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            Abstract
Pluripotency is defined by the ability of a cell to differentiate to the derivatives of all the three embryonic germ layers: ectoderm, mesoderm and endoderm. Pluripotent cells can be captured via the archetypal derivation of embryonic stem cells or via somatic cell reprogramming. Somatic cells are induced to acquire a pluripotent stem cell (iPSC) state through the forced expression of key transcription factors, and in the mouse these cells can fulfil the strictest of all developmental assays for pluripotent cells by generating completely iPSC-derived embryos and mice. However, it is not known whether there are additional classes of pluripotent cells, or what the spectrum of reprogrammed phenotypes encompasses. Here we explore alternative outcomes of somatic reprogramming by fully characterizing reprogrammed cells independent of preconceived definitions of iPSC states. We demonstrate that by maintaining elevated reprogramming factor expression levels, mouse embryonic fibroblasts go through unique epigenetic modifications to arrive at a stable, Nanog-positive, alternative pluripotent state. In doing so, we prove that the pluripotent spectrum can encompass multiple, unique cell states.
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                    Figure 1: Fibroblasts reprogram to multiple states.[image: ]


Figure 2: The F-class state.[image: ]


Figure 3: HDACi induced F-class to ESC-like transition.[image: ]


Figure 4: Epigenetic marks steer reprogramming trajectory.[image: ]


Figure 5: Schematic representation of cell-state transitions during reprogramming.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Expression profile of F-class cells.
a, Quantitative RTâ€“PCR analysis of total reprogramming factor expression in day 16 F-class (n = 6) and C-class (n = 22), non-parametric t-test. b, Differentially expressed genes (two-tailed Welch t-test PÂ <Â 0.01, FDRÂ <Â 0.01) between transgene-expressing reprogrammed lines (n = 28) and ESC-like lines (n = 3). c, Genes highly expressed in b compared against parental fibroblasts. Genes >twofold higher than fibroblasts classified as reprogramming induced. d, Scatter plot of differentially expressed genes (Welchâ€™s t-test PÂ <Â 0.01; FDRÂ <Â 0.05). e, Quantitative RTâ€“PCR profiling of cells in a. Non-parametric t-test between the F- and C-class lines (n = 28) ; *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001. f, Expression of PluriNet genes were compared between ESC-like state and F-class state (P valuesÂ <Â 0.05, adjusted using the Benjaminiâ€“Hochberg method). GeneMANIA interaction network of known gene co-expression and physical interactions. Black nodes represent input genelist, grey nodes represent connecting genes, red nodes represent non-PluriNet genes identified by GeneMANIA that are downregulated in F-class cells.


Extended Data Figure 2 Comparison to epiblast stem cells.
a, Flow cytometric analysis of Nanog expression in F- and C-class primary cell lines after 21 days of transgene expression. Graphs show one of n = 2 experiments. b, Immunofluorescent staining of F-class cells (clone 2) after 30 days of transgene expression. Blue represents Hoechst DNA stain. Scale bars, 100Â Î¼m. c, Unsupervised hierarchical clustering of gene expression. EpiSC and ESC populations from ref. 36, with all other cell lines described in Fig. 1b. d, Quantitative RTâ€“PCR analysis of F-class cells (day 30) grown in EpiSC media for 7 days. Graphs show one of n = 2 biological replicates, with 3 technical replicates each. e, Proliferation of established F-class cells (day 30) plated in different media compositions, 1,000 cells plated per cm2, n = 3 technical replicates from one experiment.


Extended Data Figure 3 A stable stem-cell state.
a, Schematic of Cdh1 overexpressing sleeping beauty transposon. IR depicts sleeping beauty inverted repeats. Quantitative RTâ€“PCR of gene expression after 7 days Cdh1 overexpression. n = 3 technical replicates from one experiment. b, Images of Cdh1 overexpressing F-class cells. Scale bars, 100Â Î¼m. c, Quantitative RTâ€“PCR analysis of 12 sub-lines derived from clone 1 F-class cells. AverageÂ Â±Â s.d. d, DPPA4 immunofluorescence of clone 1 (sub-line-1) after 30 days of transgene expression. Scale bars, 200Â Î¼m. e, G-banded karyotype on diploid metaphases of F-class clones. f, Ability to maintain a reprogrammed state in the absence of transgene expression, doxycycline removed after day 21, n = 3 technical replicates from one experiment. Clonal lines ordered as in Fig. 1b.


Extended Data Figure 4 F-class expansion in absence of LIF signalling.
a, Nanog immunofluorescence of single-cell-derived colonies (Day 5). b, Clonal efficiency of F-class cells and ESCs treated with JAK inhibitor (data shown is the mean from n = 3 biological replicates, with 3 technical replicates each, averageÂ Â±Â s.d.). c, 1B secondary fibroblast reprogramming25 initiated by doxycycline treatment of fibroblasts in either JAKi-supplemented media (no LIF) or LIF-supplemented media (standard serum-based ESC media). Scale bars, 200Â Î¼m. d, Cell expansion of c during 10 days of reprogramming (data shown is the mean from 3 technical replicates from one experiment). e, f, Gene expression analysis (qRTâ€“PCR) of Day 16 reprogramming in JAKi and LIF media (c). Assessment of F-class markers (e) and ESC markers (f) (data shown is the mean from n = 2 biological replicates with 3 technical replicates each). g, DsRed ESCs were mixed with GFP F-class cells. Flow cytometric analysis of population composition before and after passaging. h, Proliferation of F-class and ESC cells grown as suspension culture. i, Phase contrast image of cells grown in suspension for 9 days. Scale bars, 200Â Î¼m.


