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            Abstract
Photoreceptor loss is the final common endpoint in most retinopathies that lead to irreversible blindness, and there are no effective treatments to restore vision1,2. Chemical reprogramming of fibroblasts offers an opportunity to reverse vision loss; however, the generation of sensory neuronal subtypes such as photoreceptors remains a challenge. Here we report that the administration of a set of five small molecules can chemically induce the transformation of fibroblasts into rod photoreceptor-like cells. The transplantation of these chemically induced photoreceptor-like cells (CiPCs) into the subretinal space of rod degeneration mice (homozygous for rd1, also known as Pde6b) leads to partial restoration of theÂ pupil reflex and visual function. We show that mitonuclear communication is a key determining factor for the reprogramming of fibroblasts into CiPCs. Specifically, treatment with these five compounds leads to the translocation of AXIN2 to the mitochondria, which results in the production of reactive oxygen species, the activation of NF-ÎºB and the upregulation ofÂ Ascl1. We anticipate that CiPCs could have therapeutic potential for restoringÂ vision.
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                    Fig. 1: Conversion of fibroblasts and the molecular characterization of CiPCs.


Fig. 2: Functional analysis of CiPCs in a mouse model of retinal degeneration.


Fig. 3: The mROSâ€“NF-ÎºBâ€“ASCL1 signalling axis determines the reprogramming of fibroblasts to CiPCs.


Fig. 4: Mitochondria-translocated AXIN2 causes mROS generation and the reprogramming of fibroblasts to CiPCs.



                


                
                    
                
            

            
                Data availability

              
              Supporting RNA-seq and ATACâ€“seq data are deposited in the Gene Expression Omnibus under accession codes GSE138520 (RNA-seq) and GSE138521 (ATACâ€“seq) respectively. Source data for Figs. 1â€“4 and Extended Data Figs. 1â€“3, 5â€“8 are available within the manuscript files.
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Extended data figures and tables

Extended Data Fig. 1 Preparation of Nrlâ€“DsRed lentiviral reporter construct and lineage tracing.
a, DNA gel shows cloned Nrl and DsRed fragments digested out from the pENTR2B vector. This experiment was performed once. b, Expression of Nrlâ€“DsRed in human CiPCs on day 8. c, The number of Nrlâ€“GFP+ cells upon subtraction of the indicated small molecules from the mixture. d, The number of Nrlâ€“GFP+ cells after conversion (on day 11) upon treatment with each small molecule alone. e, Scheme showing the generation of the mouse model for lineage tracing. f, Flow sorting of FSP1Creâ€“tdTomato+ MEFs. Left, scatter plot from FACS; middle, MEFs before cell sorting; right, MEFs after cell sorting. Scale bars, 25 Î¼m. This experiment was performed once. g,Â Cells expressing NRL are FSP1â€“tdTomato-positive on day 11, suggesting that they originate from fibroblasts. h, Percentage of cells that are positive for both NRL and tdTomato, compared with those that are just positive for NRL. In c, d, h data are presented as meanÂ Â±Â s.e.m. of nÂ =Â 3 independently treated wells. Statistical significance was assessed using a two-tailed Studentâ€™s t-test.

Source Data



Extended Data Fig. 2 BrdU staining, transcriptome analysis and functional testing of CiPCs.
a, Images of BrdU-stained CiPCs on day 11. Scale bars, 10 Î¼m. b, Heat map analysis of RNA-seq data for the indicated cell-type-specific genes. c, Timeline for subretinal transplantation of CiPCs and functional analysis. d, Scotopic b-wave after transplantation of converted CiPCs. n denotes the number of biologically independent animals.

Source Data



Extended Data Fig. 3 Functional analysis CiPCs in retinal degeneration mice (rd1).
aâ€“c, Analysis for the scotopic a-wave of ERG after transplantation of CiPCs at day 45 (a), day 59 (b) and day 77 (c). d, Scatter plot of pupil constriction measurements for CiPC-injected rd1 mice taken three months after transplantation. e, f, Measurement of visual acuity (e) and contrast sensitivity (f) for CiPC-injected mice that demonstrated improved pupil response after transplantation and control mice. OR, optokinetic response. For the CiPC-injected rd1 experiment, repeated values are plotted (forÂ nÂ =Â 1 mouse). In aâ€“e, n denotes biologically independent animals and the experiment in f was performed twice.

