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ABSTRACT

Comparative studies in primates are extremely restricted because we only have access to a
few types of cell lines from non-human apes and to a limited collection of frozen tissues.
In order to gain better insight into regulatory processes that underlie variation in complex
phenotypes, we must have access to faithful model systems for a wide range of tissues and
cell types. To facilitate this, we have generated a panel of fully characterized chimpanzee
(Pan troglodytes) and human induced pluripotent stem cell (iPSC) lines derived from fi-
broblasts of healthy donors. All lines are free of integration from exogenous reprogramming
vectors, can be maintained using standard iPSC culture techniques, and have proliferative
and differentiation potential similar to human and mouse lines. To begin demonstrating
the utility of comparative iPSC panels, we collected RNA-seq data and methylation profiles
from the human and chimpanzee iPSCs and their corresponding fibroblast precursors. In
order to demonstrate the utility of this panel in studying dynamic developmental processes
we collected RNA-seq for a four day time course. We observed conservation of this early
developmental period with a reduction of variance shared by both species at the onset of
differentiation. In order to determine the fidelity of iPSC derived cell types to a primary
tissue, we collected RNA-seq for cardiomyocytes derived from our human and chimpanzee
iPSC panel as well as from postmortem heart tissue from both species. We found that while
iPSC-derived cardiomyocytes are still in a fetal state, they are able to recapitulate many of
the interspecies gene expression differences identified in adult heart tissue, indicating they
are a good model to study inter-primate gene regulatory differences. The work contained
in this thesis will help realize the potential of iPSCs, and in combination with genomic

technologies, transform studies of comparative evolution.



CHAPTER 1
INTRODUCTION

1.1 Introduction

Heritable mutations altering the temporal, spatial or steady state levels of gene expression
are likely to underlie the molecular basis for many human-specific traits [58]. Evidence
from model systems along with a more thorough understanding of the molecular mecha-
nisms determining transcription have largely supported this hypothesis. For example, it has
been hypothesized that human-specific gene expression patterns in the brain might underlie
functional, developmental, and perhaps cognitive differences between humans and other apes
[165,[92]. To study these regulatory differences between the species, the field has used several
approaches, including the use of post mortem frozen tissues, cell lines, and model organisms.
The use of primate cell lines and frozen tissues has allowed us to study the genetic architec-
ture of gene regulation. At the same time, because of the limitations of these approaches,
it is difficult to study inter-species variation in gene regulation [I19]. For example, it is rare
to collect a large number of tissue samples from the same donor (particularly in non-human
primates). Therefore, it is difficult to investigate population-level patterns of gene regulation
in multiple cell types or tissues that are derived from the same genotype (same donor) across
species. Furthermore, post-mortem tissues cannot be staged and are often subject to high
environmental variances. This variance results in sample heterogeneity that is difficult to
measure, and therefore account for, during an experiment. Since frozen tissues are static
and non-renewable, they not amenable to experimental perturbation. As a result, we cannot
comparatively study the population dynamics of primate gene regulation. A few studies have
chosen to sidestep this limitation by using model organisms in an attempt to recapitulate
inter-primate differences in gene regulation. In this approach, the phenotypic impact of dif-

ferences in gene regulation between humans and non-human primates are studied with high
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spatial and temporal resolution in a model species, such as the mouse [40, 104, 105 [126].
These studies are useful and often informative, but when model organisms are used to reca-
pitulate gene regulatory differences between primates, the inference about function requires
one to make a critically important assumption, which is typically not tested. Namely, one
must assume that the effects of gene regulatory changes on complex phenotypes are identical
in model organisms and in humans. The caveats associated with using a model organism
to study the phenotypic effects of regulatory differences between primates notwithstanding,
until recently, it is not clear that there was an alternative approach. In order to gain true in-
sight into regulatory processes that underlie variation in complex phenotypes, we must have
access to faithful model systems for a wide range of tissues and cell types. In other words, to
utilize comparative functional approaches to comparatively study the genetic architecture of
complex phenotypes in humans and other apes, a new approach is needed. Recent techno-
logical developments in the generation and differentiation of induced pluripotent stem cells

(iPSCs) provide an enticing option to comparatively study primate biology.

1.2 iPSC based systems for comparative primate studies

Human embryonic stem cells (hESCs) are a cell type derived from the inner cell mass of fer-
tilized blastocysts that are able to differentiate into any cell type in the body and thus con-
sidered pluripotent. hESCs have long been used as a tool in the study of genetic mechanisms
dictating early developmental trajectories. The destruction of the blastocyst in the process
of hESC isolation has led to ethical and practice issues surrounding the use of hESCs in
scientific research. Due to recent restrictions on the use of great apes in biomedical research,
the issues surrounding ESC technology are further confounded and preclude their application
to great apes. With the advent of human induced stem cell technology[137, [138] it is now
possible to generate cells that are highly similar to hESCs by transient over-expression of

pluripotency associated transcription factors. Initially cell lines were generated using retro-
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viral integration of POU5SF1,SOX,KLF}, and MYC (often referred to as Yamanaka factors
after the lab that discovered their utility in generating iPSC lines) into dermal fibroblast lines
from both mice and humans. As the field matured, more sophisticated methods using non-
integrating approaches have been developed[97], resulting in the production of higher-quality
integration free cell lines. iPSC lines have been shown to be capable of essentially unlimited
proliferation potential with minimal accumulation of mutations over time, thus allowing for
the production of a consistent and renewable stream of terminal cell types through staged
differentiation protocols. In chapter [2, T establish a novel primate model system employing
iPSC technology. Developing such an iPSC-based system for comparative genomic studies
in primates allows researchers to compare regulatory pathways and complex phenotypes in
humans and our close evolutionary relatives using appropriate models for different tissues
and cell types. This will be a powerful resource with which to examine the contribution of

changes in gene regulation to human evolution and diversity.

1.3 Fidelity of pluripotent stem cell models to in vivo dynamic

processes and cell types

Primate iPSC panels are a particularly attractive system for comparative studies of early
development. Utilizing timecourse differentiation protocols, we can examine the context de-
pendent nature of gene regulation, as well as the temporal roles of gene expression as different
cell types and developmental states are established [73]. However, the biological relevance
of differences observed in a comparative iPSC based model hinges on the assumption that
iPSCs and differentiation protocols are able to faithfully represent in vivo dynamic devel-
opmental processes and cellular counterparts. In order to assay comparative iPSC based
models in their ability to faithfully recapitulate dynamic in vivo developmental processes, I
choose to study endoderm development, with the expectation that germ layer establishment

will be largely conserved throughout mammals [I76]. In chapter , I examine the ability of
3



iPSCs to recapitulate a conserved early developmental gene regulatory trajectory in human
and chimpanzee iPSC-derived cell lineages. My rationale is that if I can demonstrate the
fidelity of the iPSC model in this context under the expectation of conservation, this would
provide support for the notion that the iPSC system can be a useful tool for future com-
parative studies of more diverged dynamic biological processes. While we largely observed
a conservation in an early developmental process across species using our comparative iPSC
system. There remains a possibility that differentiated cells derived from primate iPSCs do
not perfectly recapitulate gene regulatory differences observed within primary tissues be-
tween species. Thus, in chapter [d I comprehensively benchmark the performance of iPSC
derived cardiomyocytes in their ability to recapitulate the inter-species gene expression dif-

ferences observed in post mortem cardiac tissues.



CHAPTER 2
A PANEL OF INDUCED PLURIPOTENT STEM CELLS
FROM CHIMPANZEES: A RESOURCE FOR COMPARATIVE
FUNCTIONAL GENOMICS

2.1 Abstract]]

Comparative genomics studies in primates are restricted due to our limited access to samples.
In order to gain better insight into the genetic processes that underlie variation in complex
phenotypes in primates, we must have access to faithful model systems for a wide range
of cell types. To facilitate this, we generated a panel of 7 fully characterized chimpanzee
induced pluripotent stem cell (iPSC) lines derived from healthy donors. To demonstrate
the utility of comparative iPSC panels, we collected RNA-sequencing and DNA methylation
data from the chimpanzee iPSCs and the corresponding fibroblast lines, as well as from 7
human iPSCs and their source lines, which encompass multiple populations and cell types.
We observe much less within-species variation in iPSCs than in somatic cells, indicating
the reprogramming process erases many inter-individual differences. The low within-species
regulatory variation in iPSCs allowed us to identify many novel inter-species regulatory

differences of small magnitude.

2.2 Introduction

Comparative functional genomic studies of humans and other primates have been consis-
tently hindered by a lack of samples [I19]. In spite of their clear potential to inform our

understanding of both human evolution and disease, practical and ethical concerns surround-

1. Gallego Romero I, Pavlovic BJ, Hernando-Herraez I, Zhou X, Ward MC, Banovich NE, Kagan CL,
Burnett JE, Huang CH, Mitrano A et al. 2015. A panel of induced pluripotent stem cells from chimpanzees:
a resource for comparative functional genomics. Elife 4: e07103. doi: 07110.07554/¢Life.07103
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ing working with non-human primates have constrained the field to using a limited set of
cell types collected in a non-invasive or minimally invasive manner, primarily lymphoblas-
toid cell lines (LLCLs) and fibroblasts. Comparative studies of any other primate tissue have
been limited to using post-mortem (typically frozen) materials, thereby precluding most
experimental manipulation and yielding primarily observational insights (see [13, 14 18],
for examples). An alternative has been to use model organisms in an attempt to recapit-
ulate inter-primate regulatory differences. The typical approach involves the introduction
of sequences of evolutionary interest into a model system, and then searching for spatial
or temporal differences in gene expression that can be ascribed to the introduced sequence
[34, [40]. This is a difficult and challenging approach and, perhaps as a result, there are still
only a handful of well-described examples of human-specific regulatory adaptations in pri-
mates [81) [105] and even fewer cases where the underlying regulatory mechanisms have been
resolved [104) 1T7]. While these studies are useful and often informative, they also entail
assumptions of functional conservation between the model system and the species of interest
that may not necessarily be true [119]. Induced pluripotent stem cells (iPSCs) can provide
a viable means of circumventing these concerns and limitations, at least with respect to the
subset of phenotypes that can be studied in in wvitro systems. Reprogramming somatic cell
lines to a stable and self-sustaining pluripotent state [137, [I38] has become routine prac-
tice for human and murine cell lines, but extension to other animals, especially non-human
primates, is not yet widespread despite some exceptions e.g. [9] [76]. Instead, the broadest
application of iPSCs to date has been the generation of lines derived from patients suffering
from a variety of genetic disorders [32, 51], [72], 83], 53], with the dual aims of providing a
deeper understanding of disease phenotypes and developing new therapeutic avenues. These
cell lines have been shown to display in vitro properties corresponding to relevant patient
phenotypes observed in vivo, both as iPSCs and when differentiated into other pertinent

cell types, supporting their utility in clinical applications; more generally, these properties



also highlight the tantalizing flexibility of iPSCs as a means of exploring developmental
and cell lineage determination pathways. Thus, the development of an iPSC-based system
for comparative genomic studies in primates will allow us to compare regulatory pathways
and complex phenotypes in humans and our close evolutionary relatives using appropriate
models for different tissues and cell types. This will be a powerful resource with which to
examine the contribution of changes in gene regulation to human evolution and diversity. To
demonstrate the validity of this approach, we have generated a panel of 7 chimpanzee iPSC
lines that are fully characterized and comparable to human iPSC lines in their growth and

differentiation capabilities.

2.3 Results

We generated a panel of iPSC lines from seven chimpanzees through electroporation of
episomal plasmids expressing OCT3//4 (also known as POU5F1), SOX2, KLFj, L-MYC,
LIN28, and an shRNA targeting TP53 [97], as well as an in vitro-transcribed EBNA1 mRNA
transcript [27, 50] that promotes increased exogenous vector retention in the days following
electroporation. Our chimpanzee panel is comprised of seven healthy individuals (4 female,
3 male, further details on these individuals are given in Supplementary Table [2.1)) ranging
from 9 to 17 years old. Fibroblasts from 5 of the 7 individuals were purchased from the
Coriell Institute for Medical Research, while the remaining two (C6, C7) were derived from
3 mm skin punch biopsies directly collected from animals at the Yerkes Primate Research
Center of Emory University (see methods). All chimpanzee iPSC lines described in this
publication are available fully and without restrictions to other investigators upon request

to the corresponding authors.



2.3.1 Characterizing the chimpanzee 1PSC's

The chimpanzee iPSC lines closely resemble human iPSC lines in morphology (Fig. ;all
images shown in main text are from chimpanzee line C4. Similar images of the other lines
are available as Supplementary Figs. . All lines could be maintained in culture for
at least 60 passages without loss of pluripotency or self-renewal capability using standard
iPSC culture conditions, both on mouse embryonic fibroblast (MEF) feeder cells and in
feeder-free conditions. The genomes of all our lines appeared to be cytogenetically stable;
all exhibited normal karyotypes after reprogramming and more than 15 passages in culture,
ruling out the presence of gross chromosomal abnormalities (Fig. and Supplementary
Fig. . We confirmed nuclear expression of OCT3/4, SOX2 and NANOG in all lines
by immunocytochemistry (Fig. ; Supplementary Fig. [2.9). The pluripotent cells also
express the surface antigens Tra-1-81 and SSEA4, while cells collected from the center of
differentiating colonies expressed SSEA1 at levels comparable to differentiating colonies of
human iPSC lines (Supplementary Fig. [2.10)). To confirm that the observed expression of
pluripotency-associated genes is of endogenous origin, we performed qPCR with primers
designed to specifically amplify the endogenous OCT3/4, SOX2 and NANOG and L-MYC
transcripts (Fig. ; all PCR primers used in this work are listed in supplementary table 2).
Indeed, we found no evidence of exogenous gene expression after 10 passages (Supplementary
Fig. , and no traces of genomic integration or residual episomal plasmid retention after
15 passages (Fig. [2.1E). These observations indicate that self-renewal in our chimpanzee
iPSC lines is maintained solely through endogenous gene expression.

To confirm pluripotency and test the differentiation capabilities of our lines, we performed
a number of assays. First, we generated embryoid bodies from all 7 chimpanzee iPSC lines
and assayed their ability to spontaneously differentiate into the three germ layers by im-
munocytochemistry. All lines spontaneously gave rise to tissues from the three germ layers

(Fig. 2.2A; Supplementary Fig. [2.13)). Second, we carried out directed differentiations to
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Figure 2.1: Characterization of chimpanzee iPSC lines. A. Phase contrast image of
representative chimpanzee iPSC line. Scale bar: 1000 uM. B. Representative karyotype from
chimpanzee iPSC line after > 15 passages, showing no abnormalities. C. ICC staining of
iPSC lines with antibodies for pluripotency markers as indicated. Scale bar: 200 uM. D.
Quantitative PCR testing for expression of endogenous pluripotency factors in all 7 chim-
panzee iPSC lines. Line H20961 is a male human iPSC line generated in-house used as
reference. E. PCR gel showing an absence of exogenous episomal reprogramming factors in
all 7 chimpanzee iPSC lines. All PCRs were carried out on templates extracted from pas-
sage >15 with the exception of C3651%*, which is from passage 2. Fib-is a negative fibroblast
control (from individual C8861) prior to transfection, day 12 + is a positive control 12 days
after transfection, 27077 + to 27082 + are the plasmids used for reprogramming.
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Figure 2.2: Embryoid body and teratoma assays of iPSC differentiation. A. ICC
staining of differentiated embryoid bodies with antibodies for the three germ layers as in-
dicated. Scale bar: 200uM. B. Histological staining of teratomas derived from iPSC line
C4955, showing generation of tissues from all three germ layers. Scale bar: 100uM.

hepatocytes and cardiomyocytes in a subset of the lines using previously published protocols
(see Methods, Supplementary Fig. . Third, we performed teratoma formation assays in
four of the lines using Fox Chase SCID-beige and CB17.Cg-Prkdc*¢Lyst?-/ /Crl immun-
odeficient male mice. All four iPSC lines were capable of generating tumours in mice, and
all tumours examined contained tissues of endodermal, ectodermal and mesodermal origins
(Fig. [2.2B, Supplementary Fig. [2.15). To confirm the chimpanzee origin of these tissues,
we extracted and performed Sanger sequencing on mitochondrial DNA from the tumours
(Supplementary Fig. [2.16)).

Finally we characterized pluripotency in our lines through PluriTest, a bioinformatic
classifier that compares the gene expression profiles of new lines to those obtained from
a reference set of over 400 well-characterized human pluripotent and terminally differen-

tiated lines [87], modified to accommodate data from both species. All chimpanzee lines
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Figure 2.3: PluriTestAa. PluriTest pluripotency scores in the 7 chimpanzee lines and 4
human reference iPSC lines. Purple circles denote chimpanzees; yellow squares, humans.
B. PluriTest results after removal of probes not mapping to the chimpanzee genome. All
samples in the top left quadrant are human and have satisfactory pluripotency and novelty
scores. Samples in the top right quadrant correspond to our chimpanzee iPSC panel, and
have consistently high pluripotency yet high novelty scores.

have PluriTest pluripotency scores greater than the pluripotency threshold value of 20 (Fig.
, Supplementary Table . We also calculated PluriTest novelty scores for all samples.
In human PSCs, novelty values above 1.67 are suggestive of chromosomal duplications or
expression of differentiation-associated genes. Human PSCs with high novelty scores are
typically either difficult to maintain and expand in culture (because they differentiate spon-
taneously at a high rate), or cannot be consistently differentiated to all three germ layers. All
of our chimpanzee lines had novelty scores above the 1.67 threshold (Fig. [2.3B). However, in
contrast to human PSCs with high novelty scores, our chimpanzee lines can be both easily
maintained in culture and differentiated into all three germ layer lineages, as demonstrated
by the embryoid body and teratoma assays detailed above. We thus hypothesize that the
observed high novelty scores are likely driven by inter-species gene regulatory differences

that the PluriTest assay, which was trained exclusively on human samples, interpreted as

abnormal gene expression.
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2.3.2 Interspecies analysis of gene expression and methylation data from

1PSCs

To better examine gene expression and regulatory differences between human and chim-
panzee iPSCs, we generated genome-wide RNA-sequencing and DNA methylation data (see
methods) from all chimpanzee iPSC lines, as well as from 7 human iPSC lines also gener-
ated and validated in our laboratory. While all of the chimpanzee iPSCs were derived from
fibroblast cell lines (Supplementary Table , the human iPSCs were derived from both
fibroblasts and immortalized LCLs from Caucasian and Yoruba individuals (see Supplemen-
tary Table for additional details). We designed the comparative study this way in order
to demonstrate that regulatory differences between human and chimpanzee iPSCs cannot be
explained by technical differences due to culturing conditions or the cell type of the somatic
precursor cells used for reprograming. To prevent biases due to genetic divergence between
the two species, we chose to restrict our gene expression analyses to a curated set of genes
with one-to-one orthology between humans and chimpanzees [13| [15]. Following assessment
of quality control metrics (see Methods), we obtained normalized RPKM estimates for 12,171
genes that were expressed in at least 4 iPSC lines from either one of the species (see Meth-
ods). We similarly restricted our DNA methylation analyses to a set of 335,307 high quality
probes with a high degree of sequence conservation between humans and chimpanzees (as
in[47]; see Methods). To examine broad patterns in the data, we used principal component
analysis (PCA). We observed clear and robust separation of human and chimpanzee iPSC
lines along the first principal component (PC) in both the gene expression and DNA methy-
lation data (Fig. ,B; regression of PC1 by species; p < 10-13 for the expression data;
p < 10-12 for the DNA methylation data). Within the human samples, PC2 appears to
be driven by ethnicity, as we observe all Caucasian samples consistently clustering together
despite their different cell types of origin (P = 0.005 for the association between PC2 and
human ethnicity in the expression data, P = 0.044 in the DNA methylation data).
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Figure 2.4: Principal component analysis plots of data from the iPSCs. A. PCA
generated from expression data of 12,171 orthologous genes. B. PCA generated from DNA
methylation data measured by 335,307 filtered probes.

We then analysed regulatory differences between the species by first focusing on the gene
expression data. At an FDR of 1%, we identified 4,609 genes (37.9%) as differentially ex-
pressed (DE) between the iPSCs of the two species (Supplementary Table [2.3} see Methods
for details). The majority of DE genes do not exhibit large inter-species fold-change dif-
ferences in expression levels (Supplementary Figs. & . An analysis of functional
annotation of the DE genes reveals that no Gene Ontology Biological Process terms (GO
BP; [3]) are significantly overrepresented among these genes at an FDR of 5% (Supplemen-
tary Table , although we identified 123 overrepresented terms if we limit our analysis
to the 546 genes with absolute logs fold-change difference > 2 (Supplementary Table .
Additionally, we tested for concordance between our list of DE genes and a list of 2,730 genes
that were previously classified as DE between human and non-human primate iPSC lines
[76]. Given our stringent approach to consider orthologous genes, only 2,081 (76%) genes
could be analysed across the two studies. Of these, 1,495 genes are detectably expressed in
our lines, and 1,079 (72.2%) are classified as DE between the species in both data sets (a

highly significant enrichment; X2 P < 10'16). Expression trends within these DE genes are
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in the same direction in both data sets in 1,060 of cases (98.24%).

