
    
      Skip to main content
    

    


  
      


    
      
    
  
    
  
    
  
                
    
      Advertisement



  



    

  


  


  


  
  
    
  
    
  
                
    
      
  
    
  
        Main menu

    
  
  
    
  
    
  
      
  
  
    
  	Home
	Articles	Current Issue
	Fast Forward
	Latest Articles
	Special Sections
	Archive


	Information	Instructions to Authors
	Submit a Manuscript
	FAQs
	For Subscribers
	Terms & Conditions of Use
	Permissions


	Editorial Board
	Alerts	Alerts
	RSS Feeds


	[bookmark: Virtual Issues]Virtual Issues
	Feedback
	Submit



  


  
  



  
      
  
  
    
  	Other Publications	Drug Metabolism and Disposition
	Journal of Pharmacology and Experimental Therapeutics
	Molecular Pharmacology
	Pharmacological Reviews
	Pharmacology Research & Perspectives
	ASPET





  


  
  



  



  


  
  


  
        User menu

    
  
  
    
  
    
  
      
  
  
    
  	My alerts
	Log in
	 My Cart



  


  
  



  
      
  
  
    
  


  
  



  



  


  
  


  
        Search

    
  
  
    
  
    
  
      
  
  
    
  Search for this keyword 
 







  


  
  



  
      
  
  
    	Advanced search

  


  
  



  



  


  
  




  



    

  



  
                
    
      
  
    
  
      
  
  
    [image: Molecular Pharmacology]  


  
  



  



    

  


  


  


  
      
  	    
  
    
  
                
    
      	Other Publications	Drug Metabolism and Disposition
	Journal of Pharmacology and Experimental Therapeutics
	Molecular Pharmacology
	Pharmacological Reviews
	Pharmacology Research & Perspectives
	ASPET




    

  


  



  
    
  
                
    
      
  
    
  
      
  
  
    
  


  
  


  
      
  
  
    	My alerts
	Log in
	 My Cart

  


  
  



  



    

  


  


  


  
  
    
  
        
            
        [image: Molecular Pharmacology]      

                

          



  
    
  
                
    
      
  
    
  
      
  
  
    
  Search for this keyword 
 







  


  
  



  
      
  
  
    Advanced Search
  


  
  



  



    

  


  


  

  
  
    
  
        
  
                
    
      	Home
	Articles	Current Issue
	Fast Forward
	Latest Articles
	Special Sections
	Archive


	Information	Instructions to Authors
	Submit a Manuscript
	FAQs
	For Subscribers
	Terms & Conditions of Use
	Permissions


	Editorial Board
	Alerts	Alerts
	RSS Feeds


	[bookmark: Virtual Issues]Virtual Issues
	Feedback
	Submit


    

  



  
                
    
      	 Visit molpharm on Facebook
	 Follow molpharm on Twitter
	 Follow molpharm on LinkedIn

    

  


  



  

  
  
  	      

    
      
    
      
        
    
  
    
                        
  
                
    
      
	  
		
		
			
			  
  
      
  
  
    
  
  
      Research ArticleArticle

  
      

  
      Gene Expression Signature Predicting High-Grade Prostate Cancer Responses to Oxaliplatin
  
    	 Stéphane Puyo, Nadine Houédé, Audrey Kauffmann, Pierre Richaud, Jacques Robert and Philippe Pourquier


  
    	Molecular Pharmacology December 2012,  82 (6) 1205-1216; DOI: https://doi.org/10.1124/mol.112.080333 

  
  
  


Stéphane Puyo 
INSERM U916, Institut Bergonié and Université de Bordeaux, Bordeaux, France

	Find this author on Google Scholar
	Find this author on PubMed
	Search for this author on this site


Nadine Houédé 
INSERM U916, Institut Bergonié and Université de Bordeaux, Bordeaux, France

	Find this author on Google Scholar
	Find this author on PubMed
	Search for this author on this site


Audrey Kauffmann 
INSERM U916, Institut Bergonié and Université de Bordeaux, Bordeaux, France

	Find this author on Google Scholar
	Find this author on PubMed
	Search for this author on this site


Pierre Richaud 
INSERM U916, Institut Bergonié and Université de Bordeaux, Bordeaux, France

	Find this author on Google Scholar
	Find this author on PubMed
	Search for this author on this site


Jacques Robert 
INSERM U916, Institut Bergonié and Université de Bordeaux, Bordeaux, France

	Find this author on Google Scholar
	Find this author on PubMed
	Search for this author on this site


Philippe Pourquier 
INSERM U916, Institut Bergonié and Université de Bordeaux, Bordeaux, France

	Find this author on Google Scholar
	Find this author on PubMed
	Search for this author on this site




  


  
  



			

		

	
	
 	
	  
  
		
		
			
			  
  
      
  
  
    	Article
	Figures & Data
	Info & Metrics
	eLetters
	 PDF + SI
	 PDF


  


  
  



  
      
  
  
    [image: Loading]

  
    
  
      
  
  
    Abstract
Prostate cancer is one of the leading causes of cancer-related deaths among men. Several prognostic factors allow differentiation of low-grade tumors from high-grade tumors with high metastatic potential. High-grade tumors are currently treated with hormone therapy, to which taxanes are added when the tumors become resistant to castration. Clinical trials with other anticancer agents did not take into account the genetic backgrounds of the tumors, and most trials demonstrated low response rates. Here we used an in silico approach to screen for drug candidates that might be used as alternatives to taxanes, on the basis of a published expression signature involving 86 genes that could distinguish high-grade and low-grade tumors (Proc Natl Acad Sci USA 103:10991–10996, 2006). We explored the National Cancer Institute databases, which include data on the gene expression profiles of 60 human tumor cell lines and the in vitro sensitivities of the cell lines to anticancer drugs, and we identified several genes in the signature for which expression levels were correlated with chemosensitivity. As an example of the validation of this in silico approach, we identified a set of six genes for which expression levels could predict cell sensitivity to oxaliplatin but not cisplatin. This signature was validated in vitro through silencing of the genes in DU145, LNCaP, and C4-2B prostate cancer cells, which was accompanied by changes in oxaliplatin but not cisplatin cytotoxicity. These results demonstrate the relevance of our approach for the identification of both alternative treatments for high-grade prostate cancers and new biomarkers to predict clinical tumor responses.


