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            Abstract
Ring chromosomes are structural aberrations commonly associated with birth defects, mental disabilities and growth retardation1,2. Rings form after fusion of the long and short arms of a chromosome, and are sometimes associated with large terminal deletions2. Owing to the severity of these large aberrations that can affect multiple contiguous genes, no possible therapeutic strategies for ring chromosome disorders have been proposed. During cell division, ring chromosomes can exhibit unstable behaviour leading to continuous production of aneuploid progeny with low viability and high cellular death rate3,4,5,6,7,8,9. The overall consequences of this chromosomal instability have been largely unexplored in experimental model systems. Here we generated human induced pluripotent stem cells (iPSCs)10,11,12 from patient fibroblasts containing ring chromosomes with large deletions and found that reprogrammed cells lost the abnormal chromosome and duplicated the wild-type homologue through the compensatory uniparental disomy (UPD) mechanism. The karyotypically normal iPSCs with isodisomy for the corrected chromosome outgrew co-existing aneuploid populations, enabling rapid and efficient isolation of patient-derived iPSCs devoid of the original chromosomal aberration. Our results suggest a fundamentally different function for cellular reprogramming as a means of â€˜chromosome therapyâ€™13 to reverse combined loss-of-function across many genes in cells with large-scale aberrations involving ring structures. In addition, our work provides an experimentally tractable human cellular system for studying mechanisms of chromosomal number control, which is of critical relevance to human development and disease.
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                    Figure 1: Reprogramming from fibroblasts with r(17) produces multiple iPSC clones that do not have the ring chromosome.[image: ]


Figure 2: Karyotypically normal cells predominate in early passage iPSC clones derived from MDS1r(17) fibroblasts.[image: ]


Figure 3: Rescue of MDS-associated deletion in iPSCs derived from r(17) fibroblasts through compensatory uniparental isodisomy.[image: ]


Figure 4: Derivation of iPSC clones with a normal karyotype from fibroblasts with r(13).[image: ]
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Extended data figures and tables

Extended Data Figure 1 Karyotypes of MDS cells used in this study.
a, b, Representative karyotypes of MDS1r(17) fibroblasts (a) and two independent iPSC clones from each of the three MDS patients (b). Magnifications of chromosome 17 pairs (dotted squares) are shown in Fig. 2a for MDS1r(17) cells (boxes 1â€“3) and to the right of panel (a) for MDS2 and MDS3 iPSCs (boxes 4â€“7). c, Summary of karyotype data from G-banding analyses of MDS fibroblasts and iPSC clones 1 and 2 (n = 20 each).


Extended Data Figure 2 Expression of pluripotency markers in iPSCs.
aâ€“j, Immunocytochemistry of MDS (aâ€“d) and r(13)-derived (eâ€“j) iPSCs with the antibodies indicated.


Extended Data Figure 3 No evidence of episomal factor integration in iPSCs.
qPCR from genomic DNA using primers specific for exogenous KLF4, SOX2, OCT4, L-MYC and LIN28, as described previously17. a, b, Relative levels of episomal factors in MDS fibroblasts on day 15 after electroporation with epiY4 mixture17 (positive control), WT and MDS iPSCs (passages 20â€“25), as well as WT human embryonic stem cell line HSF-1 (negative control) (n = 1). c, d, Episomal factor copy number per cell in r(13) fibroblasts electroporated with epiY4 mixture (positive control) and iPSCs (n = 1).


Extended Data Figure 4 Embryoid-body differentiation from MDS iPSCs.
aâ€“c, Immunocytochemistry showing expression of endoderm-derived cells positive for AFP (a), mesoderm-derived cells positive for SMA (b), and ectoderm-derived cells positive for TUJ1 (c) generated in vitro using the embryoid-body method with MDS1r(17), MDS2 and MDS3 iPSCs.


Extended Data Figure 5 Teratoma formation from MDS iPSCs.
aâ€“c, Histological sections from 6.5â€“11-week teratomas developed in the testis of SCID mice following injection with MDS1r(17), MDS2 and MDS3 iPSCs. Haematoxylin and eosin (H&E) staining reveals characteristic tissues from the mesoderm (a), endoderm (b) and ectoderm (c). d, List of MDS iPSC lines that were injected and teratoma efficiency.


Extended Data Figure 6 Cell morphology and chromosome distribution of additional MDS1r(17) iPSC clones.
aâ€“c, Cell morphology of well growing MDS1r(17) clones 3 and 6 at passage 5 on Matrigel (a), compared to the morphology of poorly growing clones 4 and 5 at passage 4 on SNL feeders (b, approximate colony borders indicated in white) and passage 5 on Matrigel (c). d, examples of metaphase spreads observed in MDS1r(17) clones. e, Quantification of cell populations in MDS1r(17) clones 3â€“6 with various chromosome compositions shown in (d).


Extended Data Figure 7 Karyotypes of r(13) cells and morphology of corrected iPSC clones.
aâ€“c, Representative karyotypes of GM00285 fibroblasts (a) and corrected GM00285 iPSC clones 1 and 3 (b, c). d, e, Representative karyotypes of GM05563 fibroblasts (d) and corrected GM05563 iPSC clone 1 (e). fâ€“h, Representative morphologies of corrected iPSC clones derived from r(13) fibroblasts cultured in feeder-free conditions.


Extended Data Figure 8 Rescue of r(13)-associated deletions in corrected iPSC clones through compensatory uniparental disomy.
aâ€“e, Total copy number of SNPs across chromosome 13 in r(13) GM00285 fibroblasts (a), GM05563 fibroblasts (b), karyotypically normal GM00285 iPSC clones 1 (c) and clone 3 (d), and GM05563 iPSC clone 1 (e). The areas shaded in pink represent the deletions. f, g, Frequency of heterozygous (blue) or homozygous (red) SNPs in r(13) fibroblasts and karyotypically normal iPSC clones for chromosome 13 (f) and chromosome 12 (g). The corrected iPSC clones are completely homozygous for chromosome 13, supporting the compensatory UPD mechanism.


Extended Data Figure 9 Embryoid-body differentiation from ring(13)-derived iPSCs.
aâ€“c, immunocytochemistry showing expression of endoderm-derived cells positive for AFP (a), mesoderm-derived cells positive for SMA (b) and ectoderm-derived cells positive for MAP2 (c) generated in vitro using the embryoid-body method with corrected iPSC clones GM00285-1, GM00285-3 and GM05563-1.


Extended Data Table 1 Summary of DNA fingerprinting for cells used in this studyFull size table
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        Editorial Summary
Renewal through reprogramming
Ring chromosomes are structural aberrations that are often associated with birth defects, mental disabilities and growth retardation. Shinya Yamanaka and colleagues derived human induced pluripotent stem (iPS) cells from patient fibroblasts containing ring chromosomes with large deletions, and found that reprogrammed cells lose the abnormal chromosome and duplicate the wild-type homologue through the compensatory uniparental disomy mechanism. Thus, iPS cells have an intrinsic capacity to purge very damaged chromosomes that have ring structures and deletions spanning hundreds of megabases of DNA. The authors propose that cellular reprogramming might serve a very different function to the familiar one, acting as a means of 'chromosome therapy' that reverses combined loss-of-function across many genes in cells with large-scale aberrations involving ring structures.
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