Next, we used a similar approach to identify differentially methylated (DM) probes and
regions between the iPSCs of both species (see Methods). We identified 63,791 probes that
are DM between the two species at an FDR of 1%, 26,554 of which have a mean intergroup
Bdifference > 0.1, our arbitrary effect size threshold for retaining probes for differentially
methylated region (DMR) identification and downstream analyses. Of these, 10,460 probes
could be further grouped into 3,529 regions of 2 or more DM probes within 1 kb, which we
designated DMRs; (Supplementary Table ; the numbers of probes and regions identified
as DM at a range of mean interspecies Sthresholds are given in Supplementary Table [2.6]
In order to consider the DNA methylation and gene expression data jointly, we focused on
a subset of 2,348 DMRs that could be associated with a single Ensembl gene. Overall, these
DMRs were associated with 2,141 genes, of which 1,350 were also detectably expressed in
the iPSCs, and 558 (41.3%) were classified as DE between the species, a slightly higher
proportion than expected by chance alone (P = 0.1). We further classified the DMRs as
either 'promoter’, 'genic’ or 'mixed’ depending on their position relative to annotated gene
transcripts (see Methods) The overall set of DMRs, as well as genic DMRs, are significantly
associated with 4 and 79 GO BP terms respectively (FDR < 5%), including terms related
to neurogenesis and skeletal system development. Enrichment of several terms related to
neurogenesis and skeletal system development is likewise marginally significant amongst
promoter and mixed DMRs (Supplementary Table . However, the subset of inter-species
DE genes that are also associated with DMRs are not significantly enriched with annotation

for any GO BP or MF terms.

2.3.3  Comparative histone modification data

We used ChIP-seq to characterize the genome-wide distribution of two types of histone

modifications (H3K27me3 and H3K27ac) in three of our chimpanzee iPSCs (see Methods).
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We compared the chimpanzee data to histone modification data from three human iPSC lines
from the Roadmap Epigenomics project (Fig. 2.5)). To do so, we downloaded raw sequence
files from GEO and processed data from both species using the same pipeline (see Methods).
We identified ChIP-seq peaks using MACS or RSEG, as appropriate, and accounted for
differences in genome sequence between the species as well as for incomplete power to identify
peaks across species (see Methods). To relate the ChIP-seq data to genes (and integrate over
data from all peaks that are in proximity to a given gene), we then generated enrichment
ChIP scores for a set of previously defined 26,115 orthologous transcription start sites (from:
[I74]). The enrichment score (see Methods for details, also Supplementary Table[2.8), reflects
the ratio of mapped ChIP-seq read counts across all peaks within a 4 kb window centred
on an orthologous TSS, relative to the genome-wide read count average after adjusting
expectations based on the input control sample. We chose to classify as ’enriched’ any
region where the mean enrichment score across all three individuals in the species was larger
than 1. This cut-off is arbitrary, but we confirmed that our qualitative results are robust
by additionally testing enrichment cut-offs of 2, 5, and 10. Using this approach, we first we
examined genome-wide patterns of H3K27me3 enrichment in chimpanzee and human iPSCs.
Overlap across the two species is considerably higher than expected by chance (Fig. A, X2
P < 10'16), but it is somewhat unclear how to interpret this observation with respect to the
expectation that human and chimpanzee iPSCs would have similar pluripotency potential.
We thus focused on a set of 3,913 genes [66] previously annotated as bivalently modified
in human PSCs PSCs-that is, genes known to be associated with both high H3K4me3 and
H3K27me3, indicative of a 'poised’ or ’primed’ state [IT]. We expect the vast majority of
these genes to also be associated with similar modifications in chimpanzee iPSCs. Only
2,910 of the known bivalent genes were associated with clear orthologous TSSs and could be
tested using our comparative H3K27me3 ChIP-seq data. Of these, 306 were not associated

with the modification in either species, whereas of the 2,604 genes that were associated with
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H3K27me3 in at least one species, 2,368 (90.1%) were enriched for H3K27me3 in both species
(Fig. 2.5B, ¥? P< 10°19).

We then examined H3K27ac enrichment patterns in both species. This mark is indicative
of active promoters and gene transcription. Overall, we find good agreement between human
and chimpanzee genes enriched for H3K27ac, with 95.8% human genes associated with the
mark also enriched in chimpanzees (Fig. [2.5C). However, there is a clear excess of genome-
wide H3K2T7ac signal in chimpanzee iPSCs relative to humans, possibly due to an overall
more sensitive ChIP enrichment in the chimpanzee samples (Supplementary Figs. &
. We proceeded by focusing on a list of 22 core pluripotency transcription factors (drawn
from [91), O8]), where we expect to find H3K27ac signal shared across the two species at a
higher rate than in the genome-wide data, given the role of these factors in maintaining
pluripotency. Due to our stringent requirements for establishing orthology, we were initially
able to examine data from 14 of those genes; 11 of which were associated with H3K27ac in
both species (Fig. [2.5D)-one of the discrepancies is REX1 (also known as ZFP42), which we
discuss further below. We then extended our analysis to include the full set of 22 pluripotency
transcription factors regardless of orthology, by testing solely for absence or presence of signal
peaks identified by MACS (i.e., without considering enrichment scores; see Methods). We
again found a high overlap in H3K27ac enrichment across species, with 15 of the 22 genes
associated with H3K27ac enrichment in both species (including the three master regulators
of pluripotency, OCTY4, SOX2, and NANOG; Supplementary Fig. . Of the remaining
7 genes, one (DAX1) was not found to be associated with H3K27ac in either species, four
genes (ESSRB, KLF2, KLF4, and KLF5) were associated with H3K27ac only in chimpanzee
(although this observation may reflect incomplete power to detect peaks in the human data),
and only two genes (ZFX and REX1) were associated with H3K27ac in human but not in

chimpanzee iPSCs.
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Figure 2.5: Overlap of H3K27me3 and H3K27ac signal between chimpanzee and
human iPSCs at orthologous TSSs. A. H3K27me3 enrichment in all genes with an
orthologous TSS. B. H3K27me3 enrichment in 2,910 genes previously identified as bivalent
in human PSCs. C. H3K27ac enrichment in all genes with an orthologous TSS. d. H3K27ac
across 14 known pluripotency master regulators with orthologous T'SSs.
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2.3.4 REXI may be dispensable for chimpanzee pluripotency

In order to further consider inter-species differences in the core pluripotency regulatory
network, we examined expression levels in our chimpanzee and human iPSCs in the same list
of 22 core pluripotency TF's described above. Expression values in all iPSC lines are shown
in Fig. [2.6/A (see also Supplementary Fig. [2.23]). Given the stringency of our interspecies
analysis approach with respect to unique read mapping, we are unable to calculate RNA-
seq-based expression estimates for six of these TFs, including OCT4 or NANOG, both of
which have multiple pseudogenes that can confound mapping algorithms (however, as shown
in Figure 1D, our qPCR results demonstrate that expression of those 2 genes is similar
amongst all chimpanzee iPSC lines, and marginally higher than in our human iPSC control
line). Of the 16 TFs with expression data for iPSCs from both species, 4 (E2F1, ESRRB,
SALL/ and REX1) are DE between human and chimpanzee iPSCs at an FDR of 1%. Of
these, FSRRB and REX1 are associated with absolute inter-species expression logs fold-
changes > 1. However, because ESRRB is expressed at very low levels across all samples
(mean RPKM across all 14 samples = 0.47), we focused our subsequent analyses on REX1,
which is expressed at low or undetectable levels in 6 of our 7 chimpanzee iPSCs (mean
RPKM = 0.667), but at high levels in all human iPSC lines (mean RPKM = 180.58) and a
single chimpanzee iPSC, C6 (Fig. 2.6]A). Our DNA methylation data is consistent with this
gene expression pattern: all 10 probes located in the 5> UTR or up to 1,500 bp upstream
from the REXI TSS are highly methylated in the six chimpanzee lines (mean Bacross all
promoter probes = 0.87), but exhibit intermediate or low levels of DNA methylation in all
of the human iPSC lines and the REX-expressing C6 line (Fig. [2.6B); the entire region is a
DMR (Supplementary Table . Consistent with these findings, REX1 is also differentially
enriched for H3K27ac signal in the two species - we identified no H3K27ac peaks at the REX1
TSS in the three chimpanzee lines, which did not include C6 (Fig. , Supplementary Fig.
2.22)).
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Figure 2.6: REX1 may be dispensable for pluripotency in chimpanzee iPSCs. A.
Expression values of 16 core pluripotency transcription factors in all human and chimpanzee
iPSC lines. B. Methylation status of 13 CpG sites associated with REX7 in all human and
chimpanzee iPSCs. Location of the probe relative to the gene sequence is indicated along
the right hand side. In both panels REX1-expressing chimpanzee iPSC line is colored red,
significant interspecies differences are indicated along the left-hand side, and purple boxes
indicate chimpanzee lines, yellow boxes indicate human lines.
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The REX1 genes codes for a transcription factor present in all placental mammal species,
which has long been established as a marker of pluripotency in human and mouse PSCs [20].
Multiple publications have suggested that this gene plays an important role in maintaining
pluripotency and inhibiting differentiation into the three primary tissue germ layers [80), [123],
132], with multiple mechanisms of action having been proposed. However, REX1-knockout
mouse ESC lines can give rise to chimeric animals, and homozygous F2 REX1 null mice
are viable [80], suggesting that REX1 may not be indispensable for murine pluripotency. In
humans, loss of REX1 expression in ESCs following shRNA knockdown has been associated
with a rapid loss of pluripotency, as well as a decrease in glycolytic activity and a lack of
observable mature mesodermal structures in teratoma formation assays [I132]. To determine
the consequences of a lack of REX1 expression in chimpanzee iPSCs, we considered gene
expression data from all human iPSC lines and the 6 chimpanzee iPSC lines that do not
express REX1. We asked whether there is an excess of DE genes among those thought to
be directly regulated by, or downstream of, REX1 (Fig. ,D; see Methods), but failed
to find enrichment in all categories except for genes associated with GO term BP:0006096,
glycolysis, where 19 of 34 testable genes were DE at an FDR of 1% between the two species
(/emphP < 0.01 from 100,000 permutations). The direction of this effect ran contrary to
previous reports, however, with genes highlighted by [132] as downregulated following REX1
knockdown, such as PGAM1 or LDHA, having significantly higher expression in chimpanzee
iPSCs than in human iPSCS (Fig. 2.6D). Furthermore, the REX1-expressing line C6 is not
an outlier amongst the other chimpanzee iPSC lines (Fig. [2.6D), suggesting that the observed
inter-species regulatory differences cannot be attributed to differences in REX1 expression
between the species. We note that both the teratomas and EBs generated from chimpanzee
iPSC lines that do not express REXI gave rise to mature structures from all three germ
layers similar to those observed in REX-expressing line C6 (Supplementary Figs. &

2.13)). Furthermore, and consistent with our observations, REX1 is either absent or expressed
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at low levels in one replicate of either of the two retrovirally reprogrammed bonobo (Pan
paniscus, sister species to chimpanzees) iPSC lines generated by [70] although it is expressed
in both replicates of both chimpanzee iPCS lines from the same group (Supplementary
Fig. . Together, these findings suggest that that the variable loss of REX1 expression
in chimpanzee and bonobo iPSCs does not impair pluripotency, and that its regulatory
functions of in humans may be being fulfilled in chimpanzee iPSCs by other regulatory

mechanisms.

2.3.5 Comparison of iPSCs and other tissues

We collected RNA-sequencing data from all cell lines used to generate both the chimpanzee
and human iPSCs (Supplementary Table . Following quality control and normalisation
steps, we obtained RPKM values for 13,147 genes across all 28 iPSC and precursor sam-
ples (see Methods). We also obtained DNA methylation profiles from all samples at the
same 335,307 probes described above. PCA of both data sets show that the first PC was
significantly associated with tissue type in both data sets (P < 1027 for the expression
data; P < 1017 for the DNA methylation data; see Fig. and Supplementary Table ,
while human and chimpanzee samples are separated by species along PC2 (P = 0.001 for
the expression data; P < 104 for the methylation data). However, given the absence of
chimpanzee LCLs in our dataset, it is not possible to determine whether the separation is
driven by tissue type, species, or both. Overall, chimpanzee iPSCs have significantly higher
levels of DNA methylation compared to the somatic lines they were generated from (P <
1071%; Supplementary Fig. , an observation that extends to all genomic features we
tested (Supplementary Fig. ; similar observations have been previously made in human
PSCs [17,90]. Remarkably, both DNA methylation and gene expression levels in iPSCs are
relatively homogeneous within species, far more so than in their corresponding precursor

cells (Fig. ,D; P < 10" when comparing overall pairwise distances within all chim-
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panzee iPSCs and within all chimpanzee fibroblasts in the methylation data; P < 107 for
the same comparison in the gene expression data). DNA methylation levels in iPSCs also
have significantly reduced coefficients of variation relative to their precursor lines (range of
CVs for chimpanzee iPSCs = 0.78 - 0.80, for chimpanzee fibroblasts = 0.87 - 0.90; P <
10‘06). We observed the same pattern in the human data, although in this case the multiple
somatic origins of the cell lines of origin contribute to the higher level of variation.

We then performed analyses of gene expression and DNA methylation differences in the
combined iPSC and somatic precursor dataset. First, we carried out a comparison of the
iPSCs and the precursor cells within each species (see Methods) and classified 9,235 genes
as DE between chimpanzee fibroblasts and the corresponding iPSCs. In humans the number
of DE genes is 7,765 if we consider all iPSC lines and their somatic precursors, 8,087 if we
only consider those derived from LCLs (n = 5), and 5,489 if we only consider those derived
from fibroblasts (n = 2; Supplementary Table . Similarly, we identified 18,029 DMRs
between chimpanzee fibroblasts and iPSCs, and 12,078 DMRs between all human somatic
precursors and all human iPSCs (Supplementary Table -[.12)). No GO categories are
significantly overrepresented in any of these data sets. Next, we focused on a comparison
of inter-species differences in gene expression and DNA methylation levels across cell types.
Following joint normalisation and modelling of data from all samples (see Methods), we
classified 5,663 genes as DE between the chimpanzee precursor fibroblasts and the collection
of human precursor LCLs and fibroblasts, as well as 84,747 DM probes and 9,107 DMRs
(always at an FDR of 1%). Most of these regulatory differences, however, reflect variation
across cell types rather than across species (6,324 genes and 70,312 probes are DE or DM
between the human fibroblasts and LCLs, respectively). We thus considered only data from
the fibroblast precursors in the two species. Only 2 of the human iPSCs were reprogrammed
from fibroblasts, leading to a loss in power; we were nonetheless able to identify 1,236 DE

genes and 25,456 DM probes between human and chimpanzee fibroblasts, and 1,118 DE genes
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Figure 2.7: Relationships of iPSCs to their precursors. A. PCA of gene expression
data from all iPSCs and their precursor cell lines. B. Neighbour-joining tree of Euclidean
distances between all samples generated based on the gene expression data. C. PCA of DNA
methylation data from all iPSCs and their precursor cell lines. D. Neighbour-joining tree of
Euclidean distances between all samples generated based on the DNA methylation data.
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and 16,392 DM probes between the corresponding iPSCs of the two species. None of these
gene sets were significantly enriched for functional annotations using GO BP terms. Although
the overlap of inter-species DE genes and DM probes between the iPSCs and the precursors
is considerable (13.6% of DE genes and 11.8% of DM probes), a large number of regulatory
differences are only observed between the iPSC lines of the two species (Supplementary
Fig. |2.29)). This observation is robust with respect to different approaches to normalising
and modelling the data (Supplementary Fig. , strongly suggesting that many of the
differences we observe between our chimpanzee and human iPSC lines may be intrinsic

features of the pluripotent state in these two species.

2.8.6 Discussion

iPSCs have the potential to transform our understanding of the biology of non-model organ-
isms and facilitate functional comparative studies. To this end, we have generated a panel of
7 fully characterized chimpanzee iPSCs. All lines are capable of spontaneously giving rise to
the three tissue germ layers in vitro and in vivo and meet all currently established criteria for
pluripotency. The chimpanzee iPSC lines provide a tantalising avenue for investigating how
changes in gene expression and regulation underlie the architecture of complex phenotypic
traits in humans and our closest living relatives [77, 119]. In particular, we believe that
through the use of directed differentiation protocols, functional studies could be performed
in cell types where strong a prior: hypotheses support a role for selective pressure underlying
inter-species divergence (e.g. liver, heart, kidney [13, [I4]). In that sense, we hope that this
panel of cell lines will be a useful tool to researchers interested in overcoming current limita-
tions of comparative studies in primates. To that purpose, all chimpanzee iPSC described in
this publication the panel are available fully and without restrictions to other investigators
upon request to the corresponding authors. Other groups have previously generated pluripo-

tent stem cells from primates [9] 26], 36], 49| [71], 96, 142, 160, 161, 162]. Indeed, a recent
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publication [76] reported the generation of two chimpanzee and two bonobo (Pan paniscus)
iPSC lines through the use of retroviral vectors. However, in the course of our work we have
found that retroviral vector silencing in chimpanzee iPSCs was not as stable as in human
iPSC lines generated at the same time using the same method (see Methods and Supplemen-
tary Fig. . Our use of episomal vectors circumvents this problem, and more broadly
the problems of both random exogenous gene reactivation and disruption of the host genome
through retroviral integration [I31]. More generally, while the sum total of primate PSC gen-
eration efforts so far has resulted in a sizable number of lines being established from various
donors and species these have been generated through various reprogramming protocols and
source cell types. We have generated iPSCs from a panel of seven individuals using a consis-
tent protocol and cell type of origin. Given the panel size, it is powerful enough to robustly
detect inter-species differences in gene expression, splicing and regulation. The fact that
our panel contains both female and male lines also allows for future studies of sex-specific
differences in gene expression in various cell types. Indeed, we have previously shown that
this can be accomplished using as few as six individuals from each species [I3]. Beyond its
future applications, however, our panel has already yielded insights into the pluripotent state
in chimpanzees and humans. On the one hand, both at the transcriptional and epigenetic
level, our iPSCs are remarkably homogeneous both within and between species, significantly
more so than their precursors cells. This finding aligns with our current understanding of
the reprogrammed pluripotent state as a complex, highly regulated state [54], deviations
from which are likely to result in loss of pluripotency and lineage commitment. Additional
support for this notion was provided by the strong overlap in H3K27me3 signal between the
two species, especially in known bivalent genes. It is remarkable that we have been able
to observe this considerable conserved chromatin signature despite the obvious confounding
technical batch effect in these comparative data. On the other hand, we were also able to

identify over 4500 genes that are DE between human and chimpanzee iPSCs, as well as
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over 3500 DMRs between the two species. These numbers are greater than what has been
previously observed in comparisons of other tissues across humans and chimpanzees with
similar sample sizes (|14} [13]). We believe that the reasons for this difference are likely to
primarily stem from increased power to detect DE genes and DMRs in our sample relative to
previous work. Given the small amount of intra-species variability we observed in RNA-seq
and methylation relative to other tissues, we expect to have greater power to detect small,
statistically significantly inter-species differences that would have been missed by studies
that consider more variable tissue samples. This notion is supported by the fact that the
fraction of genes with log FC < 2 we detect as DE between human and chimpanzee iPSCs is
greater than in other comparison we have performed with any other tissue (Supplementary
Fig. |2.19). Though small in magnitude, we expect that a subset of these regulatory dif-
ferences may be biologically relevant (e.g., we find that inter-species regulatory differences
in methylation levels are enriched in regions associated with developmental processes; [2.4
. We specifically highlighted an inter-species difference in REX1 expression levels. This
gene is considered an indispensible pluripotency marker in human and mouse PSCs, but
our observations suggest that it may not be the case in chimpanzees. Although only one
chimpanzee iPSC line expresses REX1, we were unable to identify any systematic differences
between our human and chimpanzee iPSCs that would indicate a reduction in pluripotency.
We also examined REX1 expression levels in 73 human iPSC lines generated in-house from
Caucasian individuals using the Illumina HT12v4 array (Supplementary Fig. . All lines
had PluriTest pluripotency scores > 20, yet 3 of 73 lines (4.1%) showed levels of REX1 ex-
pression that were indistinguishable from background signal, suggesting that REX1 may not
be expressed in these individuals despite their high pluripotency scores. We also examined
methylation status at the REX1 locus in previously published human ESCs and iPSCs from
[175], and found that although all ESC lines examined exhibited consistent levels of low

methylation at the REX1 promoter, human iPSC lines analysed in exhibited either hemi-
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or hyper-methylated REX1 promoter regions (Supplementary Fig. . In the absence of
publicly available REX1 expression data from either of the hiPSC lines with hypermethy-
lated promoters we cannot be certain that the gene is not expressed in these lines, but the
combination of these findings with our observations above and previous literature suggest
that REX1 may be important in regulation and maintenance of pluripotency in ESCs, but
not necessarily so in iPSCS. Additionally, in chimpanzees, the REX1 gene has undergone
multiple deletions and insertions relative to the human sequence, most significantly a 647
bp insertion in its first intron, and two insertions in the 3” UTR region of approximately 300
bp each that may disrupt the local regulatory landscape; the gene has also been duplicated,
with a second copy retrotransposed into chromosome 14; none of these changes are shared
with gorillas or orangutans. Although it is currently unclear whether some or all of these
changes are also present in the bonobo, these findings might explain why we observed low or
no REX1 expression more frequently in chimpanzees than in humans, and suggests that the
gene may not be necessary for maintaining pluripotency in the Pan lineage. PSCs have been
used to study developmental pathways in vitro (for example, [100] 108 152, 164]). Although
optimization of existing differentiation protocols will likely be necessary for application in
the chimpanzee system, our panel of iPSCs makes it possible to carry out comparative de-
velopmental studies between humans and chimpanzees, and firmly test the hypothesis that
changes in gene regulation and expression, especially during development, underlie pheno-
typic differences between closely related species, especially primates [19] 24 25 53], 68]. In
addition, we should be able to recreate and test the effect of inter-species regulatory changes
in the correct cell type and species environment, enabling studies that cannot otherwise be
performed in humans and non-human primates. The use of panels of iPSCs including lines
from both humans and non-human primates will thus allow us to gain unique insights into

the genetic and regulatory basis for human-specific adaptations.
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2.4 Methods

2.4.1 Isolation and culture of fibroblasts

All biopsies and animal care were conducted by the Yerkes Primate Research Center of
Emory University under protocol 006-12, in full accordance with TACUC protocols. Skin
punch biopsies (3 mm) were rinsed in DPBS containing Primocin (Invivogen) and peni-
cillin/streptomycin (Pen/Strep, Corning) and manually dissected into 10-15 smaller pieces.
The tissue was digested in 0.5 % collagenase B (Roche) for 1-2 hours until cells were re-
leased from the extracellular matrix. Dissociated cells were pelleted by centrifugation at 250
x g, and the supernatant was spun a second time at 700 x g to pellet any cells that had
not been completely released from the extracellular matrix. Cell pellets were resuspended
in a 1:1 mixture of -MEM and F12 (both from Life Technologies) supplemented with 10%
FBS (JR Scientific), NEAA, GlutaMAX (both from Life Technologies), 1% Pen/Strep, 64
mg/L L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate (Santa Cruz Biotech) and
Primocin. Cells were plated in a single well of a 6-well plate coated with 4 yg/ cm? human
fibronectin (BD Biosciences) and 2 ug/cm? mouse laminin (Stemgent). Cultures were grown
at 5% CO9/5% O until confluent and then split using 0.05% trypsin. For routine passaging
cells were cultured at 5% CO9 and atmospheric oxygen in primate fibroblast media, which

is the same as plating media but does not contain F12 base media.

