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            Abstract
CCAAT/enhancer binding protein-α (C/EBPα) induces transdifferentiation of B cells into macrophages at high efficiencies and enhances reprogramming into induced pluripotent stem (iPS) cells when co-expressed with the transcription factors Oct4 (Pou5f1), Sox2, Klf4 and Myc (hereafter called OSKM)1,2. However, how C/EBPα accomplishes these effects is unclear. Here we find that in mouse primary B cells transient C/EBPα expression followed by OSKM activation induces a 100-fold increase in iPS cell reprogramming efficiency, involving 95% of the population. During this conversion, pluripotency and epithelial–mesenchymal transition genes become markedly upregulated, and 60% of the cells express Oct4 within 2 days. C/EBPα acts as a ‘path-breaker’ as it transiently makes the chromatin of pluripotency genes more accessible to DNase I. C/EBPα also induces the expression of the dioxygenase Tet2 and promotes its translocation to the nucleus where it binds to regulatory regions of pluripotency genes that become demethylated after OSKM induction. In line with these findings, overexpression of Tet2 enhances OSKM-induced B-cell reprogramming. Because the enzyme is also required for efficient C/EBPα-induced immune cell conversion3, our data indicate that Tet2 provides a mechanistic link between iPS cell reprogramming and B-cell transdifferentiation. The rapid iPS reprogramming approach described here should help to fully elucidate the process and has potential clinical applications.
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                    Figure 1: Effect of transient C/EBPα expression on OSKM-induced iPS cell reprogramming of B cells.[image: ]


Figure 2: Upregulation of pluripotency genes.[image: ]


Figure 3: Tet2 activation, cytosine hydroxymethylation and DNA methylation.[image: ]


Figure 4: Chromatin accessibility and summary schemes.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Single cell reprogramming.
a, Bα′ cells were plated as single cells in 96-well plates on OP9 feeders in medium conditioned with IL-7, IL-15 and IL-4 cytokines. b, Representative Nanog-positive (upper panels) and Nanog-negative (lower panels) iPS cell clones in 96-well plates (scale bar, 100 μm). c, Efficiency of reprogramming obtained from two independent experiments.


Extended Data Figure 2 C/EBPα mutant and cell viability during iPS cell reprogramming.
a, E2 has no effect on reprogramming efficiency and ectopic Oct4 expression. Error bars indicate s.d. (n = 3). b, Effect of a C/EBPα mutant for the DNA binding domain on iPS cell reprogramming efficiency. Student’s t-test ***P < 0.001 relative to control. Error bars indicate s.d. (n = 3). c, Histogram showing percentages of live cells during the first 3 days of iPS cell reprogramming as analysed by FACS. Dead cells were scored as positive for DAPI staining. d, Effect of 18 h C/EBPα pulses after OSKM induction. Error bars indicate s.d. (n = 3).


Extended Data Figure 3 Properties of αiPS cells.
a, Heat maps showing gene expression profiles of B cells, ES cells, αiPS cells (clone 22) and iPS cells (clone 26) derived from Bα′ and B cells, respectively. Genes were selected based on a >4-fold difference between B cells and ES cells. b, Micrographs (×10) of αiPS cell clone 22 growing on MEF feeders, showing colonies of ES-like morphology (bright field) and expression of Nanog (green) and Oct4 (red). c, Embryoid bodies generated from αiPS cell clone 22 (bright field) differentiated into Tuj1-positive cells (ectoderm), Foxa2-positive cells (endoderm) and SMA expressing cells (mesoderm). Original magnification, ×10. d, Section of a teratoma obtained from αiPS clone 22 stained with haematoxylin and eosin, showing differentiation into the major germ layers Original magnification, ×10. e, Proportion of chimaeric mice obtained after injection of CD1 blastocysts with three different αiPS cell clones.


Extended Data Figure 4 Pluripotency gene regulation during iPS cell reprogramming.
a, Unsupervised hierarchical clustering analysis of gene expression array data. b, Agilent gene expression kinetics (log2 expression units) of pluripotency genes from Bα′+OSKM cells (red shaded panels), αiPS cells and ES cells (white panels) and B+OSKM cells (green shaded panels). c, qRT–PCR confirming array results for Dnmt3b and Zfp42 (Rex1) genes. Normalized against Pgk expression. Error bars indicate s.d. (n = 3). d, Agilent gene expression kinetics of late transition genes. e, Oct4–GFP expression during iPS cell reprogramming.


Extended Data Figure 5 Changes in the expression of mesenchymal–epithelial transition genes.
a, Agilent gene expression kinetics of mesenchymal–epithelial transition (MET) genes. b, E-cadherin expression by FACS at different times after induction. Isotype controls are shown in black; antibody-stained cells in red and green. c, GO analysis for genes upregulated >2-fold in Bα′ cells compared with B cells. d, GO analysis for genes downregulated >2-fold in Bα′ cells compared with B cells. e, GO analysis of genes upregulated >2-fold in Bα′ cells compared with B cells and subsequently downregulated >2-fold at 48 h.