Extended Data Figure 5 In vitro differentiation to three germ layers.
a, TUJ1-positive neurons generated by F-class cells upon doxycycline withdrawal in serum-free media (day 30). b, Multiple neuronal subtypes generated by F-class cells, (clone 1, sub-line 1). c, Quantitative RTâ€“PCR analysis of gene expression during neural differentiation. Clone 1 F-class cells (black line) in comparison to ESC differentiation (grey line). 3 biological replicates (averageÂ Â±Â s.d.). d, Doxycycline withdrawal induced differentiation of day 35 F-class cells in 15% serum-based media for 8 days. Immunofluorescent staining of cells representing endoderm (FoxA2) and mesoderm (Î±-SMA). Scale bars, 200Â Î¼m.


Extended Data Figure 6 Transgene expression levels direct reprogramming.
a, Schematic representation of three assessed reprogramming systems. b, Quantitative RTâ€“PCR of factor expression of clonal lines, day 25â€“day 35. Each point represents a clonal reprogramming colony with n = 6 biological replicates and 3 technical replicates each. c, Representative images of transgene-expressing cells. The day 14 images are representative of 3F and low-expressing 4F reprogramming to highlight the appearance of ESC-like colonies. Scale bars, 200Â Î¼m. d, Nanog expression in day 30 colonies. High-expressing 4F cells (1B) exhibit the F-class cell morphology. Scale bars, 100Â Î¼m. e, Principal component analysis of quantitative RTâ€“PCR values (32 genes). 3F, 4F low and 4F high cell lines are described in a and b. Cell-state landmarks are F-class clones 1 and 5 (red squares), and C-class clones 5, 10 and 23 (blue squares). f, Quantitative RTâ€“PCR analysis of low-expressing 4F (Col1a1, grey line) and high-expressing 4F (2Â° 1B, black line) reprogramming, n = 1. g, Schematic model of proposed cell reprogramming routes.


Extended Data Figure 7 Adult tail tip derived F-class cells.
a, Tail-tip fibroblast-derived F-class cells. Scale bars, 200Â Î¼m. b, Quantitative RTâ€“PCR analysis of gene expression (day 25 of transgene expression) in clonal tail tip fibroblast reprogrammed cell lines n = 7 biological replicates. c, Principal component analysis of gene expression profile (quantitative RTâ€“PCR, 32 genes). d, Retroviral silencing during transposon mediated reprogramming to F-class state. Quantitative PCR analysis of retroviral copy number (genomic DNA levels) and RNA transcription (n = 3 technical replicates from one experiment). e, Retroviral silencing in established F-class cells (n = 3 technical replicates from one experiment).


Extended Data Figure 8 Requirement of four reprogramming factors.
a, Phase contrast images of F-class cells (CAG-3F + tetO Myc cells). Scale bars, 200Â Î¼m. b, Quantitative RTâ€“PCR analysis of reprogramming factor expression, two independent cell lines (data are from n = 2 biological replicates with 3 technical replicates each). c, Genes exhibiting >twofold change upon doxycycline removal (Illumina BeadArray, two independent clones). d, Gene ontology term enrichment of differential gene expression. e, Reprogramming factor expression was activated in ESC-like cells (1B primary iPS cell line). f, Quantitative RTâ€“PCR of reprogramming factor expression in cell lines (n = 10) established from F-class colonies picked in e. g, Quantitative RTâ€“PCR expression of ESC and F-class gene identifiers in cell lines (n = 10) established from F-class colonies picked in e.


Extended Data Figure 9 HDACi-induced transition to ESC-like state.
a, Quantitative RTâ€“PCR of gene expression in F-class cells (day 30, doxycycline-supplemented) that were either maintained in 2i media or exposed to HDAC inhibitors for 10Â days. Two cell lines representative of six F-class lines. Data are from n = 3 technical replicates from one experiment. b, Quantitative RTâ€“PCR of F-class (clone 1) sub-lines (n = 12) treated with 10Â nM trichostatin A for 6 days. Line denotes average. c, Cell division rate of HDACi-treated cells, as determined directly by time-lapse analysis. d, Flow cytometric analysis of cell viability upon HDACi treatment (10Â nM trichostatin A).


Extended Data Figure 10 Temporal effect of HDACi.
a, Schematic representation of HDACi treatment. b, Quantitative RTâ€“PCR analysis of gene expression during HDACi treatment. Red bars depict time points of HDACi exposure (10Â nM TSA). Data are from n = 3 biological replicates with 3 technical replicates each (averageÂ Â±Â s.d.). c, Principal component analysis of gene expression (Illumina BeadArray). d, Gene ontology term enrichment analysis of genes during HDACi treatment. e, Unsupervised hierarchical clustering of gene expression (Illumina BeadArray) corresponding to primary reprogrammed clones after 16 days of transgene expression and day 16 cells from the 1B secondary reprogramming system (1BD16).
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