2.4.2  Generation of retrovirally-reprogrammed 1PSC lines (a failed

attempt)

We initially attempted to generate lines by retroviral transduction using through transfec-
tion with pMXs- vectors encoding the human OCT3/4, SOX2, KLF}, L-MYC and NANOG
sequences (Addgene plasmids 17217, 17218, 17219, 26022 and 18115) as well as vectors en-
coding the MSCV-VSV.G envelope protein (Addgene plasmid 14888) and MSCV gag-pol
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(Addgene plasmid 14887). 15 ug of each vector was transfected into 293FT cells (Life Tech-
nologies) using Lipofectamine 2000 (Life Technologies) as directed by the manufacturer.
We collected virus-containing supernatant from the 293FT cells 48 and 72 h after transfec-
tion and immediately used this viral media to transduce chimpanzee fibroblasts, alongside
10 pg/mL of polybrene (Sigma Aldrich H9268). To aid viral penetration, we centrifuged
the cells at 1800 RPM for 45 minutes following each transduction. 24 h after the second
transduction, we replaced the viral media with A-MEM + 10% FBS, NEAA and Gluta-
max. Transduced fibroblasts were allowed to recover for a further 2 days and then seeded
on y-irradiated, CF-1-derived mouse embryonic fibroblasts (MEF) at a density of 10,000
cells/cm?, and maintained in hESC media (DMEM/F12 supplemented with 20% KOSR,
0.1 mM NEAA, 2 mM GlutaMAX, 1% Pen/Strep, 0.1 mM BME and 25 ng/mL human
bFGF) supplemented with 0.5 mM valproic acid (Stemgent) until day 14. We obtained iP-
SCs from 5 chimpanzees by using this protocol. Yet, when we performed quality control and
pluripotency checks on these lines we found that the exogenous transfected genes were still
expressed (Supplementary Fig. . Pluripotency in these lines could not be maintained
exclusively through endogenous expression. We discarded all 5 lines and proceeded with a

different reprograming strategy as detailed below.

2.4.3 Generation of episomally-reprogrammed iPSC' lines

Fibroblasts were grown at 5% COg/atmospheric Oy in primate fibroblast media until 70-
80% confluence and released by trypsinisation for transfection. 1.510% cells were trans-
fected with 1.5 ug per episomal vector containing the following genes: OCT3/4, SHp)S3,
SOX2, KLF4, LIN28, and L-MYC (Addgene plasmids 27077, 27078, 27080 and 27082; [97]).
To boost the initial retention of vectors following transfection, 3 g of in wvitro transcribed
ARCA capped/polyadenylated FBNAI mRNA was cotransfected with the vectors (see be-

low). Transfected cells were seeded at 15,000/ cm? on tissue culture plates precoated with 1
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g/cm? vitronectin (Stemcell Technologies). Cells were grown in Essential 8 media (made in
house as previously described in [27]) without T'GFB1, supplemented with 0.5 mM sodium
butyrate (NaB, Stemgent)) and 100 nM hydrocortisone (Sigma Aldritch). Hydrocortisone
was used between days 1-12, or until cell density exceeded >70% confluence. At day 12, cells
were detached using TrypLE (Life Technologies) and replated at a density of 5,000 cells/ cm?
on cell culture dishes precoated with 0.01 mg/cm? (1:100) of hESC-grade Matrigel (BD Sci-
ences) and grow in Essential 8 media without TGFBI or NaB. Colonies began to form at
days 18-22 and were picked between days 24-30 onto dishes coated with y-irradiated CF-1
derived MEF and subsequently grown in hESC media (as described above) supplemented
with 100 ng/mL human bFGF (Milteny Biotech). Clones were routinely split using Rho-
associated kinase (ROCK) inhibitor Y27632 (Tocris) at a concentration of 10uM. Cells were
migrated to 1:100 hESC Matrigel (BD Sciences) and maintained on Essential 8 media after
a minimum of 15 passages on MEF. Feeder free cells were passaged using EDTA-based cell

release solution as in [27].

2.4.4 Generation of EBNA1 mRNA

To generate a template for in vitro transcription, an FBNA1 template was designed using
the wild type HHV4 EBNA1 as a reference sequence (NCBI accession YP_ 401677.1). The
reference sequence was modified by replacing the GA repeat region and domain B (amino
acids 90-375) with a second, tandem, chromatin-binding domain (domain A, amino acids 27-
89), similar to what was done by [50]. The nuclear localization signal (amino acids 379-386)
was removed and replaced with the sequence GRSS. Using the amino acid sequence as the
starting template, the corresponding DNA sequence was generated by reverse translation
and optimized for expression in human cell lines using Genscript’s OptimumGene codon
algorithm. This sequence was synthesized by Genscript and provided in the pUC57 cloning

vector; the EBNA1 coding sequence was subcloned into pcDNA3.1+ (Life Technologies)
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using the restriction enzymes BamHI and HindIII. Capped and poly(A) mRNA transcripts
were generated using the nMESSAGE mMACHINE T7 ULTRA kit (Life Technologies) with
1 g of BamHI linearized pcDNA3.1+ EBNA1 as the template. The plasmids encoding the
wild type and modified FBNA1 sequences have been deposited to Addgene as plasmid ID#

s 59199 and 59198 for the wild type and modified sequences respectively.

2.4.5 1PSC characterization

iPSC colonies were cultured on MEF for 4-6 days and fixed using PBS containing 4% PFA
(Santa Cruz BioTech) for 15 minutes at room temperature. After rinsing with PBS, fixed
cells were blocked and permeabilized for one hour in PBS containing 0.3% triton and 5%
BSA. Primary antibodies: OCT3/4 (SC-5279), SOX2 (SC-17320), NANOG (SC-33759),
SSEA-4 (SC-21704), and Tra-1-81 (SC-21706), all from Santa Cruz BioTech, were diluted
1:100 in blocking solution. Fixed cells were incubated with the primary antibody solution
overnight on a rocker at 4°C. After washing out the primary antibody solution, fixed cells
were incubated with secondary antibodies (labeled with either Alexa-488 or Alexa-594, 1:400,
Life Technologies) diluted in blocking for 1 hour on a rocker at room temperature. Nuclei
were counterstained using 1 yg/mL Hoechst 33342 (ThermoFisher). All fluorescence imaging
was conducted using an AMG EVOS FL (Life Technologies).

2.4.6  Quantitative PCR for endogenous and exogenous gene expression

RNA was extracted using Qiagen RNA miniprep columns from cell pellets collected from
fibroblasts, day 7 post transfection and feeder free (Matrigel and Essential 8) iPSC lines at
passage 10 or higher for both the retroviral and episomal reprogrammings; 1 ug of total RNA
was reverse transcribed using the Maxima first strand ¢cDNA synthesis kit (Thermo Scien-
tific). Quantitative PCR was performed using a 1:96 dilution of cDNA and SYBR Select

master mix (Life Technologies) with both forward and reverse primers at a concentration of
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0.2uM.). Data was collected and analysed using the Viia7 (Life Technologies). Primer se-

quences are shown in[2.2] exogenous gene expression melt curves are shown in Supplementary

Fig. 2.12]

2.4.7 Generation of embryoid bodies and immunofluorescence

Colonies growing on MEF were detached using Dispase/Collagenase IV (1 mg/ml each; both
from Life Technologies) in DMEM /F12 and grown as a suspension culture on low adherent
plates using hESC media without bFGF. After one week of suspension growth, cells were
transferred to 12 or 24-well plates coated with 0.1% gelatin and grown in DMEM supple-
mented with 20% FBS, 0.1 mM nonessential amino acids, 2 mM GlutaMAX, 1% Pen/Strep
and 64 g/mL L-Ascorbic acid 2-phosphate sesquimagnesium salt hydrate. Embryoid bodies
were grown for 1-2 weeks prior to fixation and immunofluorescence staining. Cultures were
fixed and stained as described above using the following antibodies: AFP (1:200, SC-130302,
Santa Cruz Biotech), FOXA2 (1:200, SC-6554, Santa Cruz Biotech), -smooth muscle actin
(1:1500, CBL171, Millipore) and MAP2 (1:200, sc-20172 and sc-74420, Santa Cruz Biotech).

2.4.8 Integration analysis

To test for genomic integration and residual retention of episomal plasmids, each iPSC line
was migrated to feeder free conditions and grown beyond passage 15 on hESC-qualified Ma-
trigel (1:100 dilution, BD Biosciences) coated plates in Essential 8 media (Life Technologies).
DNA was extracted from feeder free cultures using DNeasy Blood and Tissue Kits (Qiagen).
PCR was performed using 100 ng of genomic DNA, an annealing temperature of 72°C and
25 cycles using primers designed to amplify a region common to all episomal vectors used
(supplementary table 2). Genomic DNA (100 ng) isolated from day 7 cultures, and 1 pg of
each episomal vector were used as positive controls. PCR products were run on a 1% agarose

gel and visualized using ethidium bromide.

32



2.4.9 Karyotyping

After 15 passages on MEF and hESC media, cells were migrated to 1:100 hESC Matrigel
(BD Sciences) and maintained on Essential 8 media for upwards of 6 passages. Feeder-free
adapted cells were sent to Cell Line Genetics Inc (Madison, WI) for karyotyping as described

in [82].

2.4.10 Teratoma formation assays

in vivo developmental potential of the reprogrammed cell lines was examined. Monolayer
iPSCs from three chimpanzee lines were grown on Matrigel (1:100) in E8 medium (Life
Technologies) and collected by EDTA treatment (Life Technologies). Cells were counted
and resuspended at a ratio of 1:1 cell volume to Matrigel and kept on ice until the injec-
tion. Six-week-old CB17.Cg-Prkdcs¢i Lystb9-/ /Crl immunodeficient male mice were obtained
(Charles River Laboratories) and approximately one million iPSCs for each clone were in-
jected into the testis-capsule. After five to eight weeks teratomas were isolated, weighed,
measured, dissected, and fixed in 10% formalin. The specimens were embedded in paraffin,
stained with hematoxylin and eosin, and analyzed by a histopathologist. All animal work
was conducted under the approval of the Institutional Care and Use Committee of UCSD
(Protocol# S09090). In addition, live feeder free iPSC cultures maintained in Essential 8
media on Matrigel iPSCs from C4955 (passage 15+7) were provided to Applied Stem Cell

Inc. (Menlo Park, CA) for teratoma analysis as previously described [28].

2.4.11 Species-of-origin identity of teratoma samples

DNA was extracted from frozen teratoma tissue using DNeasy Blood and Tissue Kits (Qia-
gen). For teratomas derived from individual C4955, core sections were isolated from FFPE
embedded teratomas tissue using a 3 mm dermal punch tool; DNA was extracted from

core samples using a QIAamp DNA FFPE Tissue Kit (Qiagen). PCR was performed using
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universal mitochondrial primers ([59] amplifying cytochrome b (Cytb, chimpanzee refer-
ence sequence NC_ 001643:bp 14233-14598) or the 12S ribosomal gene (125, NC _ 001643:bp
484-915) with 250-500 ng of genomic DNA as the starting template. Two-step PCR was con-
ducted with an annealing temperature of 50°C for 1 minute and an extension step at 72°C
for 4 minutes for a total of 30 cycles. DNA was purified using a Wizard SV gel and PCR
Clean-up kit (Promega); dye terminator cycle sequencing was conducted by the University
of Chicago Comprehensive Cancer Center using 60 ng of purified PCR template and 4uM
of either the forward or reverse primer. Alignment to the chimpanzee, human (NC_ 012920)
and mouse (NC_ 005089) reference sequences was accomplished using CLC Main Workbench
6.9 (Qiagen) and MUSCLE [3§].

2.4.12  Directed differentiation of chimpanzee 1PSCs to hepatocytes and

cardiomyocytes

In order to demonstrate that chimpanzee iPSCs can be directly differentiated into other cell
types, we differentiated C2 iPSC into hepatocytes and C7 into cardiomyocytes using the
published protocols of [29] and [67] respectively, with the following modifications: In both
cases we plated iPSCs at 0.35 x 10% cells/cm? in 0.44 mL/cm? and cultured them in Essential
8 media 24 hours prior to initiating all differentiations. To increase hepatocyte differentiation
efficiency, 1uM of sodium butyrate was added during the first 24 hours of differentiation.
After 24 days of differentiation, cells were immunostained as described above with a primary
antibody for albumin (1:200, A6684, Sigma Aldrich; Supplementary Fig. . After 10
days of differentiation, differentiated C7 cultures were enriched for cardiomyoctes by culture
in RPMI based media without glucose supplemented with 5 mM sodium DL-lactate for 10
days as described previously [22, 141]. After day 20 purified cardiomyocytes were cultured
in media lacking glucose supplemented with 10 mM galactose [109]. After 25 days of cardiac

differentiation, we characterized calcium flux in and out of iPSC-derived cardiomyocytes by
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treating cultures with 5uM Fluo-4 AM (F-14217, Life Technologies) for 15 minutes, washing

cultures once and imaging them with an AMG EVOS FL.

2.4.13  Microarray genotyping and PluriTest

RNA from passage > 15 iPSCs was extracted using the QIAGEN RNeasy kit according
to the manufacturer’s instructions. Quality of the extracted RNA was assessed using an
Agilent Bioanalyzer 2100 (RIN scores for all samples ranged from 9.9 to 10), and RNA
was processed into biotinylated cRNA and hybridized to the HT12v4 array using standard
[llumina reagents as directed by manufacturer. Arrays were scanned using an Illumina
HiScan, and data processed using Illumina’s GenomeStudio software. Using these data,
we carried out PluriTest as previously described [87]. Additionally, we mapped all detected
HT12v4 probe sequences (n = 46,297) to the chimpanzee (panTro3) genome using BWA 0.6.3
[65]. Probes that mapped to a single genomic location with no mismatches were retained (n =
21, 320, 46.2% of all probes) for the analysis that was restricted only to the chimpanzee lines.
When we considered data from human and chimpanzee iPSCs together, without excluding
probes based on sequence matches to the chimpanzee genome, all chimpanzee lines in the
panel had pluripotency scores slightly below the pluripotency threshold (Supplementary Fig.
, lighter points). However, low pluripotency scores could stem from differences in our
ability to estimate gene expression levels in the chimpanzee compared to the human due
to attenuated hybridization caused by sequence divergence [44]. Indeed, when we subset
the array to retain only those detected probes that map to the chimpanzee genome with
no ambiguity or mismatches, all chimpanzee lines have pluripotency scores greater than the

pluripotency threshold value of 20 (Supplementary Fig. darker points).
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2.4.14 RNA sequencing and differential expression testing between 1PSC's

50 bp single-end RNA sequencing libraries were generated from RNA extracted from 7 chim-
panzee and 7 human iPSC lines using the Illumina TruSeq kit as directed by the manufac-
turer (San Diego, CA), as well as from their precursor fibroblast or LCL cell lines. All
iPSC samples were multiplexed and sequenced on four lanes of an Illumina HiSeq 2500;
while the precursor cell lines were multiplexed and sequenced on six lanes of the same se-
quencer. We generated a minimum of 28,010,126 raw reads per sample (supplementary
table 9), and confirmed the raw data were of high quality using FastQC (available online
at http://www.bioinformatics.babraham.ac.uk/projects/ fastqc/). We mapped raw reads
to the chimpanzee (panTro3) or human (hgl9) genome as appropriate using TopHat 2.0.8
[143], allowing for a maximum of 2 mismatches in each read. Due to the relatively poor an-
notation of the chimpanzee genome and to prevent biases in expression level estimates due
to differences in mRNA transcript size and genetic divergence between the two species, we
limited the analysis to reads that mapped to a list of orthologous metaexons across 30,030
Ensembl genes drawn from hgl9 and panTro3, as in [I3]. Following mapping, gene level
read counts were generated using featureCounts 1.4.4 as implemented in Subread [68]. Due
to mapping biases between human and chimpanzee ribosomal proteins and pseudogenes, we
removed all genes associated with the Gene Ontology Cellular Compartment category ’ri-
bosome’ (GO:0005840, n = 141) and all annotated pseudogenes in Ensembl release 65 (n =
3170, December 2011, the oldest available archival version of Ensembl) from the data at this
point. We considered two normalization approaches in our analysis. In one instance, we ex-
amined only RNA-sequencing data from chimpanzee and human iPSCs, and retained 12,171
genes with at least 4 observations in one of the two species of logo CPM > 1. CPM were then
loess normalized by species within individuals with voom [62]. As the orthologous genes are
not constrained to be the same length in both species, we computed RPKM for each gene

before carrying out any inter-species comparisons. We then used the R/Bioconductor pack-
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age limma 3.20.3 [128] to test for differential expression in our RNA-seq data, with a model
that included only a species effect. Finally, we tested for an enrichment of GO categories
amongst DE genes using the R package topGO 2.16.0 [2]. These normalized values were
used only to identify genes DE between iPSCs of the two species. For the dataset containing
RNA-sequencing data from iPSCs and their precursors, we again only retained 13,147 genes
with at least 4 observations in one of the four groups (chimpanzee iPSCs, chimpanzee pre-
cursors, human iPSCs or human precursors) of logg CPM > 1. Gene counts were then loess
normalized within individuals by tissue, after correcting for the lack of independence within
different tissues from the same individual, through the function corfit. As above, we then
computed species-specific RPKM values, and used limma and topGO to test for differential
expression and GO category enrichment, respectively. In this instance, we used a model
design with 6 parameters for the main effect (chimpanzee iPSC, human LCL-derived iPSC,
human fibroblast-derived iPSC, chimpanzee fibroblast, human LCL and human fibroblast)
and no additional covariates. To confirm that our conclusions are robust with respect to
the choice of normalization procedure, in both cases, we also tried a variety of other nor-
malization schemes, including correcting for %GC content as in [112], none of which had
a substantial effect on the final results . Finally, we built neighbor joining trees using
Manhattan distances calculated from RPKM values at all 13,147genes using the nj function
in the R library ape [101]. All analyses were performed at a false discovery rate [10] threshold

of 1% unless otherwise noted, using R 3.1.0 and Bioconductor 2.14 [43].

