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            Abstract
Technology utilizing human induced pluripotent stem cells (iPS cells) has enormous potential to provide improved cellular models of human disease. However, variable genetic and phenotypic characterization of many existing iPS cell lines limits their potential use for research and therapy. Here we describe the systematic generation, genotyping and phenotyping of 711 iPS cell lines derived from 301 healthy individuals by the Human Induced Pluripotent Stem Cells Initiative. Our study outlines the major sources of genetic and phenotypic variation in iPS cells and establishes their suitability as models of complex human traits and cancer. Through genome-wide profiling we find that 5â€“46% of the variation in different iPS cell phenotypes, including differentiation capacity and cellular morphology, arises from differences between individuals. Additionally, we assess the phenotypic consequences of genomic copy-number alterations that are repeatedly observed in iPS cells. In addition, we present a comprehensive map of common regulatory variants affecting the transcriptome of human pluripotent cells.
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                    Figure 1: iPS cell line generation and quality control.[image: ]


Figure 2: Locations and consequences of recurrent CNAs.[image: ]


Figure 3: Variance component analysis of HipSci assays.[image: ]


Figure 4: Comparison of iPS cell and somatic tissue eQTLs.[image: ]


Figure 5: iPS cell eQTLs tag disease-associated variation.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Overview of the cellomics assay.
a, Example plate layout for the cellular differentiation assay. Images are shown for the pluripotency markers (OCT4, SOX2 and NANOG) as they are measured in the Cellomics imaging device. Each line is measured in two rows of the same plate as technical replicates. The secondary antibody used for each marker is shown in parenthesis (aG, anti-goat antibody; aM, anti-mouse antibody). Each plate also has measurements for staining with the secondary antibody only, which serves as a means to assess background fluorescence. The red channel shows the signal from the DAPI staining, the green channel the marker signal. As expected, there is only a small signal from the green channel in the wells stained for the secondary antibody only. Image acquisition stops as soon as 10,000 cells have been detected. b, Detailed variance components of the cellomics markers (Methods). Substantial proportions of the marker variance could be attributed to batch factors, including staining, technician effects and antibody lots. These effects mean that the fraction of cells expressing particular markers need to be interpreted with caution (Fig. 1c, d). c, Pairwise Pearsonâ€™s correlation (r) between quantitative expression scores derived from immunostaining for pluripotency and differentiation and the PluriTest score (P values from a Studentâ€™s t-test).


Extended Data Figure 2 Pluritest scores in the two culture conditions.
aâ€“c, Comparison of PluriTest novelty score versus pluripotency score for the 711 lines generated. Lines grown on feeder-free conditions (E8 medium) scored systematically lower than feeder-dependent lines (Pâ€‰=â€‰1.62â€‰Ã—â€‰10âˆ’43; t-test, for pluripotency score). We note that, while we cannot rule out that feeder-free lines are less pluripotent, feeder-free conditions are not well represented in the PluriTest training dataset, which may explain this result (of the 204 ES cell/iPS cell lines in the PluriTest paper that have medium metadata available, none were cultured in E8 and only 37 were cultured in a variety of other feeder-free formulations such as MTSER). d, Despite lower pluripotency scores, lines grown on feeder-free conditions have higher fractions of cells expressing canonical protein markers of pluripotency.


Extended Data Figure 3 Extended CNA analysis.
Relationship between the number of CNAs, using three CNA minimum length thresholds for calling CNAs: 200â€‰kb, 500â€‰kb and 1,000â€‰kb and other experimental factors. Values on the x axis have been â€˜jitteredâ€™ (that is, small random â€˜noiseâ€™ has been added to the true values) to enhance the visualization. Data points underlying the box plots are shown as semi-transparent blue dots. a, Number of CNAs per line versus passage number. P values are shown from a generalized linear mixed model (Poisson regression) with donor random effect. b, Box plot of the number of autosomal CNAs per line versus growth medium. P values are for a Poisson regression for culture condition. c, d, Number of autosomal CNAs per line versus PluriTest pluripotency and novelty scores. P values are for a linear mixed model of the number of autosomal CNAs per line with a random effect for donor. e, f, Number of CNA counts per donor versus gender and donor age. CNA counts refer to the total number of unique CNAs across all lines derived from the same donor. CNAs that are shared between lines of the same donor (overlap by at least one base) are counted only once. P values are shown for a Poisson regression for either gender or age.