Introduction

With more than 240,000 new cases in the United States in 2011 (http://seer.cancer.gov) and an incidence rate of 214 cases/100,000 men in Europe (Bosetti et al., 2011), prostate cancer is the second leading cause of death attributable to cancer throughout the world. Prostate cancer includes various disease types, ranging from indolent asymptomatic cancer characterized by slow-growing tumors to advanced prostate cancer characterized by its aggressiveness and its high metastatic potential. This heterogeneity is evidenced by three main clinical/biological parameters that can be observed at the time of diagnosis, i.e., serum prostate-specific antigen (PSA) levels, clinical stage, and Gleason score, which have been used to predict disease outcomes with relatively good accuracy (Stephenson et al., 2005). The Gleason grading system is based on microscopic features of tumor architecture, and scores reflect the degree of differentiation of tumor cells (Gleason, 1992). Five histological patterns can be assigned, from pattern 1 with well differentiated cells to pattern 5 with poorly differentiated cells, to distinguish between low-grade (grades 1–3) and high-grade (grades 4 and 5) tumors. The sum of the two most-represented patterns within a tumor corresponds to the Gleason score; scores range from 2 to 10. For more than 35 years, this score has remained one of the most-powerful prognostic predictors of disease outcomes, including death (Albertsen et al., 1995). In addition to clinical stage, the Gleason score represents a crucial parameter for the choice of therapy. Low-grade prostate cancers (scores below 3 + 4) are usually sensitive to hormone deprivation, which can be achieved through surgical castration or pharmacological treatment with antiandrogens, with median response durations exceeding 3 years. In contrast, high-grade prostate cancers (scores of at least 4 + 3) are intrinsically or rapidly become resistant to hormone therapy because of DNA-based alterations of androgen receptors, such as mutations or amplifications (Brooke and Bevan, 2009). Such cancers are referred to as castration-resistant prostate cancers (Bonkhoff and Berges, 2010) but are still treated with hormone deprivation, to which the first-line chemotherapeutic agent docetaxel is added when they become resistant to castration (Mancuso et al., 2007). Despite the recent approval of the new taxane cabazitaxel (Paller and Antonarakis, 2011), survival rates remain poor, which points toward the need for more-efficient drug alternatives.

Clinical trials have been performed with mitoxantrone, epirubicin, mitomycin C, methotrexate, cyclophosphamide, 5-fluorouracil, vinorelbine, and platinum derivatives, alone or in combination, but have not yielded convincing results, despite some interesting responses (Mike et al., 2006). New targeted therapies such as antiangiogenic compounds, endothelin receptor inhibitors, receptor activator of nuclear factor κ-B ligand inhibitors, and CYP17 inhibitors also have been investigated, with encouraging results (Carducci and Jimeno, 2006; Dror Michaelson et al., 2009; de Bono et al., 2011). However, the patient populations included in those trials were heterogeneous and patient selection did not take into account tumor grades, despite the fact that several studies identified genes for which expression levels were correlated with Gleason grades (Lapointe et al., 2004; True et al., 2006; Wang et al., 2009; Cuzick et al., 2011; Penney et al., 2011). The study by True et al. (2006) identified a signature involving 86 genes the expression levels of which could be used to discriminate between low-grade and high-grade prostate tumor samples with 76% accuracy, in a validation set of 32 tumors.

On the basis of this expression classifier, we used an in silico approach analogous to the coexpression extrapolation principle, which translates in vitro sensitivity signatures into tools for predicting drug sensitivities (Lee et al., 2007), to identify anticancer drugs other than taxanes that might be proposed as potential alternatives for the treatment of high-grade prostate cancers. We extracted, from the publicly available, 60-cell line, NCI screening database of the Developmental Therapeutics Program, the expression levels of the 86 genes in the signature described by True et al. (2006), and we searched for correlations between the expression levels of the genes in the panel and the sensitivities of the 60 cell lines to 152 anticancer agents. Among the extensive number of correlations, we could identify a gene signature that predicted the selective sensitivity of prostate cancer cell lines to oxaliplatin. We validated this signature at the functional level by showing that down-regulation of these genes altered prostate cancer cell sensitivity to oxaliplatin but not cisplatin, which suggests that this platinum derivative might be a potential alternative for the treatment of high-grade prostate cancers. Our results also confirm the potential of gene expression models to identify drug candidates as well as new predictive markers of drug sensitivity.



Materials and Methods



In Silico Approach.

The different steps of the in silico study are presented in Fig. 1. First, data extractions were performed by using the NCI-60 panel database, which is freely available from the Developmental Therapeutics Program (http://dtp.nci.nih.gov). We extracted the expression profiles of the 86 genes identified by True et al. (2006) across the 60 cell lines. The expression profiles of TOP2A, TOP1, MGMT, and ABCB1 genes were extracted as independent controls, because they were shown in numerous models to be associated with the activity of several anticancer drugs. The expression data were obtained with human U95 (A–E) and U133 (A and B) Affymetrix (Santa Clara, CA) microarrays, as described previously (Scherf et al., 2000). Data sets were imported into Bioconductor by using the ArrayExpress package (Kauffmann et al., 2009). The robust multiarray average function from the affy package (Gautier et al., 2004) was used for background correction, quantile normalization, and probe set summarization. Data quality assessment was performed by using the Bioconductor package arrayQualityMetrics to remove outliers from the data sets (Kauffmann and Huber, 2010). An array was considered an outlier if it was identified as such with at least two of the three quality metrics evaluated by the package (Supplemental Fig. 1, A and B) (Kauffmann and Huber, 2010). Microarrays that were considered outliers are presented in Supplemental Fig. 1C.
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Fig. 1. Overview of the steps in the in silico approach.




Differentially expressed genes were identified by using the moderated t test from the limma package (Smyth, 2004). The p values were adjusted for multiple testing by using the Benjamini-Hochberg method to control the false-discovery rate, and genes were considered significant when adjusted p values were <0.01. When several expression data sets were available for a single gene, we determined whether the data sets were correlated with each another by using Pearson's correlation test. Expression data sets (microarrays) with Pearson coefficients of ≥0.5 were retained for further analyses.

We extracted cytotoxicity data, expressed as −log IC50 values, for 152 drugs that are representative of the major classes of antiproliferative compounds that have been screened by the NCI. Associations between chemosensitivity and gene expression levels in the NCI cell line panel were established through the calculation of Pearson correlation coefficients, as performed previously by Scherf et al. (2000). With 58 degrees of freedom, Pearson coefficients less than −0.2 or more than +0.2 corresponded to p values of <0.05 (Fig. 1). As discussed below, such p values, which did not take into account multiple testing, allowed us to perform a first screen to provide a reasonable number of hints regarding potential correlations between gene expression levels and sensitivity to drugs that could be tested in vitro with a functional approach.




Cell Lines and Drugs.

The human DU145 and LNCaP prostate cancer cell lines, the normal benign prostatic hyperplasia (BPH) cell line, and the human MDA-MB-468 breast adenocarcinoma cell line were obtained from the National Cancer Institute (Bethesda, MD). The hormone-insensitive, bone-metastatic, LNCaP-derivative, C4-2B prostate cancer cell line was a kind gift from Dr. O. Cuvillier (CNRS UMR 5089, Toulouse, France). DU145 cells were routinely grown in minimal essential medium, and C4-2B and MDA-MB-468 cells were grown in RPMI 1640 medium. Media were supplemented with 10% fetal bovine serum. BPH and LNCaP cells were grown in Quantum 263 medium containing 10% fetal bovine serum (PAA Laboratories, Pasching, Austria). Cells were maintained at 37°C in a humidified atmosphere containing 5% CO2. Cisplatin and oxaliplatin were purchased from Sigma-Aldrich (St. Louis, MO). Fresh 10 mM stock solutions were prepared and diluted in dimethylsulfoxide before use.




siRNA Transfections.

Control (nontargeting) siRNA and siRNA cocktails targeting the different genes were purchased from Dharmacon RNA Technologies (Lafayette, CO). The specific sequences are presented in Supplemental Table 1. Cells (150,000 cells/well) were seeded in six-well plates, and transfections were performed 24 h later with 100 pmol of control or targeting siRNA and Oligofectamine (Invitrogen, Carlsbad, CA), according to the manufacturer's protocol. At the time of drug treatment, a fraction of the cells were rinsed with ice-cold phosphate-buffered saline and harvested. After centrifugation, dry cell pellets were frozen at −80°C for quantitative RT-PCR and Western blot analyses, to verify the efficacy of gene repression.




