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            Abstract
Whether cancer is maintained by a small number of stem cells or is composed of proliferating cells with approximate phenotypic equivalency is a central question in cancer biology1. In the stem cell hypothesis, relapse after treatment may occur by failure to eradicate cancer stem cells. Chronic myeloid leukaemia (CML) is quintessential to this hypothesis. CML is a myeloproliferative disorder that results from dysregulated tyrosine kinase activity of the fusion oncoprotein BCR–ABL2. During the chronic phase, this sole genetic abnormality (chromosomal translocation Ph+: t(9;22)(q34;q11)) at the stem cell level causes increased proliferation of myeloid cells without loss of their capacity to differentiate. Without treatment, most patients progress to the blast phase when additional oncogenic mutations result in a fatal acute leukaemia made of proliferating immature cells. Imatinib mesylate and other tyrosine kinase inhibitors (TKIs) that target the kinase activity of BCR–ABL have improved patient survival markedly. However, fewer than 10% of patients reach the stage of complete molecular response (CMR), defined as the point when BCR-ABL transcripts become undetectable in blood cells3. Failure to reach CMR results from the inability of TKIs to eradicate quiescent CML leukaemia stem cells (LSCs)2,3,4. Here we show that the residual CML LSC pool can be gradually purged by the glitazones, antidiabetic drugs that are agonists of peroxisome proliferator-activated receptor-γ (PPARγ). We found that activation of PPARγ by the glitazones decreases expression of STAT5 and its downstream targets HIF2α5 and CITED26, which are key guardians of the quiescence and stemness of CML LSCs. When pioglitazone was given temporarily to three CML patients in chronic residual disease in spite of continuous treatment with imatinib, all of them achieved sustained CMR, up to 4.7 years after withdrawal of pioglitazone. This suggests that clinically relevant cancer eradication may become a generally attainable goal by combination therapy that erodes the cancer stem cell pool.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: Pioglitazone purges quiescent CML stem cells.[image: ]


Figure 2: Pioglitazone targets the PPARγ–STAT5 pathway in CML LSCs.[image: ]


Figure 3: Expression of target genes in CP-CML cells exposed to pioglitazone and imatinib.[image: ]


Figure 4: Pioglitazone induces complete and sustained molecular response (CMR) in CML patients.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Clonogenicity assays in the presence of various PPARγ agonists and validation of STAT5B overexpression and anti-PPARγ, anti-STAT5 and anti-HIF2α siRNA.
a, Clonogenic capacities of BM CD34+ cells were assayed following pre-incubation for 2 days with culture medium alone (control) or supplemented with PPARγ agonists, PGJ2, troglitazone (Tro), ciglitazone (Cig), rosiglitazone (Ros), pioglitazone (Pio) or MCC-555 (MCC) (25 μM each) (samples from 4 donors in triplicate). The number of colonies scored is expressed as percentage of control (untreated) values with standard deviation (s.d.), *P < 0.05 using the nonparametric Wilcoxon rank test. b, Validation of anti-PPARγ siRNA used in Fig. 2b. CD34+ cells were transfected with irrelevant or PPARγ targeting siRNA (25 nM each). An anti-PPARγ shRNA was used as a positive control. PPARγ transcripts were normalized to GAPDH transcripts and expressed relative to the levels measured in untransfected cells. c, Western blot analysis with PPARγ, pan-STAT5, HIF2α and anti-actin antibodies (Ab). Validation of siRNA against PPARγ or STAT5 and lentivector expressing STAT5B (LvSTAT5B) were realized on CD34+ cells from human UCB. Validation of siRNA against HIF2α was realized on K562 cell line. Ctrl, scrambled siRNA; −, untreated. Quantification of western blot signal was realized with ImageJ software (http://rsb.info.nih.gov/ij/). Histograms show mean values with s.d., n = 3.


