
 

 1

A Panel of Induced Pluripotent Stem Cells From Chimpanzees: a Resource for Comparative 1 
Functional Genomics 2 

 3 
Irene Gallego Romero1,*,†, Bryan J. Pavlovic1,*, Irene Hernando-Herraez2,  Xiang Zhou3, Michelle C. 4 
Ward1, Nicholas E. Banovich1, Courtney L. Kagan1, Jonathan E. Burnett1, Constance H. Huang1, Amy 5 
Mitrano1, Claudia I. Chavarria1, Inbar Friedrich Ben-Nun4,5, Yingchun Li6,7, Karen Sabatini4,7,8 , Trevor 6 
R. Leonardo4,7,8, Mana Parast6,7, Tomas Marques-Bonet2,9, Louise C. Laurent7,8, Jeanne F. Loring4, and 7 
Yoav Gilad1, †  8 
 9 

1. Department of Human Genetics, University of Chicago, Chicago, IL 60637, USA 10 
2. ICREA, Institute of Evolutionary Biology (UPF-CSIC), PRBB, Barcelona 08003, Spain 11 
3. Department of Biostatistics, University of Michigan, Ann Arbor, MI 48109, USA 12 
4. Center for Regenerative Medicine, Department of Chemical Physiology, The Scripps 13 

Research Institute, La Jolla, CA 92037, USA 14 
5. Present address: Lonza Walkersville, Inc. 8830 Biggs Ford Road, Walkersville, MD 15 

21793, USA 16 
6. Department of Pathology, University of California San Diego, San Diego, CA 92103, 17 

USA 18 
7. Sanford Consortium for Regenerative Medicine, 2880 Torrey Pines Scenic Drive, La 19 

Jolla, CA 92037, USA 20 
8. Department of Reproductive Medicine, University of California San Diego, San Diego, 21 

CA 92103, USA 22 
9. Centro Nacional de Análisis Genómico (CNAG), Barcelona, Spain, 08023, Spain  23 

 24 
* These authors contributed equally to this work.  25 
† To whom correspondence should be addressed:  26 
 email: ireneg@uchicago.edu 27 
 email: gilad@uchicago.edu  28 
 tel: +1 773 702 8507 29 
 30 
Keywords: 31 iPSC, chimpanzee, induced pluripotent stem cells, evolution, Pan troglodytes, cell panel32 



 