Source Data



Extended Data Fig. 4 Transplanted CiPCs express photoreceptor-specific markers and connected to the inner retina three months after transplantation.
a, Expression of recoverin (Recov, red) in CiPCs (green). b, Expression of rhodopsin (Rho, red) in GFP-expressing CiPCs. c, Expression of rod ribbon-synapse protein ribeye (red) in transplanted CiPCs (green). The bottom panel shows a magnified version of the imageÂ (arrowhead). d, Close appositionÂ of transplanted CiPCs (green)Â with PKC-positive (red) rod bipolar cells (white arrowhead). e, Expression of synaptic marker protein synaptophysin (red, arrowhead) in transplanted CiPCs (green)Â (co-localization, yellow). d, e, Left, imagesÂ at 20Ã— magnification; right, images at higher digitalÂ magnification. In aâ€“e, experiments were repeated twice with similar results. Scale bars, 10 Î¼m.

Source Data



Extended Data Fig. 5 Effect of NF-ÎºB knockdown, H2O2, TNFÎ± and the overexpression of Ascl1 on the reprogramming of fibroblasts to CiPCs.
a, qPCR analysis following shRNA-mediated knockdown (kd) of RelA (which encodes NF-ÎºB) in MEFs. b, qPCR analysis of Ascl1 expression after the reprogramming of RelA-depleted MEFs on day 11. c, Number of Nrlâ€“GFP cells after the conversion of RelA-knockdown MEFs on day 11. d, Effect of different concentrations of H2O2, generated by galactose and galactose oxidase (GAO), on the reprogramming of fibroblasts to CiPCs. e, Effect of cytokine (TNF, 50 ng mlâˆ’1) on CiPC conversion. f, qPCR analysis showing the overexpression (OE) of Ascl1 in MEFs. g, Phase contrast micrographs of MEFs overexpressing Ascl1 before and after reprogramming in inducing medium. No Nrlâ€“GFP+ cells were evident up to day 15. h, Fluorometric measurement of mROS in Ascl1-overexpressing cells on day 8 of reprogramming. Data are presented as meanÂ Â±Â s.e.m. of nÂ =Â 3 independently treated wells. Statistical significance was assessed using a two-tailed Studentâ€™s t-test.

Source Data



Extended Data Fig. 6 NF-ÎºBâ€“luciferase activity and generation of mROS during the reprogramming of fibroblasts to CiPCs.
a, A luciferase activity assay reveals decreased activation of NF-ÎºB upon treatment with MitoTEMPO and increased NF-ÎºB activity upon depletion of TFAM on day 11 of reprogramming to CiPCs. b, Luciferase activity shows decreased NF-ÎºB activation in Axin2-knockdown MEFs on day 8 and day 11 of reprogramming. SM, small molecules. c, MEFs stained with MitoSOX showed low levels of mROS productionÂ (scale bar, 33Â Î¼m). d, Plot of mROS accumulation on day 8, as visualized using fluorescence microscopy after MitoSOX staining, in wild-type (WT) Nrlâ€“GFP MEFs treated with all compounds (top), Axin2-knockdown Nrlâ€“GFP MEFs treated with all compounds (middle) and control Nrlâ€“GFP MEFs (bottom). e, qPCR analysis following Tfam depletion in MEFs using shRNA. f, Fluorometric measurement of mROS (after MitoSOX staining) in MitoTEMPO-treated and TFAM-knockdown cells on day 11. g, ChIP assay shows reduced binding of activated NF-ÎºB near the Ascl1 locus upon treatment with MitoSOX. In a, b, eâ€“g, data are presented as meanÂ Â±Â s.e.m. of nÂ =Â 3 independently treated wells. Statistical significance was assessed using a two-tailed Studentâ€™s t-test.

Source Data



Extended Data Fig. 7 Mitochondrial localization of AXIN2 in converted cells and a mito-stress test for CiPCs.
a, Western blot after subcellular fractionation of CiPCs showed that AXIN2 was localized in the mitochondria. C, cytoplasm; M, mitochondria. For gel source data, see Supplementary Fig. 1e, f. b, Micrograph of AXIN2 (red)- and GFP (green)-stained CiPCs after z-stack and 3D reconstruction, also showing that AXIN2 localizes in the mitochondria. In a, b experiments were performed once. c, CiPCs were found to have a reduced oxygen consumption rate (OCR) compared with MEFs and day-8 reprogramming intermediates, as measured using a Seahorse assay. Oligo, oligomycin; FCCP, carbonyl cyanide-4-phenylhydrazone. d, The indicated mitochondrial parameters of CiPCs, quantified in terms of OCR using a Seahorse assay, compared with those of MEFs and day-8 reprogramming intermediates. e, The extracellular acidification rate (ECAR) of CiPCs, MEFs and day-8 reprogramming intermediates was measured using a Seahorse assay. f, The indicated mitochondrial parameters of CiPCs, quantified in terms of ECAR using a Seahorse assay, compared with those of MEFs and day-8 reprogramming intermediates. In câ€“f, data are presented as meanÂ Â±Â s.e.m. of nÂ =Â 3 independently treated wells.