Extended Data Figure 4 Location and consequence of the recurrent CNA on chr20.
Related to Fig. 2. Top, genomic location versus number of lines with copy number 3 (grey) and with a CNA (black). Bottom, the NAV gene score from ref. 22 and log2 gene expression fold change between the iPS cell lines with copy number 2 and 3a (colour scale), in the region highlighted in red in the top panel. Highlighted genes are upregulated when copy number increases, known oncogenes/tumour-suppressor genes and/or genes with a NAV score in the top 2%.


Extended Data Figure 5 Functional assessment of CNAs using growth assays.
aâ€“c, Cell growth rate (a), proliferation (b) and apoptosis (c) in cell lines with copy number 2 (wild type, blue dots) or copy number 3 (mutant, red dots) in a recurrently duplicated region in iPS cells on chromosome 1, 17 or 20. Plot titles show the donor name and the genomic coordinates of the CNA. a, Cell counts taken on successive days in culture, for pairs of lines (one mutant, one wild type) grown on the same 24-well plates are shown. Asterisks denote significance levels for statistical interactions between day and copy number in a linear mixed model, using fixed effects to fit day and copy number, and random effects to account for culture plate effects. EIF4A3 denotes whether a copy number variant overlaps one of the suspected candidate genes on chromosome 17. *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001. b, Protein expression level measured using TMT-based quantification using the Q-exactive plus (labelled QE Plus) orbitrap and a fusion (labelled Fusion) orbitrap mass spectometry platforms. c, Estimated fraction of fluorescing nuclei following an EdU assay in mutant and wild-type lines, following exposure to mitomycin (Treated) or in a control sample (Untreated). d, Estimated fraction of fluorescing nuclei following a terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay in mutant and wild-type lines, following exposure to mitomycin (Treated) or in a control sample (Untreated). Solid trend lines are least squares regression fits. P values in b and c denote the significance of statistical interactions between copy number and mitomycin treatment condition (treated or untreated).


Extended Data Figure 6 Effect of passage number on tier 1 and tier 2 data and overview of iPS cell cis eQTLs mapped with tier 1 gene expression array data.
a, b, Passage number versus PluriTest pluripotency and novelty scores shows no significant association between passage number and pluripotency. Trend lines are fit using a linear regression of the PluriTest scores and the passage number (score Pâ€‰=â€‰0.66, novelty Pâ€‰=â€‰0.21). Association was also not significant when including gender and medium as fixed effects and batch variables and donor as random effects (score Pâ€‰=â€‰0.3, novelty Pâ€‰=â€‰0.14). c, Passage number versus log10 RNA-seq expression of pluripotency factors NANOG and OCT4 shows no significant association between passage number and pluripotency. Trend lines are fit using linear regression of log10 expression and passage number (NANOG, Pâ€‰=â€‰0.5; POU5F1, Pâ€‰=â€‰0.15). Association was also not significant when considering the two genes together and when including gender and medium as fixed effects and batch variables and donor as random effects (passage, Pâ€‰=â€‰0.28; passageâ€“gene interaction, Pâ€‰=â€‰0.96). d, e, Variance component analysis for tier 2 assays, showing that for the majority of genes gender and passage explained little of the total variance. f, g, Comparison of lead variant effect sizes (Î²2) in gexarray-based eQTL maps. The eQTL maps were derived by using mean expression levels per donor (â€˜mainâ€™ map) and with two sets of individual lines (one per donor), drawn randomly (â€˜replicateâ€™ maps). The effect sizes for all tested genes are shown in black, with FDRâ€‰<â€‰5% eGenes from the main map indicated in blue. Effect sizes are compared between the two replicate maps (f, Spearmanâ€™s rank correlation Ï�â€‰=â€‰0.47 genome-wide, Ï�â€‰=â€‰0.80 eGenes only, both Pâ€‰<â€‰2.2â€‰Ã—â€‰10âˆ’16) and between the main map and one replicate map (g, Spearmanâ€™s rank correlation Ï�â€‰=â€‰0.57 genome-wide, Ï�â€‰=â€‰0.88 eGenes only, both Pâ€‰<â€‰2.2â€‰Ã—â€‰10âˆ’16). The effect sizes obtained using the mean expression values per donor are higher than when using individual lines. h, Pairwise correlation between gene expression levels in iPS cells measured with RNA-seq and gexarray. The Spearman rank correlation coefficients of either gene (pink) or gexarray probe (blue) region based read counts are shown, showing a higher correlation for probe-based counts.