 2

Abstract 33 
Comparative genomics studies in primates are restricted due to our limited access to samples. In 34 
order to gain better insight into the genetic processes that underlie variation in complex phenotypes 35 
in primates, we must have access to faithful model systems for a wide range of cell types. To 36 
facilitate this, we generated a panel of 7 fully characterized chimpanzee induced pluripotent stem 37 
cell (iPSC) lines derived from healthy donors. To demonstrate the utility of comparative iPSC panels, 38 
we collected RNA-sequencing and DNA methylation data from the chimpanzee iPSCs and the 39 
corresponding fibroblast lines, as well as from 7 human iPSCs and their source lines, which 40 
encompass multiple populations and cell types. We observe much less within-species variation in 41 
iPSCs than in somatic cells, indicating the reprogramming process erases many inter-individual 42 
differences. The low within-species regulatory variation in iPSCs allowed us to identify many novel 43 
inter-species regulatory differences of small magnitude. 44 
 45 46 
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Introduction 47 
 Comparative functional genomic studies of humans and other primates have been 48 
consistently hindered by a lack of samples (Gallego Romero et al. 2012). In spite of their clear 49 
potential to inform our understanding of both human evolution and disease, practical and ethical 50 
concerns surrounding working with non-human primates have constrained the field to using a 51 
limited set of cell types collected in a non-invasive or minimally invasive manner, primarily 52 
lymphoblastoid cell lines (LCLs) and fibroblasts. Comparative studies of any other primate tissue 53 
have been limited to using post-mortem (typically frozen) materials, thereby precluding most 54 
experimental manipulation and yielding primarily observational insights (see, for example, 55 
Blekhman et al. 2010; Blekhman et al. 2008; Brawand et al. 2011).  56 
 An alternative has been to use model organisms in an attempt to recapitulate inter-primate 57 
regulatory differences. The typical approach involves the introduction of sequences of evolutionary 58 
interest into a model system, and then searching for spatial or temporal differences in gene 59 
expression that can be ascribed to the introduced sequence (Cotney et al. 2013; Enard et al. 2009). 60 
This is a difficult and challenging approach and, perhaps as a result, there are still only a handful of 61 
well-described examples of human-specific regulatory adaptations in primates (McLean et al. 2011; 62 
Prabhakar et al. 2008) and even fewer cases where the underlying regulatory mechanisms have been 63 
resolved (Pollard et al. 2006; Rockman et al. 2005). While these studies are useful and often 64 
informative, they also entail assumptions of functional conservation between the model system and 65 
the species of interest that may not necessarily be true (Gallego Romero et al. 2012).  66 
 Induced pluripotent stem cells (iPSCs) can provide a viable means of circumventing these 67 
concerns and limitations, at least with respect to the subset of phenotypes that can be studied in in 68 
vitro systems. Reprogramming somatic cell lines to a stable and self-sustaining pluripotent state 69 
(Takahashi et al. 2007; Takahashi and Yamanaka 2006) has become routine practice for human and 70 
murine cell lines, but extension to other animals, especially non-human primates, is not yet 71 
widespread despite some exceptions (e.g. Ben-Nun et al. 2011; Ezashi et al. 2009; Marchetto et al. 72 
2013b; Nagy et al. 2011). Instead, the broadest application of iPSCs to date has been the generation of 73 
lines derived from patients suffering from a variety of genetic disorders (Cohen and Melton 2011; 74 
Israel et al. 2012; Liu et al. 2012; Merkle and Eggan 2013; Wang et al. 2014), with the dual aims of 75 
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providing a deeper understanding of disease phenotypes and developing new therapeutic avenues. 76 
These cell lines have been shown to display in vitro properties corresponding to relevant patient 77 
phenotypes observed in vivo, both as iPSCs and when differentiated into other pertinent cell types, 78 
supporting their utility in clinical applications; more generally, these properties also highlight the 79 
tantalizing flexibility of iPSCs as a means of exploring developmental and cell lineage determination 80 
pathways.  81 
 Thus, the development of an iPSC-based system for comparative genomic studies in 82 
primates will allow us to compare regulatory pathways and complex phenotypes in humans and 83 
our close evolutionary relatives using appropriate models for different tissues and cell types. This 84 
will be a powerful resource with which to examine the contribution of changes in gene regulation to 85 
human evolution and diversity. To demonstrate the validity of this approach, we have generated a 86 
panel of 7 chimpanzee iPSC lines that are fully characterized and comparable to human iPSC lines in 87 
their growth and differentiation capabilities. 88 
 89 
Results 90 
 We generated a panel of induced pluripotent stem cell lines from seven chimpanzees 91 
through electroporation of episomal plasmids expressing OCT3/4 (also known as POU5F1), SOX2, 92 
KLF4, L-MYC, LIN28, and an shRNA targeting TP53 (Okita et al. 2011), as well as an in vitro-93 
transcribed EBNA1 mRNA transcript (Chen et al. 2011; Howden et al. 2006) that promotes increased 94 
exogenous vector retention in the days following electroporation. Our chimpanzee panel is 95 
comprised of seven healthy individuals (4 female, 3 male, further details on these individuals are 96 
given in supplementary file 1) ranging from 9 to 17 years old. Fibroblasts from 5 of the 7 individuals 97 
were purchased from the Coriell Institute for Medical Research, while the remaining two (C6, C7) 98 
were derived from 3 mm skin punch biopsies directly collected from animals at the Yerkes Primate 99 
Research Center of Emory University (see methods). All chimpanzee iPSC lines described in this 100 
publication are available fully and without restrictions to other investigators upon request to the 101 
corresponding authors. 102 
 103 
Characterizing the chimpanzee iPSCs 104 
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 The chimpanzee iPSC lines closely resemble human iPSC lines in morphology (figure 1a; all 105 
images shown in main text are from chimpanzee line C4. Similar images of the other lines are 106 
available as figure 1-figure supplements 1 to 5). All lines could be maintained in culture for at least 107 
60 passages without loss of pluripotency or self-renewal capability using standard iPSC culture 108 
conditions, both on mouse embryonic fibroblast (MEF) feeder cells and in feeder-free conditions. 109 
The genomes of all our lines appeared to be cytogenetically stable; all exhibited normal karyotypes 110 
after reprogramming and more than 15 passages in culture, ruling out the presence of gross 111 
chromosomal abnormalities (figure 1b, figure 1-figure supplement 1). 112 
 We confirmed nuclear expression of OCT3/4, SOX2 and NANOG in all lines by 113 
immunocytochemistry (figure 1c; figure 1-figure supplement 2). The pluripotent cells also express 114 
the surface antigens Tra-1-81 and SSEA4, while cells collected from the center of differentiating 115 
colonies expressed SSEA1 at levels comparable to differentiating colonies of human iPSC lines 116 
(figure 1-figure supplement 3). To confirm that the observed expression of pluripotency-associated 117 
genes is of endogenous origin, we performed qPCR with primers designed to specifically amplify 118 
the endogenous OCT3/4, SOX2, NANOG and L-MYC transcripts (figure 1d; all PCR primers used in 119 
this work are listed in supplementary file 2). Indeed, we found no evidence of exogenous gene 120 
expression after 10 passages (figure 1-figure supplement 4), and no traces of genomic integration or 121 
residual episomal plasmid retention after 15 passages (figure 1e). These observations indicate that 122 
self-renewal in our chimpanzee iPSC lines is maintained solely through endogenous gene 123 
expression.  124 
 To confirm pluripotency and test the differentiation capabilities of our lines, we performed a 125 
number of assays. First, we generated embryoid bodies from all 7 chimpanzee iPSC lines and 126 
assayed their ability to spontaneously differentiate into the three germ layers by 127 
immunocytochemistry. All lines spontaneously gave rise to tissues from the three germ layers 128 
(figure 2a; figure 2-figure supplement 1). Second, we carried out directed differentiations to 129 
hepatocytes and cardiomyocytes in a subset of the lines using previously published protocols (see 130 
methods, figure 2-figure supplement 2 and video 1). Third, we performed teratoma formation assays 131 
in four of the lines using Fox Chase SCID-beige and CB17.Cg-PrkdcscidLystbg-J/Crl immunodeficient 132 
male mice. All four iPSC lines were capable of generating tumours in mice, and all tumours 133 
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examined contained tissues of endodermal, ectodermal and mesodermal origins (figure 2b, figure 2-134 
figure supplement 3). To confirm the chimpanzee origin of these tissues, we extracted and 135 
performed Sanger sequencing on mitochondrial DNA from the tumours (figure 2-figure supplement 136 
4).   137 
 Finaly, we characterized pluripotency in our lines through PluriTest, a bioinformatic 138 
classifier that compares the gene expression profiles of new lines to those obtained from a reference 139 
set of over 400 well-characterized human pluripotent and terminally differentiated lines (Müller et 140 
al. 2011), modified to accommodate data from both species. All chimpanzee lines have PluriTest 141 
pluripotency scores greater than the pluripotency threshold value of 20 (figure 3a, supplementary 142 
file 1). We also calculated PluriTest novelty scores for all samples. In human PSCs, novelty values 143 
above 1.67 are suggestive of chromosomal duplications or expression of differentiation-associated 144 
genes. Human PSCs with high novelty scores are typically either difficult to maintain and expand in 145 
culture (because they differentiate spontaneously at a high rate), or cannot be consistently 146 
differentiated to all three germ layers. All of our chimpanzee lines had novelty scores above the 1.67 147 
threshold (figure 3b). However, in contrast to human PSCs with high novelty scores, our 148 
chimpanzee lines can be both easily maintained in culture and differentiated into all three germ 149 
layer lineages, as demonstrated by the embryoid body and teratoma assays detailed above. We thus 150 
hypothesize that the observed high novelty scores are likely driven by inter-species gene regulatory 151 
differences that the PluriTest assay, which was trained exclusively on human samples, interpreted 152 
as abnormal gene expression.  153 
  154 
Interspecies analysis of gene expression and methylation data from iPSCs 155 
 To better examine gene expression and regulatory differences between human and 156 
chimpanzee iPSCs, we generated genome-wide RNA-sequencing and DNA methylation data (see 157 
methods) from all chimpanzee iPSC lines, as well as from 7 human iPSC lines also generated and 158 
validated in our laboratory. While all of the chimpanzee iPSCs were derived from fibroblast cell 159 
lines (supplementary file 1), the human iPSCs were derived from both fibroblasts and immortalised 160 
lymphoblastoid cell lines (LCLs) from Caucasian and Yoruba individuals (see supplementary file 3 161 
for additional details). We designed the comparative study this way in order to demonstrate that 162 
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regulatory differences between human and chimpanzee iPSCs cannot be explained by technical 163 
differences due to culturing conditions or the cell type of the somatic precursor cells used for 164 
reprograming.  165 
 To prevent biases due to genetic divergence between the two species, we chose to restrict our 166 
gene expression analyses to a curated set of genes with one-to-one orthology between humans and 167 
chimpanzees (Blekhman 2012; Blekhman et al. 2010). Following assessment of quality control 168 
metrics (see methods), we obtained normalised RPKM estimates for 12,171 genes that were 169 
expressed in at least 4 iPSC lines from either one of the species (see methods). We similarly 170 
restricted our DNA methylation analyses to a set of 335,307 high quality probes with a high degree 171 
of sequence conservation between humans and chimpanzees (as in Hernando-Herraez et al. 2013; 172 
see methods).  173 
 To examine broad patterns in the data, we used principal component analysis (PCA). We 174 
observed clear and robust separation of human and chimpanzee iPSC lines along the first principal 175 
component (PC) in both the gene expression and DNA methylation data (figures 4a, 4b; regression 176 
of PC1 by species; P < 10-13 for the expression data; P < 10-12 for the DNA methylation data). Within 177 
the human samples, PC2 appears to be driven by ethnicity, as we observe all Caucasian samples 178 
consistently clustering together despite their different cell types of origin (P = 0.005 for the 179 
association between PC2 and human ethnicity in the expression data, P = 0.044 in the DNA 180 
methylation data).  181 
 We then analysed regulatory differences between the species by first focusing on the gene 182 
expression data. At an FDR of 1%, we identified 4,609 genes (37.9%) as differentially expressed (DE) 183 
between the iPSCs of the two species (supplementary file 4; see methods for details). The majority of 184 
DE genes do not exhibit large inter-species fold-change differences in expression levels (figure 4-185 
figure supplement 1, 4-2).  An analysis of functional annotation of the DE genes reveals that no Gene 186 
Ontology Biological Process terms (GO BP; Ashburner et al. 2000) are significantly overrepresented 187 
among these genes at an FDR of 5% (supplementary file 5), although we identified 123 188 
overrepresented terms if we limit our analysis to the 546 genes with absolute log2 fold-change 189 
difference > 2 (supplementary file 5). Additionally, we tested for concordance between our list of DE 190 
genes and a list of 2,730 genes that were previously classified as DE between human and non-191 
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human primate iPSC lines (Marchetto et al. 2013b). Given our stringent approach to consider 192 
orthologous genes, only 2,081 (76%) genes could be analysed across the two studies. Of these, 1,495 193 
genes are detectably expressed in our lines, and 1,079 (72.2%) are classified as DE between the 194 
species in both data sets (a highly significant enrichment;  χ2 P < 10-16). Expression trends within 195 
these DE genes are in the same direction in both data sets in 1,060 of cases (98.24%).  196 
 Next, we used a similar approach to identify differentially methylated probes and regions 197 
between the iPSCs of both species (see methods). We identified 63,791 probes that are differentially 198 
methylated (DM) between the two species at an FDR of 1%, 26,554 of which have a mean intergroup 199 
β difference ≥ 0.1, our arbitrary effect size threshold for retaining probes for differentially 200 
methylated region (DMR) identification and downstream analyses. Of these, 10,460 probes could be 201 
further grouped into 3,529 regions of 2 or more DM probes within 1 kb, which we designated DMRs; 202 