Source Data



Extended Data Fig. 8 Conversion of humanÂ fibroblasts into CiPCs and in vivo functional testing of mouse CiPCs.
a, qPCR analysis shows expression of the indicated photoreceptor-specific genes in CiPCs. b, Fluorescence microscopy image demonstrates the expression of NRL in CiPCs. a, b,Â HADF from patients withÂ retinitis pigmentosa.Â This experiment was performed three times with similar results. c, Confocal microscopy image of the retina of an rd1 mouse, immunostained with GFPÂ (red) and PNA (peanutagglutinin, green), three months after transplantation of CiPCs. d, Left, confocal microscopy image of a retinal section showing GFP-positive CiPCs three months after transplantation. This experiment was repeated twice with similar results. Right, conversion of human HFL1s (originalÂ protocol, see Methods)Â and Â a modified protocol usingÂ HADFs (Fig. 1f)Â to CiPCs. e, The correlation between the number of transplanted CiPCs and the extent of pupil constriction. nÂ =Â 6 eyes classified as pupil responders and nÂ =Â 8 eyes classified as pupil non-responders. f, CiPC survival in the eyes of rd1 mice classified as pupil responders and pupil non-responders. The n values denote the number of eyes. In a, d, e, data are presented as meanÂ Â±Â s.e.m. of nÂ =Â 3 independently treated wells.

Source Data



Extended Data Fig. 9 Gene expression and chromatin analysis of CiPCs.
a, Pairwise gene expression comparison of RNA-seq data demonstrates that neuronal markers are increased, glial markers are not activated and fibroblast genes are silenced. Numbers on both axes represent logarithmic base 2-transformed counts per million values for each gene. b, Heat map analysis (from RNA-seq data) of photoreceptor genes along with other neuronal and fibroblast genes. c, Fibroblast-specific gene expression as determined by RNA-seq during reprogramming. The expression of Col1a1, Col2a1, Thy1, Ctgf, S100a4 (also known as Fsp1) and Slc17a5 is reduced in reprogramming intermediates as well as in CiPCs. d, Pie charts of results of ATACâ€“seq analysis show increased open chromatin corresponding to the proximal promoter region in reprogramming intermediates. e, Principal component analysis of ATACâ€“seq data shows open chromatin regions for the indicated samples. f, ATACâ€“seq analysis shows opening of specific chromatin regions for the indicated photoreceptor-specific loci (Ascl1, Rho, Gngt1 and Thrb). All data are representative of three independently treated samples.
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Extended Data Fig. 10 Schematic of the transplantation study and the mechanism of reprogramming fibroblasts to CiPCs.
a, Schematic of reprogramming to CiPCs and functional analysis. b, Schematic of the mechanism of reprogramming fibroblasts to CiPCs.
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Supplementary Figures
This file contains Supplementary Figures 1 and 2. Supplementary Figure 1: Uncropped scans of source data for immunoblots and DNA gels. Results from immunoblots indicated the role of axin2 in ROS generation from mitochondria. DNA gels show the expression of indicated photoreceptor specific genes in CiPC. Supplementary Figure 2: Gating strategy. Representative example of gating strategy used for flow cytometry studies.


Reporting Summary

Supplementary Table 1
Composition of various cell culture media used for this study. IMR90 medium was used for the growth of mouse embryonic fibroblasts (MEFs). PIM and PDM medium were used during CiPC reprogramming with small molecules.


Supplementary Table 2
Description of all the small molecules used for CiPC reprogramming. Concentration and source of all small molecules are detailed.


Supplementary Table 3
Sequence of all the primers including RT-PCR used for the study.


Supplementary Table 4
Details of all the antibodies used in this study. Source and antibody dilutions are indicated.


Supplementary Table 5
Outline for the screening of various small molecules used for this study including the rationale for the use of each small molecule.


Supplementary Table 6
List of all the human fibroblasts tested for the chemical reprogramming process. Vendors and catalog number for each cell source is also indicated.
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Motif enrichment in ATACSeq for indicated transcription factors during CiPC reprogramming.
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