2.4.15 DNA Methylation arrays

To analyze DNA methylation, we extracted DNA from all chimpanzee and human iPSC
lines described above, as well as from the source fibroblast or LCLs. In all cases, 1000 ng
of genomic DNA were bisulphite-converted and hybridized to the Infinium HumanMethyla-

tion450 BeadChip at the University of Chicago Functional Genomics facility as directed by
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the manufacturer. Since the probes on the array were designed using the human reference
genome, we followed the approach described in [47] to compare humans and chimpanzees. We
retained those probes that had either a perfect match to the chimpanzee reference genome, or
had 1 or 2 mismatches in the first 45 bp but no mismatches in the 3’ 5 bp closest to the CpG
site being assayed. We also removed all probes that contained human SNPs (MAF > 0.05) or
chimpanzee SNPs (MAF > (0.15) within the last 5 bp of their binding site closest to the CpG
being assayed. Within each individual, probes with a detection P > 0.01 were excluded. This
resulted in the retention of 335,307 autosomal probes, and an additional 8,210 X chromosome
probes, which we normalized and analyzed separately by sex. In all cases we performed a
two-color channel signal adjustment, quantile normalization and p-value recalculation as im-
plemented in the lumi package [37]. Because the HumanMethylation450 BeadChip contains
two assay types which utilize different probe designs, we performed a BMIQ (beta mixture
quantile method) normalization [I40] on the quantile-normalized autosomal data set. We
did not perform this step on the X chromosome data, due to its methylation patterns. We
built neighbor joining trees using Manhattan distances at all 335,307 probes using the nj
function as above. In order to identify DM probes we used an identical approach to that
described above for the identification of DE genes. First, we identified probes that were
DM between the iPSCs of both species using limma by using a reduced data set and model
containing only data from the iPSCs themselves. Then, we fit a linear model to the data
using limma with 6 parameters corresponding to the 6 tissue/species combinations in the
data, classifying probes as DM at an FDR of 1%. As with the expression data, the reduced
model has more power to identify DM probes between the two iPSC groups than the full
model; however, there is great concordance between the two sets of results (Supplementary
Fig. . We excluded all probes with mean [inter-group differences < 0.1 in order to
group DM probes into DMRs, which we define as 2 or more DM probes separated by < 1kb,

with the additional requirement that the effect be in the same direction in all DM probes
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within the region. Finally, to examine the content of these DMRs, we used annotation files
for the HumanMethylation450 Bead Chip provided by the manufacturer and discarded all
DMRs associated with either multiple or no genes. We tested for enrichment of GO BP
categories amongst the genes contained in the DMRs by using the R package topGO 2.16.0

[2], using as a background set all genes in which it is theoretically possible to detect DMRs.

2.4.16 H3K27ac and H3K27Tme3 ChIP-seq data

ChIP-seq assays were performed as previously described [121], with slight modifications.
Specifically, approximately 60 million iPSCs from three chimpanzee individuals (C2, C5 and
C7) were cross-linked with 1% formaldehyde for 10 minutes. Cells were lysed and chro-
matin sheared with a Covaris S2 (settings: 4 minutes, duty cycle 10%, 5 intensity, 200
cycles per burst in 4 6x16mm tubes per individual). H3K27ac- and H3K27me3-enriched
regions were isolated using 5 ug of either H3K27ac antibody (ab4729, Abcam, Cambridge,
MA, USA) or H3K27me3 antibody (07-449, Millipore, Billerica, MA, USA). ChIP and in-
put DNA from each individual were end-repaired, A-tailed and ligated to Illumina Truseq
sequencing adapters before 18 cycles of PCR amplification. 200-300 bp DNA fragments
were selected for sequencing. Input libraries were multiplexed and sequenced on one lane
of an Illumina HiSeq2500 using the rapid run mode, ChIP libraries were multiplexed and
sequenced on three lanes of an [llumina HiSeq2500 using the rapid run mode. For compar-
ison purposes, we downloaded ChIP input, H3K27ac and H3K27me3 data from 3 human
iPSC lines (iPS 6.9, iPS-18a, and iPS.20b, all of them release 5) generated by the Roadmap
Epigenomics Consortium [114] from the NIH GEO database (2.6 Human and chimpanzee
samples were mapped to either hgl9 or panTro3 using BWA 0.7.9 [65]; reads that mapped
outside chromosomes 1-22 + X were discarded, as were reads that did not map uniquely to
a single genomic region with less than 2 mismatches, or reads that were marked by Picard

(http://picard.sourceforge.net) as originating from PCR duplicates. After mapping and fil-
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tering, we used MACS 1.4.4 [I71] and RSEG 0.4.4 [134] to identify peaks in the H3K27ac
and H3K27me3 data respectively. Our analyses in this section follow those of [174]. Briefly,
for MACS, we specified an initial p-value threshold of H3K27ac, 0.001, and used each line’s
ChIP input file for comparison. For RSEG, we used the 'rseg-diff’ function to compare
H3K27me3 enrichment against each individual’s ChIP input file, with the recommended 20
maximum iterations for hidden Markov model training. We then filtered enriched regions
or peaks identified by either program by retaining only those that overlapped a previously
defined set of 200 bp orthologous windows [174], where at least 80% of bases are mappable
across all three species using liftOver. We define mappability as the ability of each 20bp
kmer beginning in that window to be uniquely mapped to the genome. To ensure that se-
quence divergence did not confound our analyses, we mapped each identified region or peak
in humans to the chimpanzee genome, and vice versa, using liftOver, and excluded regions
and peaks where 80% or greater of bases in the enriched peaks or regions failed to align
to the other genome. To further minimise the number of false positive results in our inter-
species comparison (due to incomplete power), we applied a two-step cutoff [23] to the list
of enriched regions and peaks. For H3K27ac, we retained all peaks that were identified with
a first, stringent cutoff of FDR < 5% in one species and a, second, relaxed cutoff of FDR
< 15% in the other, as in [I74]. Because RSEG does not report FDR values for enriched
regions, we used each region’s domain score, which is the sum of the posterior scores of all
bins within the domain, and set a first, stringent cutoff of 20 in one species, and a second,
relaxed threshold demanding only that the region be classified as ’enriched’ by RSEG, with-
out a specific score requirement. Having done this, we integrated data from multiple peaks
(when present) to generate a gene-level metric of ChIP signal in each individual. Specifi-
cally, we computed an enrichment score for each histone mark in each individual in a set of
previously defined 26,115 orthologous TSSs [174] by dividing RPKM values at each TSS at

gene ¢ for either mark minus RPKM values in TSS at gene ¢ for ChIP input, all of it over
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the genome-wide average RPKM for either mark minus the genome-wide average RPKM for
ChIP input. Given the way in which we have defined this enrichment score, a score > 0
indicates those genes where we detected more histone mark reads than input reads, while
a score > 1 indicates a gene with an excess of histone mark reads greater than what we
would expect given the genome-wide distribution. Because 8 of the 22 genes in the list of
pluripotency master genes used to generate Fig. do not have clearly defined orthol-
ogous TSSs, we also examined whether MACS identified peaks in the 2kb +/- TSS for all
22 genes and their orthologous position in the chimpanzee genome, identified solely through
liftOver - that is, without taking into account whether there is evidence for a TSS at that
position in the chimpanzee genome. To generate Supplementary Fig. [2.22] we asked how
many of the 22 genes had at least 1 peak at an FDR < 5% in at least 1 individual in either
species, regardless of orthology and sequence conservation. We note that since different labs
produced the human and chimpanzee data, we expect a considerable technical batch effect to
be completely confounded with species annotation. Given this study design, we expect the
technical batch effect to result in the appearance of inter-species differences; yet, our goal
is to demonstrate similarity across species. Thus, our conclusions (of high overlap across

species), are conservative with respect to the technical batch effect.

2.4.17 REXI1 expression and function

To examine the possible consequences of reduced expression of REX1 in chimpanzee iPSCs,
we retrieved genes that responded to a REX1 knockdown in mESCs from supplementary
tables 2 and 3 of [123] and converted Affymetrix MG 430 2.0 probe IDs to ENSM and ulti-
mately to orthologous ENSG identifiers using Biomart release 66 (to control for deprecated
identifiers). Because [80] [123] 132] have highlighted REX1’s function in controlling cell cycle
progression, glycolysis and cellular differentiation, we additionally retrieved genes associated

with these terms to generate Fig. as follows: The core set of pluripotency TFs are those
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described by [08] and [91]. Cell cycle and glycolysis categories contain all genes associated
with GO BP:0007049 and BP:0006096 respectively, whereas cell fate contains genes associ-
ated with any GO term that contains the words ”ectoderm”, "mesoderm” or ”endoderm”.
We also examined individual examples of cell fate differentiation: CNS development genes
are associated with BP:0007417 or any of its offspring; cardiovascular system development
genes are associated with BP:0072358 or any of its offspring; hepatobiliary system devel-
opment genes are associated with BP:0055123 or any of its offspring. Confidence intervals
around the null hypothesis were generated independently for each category from 100,000 per-
mutations in R. Finally, to compare our data with a previously published set of chimpanzee
and bonobo iPSC lines [76], we downloaded fastq files from GEO (Series GSE47626) and
mapped only the first mate from all reads using the same approach as above, but allowing
4 mismatches in the entire 100bp read. We normalized expression estimates jointly with
our own cell lines to generate Supplementary Fig. [2.24] and used all data points from a
given species, irrespective of origin, to generate boxplots. To generate Supplementary Fig.
2.25, we took Illumina HT12v4 array data from 73 human iPSC lines generated in house
and calculated Pluritest pluripotency and novelty scores as above, using the full probe set.
Independently, we normalized and background-corrected the raw array intensities using the
lumiExpresso function in lumi and extracted expression values for all 73 human iPSC lines
at the single array probe associated with REXI. In order to examine REX1 methylation
levels in other human PSCs, we obtained Infinium HumanMethylation450 BeadChip for the
lines reported in [I75] from the authors, and normalized it jointly with our own data as
described above. We then extracted normalized methylation {levels at the 13 probes that

map to REX1 in both chimpanzees and humans to generate Supplementary Fig. [2.26]
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2.4.18 Other indicators of genomic stability

Finally, we assessed two broad indicators of stability in our chimpanzee lines. All iPSC lines
derived from female chimpanzees, and 3 of 4 lines derived from human females, show strong
evidence for elevated expression of XIST relative to male lines (FDR-adjusted P = 0.0010;
Supplementary Fig. ) and maintenance of X-chromosome inactivation during pluripo-
tency. X-chromosome methylation patterns in females corroborate these observations, with
the majority of probes mapping to the X-chromosome in our data being either hemimethy-
lated (0.2 < < 0.8) or hypermethylated (3> 0.8) in females but not in males (Supplementary
Fig. . We also used a list of 168 imprinted probes from [75] to check for maintenance
of genomic imprinting after reprogramming. We find that the majority of imprinted loci re-
main hemimethylated following reprogramming in both human and chimpanzee iPSC lines
(Supplementary Fig. . However, we identify two sets of probes that are consistently
hypermethylated in pluripotent lines but were hemimethylated in their precursor cells. The
first cluster contains 5 probes that are hypermethylated across both chimpanzee and human
iPSCs; these probes are associated with the genes KCNK9, ANKRD11 and MKRNS3. The
second cluster is comprised of 21 probes that are hypermethylated in all human iPSCs but
only 2 chimpanzee iPSCs in our data, and is associated with the gene PEG3-ZIM2, which

has been previously shown to be abnormally methylated in both hESCs and hIPSCs [74].

2.4.19 Data Access:

All novel RNA-sequencing, DNA methylation and ChIP-seq data are available at the GEO
under SuperSeries number GSE61343. Additionally, a table with P-values for all hypothesis
testing performed using the methylation data (by probe) is available on the Gilad lab web-
site (http://giladlab.uchicago.edu/ Data.html). All chimpanzee iPSC lines described in this
publication are available fully and without restrictions to other investigators upon request
to the corresponding authors.
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2.5 Supplementary Information

2.5.1 Supplementary Figures
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Hoechst/OCT4 Hoechst/SSEA4/SOX2 Hoechst/Tra-1-81/NANOG

Figure 2.9: : ICC staining of the 6 chimpanzee iPSC lines not shown in main text.
Figures with antibodies for pluripotency markers as indicated. Scale bar: 200uM.
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Hoechst/SSEA1T/NANOG

Figure 2.10: ICC staining showing SSEA1 expression in chimpanzee iPSC culture
plates, clearly distinct from NANOG expression.
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Figure 2.11: Melt curves showing a lack of exogenous reprogramming gene ex-
pression in episomally reprogrammed chimpanzee iPSCs after > 10 passages.
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Figure 2.12: Exogenous gene expression in retrovirally reprogrammed chimpanzee
iPSCs after various passages. All values are relative to expression in a day-7-
post-transfection chimpanzee fibroblast.
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Hoechst/AFP/FOXA2 Hoechst/SMA Hoechst/MAP2

Figure 2.13: ICC staining of differentiated embryoid bodies derived from the 6
chimpanzee iPSC lines not shown in main text Figures, with antibodies indicat-
ing the three germ layers as indicated. Scale bar: 200uM.
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Hoechst/Albumin

Figure 2.14: ICC staining of directly differentiated hepatocytes from line C2, with
antibodies as indicated. Scale bar: 200uM.
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Endoderm Mesoderm Ectoderm

Figure 2.15: Histological staining of teratomas derived from three additional chim-

panzee iPSC lines, showing generation of tissues from all three germ layers. Scale
bar: 500uM.
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Figure 2.16: Sequencing traces from teratomas generated from chimpanzee iPSC
lines for the mitochondrial genes 125 (C3649, C4955) and cytb (C8861, C40210).
All traces show clear evidence of the presence of chimpanzee tissue in the teratoma.
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Figure 2.17: The effects of probe sub-setting in PluriTest pluripotency score cal-
culations. Lighter shades indicate pluripotency scores before the removal of probes not
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Figure 2.18: Volcano plot showing the distribution of differentially expressed genes

between iPSCs of chimpanzee and human origin.
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Figure 2.19: Density plots of logs FC change values amongst DE genes for the main
comparisons presented in the text. The area bounded by the grey lines represents logo
FC changes with an absolute magnitude < 2.
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Figure 2.20: Density plots of H3K27ac enrichment scores in the entire data set
and at 3,572 genes enriched only in chimpanzee iPSCs.
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Figure 2.21: Density plots of mean RPKM in chimpanzee iPSCs in all 12,171 genes
with expression data and in the subset of 1,737 genes with expression data and
H3K27ac signal enrichment solely in chimpanzee iPSCs.
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Master pluripotency factors

Genes with H3K27ac signal

Figure 2.22: H3K27ac peaks observed in at least 1 chimpanzee or human iPSC,
as identified by MACS at 22 known pluripotency master regulators. In the case of
all three genes that differ between this Figure and Figure 5d - KLF5, NR5AD and SMAD1
- processed enrichment signal after accounting for orthology is weak, and falls very close to
our normalized enrichment score threshold of 1, explaining the difference between the two.
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Figure 2.23: Expression values of 15 core pluripotency transcription factors in all
human and chimpanzee iPSC lines.The data used to generate this Figure are identical
to those used to generate Figure 5a except that expression levels of REX1 are not included
in the calculation. REX1-expressing chimpanzee iPSC line C6 is colored red, significant
interspecies differences are indicated along the left-hand side, and purple boxes indicate
chimpanzee lines, yellow boxes indicate human lines.
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Figure 2.24: Expression levels of REX1 in human, chimpanzee and bonobo iPSC
lines generated in this study and in [76]. Data for this Figure were jointly normalized.
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62



Color Key

o
f=s
>
o
oL
o
0.2 0.6
Value

Chimpanzee iPSCs
[l Chimpanzee fibroblasts
[ Human iPSCs (present study)
Il Human iPSCs (Ziller et al)
Human ESCs (Ziller et al)
[ Human fibroblasts
M Human LCLs

e | .
I

TSS1500
TSS1500
TSS1500
TSS200
TSS200
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
Body
Body

Body

VuLuwL oM @ JonN~JJJ0 [+¢] oMmMoOMOMOMOMMOMMM
BLigis33333388333308%00080a38332RRRRRRRRE
QTmlm‘DToTcTn-n-n-n-n-n- Ql-n_n_n_n_n__llﬂ‘-QT_l‘_ll_l‘QT_l‘n_ n o QTv—‘vxlco‘<rlm‘mI<r‘m|N‘
CY8 8 AN r IR BT ONNBNR22O N 0 s 93 gOO00OTTOO00
N9 9RRNOCOOCSYHIEZEIIEILIHIITIRIICCEY

ge 2 S5 2 e

N T T T T

Figure 2.26: Methylation of REX1 associated CpG sites. Methylation status of 13
CpG sites associated with REX1 in chimpanzee and human iPSCs from this study and
human PSCs from [I75]. REX1-expressing chimpanzee iPSC line is colored red; location of
the probes relative to the gene sequence is indicated along the right hand side.
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Figure 2.29: Venn diagrams showing overlap in interspecies differences before
and after reprogramming. a. Overlap in DE genes between chimpanzee and human
fibroblasts, and chimpanzee and human fibroblast-derived iPSCs. b. Overlap in DM probes
between chimpanzee and human fibroblasts, and chimpanzee and human fibroblast-derived

iPSCs.

66



DE genes, chimpanzee-human DE genes, chimpanzee-human
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Figure 2.30: Venn diagram showing overlap of genes identified as DE between

iPSCs of the two species when we normalize the iPSC data independently and
alongside data from the precursors.
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Figure 2.31: Venn diagram showing overlap of probes identified as DM between
iPSCs of the two species under the full and reduced limma models.
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Figure 2.32: Normalized XIST expression values in 7 chimpanzee and human
XIST. Circles denote chimpanzee iPSCs, squares indicate human iPSCS.
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Figure 2.33: Quantile-normalized methylation beta values at 8,210 X-chromosome
probes in 7 chimpanzee iPSCs and 7 human iPSCs. The color bar beneath the
dendrogram indicates sex of the individuals: purple: female; yellow: male. Sample names
ending with _ FB indicate fibroblast lines used to generate the corresponding iPSC line,
samples ending with _ LCL indicate _ LCL lines used to generate the corresponding iPSC
line.
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to be subject to parental imprinting effects, from [75]. Sample names ending with
_ FB indicate fibroblast lines used to generate the corresponding iPSC line, samples ending
with _ LCL indicate LCL lines used to generate the corresponding iPSC line.



2.5.2  Supplementary Tables

Table 2.1: Description of samples. a: Descriptive data for all chimpanzee cell lines used
in this work. b: Descriptive data for all human iPSC lines used.

Table 2.2: Origin and purpose of all primers used. For primers not designed in this
study PMID is provided

Table 2.3: Normalized RPKM values and DE genes between chimpanzee and
human iPSCs.

Table 2.4: Gene Ontology BP terms associated with genes DE between chim-
panzee and human iPSCs.

Table 2.5: DMRs identified between chimpanzee and human iPSCs. Coordinates
provided for probe start and end based on hgl9 genome build

Table 2.6: Genome-wide data summary statistics. a: Numbers of DM probes and
DMRs between chimpanzee and human iPSCs identified under various mean Bdifference
thresholds. b: RNA- and ChIP-sequencing reads generated and mapped for all samples in
this work. c: Effects of different normalization schemes on the number of genes classified as
DE in the full data set.

Table 2.7: Gene Ontology BP terms associated with genes within DMRs between
chimpanzee and human iPSCS.

Table 2.8: H3K27ac and H3K27me3 enrichment scores in 3 chimpanzee and 3
human iPSCs around 26,115 orthologous T'SSs.

Table 2.9: Correlations between principal components and selected covariates. a:
in the expression data. b: in the methylation data.

Table 2.10: Normalized RPKM values and DE genes identified under the full
limma DE testing framework.
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Table 2.11: DMRs identified between chimpanzee iPSCs and their precursor fi-
broblasts.