Extended Data Figure 7 Properties of iPS cell cis eQTLs in comparison to somatic eQTLs.
a, b, The power to detect eQTLs is plotted, comparing 44 somatic tissues from GTEx24 (V6p) and the HipSci RNA-seq-based eQTL map (purple triangle), considering either the absolute (a) or relative (b) number of eQTLs identified (eGenes, FDRâ€‰<â€‰5%). The major determinant of eQTL detection power is sample size. c, Cumulative fraction of RNA-seq reads relative to the number of protein-coding genes expressed. The mean read count derived from 20 iPS cell lines (10 donors, two lines each) is plotted, five fibroblast lines, and two ES cell (ESC) lines. In iPS cells, half of the reads are explained by the expression of 1,071 genes, whereas 75% and 90% of the reads are explained by the expression of 3,159 and 5,814 genes, respectively (total protein-coding genes with non-zero counts nâ€‰=â€‰17,332). d, Distribution of iPS cell eQTLs around the annotated gene start position. The âˆ’log10(eQTL P value) is plotted against the distance (in bp) from the gene start for lead eQTL variants genome-wide, highlighting significant eQTLs (FDRâ€‰<â€‰5%) in orange. e, Comparison of the magnitude of eQTL effect size (absolute beta; left) and minor allele frequency (MAF; right) between iPS-cell-specific (nâ€‰=â€‰2,131; labelled as S) and non-specific eQTLs (nâ€‰=â€‰4,500; labelled as NS), demonstrating that overall, iPS-cell-specific eQTLs have smaller effects on the transcriptome than eQTLs shared among multiple tissues (Pâ€‰=â€‰9.97â€‰Ã—â€‰10âˆ’161; Wilcoxon rank-sum test) and have a lower minor allele frequency (Pâ€‰=â€‰1.08â€‰Ã—â€‰10âˆ’35, Wilcoxon rank-sum test).


Extended Data Figure 8 Comparison of eQTL mapping pipelines between HipSci and GTEx (V6p).
a, Proportion of tissue-specific eQTLs as a function of the discovery sample size. For iPS cells, the two sets of tissue-specific eQTLs obtained with the two different mapping pipelines (Methods) are shown, namely the standard HipSci pipeline (iPSC; purple triangle) and the alternative â€˜GTEx-likeâ€™ pipeline (iPSC2; purple triangle). Points other than iPS cells are from the GTEx Consortium (44 somatic tissues and cell lines)24. b, Heat map of pairwise Ï€1 values (Ï€1â€‰=â€‰1â€‰âˆ’â€‰Ï€0) between iPS cells and GTEx tissues, with rows representing the discovery tissue and columns the replication tissue. Clustering of tissues is based on euclidean distance (R hclust, methodâ€‰=â€‰average). c, Effect of eQTL replication threshold on the definition of tissue-specific effects. The replication profile of iPS cell eQTLs across GTEx tissues relative to discovery sample size in each replication tissue is shown. The proportion of lead eQTLs from iPS cells that replicate in each tissue is plotted, with replication defined using two different replication thresholds (TH1: nominal eQTL Pâ€‰<â€‰0.01â€‰/â€‰ntissues; TH5: Pâ€‰<â€‰0.05â€‰/â€‰ntissues; plotted as dots and triangles, respectively). d, Enrichment of alternative iPS cell eQTLs (GTEx-like) at proximal and distal (defined as less than or greater than 2â€‰kb from the transcription start site) transcription factor binding sites of promoters in H1 hES cells from the ENCODE Project50. Fold enrichments per factor are shown for iPS-cell-specific and non-specific eQTLs (minimum 10 observed overlaps) (Methods). Pluripotency-associated factors are indicated with an asterisk. The profile of enrichments is comparable to that obtained with the standard HipSci pipeline (Fig. 4d).