(supplementary file 6); the numbers of probes and regions identified as DM at a range of mean 203 
interspecies β thresholds are given in supplementary file 7.  204 
 In order to consider the DNA methylation and gene expression data jointly, we focused on a 205 
subset of 2,348 DMRs that could be associated with a single Ensembl gene. Overall, these DMRs 206 
were associated with 2,141 genes, of which 1,350 were also detectably expressed in the iPSCs, and 207 
558 (41.3%) were classified as differentially expressed between the species, a slightly higher 208 
proportion than expected by chance alone (P = 0.1). We further classified the DMRs as either 209 
'promoter', 'genic' or 'mixed' depending on their position relative to annotated gene transcripts (see 210 
methods). The overall set of DMRs, as well as genic DMRs, are significantly associated with 4 and 79 211 
GO BP terms respectively (FDR < 5%), including terms related to neurogenesis and skeletal system 212 
development. Enrichment of several terms related to neurogenesis and skeletal system development 213 
is likewise marginally significant amongst promoter and mixed DMRs (supplementary file 8). 214 
However, the subset of inter-species DE genes that are also associated with DMRs are not 215 
significantly enriched with annotation for any GO BP or MF terms. 216 
  217 
Comparative histone modification data 218 
 We used ChIP-seq to characterize the genome-wide distribution of two types of histone 219 
modifications (H3K27me3 and H3K27ac) in three of our chimpanzee iPSCs (see methods). We 220 
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compared the chimpanzee data to histone modification data from three human iPSC lines from the 221 
Roadmap Epigenomics project (figure 5). To do so, we downloaded raw sequence files from GEO 222 
and processed data from both species using the same pipeline (see methods). We identified ChIP-223 
seq peaks using MACS or RSEG, as appropriate, and accounted for differences in genome sequence 224 
between the species as well as for incomplete power to identify peaks across species (see methods). 225 
To relate the ChIP-seq data to genes (and integrate over data from all peaks that are in proximity to 226 
a given gene), we then generated enrichment ChIP scores for a set of previously defined 26,115 227 
orthologous transcription start sites (TSSs, from Zhou et al. 2014). The enrichment score (see 228 
methods for details, also supplementary file 9), reflects the ratio of mapped ChIP-seq read counts 229 
across all peaks within a 4kb window centred on an orthologous TSS, relative to the genome-wide 230 
read count average after adjusting expectations based on the input control sample. We chose to 231 
classify as ‘enriched’ any region where the mean enrichment score across all three individuals in the 232 
species was larger than 1. This cut-off is arbitrary, but we confirmed that our qualitative results are 233 
robust by additionally testing enrichment cut-offs of 2, 5, and 10.  234 
 Using this approach, we first examined genome-wide patterns of H3K27me3 enrichment in 235 
chimpanzee and human iPSCs. Overlap across the two species is considerably higher than expected 236 
by chance (figure 5a, χ2  P < 10-16), but it is somewhat unclear how to interpret this observation with 237 
respect to the expectation that human and chimpanzee iPSCs would have similar pluripotency 238 
potential. We thus focused on a set of 3,913 genes (Li et al. 2013) previously annotated as bivalently 239 
modified in human PSCs – i.e., genes known to be associated with both high H3K4me3 and 240 
H3K27me3, indicative of a 'poised' or 'primed' state (Bernstein et al. 2006). We expect the vast 241 
majority of these genes to also be associated with similar modifications in chimpanzee iPSCs. Only 242 
2,910 of the known bivalent genes were associated with clear orthologous TSSs and could be tested 243 
using our comparative H3K27me3 ChIP-seq data. Of these, 306 were not associated with the 244 
modification in either species, whereas of the 2,604 genes that were associated with H3K27me3 in at 245 
least one species, 2,368 (90.1%) were enriched for H3K27me3 in both species (figure 5b, χ2 P < 10-16). 246 
 We then examined H3K27ac enrichment patterns in both species. This mark is indicative of 247 
active promoters and gene transcription. Overall, we find good agreement between human and 248 
chimpanzee genes enriched for H3K27ac, with 95.8% human genes associated with the mark also 249 
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enriched in chimpanzees (figure 5c). However, there is a clear excess of genome-wide H3K27ac 250 
signal in chimpanzee iPSCs relative to humans, possibly due to an overall more sensitive ChIP 251 
enrichment in the chimpanzee samples (figure 5-figure supplements 1 and 2).  252 
 We proceeded by focusing on a list of 22 core pluripotency transcription factors (taken from 253 
Ng and Surani 2011; Orkin and Hochedlinger 2011), where we expect to find H3K27ac signal shared 254 
across the two species at a higher rate than in the genome-wide data, given the role of these factors 255 
in maintaining pluripotency. Due to our stringent requirements for establishing orthology, we were 256 
initially able to examine data from 14 of those genes; 11 of which were associated with H3K27ac in 257 
both species (figure 5d) - one of the discrepancies is REX1 (also known as ZFP42), which we discuss 258 
further below. We extended our analysis to include the full set of 22 pluripotency transcription 259 
factors regardless of orthology, by testing solely for absence or presence of signal peaks identified by 260 
MACS (that is, without considering enrichment scores; see methods). We again found a high overlap 261 
in H3K27ac enrichment across species, with 15 of the 22 genes associated with H3K27ac enrichment 262 
in both species (including the three master regulators of pluripotency, OCT4, SOX2, and NANOG; 263 
figure 5-figure supplement 3). Of the remaining 7 genes, one (DAX1) was not found to be associated 264 
with H3K27ac in either species, four genes (ESSRB, KLF2, KLF4, and KLF5) were associated with 265 
H3K27ac only in chimpanzee (although this observation may reflect incomplete power to detect 266 
peaks in the human data), and only two genes (ZFX and REX1) were associated with H3K27ac in 267 
human but not in chimpanzee iPSCs.  268 
 269 
REX1 may be dispensable for chimpanzee pluripotency 270 
 In order to further consider inter-species differences in the core pluripotency regulatory 271 
network, we examined expression levels in our chimpanzee and human iPSCs in the same list of 22 272 
core pluripotency TFs described above. Expression values in all iPSC lines are shown in figure 6a 273 
(see also figure supplement 6-1). Given the stringency of our interspecies analysis approach with 274 
respect to unique read mapping, we are unable to calculate RNA-seq-based expression estimates for 275 
six of these TFs, including OCT4 or NANOG, both of which have multiple pseudogenes that can 276 
confound mapping algorithms (however, as shown in figure 1d, our qPCR results demonstrate that 277 
expression of those 2 genes is similar amongst all chimpanzee iPSC lines, and marginally higher 278 
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than in our human iPSC control line). Of the 16 TFs with expression data for iPSCs from both species, 279 
4 (E2F1, ESRRB, SALL4 and REX1) are differentially expressed between human and chimpanzee 280 
iPSCs at an FDR of 1%. Of these, ESRRB and REX1 are associated with absolute inter-species 281 
expression log2 fold-changes > 1. However, because ESRRB is expressed at very low levels across all 282 
samples (mean RPKM across all 14 samples = 0.47), we focused our subsequent analyses on REX1, 283 
which is expressed at low or undetectable levels in 6 of our 7 chimpanzee iPSCs (mean RPKM = 284 
0.667), but at high levels in all human iPSC lines (mean RPKM = 180.58) and a single chimpanzee 285 
iPSC, C6 (figure 6a). Our DNA methylation data is consistent with this gene expression pattern: all 286 
10 probes located in the 5' UTR or up to 1,500 bp upstream from the REX1 TSS are highly 287 
methylated in the six chimpanzee lines (mean β across all promoter probes = 0.87), but exhibit 288 
intermediate or low levels of DNA methylation in all of the human iPSC lines and the REX1-289 
expressing C6 line (figure 6b); the entire region is a DMR (supplementary file 6). Consistent with 290 
these findings, REX1 is also differentially enriched for H3K27ac signal in the two species – we 291 
identified no H3K27ac peaks at the REX1 TSS in the three chimpanzee lines, which did not include 292 
C6 (figure 5d, figure 5-figure supplement 3).   293 
 The REX1 genes codes for a transcription factor present in all placental mammal species, 294 
which has long been established as a marker of pluripotency in human and mouse PSCs (Brivanlou 295 
et al. 2003). Multiple publications have suggested that this gene plays an important role in 296 
maintaining pluripotency and inhibiting differentiation into the three primary tissue germ layers 297 
(Masui et al. 2008; Scotland et al. 2009; Son et al. 2013), with multiple mechanisms of action having 298 
been proposed. However, REX1-knockout mouse ESC lines can give rise to chimeric animals, and 299 
homozygous F2 REX1 null mice are viable (Masui et al. 2008), suggesting that REX1 may not be 300 
indispensable for murine pluripotency. In humans, loss of REX1 expression in ESCs following 301 
shRNA knockdown has been associated with a rapid loss of pluripotency, as well as a decrease in 302 
glycolytic activity and a lack of observable mature mesodermal structures in teratoma formation 303 
assays (Son et al. 2013).  304 
 To determine the consequences of a lack of REX1 expression in chimpanzee iPSCs, we 305 
considered gene expression data from all human iPSC lines and the 6 chimpanzee iPSC lines that do 306 
not express REX1. We asked whether there is an excess of DE genes among those thought to be 307 
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directly regulated by, or downstream of, REX1 (figure 6c, d; see methods), but failed to find 308 
enrichment in all categories except for genes associated with GO term BP:0006096, glycolysis, where 309 
19 of 34 testable genes were DE at an FDR of 1% between the two species (p < 0.01 from 100,000 310 
permutations). The direction of this effect ran contrary to previous reports, however, with genes 311 
highlighted by (Son et al. 2013) as downregulated following REX1 knockdown, such as PGAM1 or 312 
LDHA, having significantly higher expression in chimpanzee iPSCs than in human iPSCS (figure 6d). 313 
Furthermore, the REX1-expressing line C6 is not an outlier amongst the other chimpanzee iPSC lines 314 
(figure 6d), suggesting that the observed inter-species regulatory differences cannot be attributed to 315 
differences in REX1 expression between the species. 316 
 We note that both the teratomas and EBs generated from chimpanzee iPSC lines that do not 317 
express REX1 gave rise to mature structures from all three germ layers similar to those observed in 318 
REX1-expressing line C6 (figure 2-figure supplements 1 and 3). Furthermore, and consistent with 319 
our observations, REX1 is either absent or expressed at low levels in one replicate of either of the 320 
two retrovirally reprogrammed bonobo (Pan paniscus, sister species to chimpanzees) iPSC lines 321 
generated by (Marchetto et al. 2013b), although it is expressed in both replicates of both chimpanzee 322 
iPCS lines from the same group (figure supplement 6-2). Together, these findings suggest that that 323 
the variable loss of REX1 expression in chimpanzee and bonobo iPSCs does not impair pluripotency, 324 
and that its regulatory functions of in humans may be being fulfilled in chimpanzee iPSCs by other 325 
regulatory mechanisms. 326 
 327 
Comparison of iPSCs and other tissues 328 
 We collected RNA-sequencing data from all cell lines used to generate both the chimpanzee 329 
and human iPSCs (supplementary file 10). Following quality control and normalisation steps, we 330 
obtained RPKM values for 13,147 genes across all 28 iPSC and precursor samples (see methods). We 331 
also obtained DNA methylation profiles from all samples at the same 335,307 probes described 332 
above. PCA of both data sets show that the first PC was significantly associated with tissue type in 333 
both data sets (P < 10-27 for the expression data; P < 10-17 for the DNA methylation data; see figure 7 334 
and supplementary files 11-12), while human and chimpanzee samples are separated by species 335 
along PC2 (P = 0.001 for the expression data; P < 10-4 for the methylation data). However, given the 336 
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absence of chimpanzee LCLs in our dataset, it is not possible to determine whether the separation is 337 
driven by tissue type, species, or both.  338 
 Overall, chimpanzee iPSCs have significantly higher levels of DNA methylation compared to 339 
the somatic lines they were generated from (P < 10-15; figure supplement 7-1), an observation that 340 
extends to all genomic features we tested (figure supplement 7-2); similar observations have been 341 
previously made in human PSCs (Bock et al. 2011; Nazor et al. 2012). Remarkably, both DNA 342 
methylation and gene expression levels in iPSCs are relatively homogeneous within species, far 343 
more so than in their corresponding precursor cells (figures 6b, 6d; P < 10-14 when comparing overall 344 
pairwise distances within all chimpanzee iPSCs and within all chimpanzee fibroblasts in the 345 
methylation data; P < 10-9 for the same comparison in the gene expression data). DNA methylation 346 
levels in iPSCs also have significantly reduced coefficients of variation relative to their precursor 347 
lines (range of CVs for chimpanzee iPSCs = 0.78 - 0.80, for chimpanzee fibroblasts = 0.87 - 0.90; P < 348 
10-06). We observed the same pattern in the human data, although in this case the multiple somatic 349 
origins of the cell lines of origin contribute to the higher level of variation. 350 
 We then performed analyses of gene expression and DNA methylation differences in the 351 
combined iPSC and somatic precursor dataset. First, we carried out a comparison of the iPSCs and 352 
the precursor cells within each species (see methods) and classified 9,235 genes as DE between 353 
chimpanzee fibroblasts and the corresponding iPSCs. In humans the number of DE genes is 7,765 if 354 
we consider all iPSC lines and their somatic precursors, 8,087 if we only consider those derived from 355 
LCLs (n = 5), and 5,489 if we only consider those derived from fibroblasts (n = 2; supplementary file 356 
13). Similarly, we identified 18,029 DMRs between chimpanzee fibroblasts and iPSCs, and 12,078 357 
DMRs between all human somatic precursors and all human iPSCs (supplementary files 14-15). No 358 
GO categories are significantly overrepresented in any of these data sets. 359 
 Next, we focused on a comparison of inter-species differences in gene expression and DNA 360 
methylation levels across cell types. Following joint normalisation and modelling of data from all 361 
samples (see methods), we classified 5,663 genes as DE between the chimpanzee precursor 362 
fibroblasts and the collection of human precursor LCLs and fibroblasts, as well as 84,747 DM probes 363 
and 9,107 DMRs (always at an FDR of 1%). Most of these regulatory differences, however, reflect 364 
variation across cell types rather than across species (6,324 genes and 70,312 probes are DE or DM 365 



