







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 09 July 2014



                    Selective transcriptional regulation by Myc in cellular growth control and lymphomagenesis

                    	Arianna Sabò1,2 na1, 
	Theresia R. Kress1,2 na1, 
	Mattia Pelizzola1 na1, 
	Stefano de Pretis1, 
	Marcin M. Gorski2, 
	Alessandra Tesi1, 
	Marco J. Morelli1, 
	Pranami Bora1, 
	Mirko Doni2, 
	Alessandro Verrecchia2, 
	Claudia Tonelli2, 
	Giovanni Fagà2, 
	Valerio Bianchi1, 
	Alberto Ronchi1, 
	Diana Low3, 
	Heiko Müller1, 
	Ernesto Guccione3, 
	Stefano Campaner1 & 
	…
	Bruno Amati1,2 

Show authors

                    

                    
                        
    Nature

                        volume 511, pages 488–492 (2014)Cite this article
                    

                    
                    
                

                
    
        Subjects

        	B-cell lymphoma
	Histone post-translational modifications
	Transcription


    


                
    
    

    
    

                
            


        
            Abstract
The c-myc proto-oncogene product, Myc, is a transcription factor that binds thousands of genomic loci1. Recent work suggested that rather than up- and downregulating selected groups of genes1,2,3, Myc targets all active promoters and enhancers in the genome (a phenomenon termed ‘invasion’) and acts as a general amplifier of transcription4,5. However, the available data did not readily discriminate between direct and indirect effects of Myc on RNA biogenesis. We addressed this issue with genome-wide chromatin immunoprecipitation and RNA expression profiles during B-cell lymphomagenesis in mice, in cultured B cells and fibroblasts. Consistent with long-standing observations6, we detected general increases in total RNA or messenger RNA copies per cell (hereby termed ‘amplification’)4,5 when comparing actively proliferating cells with control quiescent cells: this was true whether cells were stimulated by mitogens (requiring endogenous Myc for a proliferative response)7,8 or by deregulated, oncogenic Myc activity. RNA amplification and promoter/enhancer invasion by Myc were separable phenomena that could occur without one another. Moreover, whether or not associated with RNA amplification, Myc drove the differential expression of distinct subsets of target genes. Hence, although having the potential to interact with all active or poised regulatory elements in the genome4,5,9,10,11, Myc does not directly act as a global transcriptional amplifier4,5. Instead, our results indicate that Myc activates and represses transcription of discrete gene sets, leading to changes in cellular state that can in turn feed back on global RNA production and turnover.
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                    Figure 1: Increased Myc levels during lymphoma progression lead to invasion of accessible regulatory elements in the genome.[image: ]


Figure 2: Transcriptional amplification co-exists with selective up- and downregulation of specific Myc target genes.[image: ]


Figure 3: RNA amplification and chromatin invasion are separable events in murine fibroblasts.[image: ]


Figure 4: An alternative mechanism for Myc-induced RNA amplification.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Intensity and frequency of Myc binding events increase during tumour progression, along with their distance from promoters.
a, Quantification of c-myc mRNA levels by qRT–PCR (mean ± s.d. of n = 6, 8 and 6 for control (C), pre-tumoral (P) and tumoral (T) mice, respectively; Student’s t-test). b, Myc protein levels were measured by quantitative immunoblotting (mean ± s.d. of n = 4, 4 and 3, for C, P and T mice, respectively; Student’s t-test). c, qPCR analysis of Myc ChIP in C, P and T samples at the indicated promoters. AchR is a negative control and Ncl, Ubfd1 and Dusp6 are known Myc target genes. ChIP data are quantified as percentage of input DNA40. d, ChIP-seq tracks at the same target genes. The maxima of the tracks are 100 for Ncl, 50 for Ubfd1 and 30 for Dusp6. e–g, ChIP-seq quality controls in the Eµ-myc data set. e, ChIP-seq saturation analysis for Myc peaks of different enrichment levels for a representative tumour (T1). In this analysis a random subset of the reads is removed (down-sampling) and the number of identified peaks in the down-sampled data set is compared to the full data set. If most of the peaks are confirmed upon down-sampling, the ChIP-seq is considered to be well saturated. f, Distribution of reads density (library size normalized) for Myc-bound or unbound promoters, as indicated (Myc+, Myc−). 20,000 random 3 kb regions not overlapping with promoters were used to assess background. The Myc signal in unbound promoters (red) is close to the background (grey). g, Validation of ChIP-seq peaks by qPCR. We designed PCR amplicons at 42 sites that correspond to the following categories in Eµ-myc: (1) genes that are either not or barely expressed (RPKM < 4) and show no Myc binding in their promoter according to our ChIP-seq analysis (cyan), (2) genes that are expressed (RPKM > 4) but not bound by Myc (red), (3) genes that are both expressed and bound (black). An IgG antibody was used as negative control: the grey dotted lines indicate the 20th and 80th percentiles of the IgG signal. The left panel shows enrichment determined by ChIP-qPCR relative to that in ChIP-seq. ChIP DNA from C, P and T samples was used to amplify each test site. The right panel shows the distribution of signals obtained in ChIP-qPCR for the different categories of genes along with the signal obtained for all amplicons with the IgG antibody (grey). h, Pie charts showing the number and percentage of promoter, intergenic and intragenic Myc peaks in C, P and T samples (T1, T2, T3), based on the genomic position of each peak’s midpoint. The number above each chart gives the total amount of peaks. i, Overlap between Myc ChIP-seq peaks. For each column the percentage of peaks overlapping (at least 1 bp) with the reference samples is reported. j, Box plot showing the net distance of Myc from the nearest TSS (upstream and downstream sites together). *P < 0.05, **P < 0.001.