Quantitative RT-PCR Assays.

Total RNA from dry cells pellets was extracted and purified by using an RNeasy Mini Kit (QIAGEN, Valencia, CA), according to the manufacturer's protocol, with a final volume of 30 μl of RNase-free water. RNAs (500 ng) were reverse-transcribed by using a SuperScript VILO cDNA synthesis kit (Invitrogen), according to the manufacturer's instructions, with a GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA), as follows: 10 min at 25°C, 60 min at 42°C, and 5 min at 85°C.

Real-time quantitative PCR assays were performed by using 10 ng of cDNAs in a final volume of 25 μl containing 1× SYBR Green, 1.5 mM MgCl2, 0.2 μM concentrations of each primer (Supplemental Table 2), 0.2 mM dNTP mixture, and 1 unit of Taq DNA polymerase (Invitrogen). Reactions were performed by using a Corbett Research Rotor-Gene 3000 thermal cycler (QIAGEN), as follows: 5 min at 95°C; 40 cycles of 30 s at 95°C, 30 s at 55°C, and 30 s at 72°C; and a final elongation step of 2 min at 72°C. Three independent reactions were performed, and expression levels were normalized with respect to glyceraldehyde 3-phosphate dehydrogenase and 18S RNA levels. Results were analyzed by using the cycle threshold method, by comparing the cycle threshold values obtained for targeted siRNA samples and control siRNA samples, and are expressed as mRNA levels relative to control values (mean ± S.D.).




Cytotoxicity Assays.

The effects of siRNA on growth inhibition induced by platinum derivatives were evaluated by using MTT assays or crystal violet staining. The day after siRNA transfection, cells were detached with trypsin and were seeded into 96-well plates at the following densities: 1000 cells/well for BPH and C4-2B cells, 1500 cells/well for DU145 cells, 2000 cells/well for MDA-MB-468 cells, and 5000 cells/well for LNCaP cells. On the following day, cells were treated with cisplatin or oxaliplatin continuously for 72 h. Cells were rinsed with 1× phosphate-buffered saline and were incubated for 4 h at 37°C with fresh medium containing 5 mg/ml MTT (Sigma-Aldrich). The medium was then replaced with dimethylsulfoxide to dissolve formazan crystals, which are produced through the reduction of MTT by living cells. Absorbance was measured through spectrophotometry at 570 nm by using a PowerWave X reader (BioTek Instruments, Winooski, VT). In the case of LNCaP cells, cells were fixed with 70% ethanol and living cells were stained through incubation with crystal violet (2.3%, w/v) for 10 min. Cells were rinsed with water and lysed with 1% SDS, and absorbance was measured through spectrophotometry at 600 nm.




Statistical Analyses.

Prism software (GraphPad Software Inc., San Diego, CA) was used to calculate IC50 values from growth inhibition assay data and to perform statistical comparisons between samples. Data are expressed as mean ± S.D. Statistical significance was determined with Student's unpaired t tests. Differences with p values of <0.05 were considered significant.







Results

The general overview of the in silico approach that we used in our study is shown in Fig. 1 and is detailed under Materials and Methods. In the first step, we searched for available gene expression data sets that might be representative of high-grade prostate cancers; we selected an 86-gene classifier capable of distinguishing low-grade and high-grade cancers (True et al., 2006). We searched for correlations between the expression levels of these 86 genes and sensitivities to a panel of drugs by using the freely accessible NCI-60 database from the Developmental Therapeutics Program. From this database, we extracted data on the expression levels of the 86 genes in the 60 cancer cell lines in the panel and the sensitivities of the cell lines to 152 core compounds that represent the major classes of antiproliferative agents (expressed as −logIC50 values). Data quality assessments and identification of outlier arrays led to the elimination of 14 cell line data sets included in the U95 (A–E) and U133 (A and B) microarrays (Supplemental Fig. 1C). The genes HSD17B3, HACE1, FTH1, MYBPC1, and CD63 were eliminated from the analyses because of the absence of correlations between the different expression data sets available. Such discrepancies are likely attributable to improper selection of the probes used with the arrays to quantify the expression of these genes.

Next, studies of correlations between gene expression levels and cell sensitivities to a representative panel of 152 core drugs were performed through the calculation of Pearson coefficients. In the multiple-test situation, p values of <3 × 10−4, corresponding to Pearson coefficients below −0.45 or above +0.45, were considered significant at the 0.05 level. With such a threshold, however, only a limited number of correlations could be identified. For this reason, Pearson coefficients below −0.2 or above +0.2 were taken into account (p < 0.05) for a first screening, to optimize the number of potential correlations that could be validated with a functional in vitro approach. A detailed list of the 382 correlations that were found is shown in Table 1. As a control, we determined whether our approach could indicate correlations between gene expression levels and cell sensitivities to drugs for which target genes or genes involved in the mechanism of action had already been identified (Fig. 2). We verified that increased levels of TOP1 (encoding topoisomerase I) and TOP2A (encoding topoisomerase IIα) gene expression were correlated with sensitivity to irinotecan (topoisomerase 1 inhibitor) and mitoxantrone (topoisomerase 2 inhibitor), respectively, which confirmed previous studies that showed that higher levels of these enzymes were associated with better responses to their inhibitors (Burgess et al., 2008). We also found that increased levels of expression of MGMT, which encodes an enzyme that is essential for the repair of O6-methylguanine adducts (Kaina et al., 2010), were correlated with greater resistance to the alkylating agent chlorozotocin. Similarly, increased expression of the ABCB1 (MDR1) gene was significantly correlated with greater resistance to paclitaxel, which confirmed the many studies that demonstrated the role of this pump in the active transport of tubulin poisons, leading to multidrug resistance (Hall et al., 2009).
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TABLE 1 Results of in silico study

For each class of anticancer agents, drugs for which correlations were found between sensitivities and expression levels of the indicated genes are listed. Correlations were considered significant for Pearson coefficients below −0.2 or above +0.2.
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Fig. 2. Correlations between cell sensitivities to mitoxantrone, irinotecan, chlorozotocin, and paclitaxel and levels of expression of the corresponding target genes or genes involved in the mechanisms of drug action, i.e., TOP2A, TOP1, MGMT, and ABCB1, respectively, as identified with our NCI-60 database–based in silico approach. The r values indicate Pearson coefficients, and the corresponding p values are indicated in parentheses. a.u., arbitrary units.




