas, A.; Frutos, S.; Moscat, J. Inactivation of the inhibitory κB protein kinase/nuclear factor κB pathway by Par-4 expression potentiates tumor necrosis factor α-induced apoptosis. J. Biol. Chem. 1999, 274, 19606–19612. [Google Scholar] [CrossRef] [PubMed]

	20. 
Lee, T.J.; Jang, J.H.; Noh, H.J.; Park, E.J.; Choi, K.S.; Kwon, T.K. Overexpression of Par-4 sensitizes TRAIL-induced apoptosis via inactivation of NF-κB and Akt signaling pathways in renal cancer cells. J. Cell. Biochem. 2010, 109, 885–895. [Google Scholar] [CrossRef] [PubMed]

	21. 
Wang, B.D.; Kline, C.L.; Pastor, D.M.; Olson, T.L.; Frank, B.; Luu, T.; Sharma, A.K.; Robertson, G.; Weirauch, M.T.; Patierno, S.R.; et al. Prostate apoptosis response protein 4 sensitizes human colon cancer cells to chemotherapeutic 5-FU through mediation of an NF κB and microRNA network. Mol. Cancer 2010, 9, 98. [Google Scholar] [CrossRef] [PubMed]

	22. 
El-Guendy, N.; Zhao, Y.; Gurumurthy, S.; Burikhanov, R.; Rangnekar, V.M. Identification of a unique core domain of Par-4 sufficient for selective apoptosis induction in cancer cells. Mol. Cell. Biol. 2003, 23, 5516–5525. [Google Scholar] [CrossRef] [PubMed]

	23. 
Burikhanov, R.; Shrestha-Bhattarai, T.; Hebbar, N.; Qiu, S.; Zhao, Y.; Zambetti, G.P.; Rangnekar, V.M. Paracrine apoptotic effect of p53 mediated by tumor suppressor Par-4. Cell Rep. 2014, 6, 271–277. [Google Scholar] [CrossRef] [PubMed]

	24. 
Burikhanov, R.; Zhao, Y.; Goswami, A.; Qiu, S.; Schwarze, S.R.; Rangnekar, V.M. The tumor suppressor Par-4 activates an extrinsic pathway for apoptosis. Cell 2009, 138, 377–388. [Google Scholar] [CrossRef] [PubMed]

	25. 
Chang, S.; Kim, J.H.; Shin, J. P62 forms a ternary complex with PKCζ and Par-4 and antagonizes Par-4-induced PKCζ inhibition. FEBS Lett. 2002, 510, 57–61. [Google Scholar] [CrossRef]

	26. 
Goswami, A.; Burikhanov, R.; de Thonel, A.; Fujita, N.; Goswami, M.; Zhao, Y.; Eriksson, J.E.; Tsuruo, T.; Rangnekar, V.M. Binding and phosphorylation of Par-4 by Akt is essential for cancer cell survival. Mol. Cell 2005, 20, 33–44. [Google Scholar] [CrossRef] [PubMed]

	27. 
Johnstone, R.W.; See, R.H.; Sells, S.F.; Wang, J.; Muthukkumar, S.; Englert, C.; Haber, D.A.; Licht, J.D.; Sugrue, S.P.; Roberts, T.; et al. A novel repressor, Par-4, modulates transcription and growth suppression functions of the Wilms’ tumor suppressor WT1. Mol. Cell. Biol. 1996, 16, 6945–6956. [Google Scholar] [CrossRef] [PubMed]

	28. 
Lu, C.; Li, J.Y.; Ge, Z.; Zhang, L.; Zhou, G.P. Par-4/THAP1 complex and Notch3 competitively regulated pre-mRNA splicing of CCAR1 and affected inversely the survival of T-cell acute lymphoblastic leukemia cells. Oncogene 2013, 32, 5602–5613. [Google Scholar] [CrossRef] [PubMed]

	29. 
Treude, F.; Kappes, F.; Fahrenkamp, D.; Muller-Newen, G.; Dajas-Bailador, F.; Kramer, O.H.; Luscher, B.; Hartkamp, J. Caspase-8-mediated Par-4 cleavage is required for TNFα-induced apoptosis. Oncotarget 2014, 5, 2988–2998. [Google Scholar] [CrossRef] [PubMed]

	30. 
Vetterkind, S.; Boosen, M.; Scheidtmann, K.H.; Preuss, U. Ectopic expression of Par-4 leads to induction of apoptosis in CNS tumor cell lines. Int. J. Oncol. 2005, 26, 159–167. [Google Scholar] [CrossRef] [PubMed]

	31. 
Qiu, G.; Ahmed, M.; Sells, S.F.; Mohiuddin, M.; Weinstein, M.H.; Rangnekar, V.M. Mutually exclusive expression patterns of Bcl-2 and Par-4 in human prostate tumors consistent with down-regulation of Bcl-2 by Par-4. Oncogene 1999, 18, 623–631. [Google Scholar] [CrossRef] [PubMed]