Table 2.12: DMRs identified between human iPSCs and their precursor cells.
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CHAPTER 3
A COMPARATIVE STUDY OF ENDODERM
DIFFERENTIATION IN HUMANS AND CHIMPANZEES

3.1 Abstract

There is substantial interest in the evolutionary forces that shaped the regulatory framework
in early human development. Progress in this area has been slow because it is difficult to
obtain relevant biological samples. Inducible pluripotent stem cells (iPSCs) may provide the
ability to establish in vitro models of early human and non-human primate developmental
stages. Using matched iPSC panels from humans and chimpanzees, we comparatively char-
acterized gene regulatory changes through a four-day timecourse differentiation of iPSCs
(day 0) into primary streak (day 1), endoderm progenitors (day 2), and definitive endoderm
(day 3). As might be expected, we found that differentiation stage is the major driver of
variation in gene expression levels, followed by species. We identified thousands of differen-
tially expressed genes between humans and chimpanzees in each differentiation stage. Yet,
when we considered gene-specific dynamic regulatory trajectories throughout the timecourse,
we found that at least 75% of genes, including nearly all known endoderm developmental
markers, have similar trajectories in the two species. Interestingly, we observed a marked
reduction of both intra- and inter-species variation in gene expression levels in primitive
streak samples compared to the iPSCs, with a recovery of regulatory variation in endoderm
progenitors. The reduction of variation in gene expression levels at a specific developmen-
tal stage, paired with overall high degree of conservation of temporal gene regulation, is

consistent with the dynamics of a conserved developmental process.
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3.2 Introduction

Differences in gene regulation between humans and other primates likely underlie the molec-
ular basis for many human-specific traits [58]. For example, it has been hypothesized that
human-specific gene expression patterns in the brain might underlie functional, developmen-
tal, and perhaps cognitive differences between humans and other apes [165, 92]. Providing a
measure of support for this notion, a recent comparative study that explored the temporal
dynamics of gene regulation found potential differences in the timing of gene expression in
the developing brain across primates [I30]. The authors argued that such differences might
be related to inter-species differences in the timing of developmental processes. Other com-
parative studies of gene regulatory phenotypes in primates, while challenging, have resulted
in important insights into the evolution of gene expression levels and the traits they are
associated with [I19]. Yet, we are also finding that gene expression patterns alone (without
additional context or perturbation) provide little insight into adaptive phenotypes, molec-
ular mechanisms, or even the specific biological processes involved in the observed changes
in gene expression levels. To a large degree, the challenge is that comparative studies in
humans and non-human apes are extremely restricted because we only have access to a few
types of cell lines and to a limited collection of frozen tissues [I19]. A few studies have
chosen to sidestep this limitation by using model organisms in an attempt to recapitulate
inter-primate differences in gene regulation. In this approach, the phenotypic impact of dif-
ferences in gene regulation between humans and non-human primates are studied with high
spatial and temporal resolution in a model species, such as the mouse [40, 104, 105 126].
These studies are useful and often informative, but when model organisms are used to reca-
pitulate gene regulatory differences between primates, the inference about function requires
one to make a critically important assumption, which is typically not tested. Namely, one
must assume that the effects of gene regulatory changes on complex phenotypes are identical

in model organisms and in humans. This is a common assumption, not exclusively made in
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the context of comparative studies, but shared to some extent with every study of human
disease that makes use of model organisms. The difference is that model organisms studies
of human disease ultimately have to seek evidence that inference based on model organisms
is relevant to humans. In contrast, studies of human evolution using model organisms rarely,
if at all, are required to meet this standard. Indeed, oftentimes it is unclear how to design
an experiment in model organisms that can directly address a phenotype difference between
humans and non-human primates, for instance, when the phenotypes under consideration
are related to cognitive abilities. In such cases, the assumption that the effects of gene reg-
ulatory changes on complex phenotypes are identical in model organisms and in humans is
somewhat strained [40]. The caveats associated with using a model organism to study the
phenotypic effects of regulatory differences between primates notwithstanding, until recently,
it is not clear that there was an alternative approach. While current comparative studies
using primate material (tissue samples or cell lines) have provided valuable insight into the
genetic architecture of gene regulation, we did not have a flexible and faithful framework with
which to dynamically study inter-species variation in gene regulation [I19]. In particular,
frozen post-mortem tissues are not optimal templates for many functional genomic assays;
as a result, we lack datasets that survey multiple dimensions of gene regulatory mechanisms
and phenotypes from the same individuals [I3], 119]. Moreover, because it is rare to collect a
large number of tissue samples from the same donor (particularly in non-human primates),
we have never had the opportunity to study cross-species, population-level patterns of gene
regulation in multiple tissues or cell types derived from the same genotype (same donor)
in non human apes. We also have not been able to comparatively study population-level
dynamics of gene regulation in primates, for example, during perturbation. In order to
gain true insight into regulatory processes that underlie variation in complex phenotypes,
we must have access to faithful model systems for a wide range of tissues and cell types.

In other words, to utilize comparative functional approaches to comparatively study the
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genetic architecture of complex phenotypes in humans and other apes, a new approach is
needed. Recent technological developments in the generation and differentiation of induced
pluripotent stem cells (iPSCs) now provide a renewable, staged and experimentally pliable
source of terminally differentiated cells. Utilizing timecourse differentiation protocols, we
can examine the context dependent nature of gene regulation, as well as the temporal roles
of gene expression as different cell types and developmental states are established [73]. This
approach seems promising, and indeed, a handful of recent studies have been successful in
utilizing iPSCs from humans and chimpanzees to characterize the uniquely human aspects
of craniofacial development [I06] and cortex development [86, 04]. Primate iPSC panels
are a particularly attractive system for comparative studies of early development. Based
on studies in model organisms, we expect differentiation into a germ layer in a mammalian
system to be extremely conserved [I76]. We thus set out to ask whether we can recapitu-
late a conserved early developmental gene regulatory trajectory in human and chimpanzee
iPSC-derived cell lineages. Our rationale is that if we can demonstrate the fidelity of the
iPSC model in this context, this would provide support for the notion that the iPSC system
can be a useful tool for future comparative studies of dynamic biological processes. To this
end, we chose to differentiate iPSCs from human and chimpanzee into the endoderm germ
layer; from which essential structures in the respiratory and digestive tracts are ultimately
derived, including the liver, the pancreas, and the gall bladder, the lung, the thyroid, the
bladder, the prostate, most of the pharynx and the lining of the auditory canals and the
larynx [I76]. Using this system, we found evidence to support developmental canalization

of gene regulation in both species, 24 hours after differentiation from an iPSC state.
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3.3 Results

3.3.1 Study design and data collection in the 1PSC-based system

To perform a comparative study of differentiated cells, we used a panel of 6 human and 4
chimpanzee iPSC lines previously derived and characterized by our lab [30, 42]. We dif-
ferentiated the iPSCs into definitive endoderm, a process that was completed over 3 days
[73], and included replicates of cell lines that were independently differentiated (see Meth-
ods; Fig. [3.1A ). We performed the differentiations in two batches, with equal numbers
of human and chimpanzee samples in each batch. We harvested RNA from iPSCs (day 0)
prior to differentiation and subsequently every 24 hours to capture intermediate cell popula-
tions corresponding to primitive streak (day 1), endoderm progenitors (day 2), and definitive
endoderm (day 3). Overall, we collected a total of 32 human samples and 32 chimpanzee
samples (Fig. [3.1]A). We confirmed that RNA from all samples was of high quality Fig.
3.10) and subjected the RNA to sequencing to estimate gene expression levels. Detailed de-
scriptions of all individual donors, iPSC lines, sample processing and quality, and sequencing
yield, can be found in the Methods section and 3.2} To estimate gene expression levels, we
mapped reads to the corresponding genome (hg19 for humans and panTro3 for chimpanzees)
and discarded reads that did not map uniquely [57]. We then mapped the reads to a list
of previously described metaexons across 30,030 Ensembl genes with one-to-one orthology
between human and chimpanzee [13, [I5]. We eliminated genes that were lowly expressed
in either species, removed data from one clear outlier sample (H1B at Day 0; Fig. [3.11]A),
and normalized the read counts (see Methods; Fig. [3.11B) to obtain TMM- and cyclic loess-
normalized logo counts per million (CPM) values for 10,304 orthologous genes (Fig. [3.2}
. These normalized gene expression values were used in all downstream analyses.
Beyond the gene expression data we collected, in the second batch, we assessed the purity

of the cell cultures at each day of the timecourse using flow cytometry with a panel of six
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Figure 3.1: Study design and purity. A. Study design. Samples from four chimpanzees
and six humans were studied at four time-points during endoderm development. We included
two technical replicates from each of the chimpanzees and two technical replicates for two of
the six humans. iPSC: induced pluripotent stem cell, PS: primitive streak, EP: endoderm
progenitor, DE: definitive endoderm. B. Purity analysis: Cell type composition at each day
based on FACS analysis (see methods), estimated by k-means clustering.
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canonical markers. These markers correspond to the cell types we expected in the different
stages of differentiation (Fig. [3.1B; Fig. . We assessed purity of the samples in
the first batch of differentiation as well, but due to a technical problem with the antibodies,
those values are not informative. Overall, the FACS-based estimated purity levels for the

sample in the second batch are high and consistent across species in days 0 and 1 (> 0.79 and

> 0.66, respectively; Fig. 3.1B{3.4 Fig. B.12}Fig. 3.13). In days 2 and 3, however, purity

levels were considerably lower in the human than in the chimpanzee samples (Fig. ;;
Fig. Fig. . On the one hand, this inter-species difference in purity in the later
stages of the time course limits the insight we can draw from this comparative study, as we
discuss throughout the paper. On the other hand, because our main focus is to confirm that
this early developmental process is conserved in the two species, the observation of strong
conservation, which we discuss below, is robust with respect to this inter-species technical

difference in purity.

3.83.2 iPSCs-based system effectively models primate endoderm

differentiation

Given the potential impact of study design properties on gene expression data and subsequent
conclusions [I66], as a first step of our analysis, we confirmed that none of our recorded
variables related to sample processing (apart from sample purity, as stated above) were
confounded with our main variables of interest, namely day and species (see Methods
and ; Fig. . Once we were confident that our study design provided an effective
data set for addressing our biological questions of interest, we performed a global survey of
the gene expression data using principal component analysis. This analysis indicated that
the primary sources of gene expression variation are differentiation day (Fig. ; ;
regression of PC1 by differentiation day, P< 10'15), followed by species (regression of PC2

by species, P< 10‘15). This observation was also supported by clustering analysis based on
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Figure 3.2: General patterns in the data. Normalized logo(CPM) expression measure-
ments for all genes projected onto the axes of the first two principal components. Color
indicates day. Shape represents species. PC1 is highly correlated with differentiation day (r
= 0.92). PC2 is highly correlated with species (r = 0.93).

the correlation matrix of pairwise comparisons of the gene expression levels (Fig. .
After characterizing global gene expression patterns, we focused on the expression of
specific transcription factors with known roles in developmental pathways (Fig. [3.3]A) and
other previously known lineage specific markers [35] [73, [139]. Consistent with the results of
our FACS analysis, we observed that the temporal trajectory of expression levels of known
lineage specific markers and transcription factors further supported the assumed differenti-
ation stages in each day (e.g. primitive steak-specific markers had increased expression on
day 1, Fig. [3.2B). The lineage specific markers and transcription factors were expressed at

comparable levels in humans and chimpanzees at the relevant time points, consistent with
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previous literature [73, [139], and further supporting the validity of our in vitro system (Fig.
3.16/A).

3.3.8  Comparative assessment of gene expression changes during

differentiation

To identify gene expression differences between humans and chimpanzees throughout the
timecourse, we used the framework of linear models (see Methods). We first assessed how
many genes were differentially expressed (DE) between species at each time point indepen-
dently. Using this approach, we classified thousands of genes as DE between the species (at
FDR of 5% 4475 5077 genes are classified as inter-species DE at different times points; Fig.
; . Even at a fixed FDR cutoff, nearly half of the genes that were classified as DE
between the species at any single time point were found to be DE in all time points (2269
genes). Nearly a third of genes whose expression was measured in our experiment were not
classified as DE between the species at any time point (2862 genes, 28%).

We proceeded to consider temporal expression patterns within species. When analyzing
expression changes across consecutive time points, we had more power to detect temporal
gene expression differences in chimpanzee compared to humans (Fig. —C and Fig. E;
, especially with respect to the transition between endoderm progenitors (day 2), and
definitive endoderm samples (day 3). This property is likely related to the inter-species
difference in purity of samples from these days, as discussed earlier. When we accounted
for incomplete power (see Methods), we found a remarkably consistent pattern whereby
77% of DE genes between iPSCs and primitive streak in humans are also DE between these
states in chimpanzees; similarly, 77% of DE genes between primitive streak and endoderm
progenitors in humans are also DE between these states in chimpanzees; and 80% of DE genes
between endoderm progenitors and definitive endoderm in humans are also DE between these

states in chimpanzees (3.8)). As might be expected from these observations, we found that
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Figure 3.3: Canonical markers of differentiation. A. Heat map of normalized logo
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Figure 3.4: Number of differentially expressed (DE) genes in pairwise analyses.
Venn diagrams of A. DE genes at each day B. DE genes between consecutive time points
in humans C. DE genes between consecutive time points in chimpanzees D. genes with a
significant species-time point interaction effect at each day (DE was classified at FDR of 5%
in all cases).
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Figure 3.5: High sharing of DE genes across species. A circos diagram with the number
of shared, human-specific, and chimpanzee-specific DE genes across time points. There is a
high degree of sharing of DE genes (yellow ribbon), particularly from day 0 to 1 and day 1
to 2.

the relationship between day and gene expression was largely independent of species (Fig.

FADED).

3.3.4 Joint Bayesian analysis reveals conservation of temporal gene
expression profile

In an attempt to further overcome issues of incomplete power affecting these original naive
pairwise DE comparisons, and to account for dependency in data from different time points,
we utilized a Bayesian clustering approach implemented by Cormotif [I55]. This joint mod-
eling technique leverages expression information shared across time points to identify the
most common temporal expression patterns (referred to as correlation motifs). We iden-
tified diverse expression patterns that emerge as differentiation progresses in both species

(Fig. [3.643.10) as well as a set of 3789 genes whose expression is not significantly altered
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throughout the timecourse (8004 genes could be reliably classified into a motif, ; Fig.
3.17A). This analysis revealed further evidence for conserved gene expression patterns, as
75% of genes assigned were assigned to motifs with the same or similar temporal regulatory
trajectories in both species (Fig. |3.6]).

Further, when we excluded data from the definitive endoderm samples, where we sus-
pect that a particularly large inter-species difference in sample purity has increased gene
expression variance between the species, we assigned 85% of genes to motifs with the same
temporal trajectories across species. These observations are robust with respect to the num-
ber of correlation motifs (Fig. [3.17B), the method used to combine data from technical
replicates (Fig. [3.17C and Fig. [3.18]), which days were included in the pairwise comparisons
(Fig. 3.17D), and the inclusion of all 10,304 genes in the analysis. Our observations are also
robust with respect to the overall approach used to estimate and compare gene expression
trajectories (Fig. [3.16B). We found two correlation motifs with a potential marked difference
between the species at a given stage (motif 4 with 187 genes and motif 7 with 686 genes). In
both of these motifs, data from the earliest time points were conserved but gene regulation
in the final stage (day 2 to 3) differed between the species. The genes in these motifs were
enriched for Gene Ontology (GO) annotations related to animal organ development (e.g.
NRTN, PITX2, RDH10), anatomical structure morphogenesis (ARHGDIA, EHD2, SER-
PINE?1), regulation of developmental process ( FLRT3, LOXL2, SEMA7A), and regulation
of cell differentiation ( DIXDC1, ENC1, IRF1{3.10B) [2]. These four GO annotations were
not enriched in other similarly sized motifs or group of motifs (3.10C-E) [2]. Unfortunately,
due to interspecies differences in purity at the later days, we cannot definitively determine

whether these enrichments are driven by biological or technical differences.
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3.3.5  Reduced variation in gene expression levels at primitive streak

We next turned our attention to differences in the magnitude of variation in gene expres-
sion levels across time points, within and between species. Previous studies reported that
variation in gene expression levels between individuals was lower in iPSCs than in differenti-
ated cells ([5] and Fig. [3.19A). We were thus interested in gene expression variation during
iPSC differentiation in our comparative system. We first compared within-species expres-
sion variation for all 10,304 orthologous genes across time points. We found a reduction in
inter-individual variation of gene expression levels as the human samples differentiated from
iPSCs to primitive streak (P< 10715, Fig, 3.7). We also detected this pattern when we
considered the chimpanzee samples (P< 10715, Fig. , but the effect size in chimpanzee
is much smaller. We did not identify similar reduction in variation in gene expression levels
in any other transition during the timecourse in either species (P> 0.5 for testing the null
of no change in variance of gene expression from day 1 to 2 and from day 2 to 3 in each
species). As mentioned above, the purity of the samples in days 2 and 3 is lower than that
of samples in days 0 and 1, though we only successfully measured the purity values for the
samples that were processed in the second batch. We accounted for the measured purity
values by regressing them out of the gene expression data. As might be expected, accounting
for the purity values resulted in different patterns observed for the data from days 2-3. Yet,
the reduction in variation from day 0 to 1 persisted in both species even after we accounted
to the purity values (Fig. [3.19B).

We turned our attention to regulatory divergence between species. The overall human-
chimpanzee divergence in gene expression levels was also slightly reduced as samples differ-
entiated from iPSCs to primitive streak (Mann-Whitney U Test, P= 0.04; Fig. [3.19C), but
not in any other transition during the timecourse. Furthermore, while we classified 504 genes
as DE between humans and chimpanzees exclusively in iPSCs (of a total of 4,475 DE genes

in iPSCs, FDR = 5%; Fig. 3.11]), we found only 279 genes that were DE exclusively
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in primitive streak samples (from a total of 4,408 DE genes for the primitive streak; Fig.
. The number of genes that are DE between the species exclusively in endoderm
progenitors and definitive endoderm samples is higher (at FDR of 5%, 402 and 934, respec-
tively; Fig. . The observation of a smaller number of genes that are DE exclusively
in primitive streak samples compared with iPSCs is robust with respect to the FDR cutoff,
differentiation batch, and purity of the samples (Fig. and Fig. . While the
difference in divergence and the number of DE genes between these differentiated states is
modest, and could potentially be explained by a number of non-biological factors (including
the differences in purity in the later day), this observation was intriguing to us. We thus
focused on the transition between iPSCs to primitive streak in both species. The recorded
technical factors (including purity for these states) are highly similar across biological condi-
tions in days 0 and 1, and therefore are not likely to explain this observation and .
We thus proceeded to analyze the trajectory of variation in expression level on an individual
gene basis. In this analysis, we were particularly interested to address whether the individual
genes that undergo a change in variation of expression levels are shared across species. An
observation of excess sharing could not be explained by inter-species differences in technical
factors and hence would provide substantial support to the notion of conserved reduction of
regulatory variation as the samples begin their differentiation process. We used F tests to
identify genes whose within-species variation in expression levels differs across time points
(see Methods). Distributions of Pvalues from all tests can be found in Fig. [3.8A-B and [3.13]
which indicate that for a large number of genes, within-species variation in expression levels
were reduced exclusively in primitive streak samples. Indeed, while we did not have much
power to detect differences in variation of individual gene expression levels between states
(due to the small number of individuals in each species), we observed a clear excess of small
Pvalues when we tested the null hypothesis that there was no reduction in gene expression

levels from day 0 to 1. Using Storeys approach [I135] to account for incomplete power, we
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Figure 3.8: Reduction of variance observed at transition from day 0 - day 1.
A. P value distributions of F tests under the null hypothesis that there is no reduction
in variation in gene expression levels as samples progress along the time course in human
samples. B.Same as in A, but for Chimpanzee samples. 7y is the estimated proportion of
null tests in each distribution.

estimated that within-species variation in expression levels was reduced as the samples dif-
ferentiate from iPSCs to primitive streak in 83% and 27% of human and chimpanzee genes,
respectively (Fig. [3.8A-B). This result was robust with respect to the method used to calcu-
late the proportion of true positives [136] (Fig. . We did not observed reduced variation
of gene expression in any other differentiation state in our data (Fig. ;Fig. )

We next asked about the overlap of genes with reduced variation in primitive streak
samples across the two species. Specifically, we asked whether human genes with lower
within-species variation in expression levels in primitive streak are more likely to show the
same pattern in chimpanzee genes. For this analysis, we again used the Storey approach
[135] to estimate the proportion of true positive tests in one species, conditional on the ob-
servation of reduced variation in the other species (see Methods). We estimated that 47%
of genes whose variation in expression level is reduced in human primitive streak samples

showed a similar pattern in chimpanzees (under a permuted null we expect 27%, P< 1074,
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Fig. . When we condition on observing a reduction of variation in chimpanzees,
the overlap with humans was 84% (under a permuted null we expect 83%, P= 0.38; Fig.
). This high value was not unexpected because of the initial large proportion of human
genes with a clear signature of reduced variation in primitive streak. Because any techni-
cal differences that are confounded with species would contribute to increased inter-species
differences, these observations support, yet probably underestimate, the degree of high con-
servation of regulatory patterns in humans and chimpanzees. Using a similar approach to
account for incomplete power, we also found a marked overlap of genes whose expression
underwent a significant increase in variation throughout the transition from primitive streak
to endoderm progenitors (Fig. [3.97E-F; Fig]3.22B). All our observations were robust to a
wide range of statistical cutoffs used to classify genes whose within-species variation changes
across the differentiation states (Fig. Fig. . In particular, because these are re-
ports of conserved patterns, they are likely to underestimate the degree of conservation given
technical differences between the species, including the difference in purity of the samples in
days 2 and 3.