Extended Data Figure 6 Changes in the expression of B cell and macrophage genes.
a, Heat map of expression Affymetrix arrays with 263 macrophage and 83 B-cell-specific genes during C/EBPα-induced transdifferentiation of B cells and heat maps of the same genes using data from the Agilent expression array in Fig. 2. b, Agilent gene expression kinetics of selected macrophage and B-cell transcription factors. c, RNA-seq data for two representative macrophage and B-cell-specific genes each. d, FACS profiles of E-cadherin (Cdh1) expression, combined with either CSF-1R (upper panels) or Mac1 (lower panels) staining. e, Reprogramming potential of E-cadherin+/Mac1− and E-cadherin+/Mac1+ cells. Error bars indicate s.d. (n = 3).


Extended Data Figure 7 ChIP-seq and RNA-seq analysis.
a, Number of upregulated and downregulated genes (>1.5-fold change) after a pulse of C/EBPα. b, Result of gene set enrichment analysis on RNA-seq data (ranked by fold change) for selected significantly enriched gene sets (from MSigDB cp.v4 database). c, Circular visualization of genomic distribution of differentially expressed genes (RNA-seq) and C/EBPα binding sites (ChIP-seq). d, Distribution of C/EBPα peaks into genomic features, on the basis of Refseq mm9 annotation. e, Fraction of upregulated (red chart) and downregulated genes (blue) after a pulse of C/EBPα showing a peak at 50 kb from TSS. f, Variation of expression after C/EBPα pulse of nearest genes to peaks. g, Selected gene sets significantly enriched in genes adjacent to C/EBPα peaks based on hypergeometric tests (from MSigDB cp.v4 database). Bonferoni procedure, P value <0.05.


Extended Data Figure 8 Tet2 expression in B cells and MEFs.
a, RT–qPCR of Tet2, pluripotency and MET genes after induction of OSKM in MEFs pulsed or not with C/EBPα. Error bars indicate s.d. (n = 3). b, c, hMeDIP and Tet2 binding at regulatory regions of the Tet2 target gene Hal1 (ref. 3) and Sall4. d, Tet2 localization in B cells pulsed with C/EBPα for 72 h. e, Oestradiol treatment has no effect on cellular localization of Tet2 protein in B cells (scale bar, 30 μm). f, Cellular localization of Tet2 protein in MEFs treated or not with E2 (scale bar, 100 μm).


Extended Data Figure 9 DNase I sensitivity and gene expression summary.
a, DNase I sensitivity at regulatory regions in B cells and Bα′ cells (data from Fig. 4a) and B cells pulsed for 72 h determined by enzyme titration. Error bars indicate s.d. (n = 3). Student’s t-test *P < 0.05 relative to control. b, CpGs analysed for methylation by bisulphite sequencing in the Pou5f1 and Nanog promoters. Filled rectangles represent methylated CpGs, empty rectangles unmethylated residues. c, Summary of relevant gene expression changes during the transition from B cells to Bα′ cells and Bα′ cells to αiPS cells.


Extended Data Figure 10 Transcription factor and cell type specificity.
a, b, B+OSKM cells were infected with a retrovirus expressing GATA1 or left uninfected, induced with doxycycline and scored for 12 d.p.i. alkaline phosphatase+ and Nanog+ colonies. Error bars indicate s.d. (n = 3). c, qRT–PCR for megakaryocyte/erythroid-restricted genes in B cells infected with GATA1 retrovirus for 3 days. Error bars indicate s.d. (n = 3). d, e, Alkaline phosphatase+ colonies at 15 d.p.i. in OSKM MEFs infected with a retrovirus expressing Mash1 or mock infected, and Nanog+ colonies counted. Error bars indicate s.d. (n = 3). f, g, Effect of MyoD expression on iPS cell reprogramming of MEFs. Cells were infected with MyoD-ER and sequentially induced with E2 to activate MyoD and doxycycline to activate OSKM. Representative plates with alkaline phosphatase+ iPS cell colonies 15 d.p.i. of MEFs pre-induced for 24, 48 or 72 h or continuously with E2. Error bars indicate s.d. (n = 3). h, Expression of muscle-restricted genes in OSKM MEFs 3 days after MyoD-ER induction. Error bars indicate s.d. (n = 3). i, Effects of C/EBPα and C/EBPβ in B+OSKM cells. Student’s t-test ***P < 0.001 relative to control. Error bars indicate s.d. (n = 3). j, Effect of an 18-h C/EBPα pulse in pre-T+OSKM cells on the formation of 12 d.p.i. Nanog+ colonies. Student’s t-test *P < 0.05 relative to control. Error bars indicate s.d. (n = 3). k, Effects of C/EBPα, PU.1 and their combination in MEFs. Student’s t-test *P < 0.05 relative to control. Error bars indicate s.d. (n = 3). l, Effect of Pax5 knock down in B-cell reprogramming. Student’s t-test *P < 0.05 relative to control. Error bars indicate s.d. (n = 3).
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        Editorial Summary
Rapid and efficient iPS cell production
A new study by Thomas Graf and colleagues describes how a pulse of C/EBPα (the transcription factor CCAAT/enhancer binding protein-α) followed by overexpression of the Yamanaka 'OSKM' reprogramming factors leads to fast and very efficient reprogramming of B-cell precursors to induced pluripotent stem (iPS) cells. The authors found that C/EBPα facilitates chromatin accessibility and accelerates expression of pluripotency genes through a mechanism that involves activation of the Tet2 enzyme. This demonstration of highly efficient and fast reprogramming of B cells into iPS cells provides a model for the study of the reprogramming process and may also have clinical relevance.
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