 

 14

between the human fibroblasts and LCLs, respectively). We thus considered only data from the 366 
fibroblast precursors in the two species. Only 2 of the human iPSCs were reprogrammed from 367 
fibroblasts, leading to a loss in power; we were nonetheless able to identify 1,236 DE genes and 368 
25,456 DM probes between human and chimpanzee fibroblasts, and 1,118 DE genes and 16,392 DM 369 
probes between the corresponding iPSCs of the two species. None of these gene sets were 370 
significantly enriched for functional annotations using GO BP terms. Although the overlap of inter-371 
species DE genes and DM probes between the iPSCs and the precursors is considerable (13.6% of DE 372 
genes and 11.8% of DM probes), a large number of regulatory differences are only observed between 373 
the iPSC lines of the two species (figure supplement 7-3). This observation is robust with respect to 374 
different approaches to normalising and modelling the data (figure supplement 7-4), strongly 375 
suggesting that many of the differences we observe between our chimpanzee and human iPSC lines 376 
may be intrinsic features of the pluripotent state in these two species.  377 
 378 
Discussion 379 
 Induced pluripotent stem cells have the potential to transform our understanding of the 380 
biology of non-model organisms and facilitate functional comparative studies. To this end, we have 381 
generated a panel of 7 fully characterized chimpanzee iPSCs. All lines are capable of spontaneously 382 
giving rise to the three tissue germ layers in vitro and in vivo and meet all currently established 383 
criteria for pluripotency. The chimpanzee iPSC lines provide a tantalising avenue for investigating 384 
how changes in gene expression and regulation underlie the architecture of complex phenotypic 385 
traits in humans and our closest living relatives (Gallego Romero et al. 2012; Marchetto et al. 2013a). 386 
In particular, we believe that through the use of directed differentiation protocols, functional studies 387 
could be performed in cell types where strong a priori hypotheses support a role for selective 388 
pressure underlying inter-species divergence (e.g. liver, heart, kidney (Blekhman et al. 2010; 389 
Blekhman et al. 2008)). In that sense, we hope that this panel of cell lines will be a useful tool to 390 
researchers interested in overcoming current limitations of comparative studies in primates. To that 391 
purpose, all chimpanzee iPSC described in this publication the panel are available fully and without 392 
restrictions to other investigators upon request to the corresponding authors. 393 
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 Other groups have previously generated pluripotent stem cells from primates (Ben-Nun et al. 394 
2011; Chan et al. 2010; Deleidi et al. 2011; Hong et al. 2014; Liu et al. 2008; Okamoto and Takahashi 395 
2011; Tomioka et al. 2010; Wu et al. 2012; Wu et al. 2010; Wunderlich et al. 2014). Indeed, a recent 396 
publication (Marchetto et al. 2013b) reported the generation of two chimpanzee and two bonobo 397 
(Pan paniscus) iPSC lines through the use of retroviral vectors. However, in the course of our work 398 
we have found that retroviral vector silencing in chimpanzee iPSCs was not as stable as in human 399 
iPSC lines generated at the same time using the same method (see methods and figure 1-figure 400 
supplement 5). Our use of episomal vectors circumvents this problem, and more broadly the 401 
problems of both random exogenous gene reactivation and disruption of the host genome through 402 
retroviral integration (Sommer et al. 2012). 403 
 More generally, while the sum total of primate PSC generation efforts so far has resulted in a 404 
sizable number of lines being established from various donors and species, these have been 405 
generated through various reprogramming protocols and source cell types. We have generated 406 
iPSCs from a panel of seven individuals using a consistent protocol and cell type of origin. Given the 407 
panel size, it is powerful enough to robustly detect inter-species differences in gene expression, 408 
splicing and regulation. The fact that our panel contains both female and male lines also allows for 409 
future studies of sex-specific differences in gene expression in various cell types. Indeed, we have 410 
previously shown that this can be accomplished using as few as six individuals from each species 411 
(Blekhman et al. 2010). 412 
 Beyond its future applications, however, our panel has already yielded insights into the 413 
pluripotent state in chimpanzees and humans. On the one hand, both at the transcriptional and 414 
epigenetic level, our iPSCs are remarkably homogeneous both within and between species, 415 
significantly more so than their precursors cells. This finding aligns with our current understanding 416 
of the reprogrammed pluripotent state as a complex, highly regulated state (Jaenisch and Young 417 
2008), deviations from which are likely to result in loss of pluripotency and lineage commitment. 418 
Additional support for this notion was provided by the strong overlap in H3K27me3 signal between 419 
the two species, especially in known bivalent genes. It is remarkable that we have been able to 420 
observe this considerable conserved chromatin signature despite the obvious confounding technical 421 
batch effect in these comparative data.  422 
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 On the other hand, we were also able to identify over 4,500 genes that are differentially 423 
expressed between human and chimpanzee iPSCs, as well as over 3,500 differentially methylated 424 
regions between the two species. These numbers are greater than what has been previously 425 
observed in comparisons of other tissues across humans and chimpanzees with similar sample sizes 426 
(Blekhman et al. 2010; Blekhman et al. 2008). We believe that the reasons for this difference are likely 427 
to primarily stem from increased power to detect DE genes and DMRs in our sample relative to 428 
previous work. Given the small amount of intra-species variability we observed in RNA-seq and 429 
methylation relative to other tissues, we expect to have greater power to detect small, statistically 430 
significantly inter-species differences that would have been missed by studies that consider more 431 
variable tissue samples. This notion is supported by the fact that the fraction of genes with log FC < 432 
2 we detect as DE between human and chimpanzee iPSCs is greater than in other comparison we 433 
have performed with any other tissue (figure 4-figure supplement 2). Though small in magnitude, 434 
we expect that a subset of these regulatory differences may be biologically relevant (e.g., we find 435 
that inter-species regulatory differences in methylation levels are enriched in regions associated 436 
with developmental processes; supplementary files 5 and 6).  437 
 We specifically highlighted an inter-species difference in REX1 expression levels.  This gene 438 
is considered an indispensible pluripotency marker in human and mouse PSCs, but our 439 
observations suggest that it may not be the case in chimpanzees. Although only one chimpanzee 440 
iPSC line expresses REX1, we were unable to identify any systematic differences between our 441 
human and chimpanzee iPSCs that would indicate a reduction in pluripotency. We also examined 442 
REX1 expression levels in 73 human iPSC lines generated in-house from Caucasian individuals 443 
using the Illumina HT12v4 array (figure 6-figure supplement 3). All lines had PluriTest pluripotency 444 
scores > 20, yet 3 of 73 lines (4.1%) showed levels of REX1 expression that were indistinguishable 445 
from background signal, suggesting that REX1 may not be expressed in these individuals despite 446 
their high pluripotency scores. We also examined methylation status at the REX1 locus in previously 447 
published human ESCs and iPSCs from (Ziller et al. 2011), and found that although all ESC lines 448 
examined exhibited consistent levels of low methylation at the REX1 promoter, human iPSC lines 449 
analysed in exhibited either hemi- or hyper-methylated REX1 promoter regions (figure 6-figure 450 
supplement 4). In the absence of publicly available REX1 expression data from either of the hiPSC 451 
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lines with hypermethylated promoters we cannot be certain that the gene is not expressed in these 452 
lines, but the combination of these findings with our observations above and previous literature 453 
suggest that REX1 may be important in regulation and maintenance of pluripotency in ESCs, but not 454 
necessarily so in iPSCS. 455 
 Additionally, in chimpanzees, the REX1 gene has undergone multiple deletions and 456 
insertions relative to the human sequence, most significantly a 647 bp insertion in its first intron, and 457 
two insertions in the 3' UTR region of approximately 300 bp each that may disrupt the local 458 
regulatory landscape; the gene has also been duplicated, with a second copy retrotransposed into 459 
chromosome 14; none of these changes are shared with gorillas or orang-utans. Although it is 460 
currently unclear whether some or all of these changes are also present in the bonobo, these findings 461 
might explain why we observed low or no REX1 expression more frequently in chimpanzees than in 462 
humans, and suggests that the gene may not be necessary for maintaining pluripotency in the Pan 463 
lineage.  464 
 PSCs have been used to study developmental pathways in vitro (for example, Paige et al. 465 
2012; Rada-Iglesias et al. 2012; Wamstad et al. 2012; Xie et al. 2013). Although optimization of 466 
existing differentiation protocols will likely be necessary for application in the chimpanzee system, 467 
our panel of iPSCs makes it possible to carry out comparative developmental studies between 468 
humans and chimpanzees, and firmly test the hypothesis that changes in gene regulation and 469 
expression, especially during development, underlie phenotypic differences between closely related 470 
species, especially primates (Britten and Davidson 1971; Carroll 2005; Carroll 2008; Jacob 1977; King 471 
and Wilson 1975). In addition, we should be able to recreate and test the effect of inter-species 472 
regulatory changes in the correct cell type and species environment, enabling studies that cannot 473 
otherwise be performed in humans and non-human primates. The use of panels of iPSCs including 474 
lines from both humans and non-human primates will thus allow us to gain unique insights into the 475 
genetic and regulatory basis for human-specific adaptations.  476 
 477 
Materials and Methods: 478 
Isolation and culture of fibroblasts 479 
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 All biopsies and animal care were conducted by the Yerkes Primate Research Center of 480 
Emory University under protocol 006-12, in full accordance with IACUC protocols. Skin punch 481 
biopsies (3 mm) were rinsed in DPBS containing Primocin (Invivogen) and penicillin/streptomycin 482 
(Pen/Strep, Corning) and manually dissected into 10-15 smaller pieces. The tissue was digested in 483 
0.5 % collagenase B (Roche) for 1-2 hours until cells were released from the extracellular matrix. 484 
Dissociated cells were pelleted by centrifugation at 250 x g, and the supernatant was spun a second 485 
time at 700 x g to pellet any cells that had not been completely released from the extracellular matrix. 486 
Cell pellets were resuspended in a 1:1 mixture of α-MEM and F12 (both from Life Technologies) 487 
supplemented with 10% FBS (JR Scientific), NEAA, GlutaMAX (both from Life Technologies), 1% 488 
Pen/Strep, 64 mg/L L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate (Santa Cruz Biotech) 489 
and Primocin. Cells were plated in a single well of a 6-well plate coated with 4 µg/cm2 human 490 
fibronectin (BD Biosciences) and 2 µg/cm2 mouse laminin (Stemgent). Cultures were grown at 5% 491 
CO2/5% O2 until confluent and then split using 0.05% trypsin. For routine passaging cells were 492 
cultured at 5% CO2 and atmospheric oxygen in primate fibroblast media, which is the same as 493 
plating media but does not contain F12 base media. 494 
 495 
Generation of retrovirally-reprogrammed iPSC lines (a failed attempt) 496 
 We initially attempted to generate lines by retroviral transduction through transfection with 497 
pMXs- vectors encoding the human OCT3/4, SOX2, KLF4, L-MYC and NANOG sequences (Addgene 498 
plasmids 17217, 17218, 17219, 26022 and 18115) as well as vectors encoding the MSCV-VSV.G 499 
envelope protein (Addgene plasmid 14888) and MSCV gag-pol (Addgene plasmid 14887). 15 µg of 500 
each vector was transfected into 293FT cells (Life Technologies) using Lipofectamine 2000 (Life 501 
Technologies) as directed by the manufacturer. We collected virus-containing supernatant from the 502 
293FT cells 48 and 72 h after transfection and immediately used this viral media to transduce 503 
chimpanzee fibroblasts, alongside 10 ug/mL of polybrene (Sigma Aldrich H9268). To aid viral 504 
penetration, we centrifuged the cells at 1800 RPM for 45 minutes following each transduction. 24 h 505 
after the second transduction, we replaced the viral media with A-MEM + 10% FBS, NEAA and 506 
Glutamax. Transduced fibroblasts were allowed to recover for a further 2 days and then seeded on 507 
γ-irradiated, CF-1-derived mouse embryonic fibroblasts (MEF) at a density of 10,000 cells/cm2, and 508 



 