Extended Data Figure 2 Differential and synergistic effects of pioglitazone and TKIs on CML cells.
a, CFC assays with CD34+ CP-CML cells from patients at diagnosis. Imatinib and/or pioglitazone were added for 48h before CFC assays. Means of 29 patients with standard deviation (s.d.). b, CFC assays after lentivector-mediated expression of BCR–ABL or eGFP (negative control) in human cord blood CD34+ cells. Imatinib and/or pioglitazone were added for 48 h before CFC assays. Means of 3 individuals in triplicate with s.d. c, d, Limited dilution analysis (LDA) of CML LSCs by LTC-IC and frequency analysis. Plotted are means for CD34+ cells from 2 CP-CML patients, 16 replica each. Imatinib 1 μM, Rosi 10 μM. e, f, CFSE analysis of CD34+ cells (>96% Ph+) from CP-CML patients (for all experiments, imatinib 1 μM, dasatinib 0.146 μM, pioglitazone and rosiglitazone 10 μM, JQ1 1 μM. imat, imatinib; dasa, dasatinib; pio, pioglitazone; (P), undivided). To confirm the pivotal role played by STAT5 in the mechanism of action of pioglitazone in eroding the pool of TKI-resistant CML-LSCs, we investigated here the effect of the bromodomain inhibitor JQ1, which inhibits the transcriptional function of STAT5 by decreasing its activity through targeting the bromodomain-containing protein 2 (BRD2), a key cofactor of STAT5. Although this study with JQ1 is corroborative, one cannot completely exclude the possibility that these effects are coincidental, as targeting BRDs may cause a series of effects independent of STAT5.


Extended Data Figure 3 Pioglitazone slowly decreases STAT5 expression whereas imatinib rapidly inhibits STAT5 phosphorylation.
a, Differential kinetics of action of imatinib and pioglitazone. CD34+ CP-CML cells (patient 4) in liquid culture in serum-free medium without cytokines. b, Rate of apoptosis in CP-CML cell populations after 4 days of culture with imatinib and/or pioglitazone (n = 5; *P < 0.05). Solid bars (black for CD38− and grey for CD38+), percentage of recovery relative to input and normalized to untreated controls. Hatched bars, percentage of apoptosis, defined by the expression of annexin V. c, Flow cytometry analysis of permeabilized K562 cells with IgG against phosphorylated (Tyr694) STAT5. Untreated (black) and drug treated (red or blue). Control panel, no drug treatment but irrelevant IgG isotype control (grey peak). d, Western blot analysis with pan-STAT5 and anti-actin antibodies, showing a decrease of STAT5 by 3.5 fold ± 0.5 (s.d.) in lane 4 (n = 3). Lanes 1 and 2 for imatinib (15 and 30 min exposure, respectively); lanes 3 and 4 for Pio (72 and 96 h exposure, respectively). Ratio indicates ratio of STAT5 expression/β-actin expression relative to lane 1. Quantification of western blot signals (n = 3 for each condition) was realized with ImageJ software (http://rsb.info.nih.gov/ij/).


Extended Data Figure 4 Forced expression of STAT5 in CP-CML CD34+ cells increases the compartment of quiescent cells.
a, CFSE analysis of CP-CML CD34+ cells treated with pioglitazone after transduction with lentivectors (Lv) expressing eGFP or STAT5B, whose transcription is PPARγ-independent. Representative CP-CML patient 2 in triplicate (data for all patients are in Extended Data Fig. 2e). One coloured peak for each cell division number. P, colcemid arrested “parent-cells”. b, Distribution (%) of CD34+ cells in each division peak shown in Extended Data Fig. 3a. c, STAT5 mRNA expression analysis. d, Transduction efficiency of STAT5 lentivector. (5 replica with s.d.). e, Data for the 3 patients tested.


Extended Data Figure 5 High toxicity of pioglitazone for CML LSCs vs. low toxicity for normal HSCs.
LTC-IC (LDA) showing differential toxicity of pioglitazone for CP-CML vs. normal CD34+ cells (n = 3, 16 replica for each).


Extended Data Figure 6 Erosion of undivided and imatinib-resistant CD34+ CP-CML cells is OCT1-independent.
a, Efficiency of LvOCT1 transduction (D8). b, OCT1 mRNA expression. Results are normalized to GAPDH mRNA levels and represented relative to mRNA expression for the “imatinib alone” condition. c, CFSE analysis and absolute cell count in the presence of imatinib, with or without OCT1 overexpression. Left scale (black), total cells showing CD34+ vs. CD34− cells (histograms). Right scale (red), undivided CD34+ cells (red dots) (representative for n = 3 CP-CML patients).