Finally, we sought to provide insight into the potential functional consequences of our ob-
servations. Interestingly, genes that show reduction of variation in gene expression levels in
both species are enriched for GO annotations [2] related to development, including neuroep-
ithelial cell differentiation (e.g. MYCL, NODAL, CDH2), cell migration during gastrulation
(FGF8, MIXL1), and trophectodermal cell differentiation (CNOTS, EOMES , SP3{3.13(C).
Moreover, we found that null mutation in mouse orthologs of the primate genes with shared
reduction of expression variation in our study were more highly associated with embryonic
lethality than null mutation in mouse orthologs of primate genes that did not show that

pattern (41% versus 28%; P< 10°4{3.13D-E).
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Figure 3.9: Conserved patterns of reduced variation in gene expression at primitive
streak. A. P value distributions of F tests (from Fig. for day 0 to 1 in chimpanzees only
for genes who variation was classified as reduced (P <0.05) in humans. B. same as A, but
for day 1 to 2. C. P value distributions of F tests (from Fig. for day 0 to 1 in humans
only for genes who variation was classified as reduced (P <0.05) in chimpanzee. D. same as

C, but for day 1 to 2.
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3.3.6 Discussion

Our results indicate a strongly conserved temporal expression profile across species during
early differentiation. We observed a large number of genes with similar expression profiles
across species. Indeed, we found that DE genes between differentiation states are shared
between the two species far beyond what expected by chance alone. When we jointly an-
alyzed data from the entire timecourse, nearly all the gene expression trajectory motifs we
identified, including 75% of all genes assigned to a motif, are shared across the two species
(Fig. . Still, our observations likely underestimated the proportion of shared regulatory
patterns due to incomplete power. Our finding that regulatory trajectories throughout endo-
derm differentiation are generally highly conserved in these two species was expected. Yet,
our observation that a large number of genes are associated with conserved reduced regula-
tory variation in a specific transition state is a somewhat surprising property. Indeed, in our
opinion, the most significant finding of this study is the observation that regulatory variation
is reduced in both humans and chimpanzees as the cell cultures differentiate from iPSCs to
primitive streak. We found a marked overlap between the species in the specific genes that
experience this reduction of regulatory variance, indicating high degree of conservation in
this process. Before we discuss the potential implications of our observations, we will first
discuss a few considerations regarding the iPSC based differentiation models. We argue that
the use of iPSC models allows for greater control and transparency of comparative studies in
primates, including a better appreciation of caveats that have always affected such studies
but were typically cryptic. For more than a decade, comparative genomics in primates has
relied on the use of frozen tissues. An implicit assumption underlying the use of these tissues
has been that they faithfully reflect interspecies gene regulatory similarities and differences.
Yet, we know that gene regulation in these tissues was likely impacted by non-genetic factors,
such as the individuals diet, age, and cause of death. In addition, it is nearly impossible to

stage frozen tissues with respect to cellular composition. In fact, in practically all studies of
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comparative data from frozen tissues, cellular composition was not even measured. Indeed,
comparative studies of gene expression in primate frozen tissue samples, including those by
our own group, simply assumed that most observed patterns are driven by genetic control.
In contrast to frozen tissues, the primate iPSC-based differentiation model allows us to min-
imize the impact of non-genetic (e.g. environmental) factors. We can also control to a large
extent the cellular composition of the samples, and more importantly we can measure and
account for differences in cellular composition. Comparative experiments with iPSC-based
differentiation are certainly not flawless, but they allow us to more explicitly characterize,
and often account for, confounding factors than it was possible with frozen tissue samples. In
the case of the current study, we used human and chimpanzee iPSC lines that were generated,
and differentiated, using the same protocols. We made considerable efforts to balance the
majority of sample processing properties related to our study design with respect to species
and time point. For example, the two differentiation batches we used included multiple
human and chimpanzee lines (which we also balanced with respect to gender). Admittedly,
in vitro differentiation protocols are not identical to natural developmental signaling and
natural cell-driven developmental processes may be overridden by our administered media
conditions. Moreover, although we used an identical differentiation protocol across the entire
experiment, we observed a wide distribution of cell purity across samples, with a marked
difference between the species in the purity of cultures form days 2 and 3. The fact that we
are able to measure and discuss purity and cellular composition as a potential flaw in our
study is an advantageous property of the iPSC-based differentiation system. At present, we
cannot exclude the possibility that the observed differences in cellular heterogeneity across
time points may have driven the observation of reduced regulatory variation exclusively in
primitive streak samples. In our opinion, however, this is unlikely, though our arguments
are mostly circumstantial and we will not be able to provide a definitive answer without ad-

ditional single cell experiments (which will be the scope of a future study). Our intuition is
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based on the following properties: First, the iPSC cultures are the most homogenous in our
experiment and we nevertheless observe a reduction of variation in gene expression levels in
day 1 samples. Second, the conclusion of high sharing and similarities between species should
be robust (conservative, in fact) with respect to technical differences between species, includ-
ing in purity. Third, when we account for the purity values measured for the second batch
of samples, the relative expression patterns remain similar. That said, to provide definitive
answer, we will revisit these questions with an experimental design that involves single cell
data from the same comparative differentiation trajectory. Single cell RNA sequencing data
will also be able to shed light on our observation that gene regulation in definitive endoderm
(day 3), unlike earlier days, does not indicate strong conservation between the species. In
definitive endoderm samples, we observed the largest number of DE genes across species, the
smallest number of DE genes between two consecutive time points in humans, and the lowest
overlap in DE genes between time points. Unlike in the human samples, the chimpanzees
had a relatively consistent number of DE genes between any two consecutive time points.
Some of these observations might be explained by the cell purity difference between species.
It should be noted that the effect sizes for the reduction in variation from day 0 to 1 are
small in the chimpanzee samples and that the Pvalue distributions do appear quite differ-
ent across species. These differences, however, do not invalidate our finding that there is a
significant overlap of genes that undergo a reduction of variation in gene expression levels in
both species. If the reduction of variation in gene expression levels were spurious within each
species, then we would not expect a statistically significant overlap of such genes. The obser-
vation of reduced regulatory variation is rather unusual in general, partly due to the unusual
design of our study. Indeed, only few comparative studies have been designed to allow one to
measure changes in variation over time. One such example, from a completely different con-
text, can be found in a previous study in which monocytes from humans, chimpanzees, and

rhesus macaques, which were stimulated with lipopolysaccharide (LPS) to mimic infection
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[6]. When comparing gene expression in LPS-stimulated monocytes to that of non-stimulated
cells, the authors found a reduction of inter-species variation in gene expression levels in a
number of key transcription factors involved in the regulation of TLR/-dependent pathways.
In our study, we found enrichment for genes in developmental pathways among genes with
conserved reduction of expression variation. This observation is consistent with the notion
[T51] that developmental pathways need to be tightly regulated in general. This notion is
also supported by deep conservation and lethality upon disruption seen in many of these
genes. Null mutations in mouse orthologs of over 40% of the genes with conserved reduced
regulatory variation at primitive streak are associated with embryonic lethality. For exam-
ple, Xenopus laevis embryos with null mutations in the ortholog of human MIXLI exhibit
abnormalities in primitive streak and node formation. Similarly, homozygous null MIXL1
mice have abnormal mesoendoderm development and do not survive to birth. FOMES ho-
mozygous null mice lack trophoectoderm outgrowth and do not properly form the definitive
endoderm. This mutation is lethal early in gestation. Overall, regulation of these genes is
likely to be finely tuned at early development. Indeed, reduced regulatory variation early in
the endoderm differentiation process may be driven by the property of canalization during
development. The theory of canalization posits that developmental processes end in a finite
number of states despite minor environmental perturbations [127, 151} [I50]. Canalization is
fundamentally linked to evolutionary states [I50], and thus phenotypic robustness; therefore,
even when reduced variation in gene expression levels is observed in cell culture, the expla-
nation of canalization is intuitively appealing considering the discrete nature of cell types in
an adult animal. Our results suggest that stages subsequent to primitive streak may follow

a more relaxed transcriptional regulation with higher influence of individual genotypes.
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3.4 Methods

3.4.1 Human and chimpanzee 1PSC panels

In this study, we include four chimpanzee iPSC lines (2 males, 2 females) from a previously
described panel [42] and six human lines (3 males, 3 females) [30] matched for cell type of
origin, reprogramming method, culture conditions and closely matched to passage number
(median passage was within 1 passage across species and differentiation batches). We evalu-
ated iPSC lines for pluripotency measures, differentiation potential, lack of integrations and
normal karyotypes as described previously [30, 42] (Fig. [3.26}Fig. 3.27). We identified one
human individual (H5) that tested positive for episomal vector sequence (Fig. [3.27). This
individual was not an obvious outlier in any of our data (Fig. [3.1B- Fig. , thus we choose
to include it in our study. Original chimpanzee fibroblast samples for generation of iPSC
lines were obtained from the Yerkes Primate Center under protocol 00612. Human fibrob-
lasts samples for generation of iPSC lines were collected under University of Chicago IRB
protocol 110524. Feeder free iPSC cultures were initially maintained on Growth Factor Re-
duced Matrigel using Essential 8 Medium (E8) as previously described. After 10 passages in
ES, all cell lines were transitioned to iDEAL feeder free medium that was prepared in house
as specified previously [78]. Cell culture was conducted at 37°C, 5% COg, and atmospheric
Os.

3.4.2  Endoderm Differentiation

To produce definitive endoderm and intermediate cell types, we followed a recently published
three-day protocol that systematically identified and targeted pathways involved in cell fate
decisions, at critical junctures in endoderm development [73] with minimal modification. At
12 hours prior to initiating differentiation, iPSC lines at 70-90% confluence were seeded at a

density of 50,000 cells/cm?. Basal medial for differentiations consisted of 50/50 IMDM /F12
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basal media supplemented with 0.5 mg/mL human albumin, 0.7 g/mL Insulin, 15 g/mL
holo-Transferrin, 1% v/v chemically defined lipid concentrate, and 450 uM 1-thioglycerol
(MTG). For differentiation, basal media was supplemented with the following: day 0 to
day 1 (Primitive streak induction) media included 100 ng/mL Activin A, 50 nM PI-103
(PI3K inhibitor), 2 nM CHIR99021 (Wnt agonist), days 1->2 (total of 2 media changes)
media included 100 ng/mL Activin A and 250 nM LDN-193189 (BMP inhibitor). Two
independent differentiation batches were performed, resulting in replicates for a subset of
individuals . Each chimpanzee was replicated, while only two humans individuals were
replicated across the two batches. Replicates were sex-balanced both within and across

species. Cell culture was conducted at 37°C, 5% COs, and atmospheric Os.

3.4.3 Purity assessment using flow cytometry

Cells were dissociated using an EDTA based cell release solution, centrifuged at 200 x g for
5 minutes at 4°C and washed with PBS. Subsequently, 0.5-1 million cells were fixed and
permeabilized using the Foxp3 / Transcription Factor Staining Buffer Set from eBioscience.
Cells were fixed at 4°C for 30 minutes before washing once using FACS buffer (autoMACS
Running Buffer, Miltenyi Biotech). 150,000 cells were transferred to BRAND lipoGrade 96
well immunostaining plates and centrifuged at 200 x g for 5 minutes at 4°C. Cells were rinsed
in FACS buffer then resuspended in the staining solution. A single master mix containing
1X Permeabilization buffer (eBioscience), BD Horizon Brilliant Stain Buffer and antibodies
was prepared and 30 yL of this mix was added to each well containing cells. In order to
estimate purity for each day of the timecourse, we utilized a mixture of six different directly
labeled antibodies: OCT3/4 (BV421 labeled clone 3A2A20, Biolegend), SOX2 (PerCP-
Cy5.5 labeled clone O30-678, BDbio), SOX17 (Alexa 488 labeled clone P7-969, BDbio),
FOMES (PE-CyT7 labeled clone WD1928, eBioscience), CKIT (APC labeled clone 104D2,
Biolegend), CXCR4 (BV605 labeled clone 12G5, Biolegend). All antibodies were used at the
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manufacturer recommended dilution except CKIT and CXCR/ , which was used at 1/10 of
the manufacturer specified concentration (15 ng of each antibody in final volume of 30 pL
per staining). We found that the manufacturer recommended dilution produced acceptable
results for live cells, however, upon fixing, we observed nonspecific binding by all populations.
Thus we determined the optimal antibody titer to maximize the separation between iPSCs
(biological negative) and Day 3 definitive endoderm. We found this optimal concentration
to be in concordance with that quantity specified by a previous publication using the same
antibody clone from a different manufacturer [29]. Cells were stained for 1 hour at 4°C and
subsequently washed 3x using a solution of BD Horizon Brilliant Stain Buffer containing
1X Permeabilization buffer, on the final wash cells were resuspended in 100 uL. FACS buffer
for acquisition on a BD LSR II flow cytometer. After data acquisition compensation, we
used the program FlowJo (http://docs.flowjo.com/d2/credits-2/) to determine scaling. To
do so, we used data from single stained compensation beads (Life Technologies) that were
stained and collected in parallel. Live, intact, single cells were gated based on FSC and SSC
channels as previously described [73]. Day 0 iPSC purity was estimated by dual positive
OCT3/4 and SOX2 [79] as well as negative staining for EOMES. Day 1 primitive streak
purity was estimated primarily based on FOMES Positive staining [41] [139] but also negative
staining for SOX17. Day 2 endoderm progenitor purity was quantified by positive staining
for SOX17 expression [149] (CKIT could also be used, as its level peaks at day 2) and
negative staining for CXCR4. Finally, day 3 definitive endoderm purity was estimated by
double staining for CKIT and CXCR/ [29]. For all time points, cells were stained with the
full complement of markers; initial gates were defined using fluorescence intensity levels of an
iPSC line as a biological negative control for days 1, 2, and 3. For day 0 (iPSCs), a definitive
endoderm time point was used to quantify the biological negative for OCT3// and SOX2
fluorescence intensity. All iPSC lines regardless of species were at comparable fluorescence

intensity levels, so we choose a representative chimp and human line to use as our standard
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for defining and refining all gates. Fully resolving all time points simultaneously required
us to define high and low staining gates, which were determined using the time points for
that markers maximum and minimum fluorescence intensities. All gates were refined using
the same two representative chimpanzee and human lines as used for determining biological
negatives, resulting in one universal gating scheme that was applied to both species and all
time points. A complete gating scheme is outlined in Fig. [3.12|A, with the final purity results
for the second batch of differentiation in [3.4 The samples in the first differentiation batch
demonstrated hallmarks of improper fixing (highly nonspecific staining of antibodies, most
notably for surface markers CXCR4 and CKIT), thus we were unable to determine reliable
purity estimates for the first differentiation batch. Purity was also determined using k-means
clustering of minimally preprocessed flow cytometry data. After applying the same live,
intact, single cell gating scheme used above, we exported compensated fluorescence channel
values for processing in R. First, we visually inspected population separation by performing
Principal Components Analysis (PCA) on compensated fluorescence channel values. We
randomly sampled 1000 cells from each individual at each day, resulting in a total of 4000
randomly sampled cells per individual and 31,000 cells overall (no data was collected for
individual H4 at day 3). To assign cells to a specific developmental day, we performed
K-means clustering using K = 4 on a correlation matrix representing pairwise correlations
between all 31,000 single cells. Four relatively well separated populations were visible after
projection onto the first three principal components (Fig. top panel) and cluster
assignment on the reduced data is shown in Fig. [3.13] middle and bottom panels. We

estimated cellular composition at each day by using the PCA to match clusters to a day

assignment (Fig. [3.1B).
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3.4.4 RNA extraction, library preparation, and sequencing

We collected RNA from iPSCs (day 0) prior to adding day 1 media, and then every 24
hours during the differentiation timecourse for a total of 4 time points representing inter-
mediate cell populations from iPSCs to definitive endoderm (Fig. ) We extracted
the RNA using the ZR-Duet DNA/RNA MiniPrep kit (Zymo) with the addition of an on
column DNAse I treatment step prior to RNA elution. We used non-strand specific, polyA
capture to generate RNA-seq libraries according to the Illumina TruSeq protocol. To esti-
mate the RNA concentration and quality, we used the Agilent 2100 Bioanalyzer (3.1; Fig.
. We added barcoded adaptors (Illumina TruSeq RNA Sample Preparation Kit v2)
and sequenced the 50 base pair single-end RNA-seq libraries on the Illumina HiSeq 4000
at the Functional Genomics Core at University of Chicago on two flowcells . To min-
imize the introduction of biases due to batch processing, we chose the RNA extraction
batches, library preparation batches, sequencing pools, adaptor names, and flowcells in a
manner that maximally partitioned the biological variables of interest (day, species, cell
line and . We generated a minimum of 14,424,520 raw reads per sample. We used
FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to confirm that the

reads were high quality.

3.4.5  Quantifying the number of RNA-seq reads from orthologous genes

We mapped human reads to the hgl9 genome and chimpanzee reads to panTro3 using
TopHat2 (version 2.0.11) [57], allowing for up to two mismatches in each read. We kept
on only reads that mapped uniquely. To prevent biases in expression level estimates due to
differences in mRNA transcript size and the relatively poor annotation of the chimpanzee
genome, we only kept reads that mapped to a list of orthologous metaexons across 30,030
Ensembl genes available for the hgl9 and panTro3 genomes as described previously [13].
Gene expression levels were quantified using the feature counts function in SubRead 1.4.4
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[68]. For one sample (C2B at Day 0), the number of raw reads was approximately double
the second highest number of raw reads. Therefore, we subsampled the raw reads to ap-
proximately the same number of raw reads as the second highest sample. We performed all

downstream processing and analysis steps in R (version 3.2.2) unless otherwise stated.

3.4.6  Transformation and normalization of RNA-sequencing reads

After receiving the raw gene counts, we calculated the logs-transformed counts per mil-
lion (CPM) for each sample using edgeR [115]. To filter for the lowly expressed genes, we
kept only genes with an expression level of logg (CPM) > 1.5 in at least 16 samples per
species [116]. For the remaining genes, we normalized the original read counts using the
weighted trimmed mean of M-values algorithm (TMM) [116] to account for differences in
the read counts at the extremes of the distribution and calculated the TMM-normalized
loga-transformed CPM. When we performed principal components analysis (PCA) using the
TMM-normalized logo-transformed log2(CPM) values, we found one outlier (H1B at Day 0,
Fig. ) We removed this sample from the list of original gene counts. We filtered for
the lowly expressed genes by retaining genes with an expression level of logyg (CPM) > 1.5
in at least 15 human samples and at least 16 chimpanzee samples. 10,304 genes remained.
We performed TMM-normalization and then performed a cyclic loess normalization with
the function normalizeCyclicLoess from the R/Bioconductor package limma [4, 113]. We
found that the TMM-normalized logs (CPM) values were highly correlated with the TMM-
and cyclic loess-normalized logy (CPM) values (r > 0.99 in the 63 samples; Fig. B.11B). We
used the TMM- and cyclic loess-normalized logo(CPM) expression values in all downstream
analysis unless otherwise stated. We calculated normalized logs-transformed RPKM values
by using the function rpkm with normalized library sizes from the package edgeR [115] (Fig.
). We measured the "gene lengths” as the sum of the lengths of the orthologous ex-

ons and were also used in [42]. This method of calculating RPKM was highly correlated
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with a method in which we subtracted logy (gene length in kbp) from the TMM- and cyclic

loess-normalized logo (CPM) values (r > 0.97).

3.4.7 Data quality and analysis of technical factors

To assess the data quality, we performed Principal Components Analysis (PCA) on the
normalized logy (CPM) values from above (Fig. [3.2]A). Principal component (PC) 1 was
highly associated with day and PC2 was highly associated with species (r > 0.92 for each,
Fig. ;. We sought to determine if the studys biological variables of interest were
confounded with any of the studys recorded technical aspects (3.1] and . First, we
calculated which of our 35 recorded technical factors were statistically significant predictors
of PCs 1-5 with individual linear models for each technical factor. The 19 statistically
significant predictors (FDR cutoff of 10% assessed on the 5x35 matrix) were carried to
the second stage. In this stage, we determined which technical factors were associated
specifically with either day or species, with individual linear models for each technical factor.
We quantified these associations using the Pvalues from analysis of variance (ANOVA) for
the numerical technical factors and from Chi-squared test (using Monte Carlo simulated
Pvalues) for the categorical technical factors. Statistical significance was determined by
Benjamini-Hochberg adjusted Pvalue < 10% (assessed on the 2x19 matrix). A variable for
cell line include a species but not a day component and was tested in this pipeline. They
were found to each be confounded with species (B.H. adj. Pvalue < 10*4) but not day (B.H.
adj. Pvalue > 0.9), thereby increasing the confidence in our pipeline. We note that when all
sequencing pools (mastermixes) were considered together, there was a relationship between
adaptor sequence and day (X2 test, Benjamini-Hochberg adjusted P= 0.01); however, this
relationship is substantially weaker when adaptor sequence and day were tested in each
of the 4 sequencing pools separately (B.H. adj. P> 0.9 in each test). Our most highly

dependent variables with day or species were related to properties inherent to the iPSC
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model, including harvest density and day (B.H. adj. P= 0.02), harvest density and species
(B.H. adj. P= 0.03), harvest time and day (B.H. adj. P= 0.01) and Fig. [3.14).
During this analysis, we observed that the purity estimates were relatively similar across
days and between species until the final day (Fig. ; Fig. ;. Therefore, it was
important to explore how the variance for a given technical factor was partitioned across the
biological variables of interest (e.g. across the days, species, and day-by-species interactions).
For each recorded technical variable, we created a reduced model and a full model. The
reduced model contained only species and day as fixed effects and the technical factor as
the response variable. The full model had the same response variable but contained species,
day, and a species-by-day interaction as fixed effects. We then compared the two models
and reported the significance . The exact tools used to compare the two models were
data-dependent and columns 1-2 in [3.12). For numerical data (24 technical factors),
we constructed the full and reduced normal general linear models for each technical factor.
We compared the models using ANOVA, and extracted the Pvalue directly from ANOVA.
For categorical data with 2 levels (3 technical factors), we constructed the two general linear
models from the binomial family. We used ANOVA to compare the models and extracted
the deviance along with its degrees of freedom. Based on the deviance, we calculated the
Chi-Squared statistic and associated Pvalue. 8 technical factors (such as RNA extraction
data) contained categorical data with more than two levels. We modeled this data type with
multinomial logistic regression with the R/Bioconductor package nnet and used ANOVA to
obtain the likelihood ratio statistic and associated Pvalue. We performed this process for

each technical factor using data from days 0 and 1 as well as from days 0 to 3 (3.12]).
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3.4.8 A linear model based framework to perform pairwise differential

expression analysis

Differential expression was estimated using a linear model based empirical Bayes method
implemented in the R package limma [128, 129]. In order to use a linear modeling ap-
proach with RNA-seq read counts, we calculated weights that account for the mean-variance
relationship of the count data using the function voom from the limma package [62]. This
limma+voom pipeline has previously been shown to perform well with n > 3 biological repli-
cates/condition [I111 I33]. For all pairwise differential expression comparisons, the species,
day, and a species-by-day interaction were modeled as fixed effects, and individual as a ran-
dom effect. Individual (cell line) rather than differentiation batch was modeled as a random
effect because when using a linear model, individual was most highly correlated with PCs 2
and 3, whereas batch was most highly correlated with PC 10. Since our recorded technical
factors were not confounded with our biological variables of interest and did not contribute
significantly to the first five principle components of variation , we did not include any
other covariates. We used contrast tests in limma to find genes that were differentially
expressed (DE) by species at each day , DE between days for each species , and
significant day-by-species interactions for days 1-3 (3.9). For each pairwise DE test, we
corrected for multiple testing with the Benjamini & Hochberg false discovery rate [10] and
genes with an FDR-adjusted Pvalues <0.05 were considered DE unless otherwise stated in
the text. To find the number of shared DE genes in consecutive time points in each species
(Fig. , we used a two Pvalue cutoff system. To be ”shared” across species for a given
pair of time points (e.g. day 0 to 1), a gene must have an FDR-adjusted Pvalue <0.01 in
one species and an FDR-adjusted P-value <0.05 in the other species [10]. To estimate the
percentage of DE genes in chimpanzees given the observation in humans, we divided the
number of genes with an FDR-adjusted Pvalue <0.01 in chimpanzees over the number of
genes with an FDR~adjusted Pvalue <0.05 in humans.