 19

maintained in hESC media (DMEM/F12 supplemented with 20% KOSR, 0.1 mM NEAA, 2 mM 509 
GlutaMAX, 1% Pen/Strep, 0.1 mM BME and 25 ng/mL human bFGF) supplemented with 0.5 mM 510 
valproic acid (Stemgent) until day 14. We obtained iPSCs from 5 chimpanzees by using this protocol. 511 
Yet, when we performed quality control and pluripotency checks on these lines we found that the 512 
exogenous transfected genes were still expressed (figure 1-figure supplement 5). Pluripotency in 513 
these lines could not be maintained exclusively through endogenous expression. We discarded all 5 514 
lines and proceeded with a different reprograming strategy as detailed below.  515 
 516 
Generation of episomally-reprogrammed iPSC lines 517 
 Fibroblasts were grown at 5% CO2/atmospheric O2 in primate fibroblast media until 70-80% 518 
confluence and released by trypsinisation for transfection. 1.5×106 cells were transfected with 1.5 µg 519 
per episomal vector containing the following genes: OCT3/4, SHp53, SOX2, KLF4, LIN28, and L-520 
MYC (Addgene plasmids 27077, 27078, 27080 and 27082; (Okita et al. 2011)). To boost the initial 521 
retention of vectors following transfection, 3 µg of in vitro transcribed ARCA 522 
capped/polyadenylated EBNA1 mRNA was cotransfected with the vectors (see below). Transfected 523 
cells were seeded at 15,000/cm2 on tissue culture plates precoated with 1 µg/cm2 vitronectin (Stemcell 524 
Technologies). Cells were grown in Essential 8 media (made in house as previously described in 525 
(Chen et al. 2011)) without TGFβ1, supplemented with 0.5 mM sodium butyrate (NaB, Stemgent)) 526 
and 100 nM hydrocortisone (Sigma Aldritch). Hydrocortisone was used between days 1-12, or until 527 
cell density exceeded >70% confluence. At day 12, cells were detached using TrypLE (Life 528 
Technologies) and replated at a density of 5,000 cells/cm2 on cell culture dishes precoated with 0.01 529 
mg/cm2 (1:100) of hESC-grade Matrigel (BD Sciences) and grow in Essential 8 media without TGFβ1 530 
or NaB. Colonies began to form at days 18-22 and were picked between days 24-30 onto dishes 531 
coated with γ-irradiated CF-1 derived MEF and subsequently grown in hESC media (as described 532 
above) supplemented with 100 ng/mL human bFGF (Milteny Biotech). Clones were routinely split 533 
using Rho-associated kinase (ROCK) inhibitor Y27632 (Tocris) at a concentration of 10 µM. Cells 534 
were migrated to 1:100 hESC Matrigel (BD Sciences) and maintained on Essential 8 media after a 535 
minimum of 15 passages on MEF. Feeder free cells were passaged using EDTA-based cell release 536 
solution as in (Chen et al. 2011). 537 
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 538 
Generation of EBNA1 mRNA 539 
 To generate a template for in vitro transcription, an EBNA1 template was designed using the 540 
wild type HHV4 EBNA1 as a reference sequence (NCBI accession YP_401677.1). The reference 541 
sequence was modified by replacing the GA repeat region and domain B (amino acids 90-375) with a 542 
second, tandem, chromatin-binding domain (domain A, amino acids 27-89), similar to what was 543 
done by (Howden et al. 2006). The nuclear localization signal (amino acids 379-386) was removed 544 
and replaced with the sequence GRSS. Using the amino acid sequence as the starting template, the 545 
corresponding DNA sequence was generated by reverse translation and optimized for expression in 546 
human cell lines using Genscript’s OptimumGene codon algorithm. This sequence was synthesized 547 
by Genscript and provided in the pUC57 cloning vector; the EBNA1 coding sequence was subcloned 548 
into pcDNA3.1+ (Life Technologies) using the restriction enzymes BamHI and HindIII. Capped and 549 
poly(A) mRNA transcripts were generated using the mMESSAGE mMACHINE T7 ULTRA kit (Life 550 
Technologies) with 1 µg of BamHI linearized pcDNA3.1+EBNA1 as the template. The plasmids 551 
encoding the wild type and modified EBNA1 sequences have been deposited to Addgene as 552 
plasmid ID#s 59199 and 59198 for the wild type and modified sequences respectively. 553 
 554 
iPSC characterization by immunocytochemistry 555 
 iPSC colonies were cultured on MEF for 4-6 days and fixed using PBS containing 4% PFA 556 
(Santa Cruz BioTech) for 15 minutes at room temperature. After rinsing with PBS, fixed cells were 557 
blocked and permeabilised for one hour in PBS containing 0.3% triton and 5% BSA. Primary 558 
antibodies: OCT3/4 (SC-5279), SOX2 (SC-17320), NANOG (SC-33759), SSEA-4 (SC-21704), and Tra-1-559 
81 (SC-21706), all from Santa Cruz BioTech, were diluted 1:100 in blocking solution. Fixed cells were 560 
incubated with the primary antibody solution overnight on a rocker at 4 °C. After washing out the 561 
primary antibody solution, fixed cells were incubated with secondary antibodies (labeled with either 562 
Alexa-488 or Alexa-594, 1:400, Life Technologies) diluted in blocking for 1 hour on a rocker at room 563 
temperature. Nuclei were counterstained using 1 µg/mL Hoechst 33342 (ThermoFisher). All 564 
fluorescence imaging was conducted using an AMG EVOS FL (Life Technologies). 565 
 566 
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Quantitative PCR for endogenous and exogenous gene expression 567 
 RNA was extracted using Qiagen RNA miniprep columns from cell pellets collected from 568 
fibroblasts, day 7 post transfection and feeder free (Matrigel and Essential 8) iPSC lines at passage 10 569 
or higher for both the retroviral and episomal reprogrammings; 1 µg of total RNA was reverse 570 
transcribed using the Maxima first strand cDNA synthesis kit (Thermo Scientific). Quantitative PCR 571 
was performed using a 1:96 dilution of cDNA and SYBR Select master mix (Life Technologies) with 572 
both forward and reverse primers at a concentration of 0.2 µM.). Data was collected and analysed 573 
using the Viia7 (Life Technologies). Primer sequences are shown in supplementary file 2, exogenous 574 
gene expression melt curves are shown in figure 1-figure supplement 5. 575 
 576 
Generation of embryoid bodies and immunofluorescence 577 
 Colonies growing on MEF were detached using Dispase/Collagenase IV (1 mg/ml each; both 578 
from Life Technologies) in DMEM/F12 and grown as a suspension culture on low adherent plates 579 
using hESC media without bFGF. After one week of suspension growth, cells were transferred to 12 580 
or 24-well plates coated with 0.1% gelatin and grown in DMEM supplemented with 20% FBS, 0.1 581 
mM nonessential amino acids, 2 mM GlutaMAX, 1% Pen/Strep and 64 µg/mL L-Ascorbic acid 2-582 
phosphate sesquimagnesium salt hydrate. Embryoid bodies were grown for 1-2 weeks prior to 583 
fixation and immunofluorescence staining.  Cultures were fixed and stained as described above 584 
using the following antibodies: AFP (1:200, SC-130302, Santa Cruz Biotech), FOXA2 (1:200, SC-6554, 585 
Santa Cruz Biotech), α-smooth muscle actin (1:1500, CBL171, Millipore) and MAP2 (1:200, sc-20172 586 
and sc-74420, Santa Cruz Biotech). 587 
 588 
Integration analysis 589 
 To test for genomic integration and residual retention of episomal plasmids, each iPSC line 590 
was migrated to feeder free conditions and grown beyond passage 15 on hESC-qualified Matrigel 591 
(1:100 dilution, BD Biosciences) coated plates in Essential 8 media (Life Technologies). DNA was 592 
extracted from feeder free cultures using DNeasy Blood and Tissue Kits (Qiagen). PCR was 593 
performed using 100 ng of genomic DNA, an annealing temperature of 72°C and 25 cycles using 594 
primers designed to amplify a region common to all episomal vectors used (supplementary file 2). 595 
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Genomic DNA (100 ng) isolated from day 7 cultures, and 1 pg of each episomal vector were used as 596 
positive controls. PCR products were run on a 1% agarose gel and visualised using ethidium 597 
bromide. 598 
 599 
Karyotyping 600 
 After 15 passages on MEF and hESC media, cells were migrated to 1:100 hESC Matrigel (BD 601 
Sciences) and maintained on Essential 8 media for upwards of 6 passages. Feeder-free adapted cells 602 
were sent to Cell Line Genetics Inc (Madison, WI) for karyotyping as described in (Meisner and 603 
Johnson 2008). 604 
 605 
Teratoma formation assays 606 
 In vivo developmental potential of the reprogrammed cell lines was examined. Monolayer 607 
iPSCs from three chimpanzee lines were grown on Matrigel (1:100) in E8 medium (Life 608 
Technologies) and collected by EDTA treatment (Life Technologies). Cells were counted and 609 
resuspended at a ratio of 1:1 cell volume to Matrigel and kept on ice until the injection. Six-week-old 610 
CB17.Cg-PrkdcscidLystbg-J/Crl immunodeficient male mice were obtained (Charles River Laboratories) 611 
and approximately one million iPSCs for each clone were injected into the testis-capsule. After five 612 
to eight weeks teratomas were isolated, weighed, measured, dissected, and fixed in 10% formalin. 613 
The specimens were embedded in paraffin, stained with  hematoxylin and eosin, and analyzed by a 614 
histopathologist. All animal work was conducted under the approval of the Institutional Care and 615 
Use Committee of UCSD (Protocol# S09090).  616 
 In addition, live feeder free iPSC cultures maintained in Essential 8 media on Matrigel iPSCs 617 
from C4955 (passage 15+7) were provided to Applied Stem Cell Inc. (Menlo Park, CA) for teratoma 618 
analysis as previously described (Chen et al. 2012).  619 
 620 
Species-of-origin identity of teratoma samples 621 
 DNA was extracted from frozen teratoma tissue using DNeasy Blood and Tissue Kits 622 
(Qiagen). For teratomas derived from individual C4955, core sections were isolated from FFPE 623 
embedded teratomas tissue using a 3 mm dermal punch tool; DNA was extracted from core samples 624 
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using a QIAamp DNA FFPE Tissue Kit (Qiagen). PCR was performed using universal mitochondrial 625 
primers ((Kocher et al. 1989) supplementary file 2) amplifying cytochrome b (Cytb, chimpanzee 626 
reference sequence NC_001643:bp 14233-14598) or the 12S ribosomal gene (12S, NC_001643:bp 484-627 
915) with 250-500 ng of genomic DNA as the starting template. Two-step PCR was conducted with 628 
an annealing temperature of 50°C for 1 minute and an extension step at 72°C for 4 minutes for a total 629 
of 30 cycles. DNA was purified using a Wizard SV gel and PCR Clean-up kit (Promega); dye 630 
terminator cycle sequencing was conducted by the University of Chicago Comprehensive Cancer 631 
Center using 60 ng of purified PCR template and 4 µM of either the forward or reverse primer. 632 
Alignment to the chimpanzee, human (NC_012920) and mouse (NC_005089) reference sequences 633 
was accomplished using CLC Main Workbench 6.9 (Qiagen) and MUSCLE (Edgar 2004). 634 
 635 
Directed differentiation of chimpanzee iPSCs to hepatocytes and cardiomyocytes 636 
 In order to demonstrate that chimpanzee iPSCs can be directly differentiated into other cell 637 
types, we differentiated C2 iPSC into hepatocytes and C7 into cardiomyocytes using the published 638 
protocols of (Cheng et al. 2012) and (Lian et al. 2013) respectively, with the following modifications: 639 
In both cases we plated iPSCs at 0.35 x 106 cells/cm2 in 0.44 mL/cm2  and cultured them in Essential 8 640 
media 24 hours prior to initiating all differentiations. To increase hepatocyte differentiation 641 
efficiency, 1 µM of sodium butyrate was added during the first 24 hours of differentiation. After 24 642 
days of differentiation, cells were immunostained as described above with a primary antibody for 643 
albumin (1:200, A6684, Sigma Aldrich; figure 2-figure supplement 2).  644 
 After 10 days of differentiation, differentiated C7 cultures were enriched for cardiomyoctes 645 
by culture in RPMI based media without glucose supplemented with 5 mM sodium DL-lactate for 646 