Extended Data Figure 7 The viability of undivided (P) and imatinib-resistant CD34+ CP-CML cells depend on HIF2α expression.
Representative CP-CML patient 8 in triplicate (data for all patients are in Extended Data Fig. 6e). a, CFSE analysis in presence of siRNA against STAT5 or HIF2α in CD34+-Ph+ cells treated or not with imatinib. One colored peak for each cell division number. P, colchemid arrested ‘parent-cells’. b, Distribution (%) of CD34+ cells in each division peak. c, HIF2α mRNA expression 72 h after siHIF2α transfection. d, STAT5 A and B mRNA expression 72 h after siSTAT5 transfection into human UCB CD34+ cells. Results are normalized to GAPDH mRNA levels (means of 5 experiments with s.d. for each gene assessed). e, Data for the 5 patients tested (*P < 0.05 relative to siCtrl; #P < 0.05 relative to Imatinib + siCtrl). f, CFSE analysis of cord blood CD34+ cells after transduction with lentivectors (Lv) expressing HIF2α or eGFP. One coloured peak for each cell division number. P, colchemid arrested ‘parent-cells’. g, Distribution (%) of CD34+ cells in each division peak (n = 5). h, Transduction efficiency of HIF2α Lv. i, HIF2α mRNA expression (means of 5 experiments with s.d.).


Extended Data Figure 8 Expression of target genes in CD34+ cells and Ba/F3 cell line CML-models.
a, mRNA expression of target genes in CD34+ cells from UCB transduced or not by BCR–ABL expressing lentivector (Lv). BCR–ABL+ cells were cultured in serum-free medium without cytokines for 7 days with either imatinib alone (1 μM) or imatinib and pioglitazone (1 μM and 10 μM, respectively) (means of 5 experiments with s.d. for each gene assessed). Results are normalized to GAPDH mRNA levels and represented relative to mRNA expression for the ‘untreated’ condition. Overexpression of BCR–ABL in CD34+ cells from umbilical cord blood induced expression of STAT5 and HIF1α mRNAs by 2.7- and 2.8-fold, respectively (P = 0.043), while HIF2α and CITED2 mRNAs were increased by 12.5-fold and 9-fold (P = 0.043), respectively. In the presence of imatinib, STAT5 and HIF1α mRNAs were increased by 7.5- and 4.9-fold (P = 0.043), respectively, while HIF2α and CITED2 were increased by 19.3- and 22-fold (P = 0.043), respectively. Either pioglitazone or an siRNA against STAT5 (A and B) significantly reduced the levels of HIF2α and CITED2 mRNAs, while an siRNA against HIF2α significantly reduced CITED2 mRNA expression (>threefold each, P < 0.05). b, mRNA expression of target genes in Ba/F3 cell sub-lines independent of IL3 for viability after transduction with LvBCR–ABL or constitutively activated Stat5A1*6 (A*) or Stat5B1*6 (B*). Results are normalized to GAPDH mRNA levels and represented relative to mRNA expression for the original Ba/F3 cell line (means of 5 experiments with s.d. for each gene assessed). Forced expression of BCR-ABL increased the level of murine endogenous Stat5 (a and b) mRNAs by 2.7 fold (P = 0.043). When BCR-ABL or constitutively activated murine Stat5 1*6 (a or b) were overexpressed, murine endogenous Hif1α mRNA level was decreased by threefold (P = 0.043) and murine endogenous Hif-2α and Cited2 mRNAs increased by more than eightfold each (P = 0.043).


Extended Data Figure 9 The key regulator of HSC quiescence, CITED2, is overexpressed in TKI-resistant CD34+ cells from CP-CML patients.
a, mRNA expression of CITED2 and target genes thereof BMI1, HES1 and p57 after 9 days of culture with or without imatinib and pioglitazone. Results are normalized to GAPDH (n = 4). b, mRNA expression of endogenous murine Cited2 and its target genes Bmi1, Hes1 and p57 in Ba/F3 cell line with or without forced expression of BCR–ABL or constitutively active Stat5A 1*6 (A*) in the presence or not of siRNA against Cited2. Results are normalized to GAPDH (mean ± s.d. of 3 independent experiments in triplicate). Forced expression of a constitutively active form of murine Stat5 1*6 (A or B) in Ba/F3 cells, in and of itself, was sufficient to increase endogenous expression of murine Cited2 markedly (52-fold) as well as that of its target genes Bmi1 (2.5-fold), Hes1 (13-fold) and p57 (18-fold) c, Proliferation analysis by EdU incorporation assay of the Ba/F3 cell line that expresses or not constitutively active forms of Stat5 A 1*6 (A*) or B 1*6 (B*) in the presence or not of siRNA against Cited2 (representative result of 5 independent experiments).


Extended Data Table 1 CFSE analysis of CD34+ cells (>96% Ph+) from 6 CP-CML patients after liquid culture without cytokinesFull size table
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