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Although the reports that stress (such as exposure to acid) can coax somatic cells into a novel state of pluripotency1,2 have been retracted3,4, the validity of stimulus-triggered acquisition of pluripotency (STAP) remains unclear (http://dx.doi.org/10.1038/protex.2014.008 and Supplementary Information). Here we describe the efforts of seven laboratories to replicate STAP, including experiments performed within the laboratory where STAP first originated, as well as re-analysis of the sequencing data from the STAP reports. Neonatal cells treated with two STAP protocols exhibited artefactual autofluoresence rather than bona fide reactivation of an Oct4 (also known as Pou5f1) and green fluorescent protein (GFP) transgene reporter, did not reactivate pluripotency markers towards embryonic stem (ES)-cell-like levels, and failed to generate teratomas or chimaerize blastocysts. Re-analysis of the original RNA sequencing (RNA-seq) and chromatin immunoprecipitation sequencing (ChIP-seq) data identified discrepancies in the sex and genetic composition of parental donor cells and converted stem cells, and revealed a STAP-derived cell line to be a mixture containing trophoblast stem cells, attesting to the importance of validating the properties and provenance of pluripotent stem cells using a wide range of criteria.
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Extended data figures and tables

Extended Data Figure 1 Validation of the Oct4-GFP transgenic reporter.
a, Context-appropriate expression of the GOF18-Oct4Î”PE-GFP transgene reporter in the testes of 10-day-old neonatal male mice. b, STAP replication culture reagents sustain Oct4-GFP signal in Oct4-GFP mouse ES cells. Vacanti laboratory LIF and B27 supplement sustain self-renewal and strong GFP signal of Oct4-GFP mouse ES cells in serum/LIF (left) and N2B27 minimal media (see Methods) plus 2i/LIF (MEK inhibitor PD0325901 and GSK3-Î² inhibitor CHIR99021) (right). c, Reactivation of the GOF18-Oct4Î”PE-GFP reporter during direct reprogramming of MEFs by Oct4, Sox2 and Klf4. Left, phase-contrast images of founder GOF18-mouse iPS cells. Right, GFP signal in primary GOF18-mouse iPS cells. Note the heterogeneous reactivation of the GOF18-Oct4Î”PE-GFP reporter in primary founder mouse iPS cell colonies (derived in knockout serum replacement/LIF). d, GOF18-Oct4Î”PE-GFP reporter expression in established mouse iPS cell lines (passage 12). Left, phase-contrast images of established GOF18-mouse iPS cells. Mouse iPS cells were maintained on feeders in serum/LIF media. Right, note GFP signal in GOF18-mouse iPS cells. GFP is observed in essentially all iPS cell colonies and in most cells in each colony. GFP heterogeneity was slightly increased in GOF18-iPS cells compared with GOF18-ES cells. e, Developmental potential of GOF18-iPS cells. Top left, phase-contrast image of a teratoma generated from GOF18-iPS cells. Original magnification, Ã—4. Top right, to assess the developmental potential of GOF18-iPS cells, â€˜all iPS cell embryosâ€™ were generated by injection of GOF18-iPS cells into 4N blastocysts (â€˜tetraploid complementationâ€™). A photograph of a live E13.5 embryo generated from GOF18-iPS cells is shown. Bottom row, gonadal contribution in all-iPS-cell embryos indicates GOF18-iPS cells are highly pluripotent. GFP is expressed in E13.5 days post-coitum (dpc) male gonads, and fluorescent cords are visible. The silencing of GFP in surrounding cells re-confirms the context-appropriate expression of the Oct4-GFP reporter.