10 days as described previously (Burridge et al. 2014; Tohyama et al. 2013). After day 20 purified 647 
cardiomyocytes were cultured in media lacking glucose supplemented with 10 mM galactose (Rana 648 
et al. 2012). After 25 days of cardiac differentiation, we characterized calcium flux in and out of 649 
iPSC-derived cardiomyocytes by treating cultures with 5 µM Fluo-4 AM (F-14217, Life 650 
Technologies) for 15 minutes, washing cultures once and imaging them with an AMG EVOS FL 651 
microscope (video 1).  652 
 653 
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Microarray genotyping and PluriTest  654 
 RNA from passage ≥15 iPSCs was extracted using the QIAGEN RNeasy kit according to the 655 
manufacturer's instructions. Quality of the extracted RNA was assessed using an Agilent 656 
Bioanalyzer 2100 (RIN scores for all samples ranged from 9.9 to 10), and RNA was processed into 657 
biotinylated cRNA and hybridized to the HT12v4 array using standard Illumina reagents as directed 658 
by the manufacturer. Arrays were scanned using an Illumina HiScan, and data processed using 659 
Illumina's GenomeStudio software. Using these data, we carried out PluriTest as previously 660 
described (Müller et al. 2011). Additionally, we mapped all detected HT12v4 probe sequences (n = 661 
46,297) to the chimpanzee (panTro3) genome using BWA 0.6.3 (Li and Durbin 2009). Probes that 662 
mapped to a single genomic location with no mismatches were retained (n = 21, 320, 46.2% of all 663 
probes) for the analysis that was restricted only to the chimpanzee lines.  664 
 When we considered data from human and chimpanzee iPSCs together, without excluding 665 
probes based on sequence matches to the chimpanzee genome, all chimpanzee lines in the panel had 666 
pluripotency scores slightly below the pluripotency threshold (figure supplement 3-1, lighter points). 667 
However, low pluripotency scores could stem from differences in our ability to estimate gene 668 
expression levels in the chimpanzee compared to the human due to attenuated hybridization caused 669 
by sequence divergence (Gilad et al. 2005). Indeed, when we subset the array to retain only those 670 
detected probes that map to the chimpanzee genome with no ambiguity or mismatches, all 671 
chimpanzee lines have pluripotency scores greater than the pluripotency threshold value of 20 672 
(figure 3-figure supplement 1, darker points).  673 
 674 
RNA sequencing and differential expression testing between iPSCs 675 
 50bp single-end RNA sequencing libraries were generated from RNA extracted from 7 676 
chimpanzee and 7 human iPSC lines using the Illumina TruSeq kit as directed by the manufacturer 677 
(San Diego, CA), as well as from their precursor fibroblast or LCL cell lines. All iPSC samples were 678 
multiplexed and sequenced on four lanes of an Illumina HiSeq 2500; while the precursor cell lines 679 
were multiplexed and sequenced on six lanes of the same sequencer. We generated a minimum of 680 
28,010,126 raw reads per sample (supplementary file 10), and confirmed the raw data were of high 681 
quality using FastQC (available online at http://www.bioinformatics.babraham.ac.uk/projects/ 682 
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fastqc/). We mapped raw reads to the chimpanzee (panTro3) or human (hg19) genome as 683 
appropriate using TopHat 2.0.8 (Trapnell et al. 2009), allowing for a maximum of 2 mismatches in 684 
each read. Due to the relatively poor annotation of the chimpanzee genome and to prevent biases in 685 
expression level estimates due to differences in mRNA transcript size and genetic divergence 686 
between the two species, we limited the analysis to reads that mapped to a list of orthologous 687 
metaexons across 30,030 Ensembl genes drawn from hg19 and panTro3, as in (Blekhman et al. 2010). 688 
Following mapping, gene level read counts were generated using featureCounts 1.4.4 as implemented 689 
in Subread (Liao et al. 2013). Due to mapping biases between human and chimpanzee ribosomal 690 
proteins and pseudogenes, we removed all genes associated with the Gene Ontology Cellular 691 
Compartment category 'ribosome' (GO:0005840, n = 141) and all annotated pseudogenes in Ensembl 692 
release 65 (n = 3170, December 2011, the oldest available archival version of Ensembl) from the data 693 
at this point.  694 
 We considered two normalization approaches in our analysis. In one instance, we examined 695 
only RNA-sequencing data from chimpanzee and human iPSCs, and retained 12,171 genes with at 696 
least 4 observations in one of the two species of log2 CPM > 1. CPM were then loess normalized by 697 
species within individuals with voom (Law et al. 2014). As the orthologous genes are not constrained 698 
to be the same length in both species, we computed RPKM for each gene before carrying out any 699 
inter-species comparisons. We then used the R/Bioconductor package limma 3.20.3 (Smyth 2004) to 700 
test for differential expression in our RNA-seq data, with a model that included only a species effect. 701 
Finally, we tested for an enrichment of GO categories amongst DE genes using the R package topGO 702 
2.16.0 (Alexa et al. 2006). These normalised values were used only to identify genes differentially 703 
expressed between iPSCs of the two species.  704 
 For the dataset containing RNA-sequencing data from iPSCs and their precursors, we again 705 
only retained 13,147 genes with at least 4 observations in one of the four groups (chimpanzee iPSCs, 706 
chimpanzee precursors, human iPSCs or human precursors) of log2 CPM > 1. Gene counts were then 707 
loess normalised within individuals by tissue, after correcting for the lack of independence within 708 
different tissues from the same individual, through the function corfit. As above, we then computed 709 
species-specific RPKM values, and used limma and topGO to test for differential expression and GO 710 
category enrichment, respectively. In this instance, we used a model design with 6 parameters for 711 
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the main effect (chimpanzee iPSC, human LCL-derived iPSC, human fibroblast-derived iPSC, 712 
chimpanzee fibroblast, human LCL and human fibroblast) and no additional covariates.  713 
 To confirm that our conclusions are robust with respect to the choice of normalization 714 
procedure, in both cases, we also tried a variety of other normalization schemes, including 715 
correcting for %GC content as in (Risso et al. 2011), none of which had a substantial effect on the 716 
final results (supplementary file 16). Finally, we built neighbor joining trees using Manhattan 717 
distances calculated from RPKM values at all 13,147genes using the nj function in the R library ape 718 
(Paradis et al. 2004). All analyses were performed at a false discovery rate (Benjamini and Hochberg 719 
1995) threshold of 1% unless otherwise noted, using R 3.1.0 (R Core Team 2013) and Bioconductor 720 
2.14 (Gentleman et al. 2004).  721 
 722 
DNA Methylation arrays 723 
 To analyze DNA methylation, we extracted DNA from all chimpanzee and human iPSC lines 724 
described above, as well as from the source fibroblast or lymphoblastoid cell lines. In all cases, 1000 725 
ng of genomic DNA were bisulphite-converted and hybridized to the Infinium 726 
HumanMethylation450 BeadChip at the University of Chicago Functional Genomics facility as 727 
directed by the manufacturer. Since the probes on the array were designed using the human 728 
reference genome, we followed the approach described in (Hernando-Herraez et al. 2013) to 729 
compare humans and chimpanzees. We retained those probes that had either a perfect match to the 730 
chimpanzee reference genome, or had 1 or 2 mismatches in the first 45 bp but no mismatches in the 731 
3’ 5 bp closest to the CpG site being assayed. We also removed all probes that contained human 732 
SNPs (MAF ≥0.05) or chimpanzee SNPs (MAF ≥0.15) within the last 5 bp of their binding site closest 733 
to the CpG being assayed. Within each individual, probes with a detection P > 0.01 were excluded. 734 
This resulted in the retention of 335,307 autosomal probes, and an additional 8,210 X chromosome 735 
probes, which we normalized and analyzed separately by sex. In all cases we performed a two-color 736 
channel signal adjustment, quantile normalization and β-value recalculation as implemented in the 737 
lumi package (Du et al. 2008). Because the HumanMethylation450 BeadChip contains two assay 738 
types which utilize different probe designs, we performed a BMIQ (beta mixture quantile method) 739 
normalization (Teschendorff et al. 2013) on the quantile-normalized autosomal data set. We did not 740 
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perform this step on the X chromosome data, due to its methylation patterns. We built neighbor 741 
joining trees using Manhattan distances at all 335,307 probes using the nj function as above. 742 
 In order to identify differentially methylated probes we used an identical approach to that 743 
described above for the identification of DE genes. First, we identified probes that were 744 
differentially methylated between the iPSCs of both species using limma by using a reduced data set 745 
and model containing only data from the iPSCs themselves. Then, we fit a linear model to the data 746 
using limma with 6 parameters corresponding to the 6 tissue/species combinations in the data, 747 
classifying probes as differentially methylated at an FDR of 1%. As with the expression data, the 748 
reduced model has more power to identify DM probes between the two iPSC groups than the full 749 
model; however, there is great concordance between the two sets of results (figure supplement 7-5). 750 
We excluded all probes with mean β inter-group differences < 0.1 in order to group DM probes into 751 
DMRs, which we define as 2 or more DM probes separated by < 1kb, with the additional 752 
requirement that the effect be in the same direction in all DM probes within the region. Finally, to 753 
examine the content of these DMRs, we used annotation files for the HumanMethylation450 Bead 754 
Chip provided by the manufacturer and discarded all DMRs associated with either multiple or no 755 
genes. We tested for enrichment of GO BP categories amongst the genes contained in the DMRs by 756 
using the R package topGO 2.16.0 (Alexa et al. 2006), using as a background set all genes in which it 757 
is theoretically possible to detect DMRs. 758 
 759 
H3K27ac and H3K27me3 ChIP-seq data 760 
 ChIP-seq assays were performed as previously described (Schmidt et al. 2009), with slight 761 
modifications. Specifically, approximately 60 million iPSCs from three chimpanzee individuals (C2, 762 
C5 and C7) were cross-linked with 1% formaldehyde for 10 minutes. Cells were lysed and chromatin 763 
sheared with a Covaris S2 (settings: 4 minutes, duty cycle 10%, 5 intensity, 200 cycles per burst in 4 764 
6x16mm tubes per individual). H3K27ac- and H3K27me3-enriched regions were isolated using 5 ug 765 
of either H3K27ac antibody (ab4729, Abcam, Cambridge, MA, USA) or H3K27me3 antibody (07-449, 766 
Millipore, Billerica, MA, USA). ChIP and input DNA from each individual were end-repaired, A-767 
tailed and ligated to Illumina Truseq sequencing adapters before 18 cycles of PCR amplification. 768 
200-300 bp DNA fragments were selected for sequencing. Input libraries were multiplexed and 769 
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sequenced on one lane of an Illumina HiSeq2500 using the rapid run mode, ChIP libraries were 770 
multiplexed and sequenced on three lanes of an Illumina HiSeq2500 using the rapid run mode. 771 
 For comparison purposes, we downloaded ChIP input, H3K27ac and H3K27me3 data from 3 772 
human iPSC lines (iPS 6.9, iPS-18a, and iPS.20b, all of them release 5) generated by the Roadmap 773 