To test the functional relevance of our in silico approach, we decided to focus on the correlations that were obtained for platinum derivatives (Table 1). We identified correlations that were specific for either “classic” platinum compounds (cisplatin and carboplatin) or diaminocyclohexyl platins (oxaliplatin and tetraplatin). Levels of expression of PRDX5, RAB6A, AZGP, and TMPRSS2, the last of which is rearranged in >50% of advanced prostate cancers (Clark and Cooper, 2009), were correlated only with sensitivities to cisplatin and carboplatin (Table 1). Conversely, levels of expression of ATP5G3, CD59, EIF4AI, RHOT2, SHMT2, RPL13, PCCB, JUN, DPM1, CDKN2C, and FLJ35093 were correlated significantly with oxaliplatin cytotoxicity (Fig. 3) and in most cases with tetraplatin cytotoxicity (Table 1) but not with cisplatin cytotoxicity (Fig. 4). HMGB1 was the only gene for which expression levels were correlated with sensitivities to all platinum derivatives (Supplemental Fig. 2).
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Fig. 3. Correlations between gene expression levels and cell sensitivities to oxaliplatin, as identified with the in silico approach. In each graph, the gene expression levels in the 60 cell lines are plotted as a function of the corresponding −logIC50 values for oxaliplatin. The r values indicate Pearson coefficients, and the corresponding p values are indicated in parentheses. a.u., arbitrary units.




[image: Fig. 4.]
[image: Fig. 4.]


	Download figure
	Open in new tab
	Download powerpoint


Fig. 4. Correlations between gene expression levels and cell sensitivities to cisplatin, as identified with the in silico approach. In each graph, the gene expression levels in the 60 cell lines are plotted as a function of the corresponding −logIC50 values for cisplatin. The r values indicate Pearson coefficients, and the corresponding p values are indicated in parentheses. N.S., not significant; a.u., arbitrary units.




We used the specific signature obtained for oxaliplatin to validate our results at the functional level. For this purpose, we determined whether transient silencing of each of these genes could alter cell sensitivity to oxaliplatin but not cisplatin (which was used as a negative control), as predicted by the in silico approach. Because of the lack of appropriate high-grade prostate cancer cell models, gene silencing was performed with the moderately aggressive DU145 cell line that belongs to the panel, the more-aggressive, hormone-sensitive, LNCaP and hormone-insensitive, bone-metastatic, LNCaP-derivative, C4-2B cell lines, and normal BPH cells. We first checked the efficiency of gene repression with quantitative RT-PCR assays and showed that only nine genes could be repressed efficiently (by ≥50%, compared with nontargeting siRNA) (Fig. 5A). Such decreases in mRNA levels were generally associated with effects on cell growth that were consistent with additional assessments of the effects of gene silencing on drug-induced cell growth inhibition (Fig. 5B). Under these conditions, the effects of gene silencing on cisplatin or oxaliplatin sensitivity were evaluated in DU145, LNCaP, and C4-2B cancer cells and in normal BPH cells (Fig. 6). We found that transient repression of PCCB, SHMT2, DPM1, RHOT2, CD59, EIF4AI, and JUN mRNA levels altered the growth inhibition of DU145, LNCaP, and/or C4-2B cells treated with oxaliplatin, with >2-fold changes in IC50 values, but had no significant effect on cell sensitivity to cisplatin (Fig. 6). It is interesting to note that overall the in silico predictions were confirmed at the functional level in three prostate cancer cell lines; down-regulation of PCCB, SHMT2, DPM1, and RHOT2 induced resistance to oxaliplatin in DU145, LNCaP, and/or C4-2B cells, whereas repression of CD59 and JUN sensitized cells to the drug. Although it conferred resistance to the drug for C4-2B cells, repression of EIF4A1 conferred greater sensitivity to oxaliplatin for DU145 and LNCaP cells, in contrast to the in silico prediction (Figs. 3 and 4). Repression of RPL13 also induced opposite effects depending on the cell line, and repression of CDKN2C affected the sensitivity of LNCaP cells to cisplatin (Fig. 6). We also tested the effects of gene silencing in normal BPH cells and in the MDA-MB-468 breast carcinoma cell line. We found that gene silencing had no significant effect on the sensitivity of BPH cells to oxaliplatin (Fig. 6). When gene silencing was performed with MDA-MB-468 cells, no change in sensitivity to oxaliplatin was observed with PCCB, SHMT2, DPM1, or RHOT2 repression, similar to findings for BPH cells. Increased resistance to the drug was noted with EIF4A1 and JUN repression (Supplemental Fig. 3A), which was associated with marked (<50%) effects of gene silencing on cell growth (Supplemental Fig. 3C) and/or lower efficiency of gene silencing (in the case of JUN) (Supplemental Fig. 3D). Together, these results suggested that a specific prostate tumor background is necessary for observation of the selective effects of gene modulation on responses to oxaliplatin.
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Fig. 5. A, siRNA effects on gene expression, as validated with quantitative RT-PCR assays (described under Materials and Methods). mRNA levels were quantified 48 h after transfection with siRNA. For each cell line, results are expressed as ratios of mRNA levels measured in cells transfected with siRNA targeting a specific gene to levels in cells transfected with nontargeting siRNA. Results are mean ± S.D. of three independent experiments. B, effects of the gene silencing performed in A on the growth of DU145, LNCaP, C4-2B, and BPH cells, as measured with MTT assays.
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Fig. 6. Functional validation of the correlations for oxaliplatin obtained with the in silico approach. The effects of gene silencing on DU145, LNCaP, C4-2B, and BPH cell sensitivity to oxaliplatin (A) or cisplatin (B) were measured with MTT assays, according to the protocol described in Materials and Methods. The results are expressed as the ratios of IC50 values for cells transfected with siRNA and cells transfected with nontargeting (control) siRNA and are the mean ± S.D. of at least two independent experiments performed in triplicate. Ratios of >2 or <0.5 indicated that repression of the target gene conferred 2-fold resistance or sensitization, respectively, of the cells to the drug. Statistical differences were evaluated by using unpaired Student's t tests. *, p < 0.05; **, p < 0.01; ***, p < 0.005.






Discussion

The goal of our study was to identify alternatives to taxanes for the treatment of high-grade prostate cancers, by using a rational approach that takes into account the genetic background of these highly aggressive tumors. Several studies reported transcriptomic signatures that allowed discrimination of prostate cancer tissues from their normal counterparts (Dhanasekaran et al., 2001; Luo et al., 2001, 2002; Welsh et al., 2001; Best et al., 2005), but only three studies took the tumor grades into account in their analyses (Singh et al., 2002; Lapointe et al., 2004; True et al., 2006). The first two studies provided gene signatures involving 29 and 41 genes, respectively, which could be used as classifiers on the basis of tumor Gleason scores (corresponding to the sum of the two most-represented grades) (Singh et al., 2002; Lapointe et al., 2004). In those studies, expression profiles were obtained with mRNA extracted from nonmicrodissected tissues, which might yield a bias attributable to potential contaminations with adjacent normal tissue, inflammatory cells, or endothelial cells. For example, it is known that the expression of certain genes (such as SPARC) is highly perturbed in stromal cells in various cancers (Cunha and Matrisian, 2002). Moreover, these gene classifiers could not discriminate between mixed grades of 3 + 4 and 4 + 3, which both correspond to a Gleason score of 7 but clinically are associated with low-grade and high-grade tumors, respectively. A third study identified an 86-gene expression signature on the basis of Gleason grades, by using microdissected tumors as the starting material (True et al., 2006). Although only 7700 genes were present in the microarrays used in that study, the signature could predict the Gleason grades of tumors with 76% accuracy in an independent validation set of 32 primary prostate carcinomas (True et al., 2006).