Extended Data Figure 2 STAP replication data.
a, Experimental scheme. Reactivation of the transgenic GOF18-Oct4Î”PE-GFP (Oct4-GFP) reporter to detect reprogramming after STAP treatment of somatic cells. b, Two STAP protocol variants. BWH: mechanical trituration and low pH treatment of lung cells. RIKEN: low pH treatment of spleen cells. Stressed cells were plated into non-adhesive dishes and cultured in DMEM/F12 medium plus B27 and LIF. c, qPCR analysis 7 days after STAP induction. Expression levels of Oct4, Sox2 and Nanog transcripts at ES-cell-like levels were not observed in lung cells or splenocytes after treatment with the BWH or RIKEN STAP protocol, respectively. Levels normalized to Gapdh. One replicate per protocol is shown. Although low level Sox2 and Nanog upregulation (1â€“2 Î”Ct cycles; data not shown) was inconsistently observed, we speculate that minimal induction of Sox2 and Nanog messenger RNA may be due to relaxed transcriptional control in stressed cells. d, Nonspecific staining observed in STAP-treated cells suggests immunofluorescence artefacts. ES cells and autofluorescent spheres (BWH protocol) were processed in parallel and stained with Oct4 and Nanog antibodies. In contrast to the specific nuclear signal observed in positive-control ES cells, nonspecific and non-nuclear staining is observed in spheres generated after STAP treatment. Original magnification, Ã—20. e, Assessing the presence of rare ES-cell-like cells in STAP-treated cultures by teratoma formation assays. STAP-treated cells were transplanted subcutaneously or into the kidney capsule to detect rare ES-cell-like pluripotent cells. If ES-cell-like cells are generated after transient low pH treatment with/without mechanical trituration, a teratoma containing elements of all three germ layers should form. STAP-treated cells did not form teratomas using conventional teratoma generation protocols. Left two images, immunocompromised mice injected subcutaneously with STAP-treated cells, which do not exhibit teratoma-like mass formation after approximately 4 months of observation. Right two images, kidneys after STAP-treated cells were transplanted into the kidney capsule indicating lack of teratoma-like formation after 3 months of observation. Black arrows indicate kidney transplanted with STAP-treated cells; second kidney from same mouse not transplanted with STAP-treated cells. f, Immunocompromised NOD/SCID mice transplanted with STAP-treated cells did not form teratoma-like masses. Summary of teratoma injection experiments. Every assessable injection of mouse ES cells produced teratomas (7 out of 8 positive-control ES-cell-injected mice formed teratomas within 3â€“4 weeks. The mouse that did not form a teratoma immediately died from surgical complications and therefore was discarded from the analysis). n = 8 independent injection sessions; n = 21 injection sites. Therefore, STAP-treated cells did not form teratomas using conventional methods. g, Extended histological analysis of a recovered STAP-PLGA mass (as in Fig. 1c). Obokata and colleagues1,2 reported a distinct teratoma production method that involved seeding STAP-treated cells onto a PLGA scaffold before implantation into immunocompromised mice. Around 10â€“20 million STAP-treated cells from GFP-positive mice were seeded into PLGA. GFP-positive cells were used to distinguish donor- and host-derived tissues. Left, positive-control ES cells formed teratomas with tissue derivatives of all three germ layers. Left, original magnifications (from top to bottom): Ã—40, Ã—20, Ã—40. Middle, recovered STAP-PLGA mass, H&E staining. Middle, original magnifications (from top to bottom): Ã—20, Ã—40, Ã—40. Right, recovered STAP-PLGA mass, Massonâ€™s staining (used to illustrate collagen deposition or presence of an inflammatory reaction, which commonly occur in response to foreign body implants). Right, original magnifications (from top to bottom): Ã—20, Ã—40, Ã—60. All images were obtained from formalin-fixed/paraffin-embedded tissue sections. STAP-treated autofluorescent spheres failed to re-enter development after morula aggregation. Unlike ES or iPS cells, autofluorescent spheres failed to incorporate into the inner cell mass of the host embryos (n = 20), suggesting incompatibility with the pre-implantation embryo. i, STAP-treated autofluorescent spheres failed to re-enter development after blastocyst injection. Mechanically disaggregated autofluorescent spheres were injected into pre-implantation blastocysts and implanted into pseudopregnant mice. From 17 implanted embryos, only