Epigenomics Consortium (Roadmap Epigenomics Consortium et al. 2015) from the NIH GEO 774 
database (supplementary file 10). Human and chimpanzee samples were mapped to either hg19 or 775 
panTro3 using BWA 0.7.9 (Li and Durbin 2009); reads that mapped outside chromosomes 1-22 + X 776 
were discarded, as were reads that did not map uniquely to a single genomic region with less than 2 777 
mismatches, or reads that were marked by Picard (http://picard.sourceforge.net) as originating from 778 
PCR duplicates.  779 
 After mapping and filtering, we used MACS 1.4.4 (Zhang et al. 2008) and RSEG 0.4.4 (Song 780 
and Smith 2011) to identify peaks in the H3K27ac and H3K27me3 data respectively. Our analyses in 781 
this section follow those of (Zhou et al. 2014). Briefly, for MACS, we specified an initial P-value 782 
threshold of H3K27ac, 0.001, and used each line's ChIP input file for comparison. For RSEG, we used 783 
the 'rseg-diff' function to compare H3K27me3 enrichment against each individual's ChIP input file, 784 
with the recommended 20 maximum iterations for hidden Markov model training.  We then filtered 785 
enriched regions or peaks identified by either program by retaining only those that overlapped a 786 
previously defined set of 200 bp orthologous windows (Zhou et al. 2014), where at least 80% of 787 
bases are mappable across species using liftOver. We define mappability as the ability of each 20bp 788 
kmer beginning in that window to be uniquely mapped to the genome.  789 
 To ensure that sequence divergence did not confound our analyses, we mapped each 790 
identified region or peak in humans to the chimpanzee genome, and vice versa, using liftOver, and 791 
excluded regions and peaks where 80% or greater of bases in the enriched peaks or regions failed to 792 
align to the other genome. To further minimise the number of false positive results in our 793 
interspecies comparison (due to incomplete power), we applied a two-step cutoff (Cain et al. 2011) 794 
to the list of enriched regions and peaks. For H3K27ac, we retained all peaks that were identified 795 
with a first, stringent cutoff of FDR < 5% in one species and a, second, relaxed cutoff of FDR < 15% in 796 
the other, as in (Zhou et al. 2014). Because RSEG does not report FDR values for enriched regions, 797 
we used each region's domain score, which is the sum of the posterior scores of all bins within the 798 
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domain, and set a first, stringent cutoff of 20 in one species, and a second, relaxed threshold 799 
demanding only that the region be classified as 'enriched' by RSEG, without a specific score 800 
requirement.  801 
 Having done this, we integrated data from multiple peaks (when present) to generate a gene-802 
level metric of ChIP signal in each individual. Specifically, we computed an enrichment score for 803 
each histone mark in each individual in a set of previously defined 26,115 orthologous transcription 804 
start sites (Zhou et al. 2014) by dividing RPKM values at each TSS at gene i for either mark minus 805 
RPKM values in TSS at gene i for ChIP input, all of it over the genome-wide average RPKM for 806 
either mark minus the genome-wide average RPKM for ChIP input. Given the way in which we 807 
have defined this enrichment score, a score > 0 indicates those genes where we detected more 808 
histone mark reads than input reads, while a score > 1 indicates a gene with an excess of histone 809 
mark reads greater than what we would expect given the genome-wide distribution.  810 
 Because 8 of the 22 genes in the list of pluripotency master genes used to generate figure 5d 811 
do not have clearly defined orthologous TSSs, we also examined whether MACS identified peaks in 812 
the 2kb +/- TSS for all 22 genes and their orthologous position in the chimpanzee genome, identified 813 
solely through liftOver – that is, without taking into account whether there is evidence for a TSS at 814 
that position in the chimpanzee genome. To generate figure 5-figure supplement 3, we simply asked 815 
how many of the 22 genes had at least 1 peak at an FDR < 5% in at least 1 individual in either species, 816 
regardless of orthology and sequence conservation.   817 
 We note that since different labs produced the human and chimpanzee data, we expect a 818 
considerable technical batch effect to be completely confounded with species annotation. Given this 819 
study design, we expect the technical batch effect to result in the appearance of inter-species 820 
differences; yet, our goal is to demonstrate similarity across species. Thus, our conclusions (of high 821 
overlap across species), are conservative with respect to the technical batch effect. 822 
 823 
REX1 expression and function 824 
 To examine the possible consequences of reduced expression of REX1 in chimpanzee iPSCs, 825 
we retrieved genes that responded to a REX1 knockdown in mESCs from supplementary files 2 and 826 
3 of (Scotland et al. 2009) and converted Affymetrix MG 430 2.0 probe IDs to ENSM and ultimately 827 
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to orthologous ENSG identifiers using Biomart release 66 (to control for deprecated identifiers). 828 
Because (Masui et al. 2008; Scotland et al. 2009; Son et al. 2013) have highlighted REX1's function in 829 
controlling cell cycle progression, glycolysis and cellular differentiation, we additionally retrieved 830 
genes associated with these terms to generate figure 6c as follows: The core set of pluripotency TFs 831 
are those described by (Orkin and Hochedlinger 2011) and (Ng and Surani 2011). Cell cycle and 832 
glycolysis categories contain all genes associated with GO BP:0007049 and BP:0006096 respectively, 833 
whereas cell fate contains genes associated with any GO term that contains the words "ectoderm", 834 
"mesoderm" or "endoderm". We also examined individual examples of cell fate differentiation: CNS 835 
development genes are associated with BP:0007417 or any of its offspring; cardiovascular system 836 
development genes are associated with BP:0072358 or any of its offspring; hepatobiliary system 837 
development genes are associated with BP:0055123 or any of its offspring. Confidence intervals 838 
around the null hypothesis were generated independently for each category from 100,000 839 
permutations in R.     840 
 Finally, to compare our data with a previously published set of chimpanzee and bonobo 841 
iPSC lines (Marchetto et al. 2013b), we downloaded fastq files from GEO (Series GSE47626) and 842 
mapped only the first mate from all reads using the same approach as above, but allowing 4 843 
mismatches in the entire 100bp read. We normalised expression estimates jointly with our own cell 844 
lines to generate figure supplement 6-2, and used all data points from a given species, irrespective of 845 
origin, to generate boxplots.  846 
 To generate figure 6-figure supplement 3, we took Illumina HT12v4 array data from 73 847 
human iPSC lines generated in house and calculated Pluritest pluripotency and novelty scores as 848 
above, using the full probe set. Independently, we normalised and background-corrected the raw 849 
array intensities using the lumiExpresso function in lumi and extracted expression values for all 73 850 
human iPSC lines at the single array probe associated with REX1. 851 
 In order to examine REX1 methylation levels in other human PSCs, we obtained Infinium 852 
HumanMethylation450 BeadChip for the lines reported in (Ziller et al. 2011) from the authors, and 853 
normalised it jointly with our own data as described above.  We then extracted normalised 854 
methylation β levels at the 13 probes that map to REX1 in both chimpanzees and humans to 855 
generate figure 6-figure supplement 4. 856 
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 857 
Other indicators of genomic stability 858 
 Finally, we assessed two broad indicators of stability in our chimpanzee lines. All iPSC lines 859 
derived from female chimpanzees, and 3 of 4 lines derived from human females, show strong 860 
evidence for elevated expression of XIST relative to male lines (FDR-adjusted P = 0.0010; figure 7-861 
figure supplement 6) and maintenance of X-chromosome inactivation during pluripotency. X-862 
chromosome methylation patterns in females corroborate these observations, with the majority of 863 
probes mapping to the X-chromosome in our data being either hemimethylated (0.2 <  β < 0.8) or 864 
hypermethylated (β ≥ 0.8) in females but not in males (figure 7-figure supplement 7). We also used a 865 
list of 168 imprinted probes from (Ma et al. 2014) to check for maintenance of genomic imprinting 866 
after reprogramming. We find that the majority of imprinted loci remain hemimethylated following 867 
reprogramming in both human and chimpanzee iPSC lines (figure 7-figure supplement 8). However, 868 
we identify two sets of probes that are consistently hypermethylated in pluripotent lines but were 869 
hemimethylated in their precursor cells. The first cluster contains 5 probes that are hypermethylated 870 
across both chimpanzee and human iPSCs; these probes are associated with the genes KCNK9, 871 
ANKRD11 and MKRN3. The second cluster is comprised of 21 probes that are hypermethylated in 872 
all human iPSCs but only 2 chimpanzee iPSCs in our data, and is associated with the gene PEG3-873 
ZIM2, which has been previously shown to be abnormally methylated in both hESCs and hiPSCs 874 
(Lund et al. 2012).  875 
 876 
Data Access: 877 
 All novel RNA-sequencing, DNA methylation and ChIP-seq data are available at the GEO 878 
under SuperSeries number GSE61343. Additionally, a table with P-values for all hypothesis testing 879 
performed using the methylation data (by probe) is available on the Gilad lab website 880 
(http://giladlab.uchicago.edu/ Data.html). 881 
 All chimpanzee iPSC lines described in this publication are available fully and without 882 
restrictions to other investigators upon request to the corresponding authors. 883 
 884 
 885 
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Figure  legends: 905 
 906 
Figure 1: Characterization of chimpanzee iPSC lines. a. Phase contrast image of representative 907 
chimpanzee iPSC line. Scale bar: 1000 µm. b. Representative karyotype from chimpanzee iPSC line 908 
after > 15 passages, showing no abnormalities. c. ICC staining of iPSC lines with antibodies for 909 
pluripotency markers as indicated. Scale bar: 200 µm. d. Quantitative PCR testing for expression of 910 
endogenous pluripotency factors in all 7 chimpanzee iPSC lines. Line H20961 is a male human iPSC 911 
line generated in-house used as reference. e. PCR gel showing an absence of exogenous episomal 912 
reprogramming factors in all 7 chimpanzee iPSC lines. All PCRs were carried out on templates 913 
extracted from passage >15 with the exception of C3651*, which is from passage 2. Fib – is a negative 914 
fibroblast control (from individual C8861) prior to transfection, day 12 + is a positive control 12 days 915 
after transfection, 27077 + to 27082 + are the plasmids used for reprogramming.  916 
 917 
Figure 2: a. ICC staining of differentiated embryoid bodies with antibodies for the three germ layers 918 
as indicated. Scale bar: 200 µm. b. Histological staining of teratomas derived from iPSC line C4955, 919 
showing generation of tissues from all three germ layers. Scale bar: 100 µm. 920 
 921 
Figure 3: a. PluriTest pluripotency scores in the 7 chimpanzee lines and 4 human reference iPSC 922 
lines. Purple circles denote chimpanzees; yellow squares, humans. b. PluriTest results after removal 923 
of probes not mapping to the chimpanzee genome. All samples in the top left quadrant are human 924 
and have satisfactory pluripotency and novelty scores. Samples in the top right quadrant 925 