Extended Data Figure 2 Myc binding to open chromatin.
a, Percentages of Myc peaks associated with the indicated combinations of chromatin features at promoters. b, Same as panel a but for distal Myc binding sites. c, H3K4me1/H3K4me3 ratios of library size normalized read counts over promoter-proximal (black) and distal (red) Myc-binding sites in a representative tumour (T1). d, Top, Lowess regression between the intensity of Myc binding (x axis) and level of RNAPII, H3K4me1, H3K4me3 and H3K27ac (y axis) at Myc bound promoters for C, P and T samples (T1, T2, T3); on both axes reads density is determined as the number of reads within 6 kb regions centred at the TSS. On the y axis data are divided by the maximum value observed for each mark. Bottom, same as above, for Myc-bound distal sites (6 kb centred at Myc peaks).


Extended Data Figure 3 Myc binds active enhancers.
a, Representative snapshots of Myc-bound regions in the genome. ChIP-seq tracks are shown for Myc, RNAPII, H3K4me3, H3K4me1 and H3K27ac in the indicated samples (C, P and T1 as a representative tumour). CGI, CpG island. Promoter and enhancer regions, on the basis of annotation and chromatin features, are indicated. b, List of the domains (amplicon) previously tested and validated (last column) as B-cell enhancers14. Bound C, P, T: Myc-binding status in our data set (y, yes; n, no). Note that the two domains listed in bold are also displayed next to the table (Bst1 and Bcl7a loci).


Extended Data Figure 4 Gene expression data.
a, Hierarchical clustering of C, P and T samples based on the RNA-seq data shown in Fig. 2a. C and P samples showed relatively homogeneous profiles, whereas T samples were more variable, consistent with the clonal nature of lymphomas. b, Scatter plots with differential gene expression; our calls for up- and downregulated DEGs are reported in red and blue, respectively, and their corresponding numbers reported as inset.


Extended Data Figure 5 Comparison of NanoString and RNA-seq gene expression data.
All scatter plots confront NanoString and RNA-seq data on the y and x axes, respectively. a, Absolute expression levels (NanoString counts versus RNA-seq RPKM units). Red and blue dashed lines indicate ± 2 and ± 4 fold differences, respectively. b, The data in panel a expressed as fold-change in the corresponding P and T samples relative to C (log2 FC: log2 of fold-change). c, Same as panel a, normalized to cell equivalents. d, Same as panel b, normalized to cell equivalents.


Extended Data Figure 6 RNA amplification correlates with cell cycle entry and cell growth in P493-6 and primary murine B cells.
a–h, P493-6 cells. Cells were cultured in tetracycline-containing medium (0 h: tet-Myc repressed) or Tet-free medium (tet-Myc on) for 1 h, 24 h or multiple passages (High Myc), as indicated. Low Myc: cells were passaged in Tet- and OHT-containing medium (see text). a, Chromatin profiles of Myc-bound promoters (left panel) and distal sites (right panel) on chromosome 1 (as in Fig. 1). b, Quantification of total RNA per cell (mean ± s.d., n = 6 per group; Student’s t-test). c, Box plot showing gene expression changes relative to 0 h, as measured by NanoString normalized to cell equivalents (n = 3). d, FACS analysis of cell size distribution (mean ± s.d., n = 3 per group; Student’s t-test). e, Percentage of BrdU positive cells (mean of two experiments). f, Measurement of Myc protein levels by quantitative western blot (mean ± s.d., n = 3 per group; Student’s t-test). g, Growth curve (CellTiter-Glo assay; technical triplicate). h, Quantification of total RNA per cell (mean ± s.d., n = 6, 6, 11; Student’s t-test). i–l, Primary murine B cells. Wild-type (wt) or c-mycf/f primary murine B cells were treated with tat-Cre (see Methods) and then with LPS for the indicated periods of time. i, Quantification of total RNA per cell (mean ± s.d., n = 3 pools of mice per genotype; Student’s t-test). j, FACS analysis of cell size distribution (mean ± s.d., n = 3 mice per genotype; Student’s t-test); the bar plot reports the percentage of cells with FSC higher than 600, as illustrated in the representative graph on the right. k, Growth curve, based on direct cell counts (mean ± s.d., n = 3 mice per genotype). l, qRT–PCR analysis of genes regulated during differentiation in plasma cells (mean ± s.d., n = 3 pools of mice per genotype; Student’s t-test). Blimp1 and Xbp1 are induced, whereas Bcl6 is repressed during plasma cell differentiation20,54. The data show that these regulatory patterns are intact in c-myc-deleted cells. P values are shown either relative to 0 h, or between wild type and c-mycf/f cells, as indicated. *P < 0.05, **P < 0.001.