By using this signature, we identified 382 correlations between gene expression levels for 40 genes and in vitro sensitivity to at least one of the 152 anticancer drugs. Gene expression levels were generally found to be correlated with the majority of drugs in a given class, which suggests correlations with specific mechanisms of action. It is interesting to note that 40% of the identified genes are involved in cellular metabolic pathways, according to the Human Genome Organization classification, which probably reflects the metabolic changes associated with prostate cancer progression and the acquisition of metastatic potential (Sreekumar et al., 2009). Our results also revealed the drug-specific nature of these correlations within a class of compounds, with the identification of gene signatures specific to classic platinum derivatives and to diaminocyclohexyl platins. These results are in accordance with a previous in silico study that used the same NCI database (Vekris et al., 2004). These data strongly suggested that drug-induced cytotoxicity triggered distinct molecular pathways when cells were treated with cisplatin or carboplatin, as opposed to oxaliplatin or tetraplatin.

By using the correlations obtained specifically for oxaliplatin, we demonstrated that transient repression of PCCB, SHMT2, DPM1, RHOT2, CD59, EIF4AI, and JUN mRNA levels significantly altered the growth inhibition of DU145, LNCaP, and/or C4-2B cells treated with oxaliplatin but had no major effect on cell sensitivity to cisplatin (Fig. 6). Overall, the in silico predictions were confirmed at the functional level in three prostate cancer cell lines; down-regulation of PCCB, SHMT2, DPM1, and RHOT2 induced resistance to oxaliplatin in DU145, LNCaP, and/or C4-2B cells, whereas repression of CD59 and JUN sensitized cells to the drug. The weight of each gene in the prediction of oxaliplatin responses remains unknown. As an example, we tested the effects of the concomitant repression of PCCB and SHMT2 in DU145 and LNCaP cells on oxaliplatin and cisplatin sensitivity (Supplemental Fig. 4). We found that simultaneous repression of SHMT2 and PCCB conferred resistance to oxaliplatin, with no significant change in cisplatin sensitivity. However, this resistance was of the same order of magnitude as the resistance observed when the two genes were repressed independently (Fig. 6). This absence of a cooperative effect suggests that SHMT2 or PCCB alone would not be of better predictive value, a result that cannot be extrapolated to other genes in the signature.

As expected for such approaches, discrepancies with the in silico predictions could be observed. For example, repression of EIF4A1, RPL13, and CDKN2C had different effects depending on the cell line, and those genes could not be used as markers of oxaliplatin responses. EIF4A1 repression conferred resistance to oxaliplatin in C4-2B cells but had opposite effects, compared with the in silico results, in both DU145 and LNCaP cancer cell lines. These discrepancies are probably inherent in the cell models used, because the models cannot fully mimic high-grade prostate cancers and are known for their genetic background differences. LNCaP cells are sensitive to androgens, express PSA, and express wild-type p53, whereas bone-metastatic, LNCaP-derivative, C4-2B cells are insensitive to androgens. DU145 cells are resistant to androgen stimulation, do not express PSA, and exhibit p53 mutations (Carroll et al., 1993). It is possible that such alterations would differentially affect cell responses to oxaliplatin. The fact that gene silencing in normal BPH cells or in MDA-MB-468 breast carcinoma cells did not yield the same pattern of responses to oxaliplatin confirms the idea that a specific prostate tumor background is necessary for observation of the selective effects of gene modulation on responses to this platinum derivative.

Together, our results represent a proof of concept demonstrating the relevance of our approach for the identification of alternative treatments for high-grade prostate cancers. By using this strategy, we identified and validated at the functional level an expression signature that could predict the selective sensitivities of prostate cancer cell lines to oxaliplatin, which suggests that this platinum derivative might represent an alternative treatment for high-grade prostate cancers. Although response rates were disappointing, clinical trials with platinum derivatives alone or in association with 5-fluorouracil or capecitabine demonstrated some interesting biological responses (Droz et al., 2003; Gasent Blesa et al., 2011). It would be of interest to consider additional clinical trials of oxaliplatin with stratification of cases on the Gleason grading scale and with use of the oxaliplatin gene signature to select patients who might benefit most from this therapy. Oxaliplatin is routinely used, in association with 5-fluorouracil, for the treatment of colorectal cancers. Two recent studies reported gene expression signatures for clinical responses to oxaliplatin among patients with colorectal cancer. The first study included 40 patients with colorectal cancer who were treated with oxaliplatin, and it identified 27 genes that were differentially expressed among responders and nonresponders (Watanabe et al., 2011). The second study was performed with 14 patient-derived colorectal cancer explants, and it identified 120 probe sets (corresponding to approximately 90 genes) that could predict sensitivity to oxaliplatin (Kim et al., 2012). None of our genes was present in those signatures, although some are probably involved in the same biological pathways, such as RNPS1, RPS25, RPL7, and RPL18 (involved in ribosomal protein synthesis), RPL13, the RAS homolog gene family member RHOC, and RHOT2 (Kim et al., 2012). By using unpublished expression data sets for two independent cohorts of patients with colorectal cancer who were treated with oxaliplatin, we also failed to demonstrate that our gene signature could predict clinical responses to oxaliplatin (data not shown). These differences could be explained on the basis of various factors, such as the small numbers of patients included in these studies, differences in the endpoints used for oxaliplatin responses in the clinical setting, the doses of oxaliplatin administered, and the fact that cotreatment with 5-fluorouracil and/or adjuvant therapy might affect tumor responses. The differences also reflect the complexity of the pathways that are specifically regulated by these genes in each tumor type and the difficulty of determining the functional basis for the association of these signatures with drug sensitivities.

During the course of this work, two studies identified new gene expression signatures, involving 31 and 157 genes, the expression patterns of which were claimed to be specific for high-grade prostate cancers (Cuzick et al., 2011; Penney et al., 2011). Among the 31 genes primarily involved in cell cycle progression, five were present on the microarray chip used by True et al. (2006), and none was present in the 86-gene signature. Of the 157 genes, 41 were present on the microarray chip used by True et al. (2006) and four genes, AZGP1, DPP4, MYBPC1, and SHMT2 (the last of which we validated in our study) were common to the 86-gene signature (True et al., 2006). Inclusion of these genes might be useful to increase the predictive value of gene signatures for specific agents.

In conclusion, we showed that our in silico approach could provide access to potential drugs for which cell sensitivity could be predicted on the basis of the levels of expression of specific genes that characterize high-grade prostate tumors. To our knowledge, none of the genes in our signature was known to be involved directly or indirectly in the mechanism of oxaliplatin sensitivity, which supports our interest in exploring the NCI-60 panel databases to identify new predictive markers of anticancer drug responsiveness and to provide new insights regarding the roles of these genes in the mechanisms of action of these drugs (Shoemaker, 2006).



Authorship Contributions

Participated in research design: Houédé, Richaud, Robert, and Pourquier.

Conducted experiments: Puyo.

Contributed new reagents or analytic tools: Kauffmann and Robert.

Performed data analysis: Puyo, Kauffmann, Richaud, Robert, and Pourquier.

Wrote or contributed to the writing of the manuscript: Puyo, Houédé, Kauffmann, Robert, and Pourquier.


Footnotes
	↵[image: Embedded Image]
[image: Embedded Image]
 The online version of this article (available at http://molpharm.aspetjournals.org) contains supplemental material.

	This work was supported by grants from the Astellas Foundation and La Ligue Contre le Cancer (Comité des Landes).