	32. 
Zhang, Y.; Liu, Z. STAT1 in cancer: Friend or foe? Discov. Med. 2017, 24, 19–29. [Google Scholar] [PubMed]

	33. 
Bluyssen, H.A.; Rastmanesh, M.M.; Tilburgs, C.; Jie, K.; Wesseling, S.; Goumans, M.J.; Boer, P.; Joles, J.A.; Braam, B. IFN γ-dependent SOCS3 expression inhibits IL-6-induced STAT3 phosphorylation and differentially affects IL-6 mediated transcriptional responses in endothelial cells. Am. J. Physiol. Cell Physiol. 2010, 299, C354–C362. [Google Scholar] [CrossRef]

	34. 
Chin, Y.E.; Kitagawa, M.; Kuida, K.; Flavell, R.A.; Fu, X.Y. Activation of the STAT signaling pathway can cause expression of caspase 1 and apoptosis. Mol. Cell. Biol. 1997, 17, 5328–5337. [Google Scholar] [CrossRef] [PubMed]

	35. 
Puhr, M.; Santer, F.R.; Neuwirt, H.; Susani, M.; Nemeth, J.A.; Hobisch, A.; Kenner, L.; Culig, Z. Down-regulation of suppressor of cytokine signaling-3 causes prostate cancer cell death through activation of the extrinsic and intrinsic apoptosis pathways. Cancer Res. 2009, 69, 7375–7384. [Google Scholar] [CrossRef]

	36. 
Teitz, T.; Wei, T.; Valentine, M.B.; Vanin, E.F.; Grenet, J.; Valentine, V.A.; Behm, F.G.; Look, A.T.; Lahti, J.M.; Kidd, V.J. Caspase 8 is deleted or silenced preferentially in childhood neuroblastomas with amplification of MYCN. Nat. Med. 2000, 6, 529–535. [Google Scholar] [CrossRef] [PubMed]

	37. 
Teitz, T.; Lahti, J.M.; Kidd, V.J. Aggressive childhood neuroblastomas do not express caspase-8: An important component of programmed cell death. J. Mol. Med. (Berl.) 2001, 79, 428–436. [Google Scholar] [CrossRef] [PubMed]

	38. 
Portt, L.; Norman, G.; Clapp, C.; Greenwood, M.; Greenwood, M.T. Anti-apoptosis and cell survival: A review. Biochim. Biophys. Acta 2011, 1813, 238–259. [Google Scholar] [CrossRef] [PubMed]

	39. 
Fulda, S.; Kufer, M.U.; Meyer, E.; van Valen, F.; Dockhorn-Dworniczak, B.; Debatin, K.M. Sensitization for death receptor- or drug-induced apoptosis by re-expression of caspase-8 through demethylation or gene transfer. Oncogene 2001, 20, 5865–5877. [Google Scholar] [CrossRef] [PubMed]

	40. 
Fulda, S.; Debatin, K.M. 5-Aza-2′-deoxycytidine and IFN-γ cooperate to sensitize for trail-induced apoptosis by upregulating caspase-8. Oncogene 2006, 25, 5125–5133. [Google Scholar] [CrossRef] [PubMed]

	41. 
Lee, J.W.; Lee, K.F.; Hsu, H.Y.; Hsu, L.P.; Shih, W.L.; Chu, Y.C.; Hsiao, W.T.; Liu, P.F. Protein expression and intracellular localization of prostate apoptosis response-4 (Par-4) are associated with apoptosis induction in nasopharyngeal carcinoma cell lines. Cancer Lett. 2007, 257, 252–262. [Google Scholar] [CrossRef] [PubMed]

	42. 
Saegusa, M.; Hashimura, M.; Kuwata, T.; Okayasu, I. Transcriptional regulation of pro-apoptotic Par-4 by NF-κB/p65 and its function in controlling cell kinetics during early events in endometrial tumourigenesis. J. Pathol. 2010, 221, 26–36. [Google Scholar] [CrossRef] [PubMed]

	43. 
Cook, J.; Krishnan, S.; Ananth, S.; Sells, S.F.; Shi, Y.; Walther, M.M.; Linehan, W.M.; Sukhatme, V.P.; Weinstein, M.H.; Rangnekar, V.M. Decreased expression of the pro-apoptotic protein Par-4 in renal cell carcinoma. Oncogene 1999, 18, 1205–1208. [Google Scholar] [CrossRef] [PubMed]

	44. 
Kline, C.L.; Shanmugavelandy, S.S.; Kester, M.; Irby, R.B. Delivery of Par-4 plasmid in vivo via nanoliposomes sensitizes colon tumor cells subcutaneously implanted into nude mice to 5-FU. Cancer Biol. Ther. 2009, 8, 1831–1837. [Google Scholar] [CrossRef] [PubMed]