Extended Data Figure 9 iPS cell eQTLs and disease.
a, Cumulative number of cancer genes (COSMIC cancer census 27 April 2016; ngenesâ€‰=â€‰571; ref. 20) regulated by eQTLs in iPS cells, somatic tissues (GTEx V6p), and three different cancers (ER positive and negative breast cancer, colorectal cancer)32,33. b, Enrichment of iPS cells and somatic eQTLs (lead variants and their high-linkage-disequilibrium proxies) at disease-associated variants in the NHGRIâ€“EBI GWAS catalogue (10 April 2016). The fold enrichment of eQTLs over 100 random sets of matched variants for each tissue relative to eQTL discovery sample size is shown. The tissues showing the highest fold enrichment are liver and brain (cerebellar hemisphere; BrainCH). c, Somatic eQTL signal for the PTPN2 (protein tyrosine phosphatase, non-receptor type 2) locus on chromosome 18. This locus contains a colocalizing association signal for PTPN2 gene expression in iPS cells and five immunological disease phenotypes (Fig. 5a). d, Somatic eQTL signal for the TERT (telomerase reverse transcriptase) locus on chromosome 5 (Fig. 5b). In both c and d, the lead eQTL variant locations are indicated with red and orange vertical lines for iPS cells and somatic tissues, respectively. The focal gene regions are indicated in solid grey and gene start positions of other protein-coding genes on the same strand with vertical grey lines.


Extended Data Figure 10 Tissue expression and alternative splicing results for the TERT locus.
a, b, Normalized RNA-seq per-base coverage across the TERT locus stratified by rs10069690 genotype. The full locus (a) or zoomed view of the region (b) around the lead eQTL and cancer risk variant rs10069690 are shown. rs10069690 is indicated with a dotted line on each plot. Grey regions indicate annotated exons from Ensembl version 75. Coverage was computed from indexed BAM files using the coverageBed function from the bedtools (version 2.25.0)93. Raw coverage was divided by total library size in millions (total number of mapped reads) per sample to obtain normalized coverage, which was then averaged over samples with the same rs10069690 genotype to obtain mean normalized coverage for each genotype group. c, Profile of TERT expression in iPS cells and across somatic tissues from GTEx. The gene FPKM values obtained with RNA-SeQC (GTEx V6p) are shown. d, Splicing-QTL of TERT. We quantified TERT intron retention rates using Leafcutter92 and identified one alternative splicing event associated with rs10069690, the lead iPS cell eQTL variant for TERT (Fig. 5b). The TERT intron 4 retention ratio (PSI, per cent spliced in) is shown in iPS cell lines of all individual donors stratified by their genotype at rs10069690. This variant affects the splicing of the intron where it is located, with the minor allele (T) increasing the fraction of TERT transcripts in which intron 4 is retained (Pâ€‰=â€‰1.7â€‰Ã—â€‰10âˆ’9, Bonferroni-adjusted linear regression).
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The Human Induced Pluripotent Stem Cells Initiative (HipSci) has resulted in the generation, genotyping and phenotyping of more than 700 human induced pluripotent stem (iPS) cell lines derived from 300 healthy individuals. Although analysis of these data indicates that most of the variations in phenotypes between cells arise from variations between individuals, the authors also assess the consequences of the rare genetic defects that are recurrently seen in iPS cells after reprogramming and provide a map of the common regulatory variants that can change the transcriptome of human pluripotent cells. This resource will be useful for genetic studies of complex traits and cancer.
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