	Article, publication date, and citation information can be found at http://molpharm.aspetjournals.org.

http://dx.doi.org/10.1124/mol.112.080333.

	ABBREVIATIONS:

	PSA
	prostate-specific antigen
	RT
	reverse transcription
	PCR
	polymerase chain reaction
	BPH
	benign prostatic hyperplasia
	NCI
	National Cancer Institute
	siRNA
	small interfering RNA
	MTT
	3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.




	Received May 31, 2012.
	Accepted September 17, 2012.

	Copyright © 2012 The American Society for Pharmacology and Experimental Therapeutics

References
	↵
	Albertsen  PC, 
	Fryback  DG, 
	Storer  BE, 
	Kolon  TF, 
	Fine  J

 (1995) Long-term survival among men with conservatively treated localized prostate cancer. JAMA 274:626–631.
OpenUrlCrossRefPubMed


	↵
	Best  CJ, 
	Gillespie  JW, 
	Yi  Y, 
	Chandramouli  GV, 
	Perlmutter  MA, 
	Gathright  Y, 
	Erickson  HS, 
	Georgevich  L, 
	Tangrea  MA, 
	Duray  PH, 
	et al

. (2005) Molecular alterations in primary prostate cancer after androgen ablation therapy. Clin Cancer Res 11:6823–6834.
OpenUrlAbstract/FREE Full Text


	↵
	Bonkhoff  H, 
	Berges  R

 (2010) From pathogenesis to prevention of castration resistant prostate cancer. Prostate 70:100–112.
OpenUrlCrossRefPubMed


	↵
	Bosetti  C, 
	Bertuccio  P, 
	Chatenoud  L, 
	Negri  E, 
	La Vecchia  C, 
	Levi  F

 (2011) Trends in mortality from urologic cancers in Europe, 1970–2008. Eur Urol 60:1–15.
OpenUrlCrossRefPubMed


	↵
	Brooke  GN, 
	Bevan  CL

 (2009) The role of androgen receptor mutations in prostate cancer progression. Curr Genomics 10:18–25.
OpenUrlCrossRefPubMed


	↵
	Burgess  DJ, 
	Doles  J, 
	Zender  L, 
	Xue  W, 
	Ma  B, 
	McCombie  WR, 
	Hannon  GJ, 
	Lowe  SW, 
	Hemann  MT

 (2008) Topoisomerase levels determine chemotherapy response in vitro and in vivo. Proc Natl Acad Sci USA 105:9053–9058.
OpenUrlAbstract/FREE Full Text


	↵
	Carducci  MA, 
	Jimeno  A

 (2006) Targeting bone metastasis in prostate cancer with endothelin receptor antagonists. Clin Cancer Res 12:6296s–6300s.
OpenUrlAbstract/FREE Full Text


	↵
	Carroll  AG, 
	Voeller  HJ, 
	Sugars  L, 
	Gelmann  EP

 (1993) p53 oncogene mutations in three human prostate cancer cell lines. Prostate 23:123–134.
OpenUrlCrossRefPubMed


	↵
	Clark  JP, 
	Cooper  CS

 (2009) ETS gene fusions in prostate cancer. Nat Rev Urol 6:429–439.
OpenUrlCrossRefPubMed


	↵
	Cunha  GR, 
	Matrisian  LM

 (2002) It's not my fault, blame it on my microenvironment. Differentiation 70:469–472.
OpenUrlCrossRefPubMed


	↵
	Cuzick  J, 
	Swanson  GP, 
	Fisher  G, 
	Brothman  AR, 
	Berney  DM, 
	Reid  JE, 
	Mesher  D, 
	Speights  VO, 
	Stankiewicz  E, 
	Foster  CS, 
	et al

. (2011) Prognostic value of an RNA expression signature derived from cell cycle proliferation genes in patients with prostate cancer: a retrospective study. Lancet Oncol 12:245–255.
OpenUrlCrossRefPubMed


	↵
	de Bono  JS, 
	Logothetis  CJ, 
	Molina  A, 
	Fizazi  K, 
	North  S, 
	Chu  L, 
	Chi  KN, 
	Jones  RJ, 
	Goodman  OB  Jr., 
	Saad  F, 
	et al

. (2011) Abiraterone and increased survival in metastatic prostate cancer. N Engl J Med 364:1995–2005.
OpenUrlCrossRefPubMed


	↵
	Dhanasekaran  SM, 
	Barrette  TR, 
	Ghosh  D, 
	Shah  R, 
	Varambally  S, 
	Kurachi  K, 
	Pienta  KJ, 
	Rubin  MA, 
	Chinnaiyan  AM

 (2001) Delineation of prognostic biomarkers in prostate cancer. Nature 412:822–826.
OpenUrlCrossRefPubMed


	↵
	Dror Michaelson  M, 
	Regan  MM, 
	Oh  WK, 
	Kaufman  DS, 
	Olivier  K, 
	Michaelson  SZ, 
	Spicer  B, 
	Gurski  C, 
	Kantoff  PW, 
	Smith  MR

 (2009) Phase II study of sunitinib in men with advanced prostate cancer. Ann Oncol 20:913–920.
OpenUrlAbstract/FREE Full Text


	↵
	Droz  JP, 
	Muracciole  X, 
	Mottet  N, 
	Ould Kaci  M, 
	Vannetzel  JM, 
	Albin  N, 
	Culine  S, 
	Rodier  JM, 
	Misset  JL, 
	Mackenzie  S, 
	et al

. (2003) Phase II study of oxaliplatin versus oxaliplatin combined with infusional 5-fluorouracil in hormone refractory metastatic prostate cancer patients. Ann Oncol 14:1291–1298.
OpenUrlAbstract/FREE Full Text


	↵
	Gasent Blesa  JM, 
	Giner Marco  V, 
	Giner-Bosch  V, 
	Cerezuela Fuentes  P, 
	Alberola Candel  V

 (2011) Phase II trial of oxaliplatin and capecitabine after progression to first-line chemotherapy in androgen-independent prostate cancer patients. Am J Clin Oncol 34:155–159.
OpenUrlPubMed


	↵
	Gautier  L, 
	Cope  L, 
	Bolstad  BM, 
	Irizarry  RA

 (2004) affy–analysis of Affymetrix GeneChip data at the probe level. Bioinformatics 20:307–315.
OpenUrlAbstract/FREE Full Text


	↵
	Gleason  DF

 (1992) Histologic grading of prostate cancer: a perspective. Hum Pathol 23:273–279.
OpenUrlCrossRefPubMed


	↵
	Hall  MD, 
	Handley  MD, 
	Gottesman  MM

 (2009) Is resistance useless? Multidrug resistance and collateral sensitivity. Trends Pharmacol Sci 30:546–556.
OpenUrlCrossRefPubMed


	↵
	Kaina  B, 
	Margison  GP, 
	Christmann  M

 (2010) Targeting O6-methylguanine-DNA methyltransferase with specific inhibitors as a strategy in cancer therapy. Cell Mol Life Sci 67:3663–3681.
OpenUrlCrossRefPubMed


	↵
	Kauffmann  A, 
	Huber  W

 (2010) Microarray data quality control improves the detection of differentially expressed genes. Genomics 95:138–142.
OpenUrlCrossRefPubMed


	↵
	Kauffmann  A, 
	Rayner  TF, 
	Parkinson  H, 
	Kapushesky  M, 
	Lukk  M, 
	Brazma  A, 
	Huber  W