Extended Data Figure 7 MycER binds active promoters and enhancers.
a, ChIP-seq tracks at two representative loci for the indicated proteins and histone marks as well as DNase I hypersensitive sites in 3T9MycER fibroblasts before (0 h OHT, endogenous Myc) and after MycER activation (4 h OHT). Maxima in the Myc tracks are 80 for Ncl, and 20 for Twist2. CGI, CpG island. b, Annotation of Myc binding events, as in Extended Data Fig. 1h. c, Upper panels: chromatin profiles of Myc-bound promoters and distal sites on chromosome 1; lower panels: same at non-bound promoters and enhancers (as in Fig. 1). d, qRT–PCR validation on a per-cell-basis of up-, down- and non-regulated genes after OHT treatment in 3T9MycER fibroblast relative to untreated cells (mean log2 FC, n = 3). RNA was extracted from 50,000 cells at each time-point.


Extended Data Figure 8 Myc binding hierarchy.
a, Heatmaps showing library size-normalized ChIP-seq read counts for Myc-bound promoters in Eµ-myc and 3T9 samples, as indicated. Promoters are ranked from top to bottom by reads density. b, For all the Eµ-myc samples (C, P, T1, T2, T3) Myc binding events were divided in 5 equally sized groups based on their enrichment. Within each group the graphs report the percentage of Myc peaks overlapping (at least 1 bp) with the indicated histone marks, CpG islands (CGI), canonical and variant E-boxes or only the canonical E-box within a 100 bp window around Myc peak summits. The upper and lower graphs refer to Myc peaks on promoters and enhancers, respectively.


Extended Data Figure 9 GeneOntology enrichment analysis.
a, GeneOntology (GO) terms enriched in up- and downregulated genes in Eµ-myc lymphomas (T) vs. C, and in OHT-treated (4 h) vs untreated 3T9MycER cells. Genes differentially expressed in at least one tumour were considered for Eµ-myc. GO terms significantly enriched (Fisher test P value < 1 × 10−10) in at least one gene set were selected (rows in the heatmap) and the P values for each GO term in each gene set (columns) were colour-coded as indicated. Only GO terms in the biological process ontology that are assigned to less than 2,000 and more than 10 genes in the mouse genome were considered. b, Venn diagrams showing the overlaps among genes up- and downregulated in Eµ-myc lymphomas and 3T9MycER fibroblasts.


Extended Data Figure 10 Stalling index analysis.
The RNAPII stalling index is defined as the ratio of RNAPII read counts on promoter and gene body for all genes having an RNAPII peak on their promoters30,49. Each row shows the stalling index (left panels), the promoter (central panels) and the gene body (right panels) RNAPII counts for the indicated population of genes in the Eµ-myc and 3T9MycER models. a, b, All genes. c, d, Myc-bound upregulated genes (DEG up). e, f, Myc-bound downregulated genes (DEG down). For 3T9MycER cells, the 4sU-seq data were used, in order to consider only transcriptional changes, but similar results were obtained when using the RNA-seq data set (not shown). These observations can be summarized as follows. First, considering all genes, the stalling index followed different trends after Myc activation in different setting: a decrease along tumour progression in Eµ-myc mice (a) and an increase upon MycER activation in fibroblasts (b). However, the density of RNAPII on the promoter and gene body revealed that both of these measures increased in both systems upon Myc activation, yet in different proportions, resulting in the opposite variations in stalling index. Thus, the stalling index, although capturing the ratio between RNAPII counts on promoter and gene body, conveys no information on the changes of either quantity per se, and may prove mechanistically misleading55. Second, on Myc-induced genes, the increases in RNAPII on promoter and gene body were both larger (c, d), suggesting that Myc can upregulate transcription by increasing both RNAPII recruitment (or re-loading) and elongation30,56. As expected, these effects were lost on Myc-repressed genes (e, f).
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        Editorial Summary
Selective gene regulation by Myc
The mammalian Myc oncoprotein is a transcription factor that binds to thousands of promoters. Two current models for Myc function propose that it is either a gene-specific regulator of transcription, or a global amplifier of all active genes. Two groups reporting in this issue of Nature present evidence in support of the idea that Myc regulates specific genes. Arianna Sabò et al. analyse Myc genomic distribution and RNA expression profiles during B-cell lymphomagenesis in mice and Susanne Walz et al. compare normal cells and Myc-transformed tumour cells. Although both groups find that Myc overexpression can result in a general increase in gene expression, the effect is an indirect one. Modulated by various other transcription factors, Myc seems to act primarily by regulating specific groups of genes.
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