	45. 
Diaz-Meco, M.T.; Municio, M.M.; Frutos, S.; Sanchez, P.; Lozano, J.; Sanz, L.; Moscat, J. The product of Par-4, a gene induced during apoptosis, interacts selectively with the atypical isoforms of protein kinase C. Cell 1996, 86, 777–786. [Google Scholar] [CrossRef]

	46. 
Alvarez, S.; Blanco, A.; Fresno, M.; Munoz-Fernandez, M.A. TNF-α contributes to caspase-3 independent apoptosis in neuroblastoma cells: Role of NFAT. PLoS ONE 2011, 6, e16100. [Google Scholar] [CrossRef] [PubMed]

	47. 
Abadie, A.; Besancon, F.; Wietzerbin, J. Type I interferon and TNFα cooperate with type II interferon for TRAIL induction and triggering of apoptosis in SK-N-MC EWING tumor cells. Oncogene 2004, 23, 4911–4920. [Google Scholar] [CrossRef] [PubMed]

	48. 
Cheema, S.K.; Mishra, S.K.; Rangnekar, V.M.; Tari, A.M.; Kumar, R.; Lopez-Berestein, G. Par-4 transcriptionally regulates Bcl-2 through a WT1-binding site on the Bcl-2 promoter. J. Biol. Chem. 2003, 278, 19995–20005. [Google Scholar] [CrossRef] [PubMed]

	49. 
Glienke, W.; Chow, K.U.; Bauer, N.; Bergmann, L. Down-regulation of WT1 expression in leukemia cell lines as part of apoptotic effect in arsenic treatment using two compounds. Leuk. Lymphoma 2006, 47, 1629–1638. [Google Scholar] [CrossRef] [PubMed]

	50. 
Opel, D.; Poremba, C.; Simon, T.; Debatin, K.M.; Fulda, S. Activation of Akt predicts poor outcome in neuroblastoma. Cancer Res. 2007, 67, 735–745. [Google Scholar] [CrossRef] [PubMed]

	51. 
Thomas, M.; Finnegan, C.E.; Rogers, K.M.; Purcell, J.W.; Trimble, A.; Johnston, P.G.; Boland, M.P. STAT1: A modulator of chemotherapy-induced apoptosis. Cancer Res. 2004, 64, 8357–8364. [Google Scholar] [CrossRef] [PubMed]

	52. 
Russo, V.C.; Metaxas, S.; Kobayashi, K.; Harris, M.; Werther, G.A. Antiapoptotic effects of leptin in human neuroblastoma cells. Endocrinology 2004, 145, 4103–4112. [Google Scholar] [CrossRef] [PubMed]























© 2017 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 (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Rk

aBueyd p[oj pazi[euioN

Yes

NO

Survival





media/file4.png
A.
i .
8. Control | S TNF-c
g MI=3.5% | 24 M1=4.83%
3 B 3
2. =3
B_I_IJ_| 4 E_‘,
7! .-
= | ot s iR nAsam aasas asasm anans aany
% 0 200 400 60D B0 1000 0 200 4u0 sm aoo mou
O |4 TNF-0 + IFN-y
© s M1=62.9 %
g.
g_
P
=
0 200 400 800 800 1000

PARP
cleaved PARP

D.
R » =
= B =
: S

_ -’

116 kD )

8OkD M

0.5

750bp -
300bp ——

SO0bp .

Control

TNF-a

IFN-y TNF-a+
IFN-y





nav.xhtml


  biomedicines-06-00004


  
    		
      biomedicines-06-00004
    


  




  





media/file2.png
120 +

100 -
30 -
60 -
40 -
20 |
0 0.05 1 5 20 100

TNF -0 (ng/ml)

ity

o O

Percent Cell Viabil

o

B. [J IFN-y M IFN-y + TNF-o
120 1 * * *k *k
100 - A () = A
80
60 -
40
20 1
0 ——
TNF-o (20 ng/ml) - + - + +

Percent cell Viability

IFN-y (ng/ml) - 0.1 0.5 1 10

C. [JSH-SY5Y M SK-N-SH
*k

A

—
(]

P
(=2 (7] o
o o o
1 1

40

Percent cell Viability

Control TNF-a IFN-y  TNF-a +
IFN-y





media/file5.jpg
& ¢

- o[- et u
B -

€&






media/file3.jpg
5 Conrl | 2 NFa
8 MI=35% | 8- Mi=4.83%
s N
§ s
# LS T
«
& -
Z|TEEEER s
Sk Ny | & TNF TNy
Sls M-l | & Y -
: »
8- 300bp
. " i
! . o
S o o o m
FL2-A
& D.
Foa o As 3
§ & £E¢ H
§ & & & Sis
e
et are N >

Control

TNFa

o

TENy

TNF-






media/file1.jpg
00 20 100

m ~a (ng/ml)
B. IFNy MIFN-y + TNFa

A S A

.Fi.