correspond to our chimpanzee iPSC panel, and have consistently high pluripotency yet high novelty 926 
scores.  927 
 928 
Figure 4: Principal component analysis plots of data from the iPSCs. a. PCA generated from 929 
expression data of 12,171 orthologous genes. b. PCA generated from DNA methylation data 930 
measured by 335,307 filtered probes.  931 
 932 
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Figure 5: Overlap of H3K27me3 and H3K27ac signal between chimpanzee and human iPSCs at 933 
orthologous TSSs. a. H3K27me3 enrichment near all genes with an orthologous TSS. b. H3K27me3 934 
enrichment near 2,910 genes previously identified as bivalent in human PSCs. c. H3K27ac 935 
enrichment near all genes with an orthologous TSS. d. H3K27ac peaks near 14 known pluripotency 936 
master regulators with orthologous TSSs. 937 
 938 
Figure 6: REX1 may be dispensable for pluripotency in chimpanzee iPSCs. In both panels REX1-939 
expressing chimpanzee iPSC line is coloured red, significant interspecies differences are indicated 940 
along the left-hand side, and purple boxes indicate chimpanzee lines, yellow boxes indicate human 941 
lines. a. Expression values of 16 core pluripotency transcription factors in all human and 942 
chimpanzee iPSC lines. b. Methylation status of 13 CpG sites associated with REX1 in all human and 943 
chimpanzee iPSCs. Location of the probe relative to the gene sequence is indicated along the right 944 
hand side. c. Fraction of DE genes in multiple categories downstream of REX1 in human and mouse 945 
ESCs. 1: Genes associated with any Gene Ontology term that contains the words "ectoderm", 946 
"mesoderm" or "endoderm". 2. CNS development genes are associated with GO:0007417 or any of its 947 
offspring. 3: cardiovascular system development genes are associated with GO:0072358 or any of its 948 
offspring. 4: hepatobiliary system development genes are associated with GO:0055123 or any of its 949 
offspring. d. Expression levels of 34 genes associated with GO:0006096, glycolysis, in all human and 950 
chimpanzee iPSC lines. All reported p-values were calculated after excluding C6. 951 
 952 
Figure 7: Relationships of iPSCs to their precursors. a. PCA of gene expression data from all iPSCs 953 
and their precursor cell lines. b. Neighbour-joining tree of Euclidean distances between all samples 954 
generated based on the gene expression data. c. PCA of DNA methylation data from all iPSCs and 955 
their precursor cell lines. d. Neighbour-joining tree of Euclidean distances between all samples 956 
generated based on the DNA methylation data.  957 958 
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Figure supplement legends: 959 
Figure 1-figure supplement 1: Karyotypes for the 6 chimpanzee iPSC lines not shown in main text 960 
figures, generated after >15 passages in culture. Passage number for each line represents passages on 961 
MEF feeders plus additional passages on Matrigel.  962 
 963 
Figure 1-figure supplement 2: ICC staining of the 6 chimpanzee iPSC lines not shown in main text 964 
figures with antibodies for pluripotency markers as indicated. Scale bar: 200 µm. 965 
 966 
Figure 1-figure supplement 3: ICC staining showing SSEA1 expression in chimpanzee iPSC culture 967 
plates, clearly distinct from NANOG expression.  968 
 969 
Figure 1-figure supplement 4: Melt curves showing a lack of exogenous reprogramming gene 970 
expression in episomally reprogrammed chimpanzee iPSCs after > 10 passages. 971 
 972 
Figure 1-figure supplement 5: Exogenous gene expression in retrovirally reprogrammed 973 
chimpanzee iPSCs after various passages. All values are relative to expression in a day-7-post-974 
transfection chimpanzee fibroblast. 975 
 976 
Figure 2-figure supplement 1: ICC staining of differentiated embryoid bodies derived from the 6 977 
chimpanzee iPSC lines not shown in main text figures, with antibodies for the three germ layers as 978 
indicated. Scale bar: 200 µm. 979 
 980 
Figure 2-figure supplement 2: ICC staining of directly differentiated hepatocytes from line C2, with 981 
antibodies as indicated. Scale bar: 200 µm. 982 
 983 
Figure 2-figure supplement 3: Histological staining of teratomas derived from three additional 984 
chimpanzee iPSC lines, showing generation of tissues from all three germ layers. Scale bar: 500 µm. 985 
 986 
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Figure 2-figure supplement 4: Sequencing traces from teratomas generated from chimpanzee iPSC 987 
lines for the mitochondrial genes 12S (C3649, C4955) and cytb (C8861, C40210). All traces show clear 988 
evidence of the presence of chimpanzee tissue in the teratoma.  989 
 990 
Figure 3-figure supplement 1: The effects of probe sub-setting in PluriTest pluripotency score 991 
calculations. Lighter shades indicate pluripotency scores before the removal of probes not mapping 992 
to the chimpanzee genome, darker shades indicate pluripotency after probe removal. Purple circles 993 
denote chimpanzees; yellow squares, humans. 994 
 995 
Figure 4-figure supplement 1: Volcano plot showing the distribution of differentially expressed 996 
genes between iPSCs of chimpanzee and human origin.   997 
 998 
Figure 4-figure supplement 2: Density plots of log2 FC change values amongst DE genes for the main 999 
comparisons presented in the text. The area bounded by the grey lines represents log2 FC changes 1000 
with an absolute magnitude < 2.  1001 
 1002 
Figure 5-figure supplement 1: Density plots of H3K27ac enrichment scores at orthologous TSSs in 1003 
the entire data set and at 3,572 genes enriched only in chimpanzee iPSCs.  1004 
 1005 
Figure 5-figure supplement 2: Density plots of mean RPKM in chimpanzee iPSCs in all 12,171 genes 1006 
with expression data and in the subset of 1,737 genes with expression data and H3K27ac signal 1007 
enrichment solely in chimpanzee iPSCs.  1008 
 1009 
Figure 5-figure supplement 3: H3K27ac peaks observed in at least 1 chimpanzee or human iPSC, as 1010 
identified by MACS at 22 known pluripotency master regulators. In the case of all three genes that 1011 
differ between this figure and figure 5d – KLF5, NR5AD and SMAD1 – processed enrichment signal 1012 
after accounting for orthology is weak, and falls very close to our normalised enrichment score 1013 
threshold of 1, explaining the difference between the two. 1014 
 1015 
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Figure 6-figure supplement 1: Expression values of 15 core pluripotency transcription factors in all 1016 
human and chimpanzee iPSC lines. The data used to generate this figure are identical to those used 1017 
to generate figure 5a except that expression levels of REX1 are not included in the calculation. REX1-1018 
expressing chimpanzee iPSC line C6 is coloured red, significant interspecies differences are 1019 
indicated along the left-hand side, and purple boxes indicate chimpanzee lines, yellow boxes 1020 
indicate human lines. 1021 
 1022 
Figure 6-figure supplement 2: Expression levels of REX1 in human, chimpanzee and bonobo iPSC 1023 
lines generated in this study and in (Marchetto et al. 2013b).  Data for this figure were jointly 1024 
normalised. 1025 
 1026 
Figure 6-figure supplement 3: Plot of PluriTest pluripotency scores versus normalised REX1 1027 
intensity in 73 human iPSC lines derived in-house. 1028 
 1029 
Figure 6-figure supplement 4: Methylation status of 13 CpG sites associated with REX1 in 1030 
chimpanzee and human iPSCs from this study and human PSCs from (Ziller et al. 2011). REX1-1031 
expressing chimpanzee iPSC line is coloured red; location of the probes relative to the gene sequence 1032 
is indicated along the right hand side. 1033 
 1034 
Figure 7-figure supplement 1: Boxplots of methylation beta values at 335,307 probes across all 1035 
samples. Plots are colored by tissue type: light blue: chimpanzee iPSCs; dark blue: human iPSCs; 1036 
light orange: chimpanzee fibroblasts; dark orange: human fibroblasts; turquoise: human LCLs. 1037 
 1038 
Figure 7-figure supplement 2: Boxplots of methylation beta values across all samples, grouped by 1039 
potency and genomic features. Boxes are colored by tissue type: light blue: chimpanzee iPSCs; light 1040 
orange: chimpanzee fibroblasts. 1041 
 1042 
Figure 7-figure supplement 3: Venn diagrams showing overlap in interspecies differences before 1043 
and after reprogramming. a. Overlap in DE genes between chimpanzee and human fibroblasts, and 1044 
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chimpanzee and human fibroblast-derived iPSCs. b. Overlap in DM probes between chimpanzee 1045 
and human fibroblasts, and chimpanzee and human fibroblast-derived iPSCs. 1046 
 1047 
Figure 7-figure supplement 4: Venn diagram showing overlap of genes identified as DE between 1048 
iPSCs of the two species when we normalize the iPSC data independently and alongside data from 1049 
the precursors.  1050 
 1051 
Figure 7-figure supplement 5: Venn diagram showing overlap of probes identified as DM between 1052 
iPSCs of the two species under the full and reduced limma models.  1053 
  1054 
Figure 7-figure supplement 6: Normalized XIST expression values in 7 chimpanzee and human 1055 
iPSCs. Circles denote chimpanzee iPSCs, squares indicate human iPSCS. 1056 
 1057 
Figure 7-figure supplement 7: Quantile-normalized methylation beta values at 8,210 X-chromosome 1058 
probes in 7 chimpanzee iPSCs and 7 human iPSCs. The colour bar beneath the dendrogram 1059 
indicates sex of the individuals: purple: female; yellow: male. Sample names ending with _FB 1060 
indicate fibroblast lines used to generate the corresponding iPSC line, samples ending with _LCL 1061 
indicate LCL lines used to generate the corresponding iPSC line.  1062 
 1063 
Figure 7-figure supplement 8: Normalized methylation beta values at 168 assayable probes known 1064 
to be subject to parental imprinting effects, from (Ma et al. 2014). Sample names ending with _FB 1065 
indicate fibroblast lines used to generate the corresponding iPSC line, samples ending with _LCL 1066 
indicate LCL lines used to generate the corresponding iPSC line. 1067 1068 
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Video legends: 1069 
Video 1: Calcium transient flux in and out (GFP labelled) and contractility of directly differentiated 1070 
cardiomyocytes from chimpanzee iPSC line C7.   1071 1072 
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Supplementary file headings: 1073 
Supplementary file 1: Descriptive data for all chimpanzee cell lines used in this work. 1074 
Supplementary file 2: Origin and purpose of all primers used. 1075 
Supplementary file 3: Descriptive data for all human iPSC lines used. 1076 
Supplementary file 4: Normalized RPKM values and DE genes between chimpanzee and human 1077 
iPSCs. 1078 
Supplementary file 5: Gene Ontology BP terms associated with genes DE between chimpanzee and 1079 
human iPSCs. 1080 
Supplementary file 6: DMRs identified between chimpanzee and human iPSCs. 1081 
Supplementary file 7: Numbers of DM probes and DMRs between chimpanzee and human iPSCs 1082 
identified under various mean β difference thresholds. 1083 
Supplementary file 8: Gene Ontology BP terms associated with genes within DMRs between 1084 
chimpanzee and human iPSCS. 1085 
Supplementary file 9: H3K27ac and H3K27me3 enrichment scores in 3 chimpanzee and 3 human 1086 
iPSCs around 26,115 orthologous TSSs. 1087 
Supplementary file 10: RNA- and ChIP-sequencing reads generated and mapped for all samples in 1088 
this work.  1089 
Supplementary file 11: Correlations between principal components and selected covariates in the 1090 
expression data.  1091 
Supplementary file 12: Correlation between principal components and selected covariates in the 1092 
methylation data.  1093 
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