 (2009) Importing ArrayExpress datasets into R/Bioconductor. Bioinformatics 25:2092–2094.
OpenUrlAbstract/FREE Full Text


	↵
	Kim  MK, 
	Osada  T, 
	Barry  WT, 
	Yang  XY, 
	Freedman  JA, 
	Tsamis  KA, 
	Datto  M, 
	Clary  BM, 
	Clay  T, 
	Morse  MA, 
	et al

. (2012) Characterization of an oxaliplatin sensitivity predictor in a preclinical murine model of colorectal cancer. Mol Cancer Ther 11:1500–1509.
OpenUrlAbstract/FREE Full Text


	↵
	Lapointe  J, 
	Li  C, 
	Higgins  JP, 
	van de Rijn  M, 
	Bair  E, 
	Montgomery  K, 
	Ferrari  M, 
	Egevad  L, 
	Rayford  W, 
	Bergerheim  U, 
	et al

. (2004) Gene expression profiling identifies clinically relevant subtypes of prostate cancer. Proc Natl Acad Sci USA 101:811–816.
OpenUrlAbstract/FREE Full Text


	↵
	Lee  JK, 
	Havaleshko  DM, 
	Cho  H, 
	Weinstein  JN, 
	Kaldjian  EP, 
	Karpovich  J, 
	Grimshaw  A, 
	Theodorescu  D

 (2007) A strategy for predicting the chemosensitivity of human cancers and its application to drug discovery. Proc Natl Acad Sci USA 104:13086–13091.
OpenUrlAbstract/FREE Full Text


	↵
	Luo  J, 
	Duggan  DJ, 
	Chen  Y, 
	Sauvageot  J, 
	Ewing  CM, 
	Bittner  ML, 
	Trent  JM, 
	Isaacs  WB

 (2001) Human prostate cancer and benign prostatic hyperplasia: molecular dissection by gene expression profiling. Cancer Res 61:4683–4688.
OpenUrlAbstract/FREE Full Text


	↵
	Luo  J, 
	Dunn  T, 
	Ewing  C, 
	Sauvageot  J, 
	Chen  Y, 
	Trent  J, 
	Isaacs  W

 (2002) Gene expression signature of benign prostatic hyperplasia revealed by cDNA microarray analysis. Prostate 51:189–200.
OpenUrlCrossRefPubMed


	↵
	Mancuso  A, 
	Oudard  S, 
	Sternberg  CN

 (2007) Effective chemotherapy for hormone-refractory prostate cancer (HRPC): present status and perspectives with taxane-based treatments. Crit Rev Oncol Hematol 61:176–185.
OpenUrlCrossRefPubMed


	↵
	Mike  S, 
	Harrison  C, 
	Coles  B, 
	Staffurth  J, 
	Wilt  TJ, 
	Mason  MD

 (2006) Chemotherapy for hormone-refractory prostate cancer. Cochrane Database Syst Rev CD005247.



	↵
	Paller  CJ, 
	Antonarakis  ES

 (2011) Cabazitaxel: a novel second-line treatment for metastatic castration-resistant prostate cancer. Drug Des Devel Ther 5:117–124.
OpenUrlPubMed


	↵
	Penney  KL, 
	Sinnott  JA, 
	Fall  K, 
	Pawitan  Y, 
	Hoshida  Y, 
	Kraft  P, 
	Stark  JR, 
	Fiorentino  M, 
	Perner  S, 
	Finn  S, 
	et al

. (2011) mRNA expression signature of Gleason grade predicts lethal prostate cancer. J Clin Oncol 29:2391–2396.
OpenUrlAbstract/FREE Full Text


	↵
	Scherf  U, 
	Ross  DT, 
	Waltham  M, 
	Smith  LH, 
	Lee  JK, 
	Tanabe  L, 
	Kohn  KW, 
	Reinhold  WC, 
	Myers  TG, 
	Andrews  DT, 
	et al

. (2000) A gene expression database for the molecular pharmacology of cancer. Nat Genet 24:236–244.
OpenUrlCrossRefPubMed


	↵
	Shoemaker  RH

 (2006) The NCI60 human tumour cell line anticancer drug screen. Nat Rev Cancer 6:813–823.
OpenUrlCrossRefPubMed


	↵
	Singh  D, 
	Febbo  PG, 
	Ross  K, 
	Jackson  DG, 
	Manola  J, 
	Ladd  C, 
	Tamayo  P, 
	Renshaw  AA, 
	D'Amico  AV, 
	Richie  JP, 
	et al

. (2002) Gene expression correlates of clinical prostate cancer behavior. Cancer Cell 1:203–209.
OpenUrlCrossRefPubMed


	↵
	Smyth  GK

 (2004) Linear models and empirical Bayes methods for assessing differential expression in microarray experiments. Stat Appl Genet Mol Biol 3:Article 3.



	↵
	Sreekumar  A, 
	Poisson  LM, 
	Rajendiran  TM, 
	Khan  AP, 
	Cao  Q, 
	Yu  J, 
	Laxman  B, 
	Mehra  R, 
	Lonigro  RJ, 
	Li  Y, 
	et al

. (2009) Metabolomic profiles delineate potential role for sarcosine in prostate cancer progression. Nature 457:910–914.
OpenUrlCrossRefPubMed


	↵
	Stephenson  AJ, 
	Scardino  PT, 
	Eastham  JA, 
	Bianco  FJ  Jr., 
	Dotan  ZA, 
	DiBlasio  CJ, 
	Reuther  A, 
	Klein  EA, 
	Kattan  MW

 (2005) Postoperative nomogram predicting the 10-year probability of prostate cancer recurrence after radical prostatectomy. J Clin Oncol 23:7005–7012.
OpenUrlAbstract/FREE Full Text


	↵
	True  L, 
	Coleman  I, 
	Hawley  S, 
	Huang  CY, 
	Gifford  D, 
	Coleman  R, 
	Beer  TM, 
	Gelmann  E, 
	Datta  M, 
	Mostaghel  E, 
	et al

. (2006) A molecular correlate to the Gleason grading system for prostate adenocarcinoma. Proc Natl Acad Sci USA 103:10991–10996.
OpenUrlAbstract/FREE Full Text


	↵
	Vekris  A, 
	Meynard  D, 
	Haaz  MC, 
	Bayssas  M, 
	Bonnet  J, 
	Robert  J

 (2004) Molecular determinants of the cytotoxicity of platinum compounds: the contribution of in silico research. Cancer Res 64:356–362.
OpenUrlAbstract/FREE Full Text


	↵
	Wang  L, 
	Tang  H, 
	Thayanithy  V, 
	Subramanian  S, 
	Oberg  AL, 
	Cunningham  JM, 
	Cerhan  JR, 
	Steer  CJ, 
	Thibodeau  SN

 (2009) Gene networks and microRNAs implicated in aggressive prostate cancer. Cancer Res 69:9490–9497.
OpenUrlAbstract/FREE Full Text


	↵
	Watanabe  T, 
	Kobunai  T, 
	Yamamoto  Y, 
	Matsuda  K, 
	Ishihara  S, 
	Nozawa  K, 
	Iinuma  H, 
	Konishi  T, 
	Horie  H, 
	Ikeuchi  H, 
	et al

. (2011) Gene expression signature and response to the use of leucovorin, fluorouracil and oxaliplatin in colorectal cancer patients. Clin Transl Oncol 13:419–425.
OpenUrlCrossRefPubMed


	↵
	Welsh  JB, 
	Sapinoso  LM, 
	Su  AI, 
	Kern  SG, 
	Wang-Rodriguez  J, 
	Moskaluk  CA, 
	Frierson  HF  Jr., 
	Hampton  GM

 (2001) Analysis of gene expression identifies candidate markers and pharmacological targets in prostate cancer. Cancer Res 61:5974–5978.
OpenUrlAbstract/FREE Full Text







  


  
  



  
      
  
  
    
	  
		
		
			
			  
  
      
  
  
    
  
      
  
    	
			MolPharm articles become freely available 12 months after publication, and remain freely available for 5 years. 