TNFa Q0ngi) -

Ny @gm) - 01 05 ! 10
C SHSYSY ISK-N-SH
—_—

5

o
Conmol  TNFa I[Ny TNFa

1PN





media/file7.jpg
= [ e = ] Bel2

1098098095 1 037032071
Bl o M ARG
12103 108 073060

W

10730808 1071078 064

—oos S8 .,

2 ash

)

w

DAPI Merged

Jconol

ey

1166121101 1079 119 036

= un ash

iFN-y
TNF





media/file10.png
1I6KD | e s sssese | PARP
8kD | - e=mms = |cleaved PARP

IFN-y + TNF-a
Stattic

SOCS3

Actin






media/file12.png
o~

INF-o (Normalized fold change)

IFN-y (Normalized fold change)

Number
of
Patients

GSE-49710 498
GSE-45480 * 381
GSE-3960 101
41 .
I s
A S
()l s x ? ..‘A‘.'.'.“.;..,..,.l.....'. ..........
:‘0 ‘.fz :".oo *
o$ e
p) .o ‘.o?D . 4 °
0 1 ' 2 3

6 -
4 < L
AT
5 .' L] ‘.. L] .
2 e 3N
. {’.z:. .! :.: :
[ p . m‘,n\.‘. ..........
R 25,0 .
2 ‘Taitaly 4
-4 : T
0 1 2 3

Par-4 (Normalized fold change)

Negative

Correlation Correlation | Positive synergy synergy
of of of of
TNF-a IFN-y TNF-0+ IFN-y | TNF-a+ IFN-
with Par-4 with Par-4 with Par-4 Y
with Par-4
No No Yes Yes
(p =0.9604) (p=0.624) (p <0.0001) (p <0.0001)
No No Yes Yes
(p=0.8071) (p =0.9394) (p <0.0001) (p <0.0001)
No No Yes Yes
(p=0.8271) (p=0.8741) (p = 0.0039) (p =0.0125)
* detail analysis presented n B and C
Cos
6

Normalized fold change
1
2

Positive synergy of TNF-a + IFN-y with Par-4

Wl )

mPar-4 wTNF-0 wmIFN-y

HH th il “I IM”)NW

I """'”'””'”'”””H”H

(§9]

0

Normalized fold change
]
9

Negative synergy of TNF-a + IFN-y with Par-4

Lt MI*”\”\”!'\‘W\WHH






media/file9.jpg
116 kD
S9KD






media/file0.png





media/file14.png
¥k kk Xk

.
]
-
ay
.—.._..u. W._n
. "

R RRIME

dBUBYD P[OJ PIZI[BULION

Yes

NO

Survival





media/file8.png
B.

Q? &
‘,«f
& IS]
Control ~ y b 5 ol
S %7\ &N & N~
SELE § £§8F
|-..---||--o olp-p65
A e .
[FN-y 1 134191124 1 151.6 036
- |
=TI TR
I 1.661211.01 1 0.79 1.19 0.56
.-—1 | — — -
TNF-o. I b-' I actin
24 h 48 h
[FN-y +
TNF-a

£ -
N ~N
~ < > *
\e ~ Qp‘ ~N _‘;_S %;\ 4‘1& ™~
s = < . <
O & &% & O & &% N

- - o | (- - o | Bcl-2

1 0.98 0.98 0.95 1 0.870.820.71
[» . " l “ " p-Akt (Serd73)

1 112 1 092 1 0.85 0.730.61

1 0.73 0.8 0.8 1 0.71 0.78 0.64

[---.l w actin

24 h 48 h

C.
Merged






media/file11.jpg
Cornlaion

INFa
Patents | with Par4

GSEWTO 95 (p =060

Gseasme s peos)

GEWO No

[—
1wy
with Part

©-0620)

=099

No
=051

Negaie

Posiivesynerzy | synerey

TNEaIENy | TNFa+ IEN.
with Par4 v

Yes Yes
®<000) (o <00001)
Yes
® <o) (o <0000)
Yeu Yo

©-0mn) @ =o0s

* dew sy prseted in B andC

N IL |\\\IL\|\\\.L,A\M}M\J\an‘h\L\m i w\\dbhwl‘hh‘\\hl‘hn\

APt WTNFa WIEN.

P





media/file6.png
Control

Par-4

1
1116 113 16 actm I‘_‘ Lamin a/c “

e T

Cytoplasm

X
N

~y
O P \'
.

TNF-a [FN-y + TNF-a

Nuclear

S
N
Q
o
O

-

@