106



3.4.9 Combining technical replicates

Some analyses did not allow us to model technical replicates explicitly, and treating them
as biological replicates would introduce bias in the data. Therefore, we combined technical
replicates for the same individual, when available. We calculated the average of the normal-
ized logo (CPM) values for each cell line at each time point. For day 0, 1 human cell line had
a pair of technical replicates that were averaged together. For days 1-3, 2 human cell lines
had technical replicates that were averaged. We were able to average technical replicates for
each of the four chimpanzee cell lines at each time point. After this process, 6 human data
points and 4 chimpanzee data points per day remained, for a total of 40 data points. When
we performed principal components analysis (PCA) using these 40 data points, the results
were similar to the PCA plot including all the technical replicates (Fig. [3.18A)- PC1 was
still correlated with day and PC2 was correlated with species ) We visually inspected
the PCA plot for the distinct clustering of data points with averaged technical replicates
and single replicates in the humans, and this potential pattern was not present, increasing
our confidence that this process did not introduce bias into the data. We found that the
expression values for the 40 samples were robust with respect to the method used to com-
bine the technical replicates. The post-normalization method described above was strongly
correlated with a pre-normalization method to combine technical replicates (r > 0.99 for the
10,304 genes included in the main analysis; Fig. ) In our pre-normalization method of
combining the technical replicates, we summed the raw counts of technical replicates at each
time point (for a total 40 data points) and performed the normalization steps described in

the ” Transformation and normalization of RNA-sequencing reads” section.

3.4.10 Joint Bayesian analysis with Cormotif

To cluster genes by their temporal gene expression patterns, we used the R/Bioconductor
package Cormotif (version 1.22.0), a method that jointly models multiple pairwise differential
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expression tests [I55]. Unlike other available methods in this class, the Cormotif framework
allows for data-set specific differential expression patterns. To identify patterns in expression
over time (called ”correlation motifs”), expression levels from days 1-3 were compared to
those to the previous day for each gene in each species. Since the program does not allow for
the explicit modeling of technical replicates (unlike the voom+limma method above), we first
ran the program with the expression values averaged across technical replicates. For more
information on this process, see the Methods section on ”Combining technical replicates”.
To use Cormotif, we were required to specify the number of correlation motifs to model. We
determined a reasonable range by investigating both the Bayesian information criterion (BIC)
and Akaike information criterion (AIC). We observed that the BIC and AIC were minimized
across many seeds when 7 or 8 correlation motifs were modeled, respectively ; Fig.
3.17)A). Thus we further explored models with 7 and 8 correlation motifs. Because Cormotif
is not deterministic, we ran Cormotif 100 times and recorded the seed that produced the
model with the largest log likelihood . The best model (the seed with the greatest
log likelihood) with 7 correlation motifs is displayed in Fig. , and the best model
with 8 correlation motifs is featured in Fig. We selected the model with 8 correlation
motifs to be the primary figure because it had a large log likelihood and all motifs contained
more than 100 genes. It should be noted, however, that the two models had very similar
correlation motifs. = We were initially conservative when assigning a gene to a specific
correlation motif. Following the advice of the Cormotif authors [I55], a gene must have a
posterior likelihood estimate of 0.5 to be called DE between time points and < 0.5 to be
considered not DE (3.10/A). We also used this assignment criteria when using Cormotif to
compare expression levels using different combination methods (Fig. [3.17C) and to compare
all time points to day 0 (Fig. [3.17D). For a trajectory to be defined as DE, the trajectory in
humans and chimpanzees needed similar posterior probabilities of differential expression (<

0.20) at each comparison along the trajectory. Using topGO [2], we tested for enrichment
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of Gene Ontology (GO) biological processes enrichment analysis on various combinations of
correlation motifs ([3.10B-D). To test for significance, we used the same parameters as [16].
This included the use of Fishers Exact Test, with topGOs weight01 algorithm to account for
the correlation among GO categories in its graph structure. Categories with Pvalue < 0.01
were considered significant. To determine the categories enriched in Motif 4+7 group only,
we ensured that these categories were not significant in any other group (P< 0.01; -D).
To test this in a more rigorous way, we then compared the enriched categories for Motif 447
group given the genes in the two other groups (3.10E) using the compareCluster function in
the R package clusterProfiler. We used a q value cutoff of 0.05 [10] and set the size of genes

annotated by Ontology term for testing parameter between 3 and 3000.

3.4.11 Global analysis of variation in gene expression levels

We calculated the variance in gene expression level for each gene in each species. Since the
largest theoretical range of a variance is from 0 to infinity, we performed a logs transformation
to each variance value (Fig. [3.7). For the analysis with LCLs and the 4 tissues, we used
normalized gene expression data from the GTEx Portal (release V6p; gene expression data
is in RPKM) from lymphoblastoid cell lines and 4 additional tissues [1]. Three of the four
tissues are derived from the endoderm germ layerliver, lung, and pancreas. The heart tissue
is mesoderm-derived, for comparison. We identified all of the genes that were expressed
and passed GTExs filtering criteria (n = 17,542 genes) as well as the individuals that had
contributed samples to all 5 tissues (n = 6). We then calculated and plotted the logy variance
of the normalized gene expression using the same pipeline as before (Fig. |3.19)A). For samples
with associated purity values (n = 30), we calculated the effect of purity gene expression
levels. We regressed out effect of purity on gene expression levels on a gene-by-gene basis
using the linear model function in R in each species independently. We then calculated the

logy variance of these residuals for each gene. We shifted the logg variances for these residuals
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so that the median at day 0 for each species = 1. For samples without purity values (n =
32), we calculated the logy variance of the gene expression levels for each gene, and scaled
the values so that the median at day 0 for each species = 1. For each gene at each day for
each species, we averaged the scaled logy variances of the residuals and the logy variances
of the gene expression levels (Fig. [3.19B). We then performed a one-sided t-test between
the distribution of logy (variances in gene expression) from day 0 and day 1 in each species,
with the alternative hypothesis that the variation was greater in day 0 than day 1. We
compared the effect sizes of interspecies DE genes with a one-sided MannWhitney U test on
magnitudes of effect sizes (Fig. mC) We tested the null that there was no change in logs
fold change in gene expression across the species from day 0 to day 1, with the alternative
hypothesis that the average magnitude of effect of DE genes (FDR = 5%) was greater in

day 0 than day 1.

3.4.12  Gene-by-gene analysis of vartation in gene expression levels and

calculating the proportion of true positives

To determine if there was an enrichment of genes undergoing changes in variation one species,
we used an F test to compare two variances in R (var.test command) for each gene using
the averaged logs(CPM) expression values of technical replicates. In these tests, the null
hypothesis was no change of variance in the gene expression levels between days and the
alternative hypothesis was a reduction in variation of gene expression levels between two
time points (a one-sided test). We calculated the Pvalues for the F statistics from each test
and plotted the densities using ggplot2 [157]. If a Pvalue distribution appeared to be even
slightly skewed towards small Pvalues, we used the R package qvalue to determine ry,the
true proportion of null statistics from a given Pvalue distribution [135]. Its complement,
71, is considered the proportion of significant tests from a Pvalue distribution. We used

this process to analyze the reduction in variation in each species from days 0 to 1, 1 to 2,
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2 to 3, and 0 to 2 (Fig. [3.8A-B). Afterwards, we used the same procedure (F tests) to test
the alternative hypothesis that the variation of gene expression increased between two time
points. We determined 7y, and 77,in the same manner as above to analyze the increase in

variation in each species from days 0 to 1, 1 to 2, 2 to 3, and 0 to 2 (Fig. [3.8A-B).

3.4.13  Estimating the proportion of genes that undergo a change in

vartation in both species

We then estimated the true proportion of significant genes shared across species for a given
set of time points. Rather than take the intersection of the significant genes (for which we
would be underpowered), we adopted a method from Storey and Tibshirani 2003 (Storeys
g,) [135]. This method was recently implemented by Banovich 2016 to determine the sharing
of quantitative trait loci (QTLs) from different cell types [0, 135]. Using the Pvalue distri-
butions generated in the previous section, we subset the genes in species 2 conditioned on its
F statistic significance in species 1 (unadjusted Pvalue < 0.05). To test for an enrichment of
small Pvalues, we used the Pvalues from species 2 to determine 1y, using the same process
as the previous section (Fig. C—F, Fig. . We then repeated this process for other
Pvalue cutoffs, including 0.01 and 0.10 (Fig. and Fig. . To determine robustness
with respect to the number of genes considered significant in species 1, we calculated 1y, for
species 2 conditioned on 100 genes with the lowest Pvalues in species 1. This process was

repeated for the top 101 to all 10,304 genes (Fig. [3.23)).

3.4.14 FEstimating the null hypothesis for the proportion of genes that

undergo a change in variation in both species

We then estimated the true proportion of significant genes shared across species for a given

set of time points. Rather than take the intersection of the significant genes (for which we
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would be underpowered), we adopted a method from Storey and Tibshirani 2003 (Storeys
g,) [135]. This method was recently implemented by Banovich 2016 to determine the sharing
of quantitative trait loci (QTLs) from different cell types [5, [135]. Using the Pvalue distri-
butions generated in the previous section, we subset the genes in species 2 conditioned on its
F statistic significance in species 1 (unadjusted Pvalue < 0.05). To test for an enrichment of
small Pvalues, we used the Pvalues from species 2 to determine 1y, using the same process
as the previous section (Fig. C—F, Fig. . We then repeated this process for other
Pvalue cutoffs, including 0.01 and 0.10 (Fig. and Fig. . To determine robustness
with respect to the number of genes considered significant in species 1, we calculated 1y, for
species 2 conditioned on 100 genes with the lowest Pvalues in species 1. This process was
repeated for the top 101 to all 10,304 genes (Fig. [3.23)).

Estimating the null hypothesis for the proportion of genes that undergo a change in
variation in both species To determine the null hypothesis for the 7;, based on conditioning,
we performed permutation tests. First, we combined the unadjusted Pvalues from the F test
for a reduction in variation from days 0 to 1 in chimpanzees (species 1) and humans (species
2). We used the randomizeMatrix function in the R package picante [56] to permute the
Pvalues of species 1 and then merged this Pvalue distribution with the Pvalue distribution
from species 2. We then determinedry in species 1 conditioned on its Pvalue significance
in species 2 (unadjusted Pvalue < 0.05). We repeated this process a total of 100,000 times
and found the complement of the 100,000 values . We defined the permuted null
hypothesis as the mean 17, value. We then repeated this process, with humans as species
1 and chimpanzees as species 2. For the enrichment analysis, we classified the genes with a
reduced variation of gene expression in both species using a 2 Pvalue cutoff in the results of
the F tests (P< 0.05 in one species and P< 0.10 in the other species). We chose this method
because names of the overlapping genes can not be determined by Storeys approach. As

described in the Methods section, ” Joint Bayesian Analysis with Cormotif”, we performed the
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enrichment analysis using topGO with a significance of P< 0.01 [2]. To determine the genes
associated with embryonic lethality response to perturbation, we entered our list of genes
into the Mouse Genome Database at the Mouse Genome Informatics website provided by the
Jackson Laboratory (http://www.informatics.jax.org/batch) and selected the ”Mammalian
Phenotype” option. With this output —E), we eliminated any feature type that was
not a protein coding gene and those genes without an associated phenotype. For each gene
list, we calculated how many genes contained at least one of the following terms: ”embryonic

lethality”, ”prenatal lethality” or ”lethality throughout fetal growth and development”.

3.5 Supplementary Information

3.5.1 Supplementary Figures
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Figure 3.10: RNA Integrity Number (RIN) scores across biological variables of
interest. RNA quality was not confounded with day, species, or batch (Benjamini-Hochberg
adjusted Pvalue > 0.10 for individual linear models). Each point represents one sample.
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Figure 3.11: : Principal components analysis (PCA) of normalized data. A. Prior

to the removal of one outlier sample (H1B at day 0).

PC1 separates the data from H1B

at day 0 from all other samples. B. PCA of the TMM-normalized logo-transformed CPM.
PC1 separates the samples by time point (day). PC2 separates the human and chimpanzee
samples. C. PCA of the library-size normalized logy reads per kilobase of transcription per
million mapped reads (RPKM). PC1 is strongly correlated with cell state (day). PC2 is
strongly associated with species.
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Figure 3.12: Purity gating information. A. Gating example for human (H5B) and chim-
panzee (C4B) timecourses. Dead cells, debris and doublets were removed prior to analysis
of fluorescent markers using SSC and FSC gates as shown to the left of each panel. B.
Summary of purity gating scheme. Minimal florescence is expected for the markers in black.
C. Box plot of purity estimates by day and species.
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Figure 3.13: Clustering of fluorescence values. Compensated fluorescence values pro-
jected onto the axes of the first three principal components. For plotting, we randomly
sampled 400 cells from each individual (total of 1600 cells per species) from each day sepa-
rately in humans (left panel) and chimpanzee (right panel). Thus each plot is a composite of
all days and all individuals, for a given species. The same set of 1600 cells is used through-
out the three panels and only the coloring indicating harvest day or cluster assignment is
changed.
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Figure 3.16: Classifying genes into temporal profiles with Short time course ex-
pression miner (STEM) based on TMM-normalized logs(CPM) expression val-
ues. A. Temporal profiles for 16 known critical regulators or markers of the differentiation
process. Chimpanzee time course is shown using a solid line while the human time course
is shown using a dashed line. Expression is averaged and scaled by mean centering in order
to demonstrate magnitude differences at higher resolution. B. Temporal profiles determined
significant for either chimpanzee or human using STEM. Only genes that were assigned to
the same cluster in both species were plotted (grey lines). The colored lines indicate the
canonical model profile as defined by STEM. Colors indicate cluster assignment and are the
same as used in A. Expression across the time course is averaged and scaled (constraining
the data to fall between 1 and -1 by dividing by the absolute value of the most extreme value
observed throughout the time course) for each gene.
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Figure 3.17: Assessing the robustness of Cormotif results. The shading of each box
represents the posterior probability that a gene is DE between two time points in a given
species. Each row (”correlation motif”) represents the most prevalent expression patterns
along the trajectory. The Bayesian information criterion (BIC) and Akaike information
criterion (AIC) are goodness-of-fit measurements for the number of motifs in a model (for a
given seed). A. The BIC and AIC for models from seed 12345 allowing for 5 to 10 correlation
motifs. These plots highlight that the BIC and/or AIC was often minimized in models with
7 and 8 correlation motifs. B. The predominant expression patterns from a model with 7
correlation motifs (seed 4, see Methods for information about seed selection). The degree of
conservation across species calculated using this model is slightly higher than the estimate
from Figure 5 (80%, see Supplementary Information). C. The 8 correlation motifs and
number of genes assigned to the correlation motifs when using a pre-normalization method
to combine technical replicates (seed 66). The predominant expression patterns and the
number of genes assigned to each expression patterns are similar to Figure 5. D. The 8
correlation motifs and number of genes assigned to the correlation motifs when the data
points are compared to day 0 rather than the previous day (seed 66). Here, we also observed
similar expression trajectories across species (particularly motifs 1, 3, 4, 6, 7, 8).
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Figure 3.19: Assessing the variance of gene expression levels. A. Boxplot of the
logy variances of normalized RPKM gene expression levels from lymphoblastoid cell lines
(LCLs) and 4 tissues collected by the GTEx Consortium. The distribution of variance of
gene expression levels in LCLs are similar to those of the 4 GTEx tissues. B. Box plot of the
scaled and averaged logo variances of gene expression levels for each gene. For samples with
associated purity values (n = 30), we regressed out the effect of purity and then calculated
the logo variance of the residuals for each gene. We shifted the logy variances of these
residuals (n = 30) to match the scales of the logy variances of gene expression levels in
samples without purity values (n = 32) independently and then averaged the values for each
gene. The logy variance values are lowest at the primitive streak (day 1). C. Distributions
of effect sizes of differentially expressed (DE) genes between species across days. Box plot
of the absolute value of the log fold change (Absolute logFC) in gene expression between
species, at each day. The effect sizes are lowest at the primitive streak (day 1), though the
overall effect size is quite modest.
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Figure 3.20: The number of interspecies DE genes using a pairwise, linear model-
based approach (limma) is lowest in the primitive streak state. A. Venn diagram
of all DE genes across species at 1% FDR. B. Venn diagram of all DE genes across species
at 10% FDR. C. Venn diagram of all DE genes across species at 5% FDR using normalized
RPKM values. D. Venn diagram of all DE genes across species at 5% FDR with the samples
from differentiation batch 1 (n = 31). E. Venn diagram of all DE genes across species at 5%
FDR with the samples from differentiation batch 2 (n = 32). F. Venn diagram of all DE
genes across species at 5% FDR with only the samples for which we determined purity (n
= 30). G. Venn diagram of all DE genes across species at 5% FDR with 24 samples. Each
comparison group contained the samples with the 3 highest purity estimates pairs (e.g. 3
human samples at day 0, 3 chimpanzee samples at day 0, etc.). H. Venn diagram of all DE
genes across species at 5% FDR with 24 samples. These samples had the 3 lowest purity
estimates for each of the 8 day-species pairs. 1. Venn diagram of all DE genes across species
with a global correction at 5% FDR. This global correction approach combines the Pvalues
from all contrasts into one vector (our study contained 13 contrasts) and then applies a
Pvalue correction on this single vector.
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Figure 3.21: Reduced variation in gene expression at the primitive streak is main-
tained when using a bootstrap method to calculate 1y Results from F tests against
the null hypothesis that there was no reduction in variation in gene expression levels (day
1 versus 0, 2 versus 1, 3 versus 2, and 3 versus 1) in the chimpanzee (A) and human (B)
samples. In both plots, the largest proportion of genes with reduced variation occurred at
the primitive streak state.
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Figure 3.22: The reduction of variation in gene expression is localized to the
primitive streak. A. Pvalue distributions from F tests against the null hypothesis that
there was no reduction in variation in gene expression levels as the samples progress along
the time course. Each plot shows the Pvalue distribution from F tests for all genes from
a given species (orange for chimpanzee and blue for human) and from only genes in that
species for which reduced variation was detected in the other species (P< 0.05, white). B.
Same as (A) except the results from F tests against the null hypothesis that there was no
increase in gene expression levels (increased in day 1 compared to 0, 3 compared to 1, 3
compared to 2).
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Figure 3.23: The patterns of change of variation in gene expression are robust with
respect to a cutoff based on the number of genes. Pvalue distributions of F tests
against the null hypothesis that there was no reduction in variation in gene expression levels
as the samples progress along the time course in human (A) and chimpanzee (B) samples.
In each test, Only the N genes whose variation was classified as reduced between states in
other species were included. 7p. is the estimated proportion of null tests in each distribution.
We then plotted the Pvalue distributions of F tests against the null hypothesis that there
was no increase in variation in gene expression levels as the samples progress along the time
course in human (C) and chimpanzee (D) samples. Again, only the N genes whose variation
was classified as reduced between states in other species were included.
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Figure 3.24: The patterns of change of variation in gene expression are robust with
respect to Pvalue cutoff in the chimpanzee samples. 1y is the estimated proportion
of null tests in each distribution. A. Pvalue distributions from F tests against the null
hypothesis that there was no reduction in variation in gene expression levels as the samples
progress along the time course for all genes from the chimpanzee samples (orange) and the
genes in chimpanzees that were significant in the human samples (white, P< 0.01 on top,
P< 0.1 on bottom row). . in the Days 1 to 2 test could not be computed in the top row.
B. Pvalue distributions of F tests against the null hypothesis that there was no increase in
variation in gene expression levels as the samples progress along the time course for all genes
from the chimpanzee samples (orange) and the genes in chimpanzees that were significant
in the human samples (white, P< 0.01 on top, P< 0.1 on bottom).
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Figure 3.25: The patterns of change of variation in gene expression are robust
with respect to Pvalue cutoff in the human samples. 1) is the estimated proportion
of null tests in each distribution. A. We plotted the Pvalue distributions of F tests against
the null hypothesis that there was no reduction in variation in gene expression levels as the
samples progress along the time course for all genes from the human samples (blue) and the
genes in humans that were significant in the chimpanzee samples (white, P< 0.01 on top,
P< 0.1 on bottom row). B. Next, we plotted the Pvalue distributions of F tests against
the null hypothesis that there was no increase in variation in gene expression levels as the
samples progress along the time course for all genes from the human samples (blue) and the
genes in humans that were significant in the chimpanzee samples (white, P< 0.01 on top,
P< 0.1 on bottom).