two were recovered, which were developmentally abnormal, suggesting that the other 15 embryos died or were resorbed. j, Contribution of STAP-treated lung cells to chimaeras was not detected after blastocyst injection. Images of two abnormal E10.5 embryos with no obvious GFP signal that would indicate integration of donor test cells into the developing host embryo. Original magnification, Ã—10. k, Autofluorescence and Oct4-GFP fluorescence were distinguishable by fluorescence microscopy in cells containing the same Oct4-GFP transgenic reporter used by Obokata and colleagues1,2 (data from Deng laboratory). MEFs with the same transgenic Oct4-GFP reporter (GOF18-Oct4-GFP, intact PE) used in ref. 1 (passage 0) were treated with low pH solutions (pH 5.4 and 5.6, respectively). MEFs without low pH treatment were used as a negative control. After treatment, samples were cultured in suspension. Chemically induced pluripotent stem cells (CiPSC)15 containing the transgenic Oct4-GFP reporter were used as a positive control for green fluorescence. GFP fluorescence was detected using a long-pass and band-pass filter. Red fluorescence was also observed in low-pH-treated MEFs, but not in CiPSC, as shown in the right column. Scale bar, 100 Î¼m. l, ES-cell-like levels of Oct4, Sox2 and Nanog mRNA (analysed by qPCR) were not observed 3 days after STAP treatment of MEFs (data from Deng laboratory). MEFs were treated with low pH solutions and cultured in suspension for 3 and 7 days (following the RIKEN STAP protocol) and analysed. R1 ES cells were used as a positive control. MEFs that were not subjected to the RIKEN STAP protocol but cultured in suspension medium were used as the negative control (âˆ’).


Extended Data Figure 3 Re-analysis of published STAP RNA-seq data.
a, SNVs inferred from RNA-seq (from Fig. 1h) were further filtered to select only the known SNPs across mouse strains based on the Sanger database (see Methods). We compared the SNV profile inferred from STAP RNA-seq data to the expected profiles (simulated based on the known SNPs) in different mouse strains (magenta) as well as simulated first-generation hybrids of C57BL/6NJ and each of the other strains considered (orange). Selected SNVs are classified as homozygous for reference allele (0/0 genotype), homozygous for alternative allele (1/1 genotype) or heterozygous (0/1 genotype) at each locus. Samples are clustered based on the sum of edit distance between each SNV using complete linkage hierarchical clustering. Note that replicates of the same experiment are always grouped together. A subset of samples (CD45+, STAP, STAP stem cells and ES cells) (genotype A as in Fig. 1h) are clustered with simulated first-generation hybrids of C57BL/6NJ and 129S1, in accordance with Obokata et al.1,2 (LPJ strains have a profile similar to 129S1 for the selected SNVs). Whereas FI-SCs (genotype B as in Fig. 1h) are closer to the C57BL/6NJ strain (not the hybrid), EpiSC samples cluster with 129S1 or LPJ simulated SNVs profiles, both with some differences. Again the high similarity between 129S1 and LPJ for these selected SNVs does not allow discriminating which of them is closer to EpiSC samples. Finally, TSC samples are clustered with other strains not mentioned by Obokata et al.1,2. Overall, it is clear that TSC (as well as EpiSC) samples are derived from independent sources compared with STAP cells. b, Allele frequency distribution for SNVs shows number of reads for alternative alleles compared to the total number of reads for each SNV. The frequency of reads covering the alternative allele for heterozygous SNVs is expected to be approximately 50%, but in FI-SCs, it is nearly 12% (left, blue), suggesting false-positive calls or contamination (default thresholds in the variant calling algorithm result in incorrect classification of calls). We found that these FI-SC â€˜heterozygousâ€™ SNVs are predominantly homozygous for the alternative allele in TSCs (right, blue line), suggesting TSC samples as a contamination source in FI-SCs. The additional plots in Fig. 1i confirm that FI-SC samples are approximately 10% contaminated by TSC samples. c, Allele frequency distributions were independently calculated for all samples. As expected, the frequency of reads covering the alternative allele for heterozygous SNVs is approximately 50% (blue line) in all samples except FI-SCs (see b). In these plots, the first replicate (replicate 1) for each RNA-seq sample is reported; an almost identical profile is observed in each replicate pair.
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