			Non-open access articles that fall outside this five year window are available only to institutional subscribers and current ASPET members, or through the article purchase feature at the bottom of the page. 


			 


				Click here for information on institutional subscriptions.
	Click here for information on individual ASPET membership.


			



 

  




  


  
  



			

		

	
	
 	
	  
  
		
		
			
			  
  
      
  
  
    Log in using your username and password

  Username *
 



  Password *
 





Forgot your user name or password?




Purchase access
You may purchase access to this article. This will require you to create an account if you don't already have one.

  


  
  



			

		

	
	
 	
	
	


  


  
  



  





  


  
  



  
      
  
  
     PreviousNext 
  


  
  



  
      
  
  
     Back to top  


  
  



			

		

		
		
			
			  
  
        In this issue

    
  
  
    
  
    
  
      
  
  
    
    
      [image: Molecular Pharmacology: 82 (6)]

  
  
      
      
          Molecular Pharmacology      
      
        	Vol. 82, Issue 6 1 Dec 2012 


      
      
        		Table of Contents
	Table of Contents (PDF)
	About the Cover
	Index by author
	Editorial Board (PDF)
	Front Matter (PDF)




      




  


  
  



  



  


  
  



  
      
  
  
    
	  
  
		
          
            
  
      
  
  
     Download PDF  


  
  


  
      
  
  
     Article Alerts

  
    
  
      
  
  
    
  User Name *
 



  Password *
 


Sign In to Email Alerts with your Email Address

  Email *
 








  


  
  



  





  


  
  


  
      
  
  
     Email Article

  
    
  
      
  
  
    
 Thank you for sharing this Molecular Pharmacology article.
NOTE: We request your email address only to inform the recipient that it was you who recommended this article, and that it is not junk mail. We do not retain these email addresses.




  Your Email *
 



  Your Name *
 



  Send To *
 

Enter multiple addresses on separate lines or separate them with commas.




  You are going to email the following 
 Gene Expression Signature Predicting High-Grade Prostate Cancer Responses to Oxaliplatin



  Message Subject 
 (Your Name) has forwarded a page to you from Molecular Pharmacology



  Message Body 
 (Your Name) thought you would be interested in this article in Molecular Pharmacology.



  Your Personal Message 
 








CAPTCHAThis question is for testing whether or not you are a human visitor and to prevent automated spam submissions.










  


  
  



  





  


  
  


  
      
  
  
     Citation Tools

  
    
  
      
  
  
      
  
      
  
  
      Research ArticleArticle

  
  
      Oxaliplatin in High-Grade Prostate Cancer
  
    	 Stéphane Puyo, Nadine Houédé, Audrey Kauffmann, Pierre Richaud, Jacques Robert and Philippe Pourquier


  
    	Molecular Pharmacology December 1, 2012,  82 (6) 1205-1216; DOI: https://doi.org/10.1124/mol.112.080333 

  
  
  



  

  
  	      Citation Manager Formats

        
      	BibTeX
	Bookends
	EasyBib
	EndNote (tagged)
	EndNote 8 (xml)
	Medlars
	Mendeley
	Papers
	RefWorks Tagged
	Ref Manager
	RIS
	Zotero

    

  



  


  
  



  





  


  
  


  
        

    
  
  
    
  


  
  



          

        

        
        
          
            
  
      
  
  
     Share  


  
  


  
      
  
  
    
  
    
  
      
  
  
    
  
  
      Research ArticleArticle

  
  
      Oxaliplatin in High-Grade Prostate Cancer
  
    	 Stéphane Puyo, Nadine Houédé, Audrey Kauffmann, Pierre Richaud, Jacques Robert and Philippe Pourquier


  
    	Molecular Pharmacology December 1, 2012,  82 (6) 1205-1216; DOI: https://doi.org/10.1124/mol.112.080333 

  
  
  



  


  
  



  
      
  
  
    
  
    Share This Article:
  
  
    
  
  
    Copy
  


  


  
  



  
      
  
  
    [image: Reddit logo] [image: Twitter logo] [image: Facebook logo] [image: Mendeley logo]
  


  
  



  



  


  
  


  
      
  
  
    	Tweet Widget
	Facebook Like
	Google Plus One



  


  
  



          

        

	
 	
	
	


  


  
  



  
        Jump to section

    
  
  
    	Article	Abstract
	Introduction
	Materials and Methods
	Results
	Discussion
	Authorship Contributions
	Footnotes
	References



	Figures & Data
	Info & Metrics
	eLetters
	 PDF + SI
	 PDF



  


  
  



  
      
  
  
    
  
     Related Articles


 Cited By...


 More in this TOC Section
	
  
  
  
  
      Impact of Lipid Binding Proteins on Ligand Disposition  
  
  
  
  




	
  
  
  
  
      The Role of RGS4 in Stress and Ketamine Actions  
  
  
  
  




	
  
  
  
  
      A Small-Molecule Agonist as New Radioligand for ACKR3  
  
  
  
  






Show more Articles

 Similar Articles






  



  


  
  



  
      
  
  
    
  


  
  



  
      
  
  
    
  
    
  
      
  
  
    Advertisement



  



  


  
  



  



  


  
  



			

		

	
	
 	
	
	


    

  


      


  

    
  
      
    
  
    
  
    
  
                
    
      
  
    
  
      
  
  
    
  
      
  
    

	Home
	Alerts




Facebook   Twitter   LinkedIn   RSS
  




  


  
  



  

  
    
  
        Navigate

    
  
  
    	Current Issue
	Fast Forward by date
	Fast Forward by section
	Latest Articles
	Archive
	Search for Articles
	Feedback
	ASPET

  


  
  



  

  
    
  
        More Information

    
  
  
    	About Molecular Pharmacology
	Editorial Board
	Instructions to Authors
	Submit a Manuscript
	Customized Alerts
	RSS Feeds
	Subscriptions
	Permissions
	Terms & Conditions of Use

  


  
  



  

  
    
  
        ASPET's Other Journals

    
  
  
    	Drug Metabolism and Disposition
	Journal of Pharmacology and Experimental Therapeutics
	Pharmacological Reviews
	Pharmacology Research & Perspectives

  


  
  



  


    

  


  


  

  
  
    
  
    
  
                
    
      
  
    
  
      
  
  
    
  
      
  
    ISSN 1521-0111 (Online)


Copyright © 2024 by the American Society for Pharmacology and Experimental Therapeutics

  




  


  
  



  



    

  


  


  

  
    
  
      









  