128



Nuclei/AFP/HNF 3B Nuclei/SMA

Nucleif AFP/HNF3p Nuclei/SMA Nuclei/MAP2

Figure 3.26: Assay of pluripotency for iPSC lines used in this study. A. Immunocy-
tochemistry (ICC) staining of spontaneously differentiated embryoid bodies for chimpanzee
iPSC lines. B. Immunocytochemistry (ICC) staining of spontaneously differentiated embry-
oid bodies for human iPSC lines, antibodies identifying celltypes derived from the three germ
layers as indicated.Scale bar: 200 uM.
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Figure 3.27: Quality control for the iPSC lines used in this Study. A. Karyotypes
for human and chimpanzee iPSC lines. We identified additional bands in the p-arms of one
chromosome 13 homolog and one chromosome 18 homolog for chimpanzee iPSC line C3.
Thus we tested the source fibroblast line (C3 FB) to determine that these polymorphisms
were normal polymorphisms and not formed de novo as a result of reprogramming. B. PCR
gel to test for exogenous episomal reprogramming vectors in all iPSC lines used for this study.

Pos indicates positive controls,Neg is a negative control. Human line H5 demonstrates a clear
positive result for reprogramming plasmid.
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3.5.2  Supplementary Tables

Table 3.1: Table S1: RNA Integrity Number (RIN) for each of the 64 samples.
Column 1 contains the Sample ID. Column 2 contains the RIN score. The final row contains
the outlier sample. Samples without RIN scores are annotated with an NA designation.

Table 3.2: Biological and technical factors of interest with accompanying val-
ues for each sample. This file contains sample information (including identifiers and
demographics), experimental details, nucleic acid extraction information, library prepara-
tion information, sequencing information, and quality metrics. Row 1 contains the type of
information. Row 2 contains a description of the variable, including units of measurement, if
applicable. Row 3 lists the variable name. All other rows provide the values for each variable
for the 63 non-outlier samples. Row 67 contains information for the outlier sample. B. A
glossary of the technical factors and their definitions for this study.

Table 3.3: TMM- and cyclic loess-normalized log2 counts per million for the 10,304
genes analyzed in this study for the 63 samples used in the downstream analysis.
This file contains the gene expression log2(CPM) values for the 10,304 genes after filtering
lowly expressed genes and performing TMM- and cyclic loess normalization. Each row is an
Ensembl gene name and each column is a Sample ID.

Table 3.4: Purity estimates for each of the 64 samples based on gating. rather than
k-means clustering, both described in Methods. Column 1 contains the Sample ID. Column
2 contains the purity estimate. The final row contains the outlier sample. Samples without
purity estimates were assigned an NA designation.

Table 3.5: Results of our technical factor analysis Column 1 contains the response vari-
able and all other columns are explanatory variables in individual linear models. Unadjusted
P values (A) and Benjamini-Hochberg adjusted P values (B) from regression models with
PCs 1-5 as response variables and recorded biological and technical variables as explanatory
variables (performed using 63 samples). Unadjusted P values (C) and Benjamini-Hochberg
adjusted P values (D) from regression models with day and species as the response variables
and technical factors of interest as the explanatory variables (63 samples). E. Benjamini-
Hochberg adjusted P values from from regression models with PCs 1-5 as response variables
and recorded biological and technical variables as explanatory variables. This analysis con-
tained 40 data pointsthe data averaged over technical replicates— instead of the 63 individual
samples.
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Table 3.6: Interspecies differential expression statistics from limma. This includes
the ENSG gene ID (Gene), Gene name, log2 fold change (logFC), average expression level
(AveExpr), t-statistic (t), P value (P.value), g-value (adj.P.Val), and log-odds (B). Lists
are in order of smallest to largest adjusted P value. A. Interspecies differential expression
statistics from limma for day 0. B. Statistics for day 1. C. Statistics for day 2. D. Statistics
for day 3.

Table 3.7: Differential expression statistics from limma between days for each
species. A. Differential expression statistics from humans, day 0 to 1. B. Statistics from
humans, day 1 to 2. C. Statistics from humans, day 2 to 3. D. Statistics from chimpanzees,
day 0 to 1. E. Statistics from chimpanzees, day 1 to 2. F. Statistics from chimpanzees, day
2 to 3.

Table 3.8: Information about the sharing of DE genes across species for a given
transition (e.g. day 0 to 1). Column 1 lists the days which were tested for DE genes in
each species (Table S7). The pval refers to the Bonferroni-Hochberg adjusted P value from
Table S7.

Table 3.9: Differential expression statistics from limma testing a species-by-day
interaction term.  A. Differential expression statistics for a human-by-day 1 interac-
tion term. B. Differential expression statistics for a human-by-day 2 interaction term. C.
Differential expression statistics for a human-by-day 3 interaction term.

Table 3.10: Correlation motif assignments and enriched Gene Ontology (GO)
annotations for different motifs. A. Correlation motif assignments from Figure 5. The
table of 8,004 genes and their correlation motif assignment (from Figure 5). 2,300 genes were
not assigned to one of the eight correlation motifs and therefore are not included in this file.
B. Enriched GO annotations in motifs 4 and 7. C. Enriched GO annotations in motif 2.
D. Enriched GO annotations in motifs 3 and 5. E. Enriched GO annotations in each of the
motif groups conditioned on genes present in the other motif groups.

Table 3.11: The number of DE genes between species under various conditions.
Column 1 lists the number of samples and FDR cutoff. All tests used TMM- and cyclic
loess-normalized log2(CPM) unless otherwise stated. Columns 2-10 list the total number of
DE genes and day-specific DE genes at each day. The same voom-+limma pipeline was used
to generate all DE statistics (see Methods).

Table 3.12: P values from model comparisons for each recorded technical variable.
Column 1 lists the technical variables. The technical factor type in Column 2 corresponds to
the data type (1 = categorical variable with more than two levels, 2 = categorical variable
with two levels, 3 = numerical variable), which impacted the model type (see Methods). P
values were generated for models of the technical factors from days 0-1 (Column 3) and from
days 0-3 (Column 4). Non-significant P values in all of the day 0-1 tests and most of the
day 0-3 tests suggests that variation was relatively well distributed between the days and
between the species.
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Table 3.13: A-B. Distributions of P values from F tests. P value distributions from
F tests of the null that variation in gene expression has not changed as samples progress
throughout the time course. The alternative hypothesis in (A) is that there is a reduced
variation in gene expression in the subsequent day (e.g. reduced variation at day 1 compared
to day 0), whereas the alterative hypothesis is (B) is that there is an increase in variation in
gene expression. C-E. Functional enrichments and phenotypes in our gene sets. C. Enriched
GO annotations in genes with a shared reduction of variation in gene expression at the
primitive streak relative to genes that do not show a reduction at this timepoint in either
species. Mouse orthologs of the primate genes which we found a shared (D) reduction of
variation in gene expression at the primitive streak or no reduction (E), and their associated
phenotypes in null mutants.

Table 3.14: 100,000 estimated 71y values calculated from permuted P values ob-
tained from F tests for reduced variation in gene expression levels. Column 1
contains 7y estimates for the chimpanzee samples (based on permutations; mean = 0.274,
standard deviation = 0.046) when one only considers genes for which reduced variation has
already been in humans. Column 2 is the same data type but was calculated using human
samples (based on permutations; mean = 0.825, standard deviation = 0.050) when consid-
ering only genes for which reduced variation has already been observed in the chimpanzees.

Table 3.15: Log-likelihood values from Cormotif models. Column 1 contains the
seed number and Columns 2 and 3 are the log-likelihoods using 7 and 8 correlation motifs,
respectively.
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CHAPTER 4
A COMPARATIVE ASSESSMENT OF IPSC DERIVED
CARDIOMYOCYTES WITH HEART TISSUES IN HUMANS
AND CHIMPANZEES

4.1 Abstract

Comparative genomic studies in primates have the potential to reveal the genetic and mech-
anistic basis for human specific traits. These studies may also help us better understand
inter-species phenotypic differences that are clinically relevant. Unfortunately, the obvi-
ous limitation on sample collection and experimentation in humans and non-human apes
severely restrict our ability to perform dynamic comparative studies in primates. Induced
pluripotent stem cells (iPSCs), and their corresponding differentiated cells, may provide a
suitable alternative system for dynamic comparative studies. Yet, to effectively use iPSCs
and differentiated cells for comparative studies one must characterize the extent to which
these systems faithfully represent biological processes in primary tissues. To do so, we com-
pared gene expression data from primary adult heart tissue and iPSC derived cardiomyocytes
from multiple human and chimpanzee individuals. We determined that gene expression in
cultured cardiomyocytes appear more similar to that of adult hearts than to other adult tis-
sues, and we identified the optimal parameters for differentiation that minimized differences
between cardiomyocytes and primary hearts. Using a comparative framework, we found
that more than 50% of gene regulatory differences between human and chimpanzee hearts
are also observed in cultured cardiomyocytes; conversely, inter-species regulatory differences
seen in cardiomyocytes are found significantly more often in hearts than in other primary tis-
sues. Our work provides a detailed description of the utility and limitation of differentiated

cardiomyocyte as a system for comparative studies in primates.
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4.2 Introduction

Comparative studies in humans and non-human apes are extremely restricted because we
only have access to a few types of cell lines and to a limited collection of frozen tissues. In
order to gain true insight into regulatory processes that underlie inter-species variation in
complex phenotypes, we must have access to faithful model systems for a wide range of tissues
and cell types. To address this challenge, we have previously established a panel of iPSCs
from human and chimpanzee fibroblasts [42]. We can use these comparative iPSC panels to
derive multiple cell types representative of the three main germ layers. For example, our lab
recently differentiated the human and chimpanzee iPSCs into definitive endoderm cells [12].
Based on model organism studies of early development, we expected, and indeed confirmed,
gene expression trajectories to be highly conserved during differentiation. Our hope is that
employing iPSC based models from humans and chimpanzees will provide researchers with
a dynamic and flexible system for comparative functional genomic studies using a large
number of cell types. Towards this goal, the purpose of the current study is to evaluate
the performance of one type of differentiated cell, cardiomyocytes, in a comparative context.
This effort is not unique; there are quite a few previous studies that focused on characterizing
similarities and differences between derived cell types to fetal and adult human and mouse
tissues [8, 45], (64, 103, 118, 125], [145] (1406, 147, 163]. Generally, results from these studies have
demonstrated that the differentiated cultured cell types are most equivalent to fetal tissues
rather than to the corresponding adult tissues. A few studies specifically explored protocol
properties that may result in more mature derived cells [39] 69, 93], 95, 124 145], 169, 172].
That said, the published works do not specifically address the properties that we set out
to address with respect to the utility of differentiated cardiomyocytes in the context of a
comparative study in primates. First, nearly all published studies were conducted using
relatively few individuals (three or fewer), such that the observation of high similarity of

gene expression patterns between cultured cells and primary tissue may be explained by
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lack of statistical power. Second, published studies did not consider their observations in
the broader context of other tissues or other species, so it is challenging to benchmark the
observation of what is claimed to be small or large regulatory differences between tissues
and cultured cells. Different protocols and batch effects make it difficult to perform meta-
analysis of existing data to effectively address this issue. Finally, to date, no study that
focused on the fidelity of differentiated cells included samples from chimpanzees. To address
these gaps, we performed a comparative study that was specifically designed to allow us to
effectively compare gene expression data between cultured cardiomyocytes to primary hearts
from humans and chimpanzees. Our study was also designed to allow us to benchmark the
results against regulatory differences seen between other primary tissues and across species.
A key finding from previous studies pertaining to the fidelity of iPSC derived cell types is
the importance of cellular maturation after terminal differentiation. While the initial steps
of cardiomyocyte differentiation are fairly well developed, there remains some debate in the
field as to the best method of cellular maturation [60, 148]. Common strategies include:
treatment with triiodothyronine (T3) [52, 63 [168], electrical stimulation[93] and temporal
maturation in culture. Maturation is likely to increase the fidelity of cardiomyocytes to
primary adult heart tissue. Thus, to test the effects of temporal maturation and treatment
with T3, we compared gene expression profiles from human and chimpanzee iPSC-derived
cardiomyocytes at day 15, day 27 (with and without T3 treatment) with data generated

from primary heart tissue from both species.

4.3 Results

The primary goal of this work is not to test a particular hypothesis, but to develop an under-
standing of the degree to which iPSC derived cardiomyocytes can serve as a model system
for comparative functional genomic studies in primates. To do so, we used matched panels

of 9 human and 10 chimpanzee iPSC lines; a subset of these iPSCs was previously described
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[30, 42]. Standard functional characterizations of iPSC lines, quality controls, and metadata
for the entire panel of samples are provided in Fig. [£.9}Fig. and [4.1] We differentiated
the iPSC lines into cardiomyocytes using a recently developed protocol [21, 22]. The same
protocol was used for both the human and the chimpanzee iPSC lines. All of the cardiomy-
ocyte cultures have started beating between the 6t and the 8th day. On days 20-27, a
subset of cultures was treated with T3 (methods), which was shown to aid in the maturation
of iPSC-derived cardiomyocytes [63] [69, 168]. We assessed the purity of the iPSC-derived
cardiomyocytes using flow cytometry (Methods) for cardiac troponin I (TNNI) and cardiac
troponin T (TNNT?2). By day 15, the purity of our samples was on par relative to the stan-
dard in the field (average purity of 68%; . Importantly, we found no significant difference
in sample purity across species (Fig. . We performed the cardiomyocyte differentiations
in two batches, with partial sample overlap across the batches; thus, we performed technical
differentiating replicates for a subset of samples. From the samples that were differentiated
in the first batch, we collected RNA on day 27 from samples that were treated with T3.
From the samples that were differentiated in the second batch, we collected RNA from the
iPSCs, from differentiated cardiomyocytes on day 15, as well as on day 27, from samples that
were either treated or not treated with T3. To benchmark the gene expression data that we
collected from the iPSC and iPSC-derived cardiomyocytes against that of primary tissue,
we also collected RNA from flash frozen heart tissues samples from 21 chimpanzees and 11
humans (Methods). Our overall study design (Fig. may seem arbitrary and overall
unbalanced, but it affords us the flexibility to choose to analyze different subsets of samples
that are balanced with respect to different technical and biological factors. We can thus
effectively compare within and between species gene expression primary from primary tissue
and iPSC-derived cardiomyocytes that were harvested on days 15 and 27, with or without the
treatment with T3. We examined and recorded the quality of the RNA samples from both

tissues and cultures (4.1]), and sequenced each sample to an average coverage of 49.4 million
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Figure 4.1: Variance partition.  Results from variance partitioning analysis showing

major drivers of gene expression within iPSC-CMs. All terms were modeled as fixed effects
with the exception of individual which was modeled as a random effect.

total reads. We mapped the sequencing reads to an updated two-way human-chimpanzee
orthologous exon reference set (Methods) and estimated relative gene expression levels using
edgeR [I15]. Throughout the differentiation and sample processing steps, we have recorded
a large number of biological and technical properties (sample metadata available in . As
a first step of our analysis, we determined the potential impact of different properties of the
study design and sample metadata on the observed gene expression levels (using variance
partition; see Methods). Most study design properties explain only a modest amount of
variation, but as expected, technical batch is associated with substantial amount of varia-

tion, as is sample purity (Fig. 4.1)). However, neither sample purity nor technical batch are

associated with species (Fig. [4.13)).
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4.3.1  Which differentiated cardiomyocytes resemble primary hearts?

Overall, we collected data from 110 samples (19 iPSCs, 59 differentiated cardiomyocytes, and
32 primary heart samples). To examine global trends in gene expression levels, we normalized
the combined data across all samples (using TMM; Methods), and reduced dimensionality
for visualization using principal components analysis (PCA; Fig. ) We found that the
major source of variation in the data is cell type; PC1 and PC2, which explain 37% and
21% of the variance, respectively, are highly associated with cell type (P < 10‘16). The next
major source of variation, as expected, is species (which is strongly associated with PC3,
which explains 7% of the variance; P < 10'16). We performed unsupervised hierarchical
agglomerative clustering on the correlation matrix of gene expression data, and found that
the major trends seen in the PCA are robust with respect to clustering method (Fig. 4.2B).
We noted that data from iPSC-derived cardiomyocytes clusters by species first, then by
maturation day or treatment.

We focused on the differences between iPSC-derived cardiomyocytes at days 15 and 27,
with and without the treatment with T3. For this analysis, we considered within-species
gene expression patterns. Using the data from each species independently, we asked which
cardiomyocyte cultures are more similar to adult heart tissue with respect to their gene
expression profiles. We first focused on temporal maturation (the untreated samples at days
15 and 27) and found that average pairwise correlation in gene expression data is higher
between untreated day 27 cardiomyocytes and hearts than between day 15 cardiomyocytes
and hearts, regardless of species (Fig. , P < 10719).

This result indicates that temporal maturation increases the similarity between cardiomy-
ocytes and adult heart tissue for both species. We proceeded to compare gene expression
data between heart tissues and cardiomyocytes cultures at day 27, which were treated or
not treated with T3. We found that gene expression data from samples treated with T3 are

more similar to that of primary heart tissues, regardless of species (Fig. 4.3A, P < 10‘4).
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associated with species. B. Heat map of the Pearsons correlation matrix of normalized
loga (RPKM) gene expression values from 13,878 genes. Each square represents the Pearsons
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Figure 4.3: Pairwise correlations between heart tissue and different iPSC derived
cardiomyocytes. A. Pearson correlations between heart tissue, day 15, (-)T3 and (+)T3
day 27 iPSC derived cardiomyocytes for chimpanzee, humans and All (combined, species
not separated). B. Same data as in A, but reordered to show differences within a treatment
across species.
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We compared the maturation effects across species; namely, we asked whether hearts and
cardiomyocytes are more similar to each other in humans or chimpanzees. We found that,
at day 15, human cardiomyocytes are more similar to human adult heart tissue than chim-
panzee cardiomyocytes are to chimpanzee adult heart tissue (Fig. IB P < 10‘7). However,
by day 27, we do not observe any significant difference across species in this comparison (P

= 0.133).

4.3.2  Which genes are differentially requlated between hearts and cultured
cardiomyocytes?

Based on our observations we concluded that as the cells mature, the fidelity of iPSC-
derived cardiomyocytes as a model for primary hearts increases in both species. Moreover,
T3 treatment helps to mature iPSC derived cardiomyocytes, altering their gene expression
such that it is more similar to that of adult tissues than temporal maturation alone. Yet,
even T3 treated samples at day 27 are clearly distinct from heart samples (Fig. and
Fig. 4.3). We thus characterized the specific regulatory difference between hearts and
iPSC derived cardiomyocytes. To do so, we considered a subset of the data, from iPSC-
derived cardiomyocyte samples from 7 humans and 7 chimpanzees, all with purity above
50% (Fig. [.14). We used a linear model framework to perform a combined analysis of all
data from these samples, as well as from the corresponding iPSCs, and from the primary
heart tissues (Methods). We focused on genes that were classified as differentially expressed
between cell types in both humans and chimpanzees (Methods). At an FDR of 5% we
classified 3,446 differentially expressed genes when we compared data from samples at day
27 and heart tissue, and 4,115 differentially expressed genes when we compared data from
samples at day 15 and heart tissue. Using the same approach, we classified nearly 8,000
genes when we compared data between iPSCs and cardiomyocytes at either day 15 or day

27. To gain insight into the genes that are differentially regulated between primary hearts
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and iPSC-derived cardiomyocytes, we considered GO functional annotations. We classified
differentially expressed as those that are expressed at higher level in either primary hearts
or the iPSC-derived cardiomyocytes, and further, to those that are practically not expressed
in either primary hearts or the cardiomyocytes (based on our filtering criterion for lowly
expressed genes that was used throughout the study; Logs CPM < 2; Methods). Among
genes that are expressed in hearts but not in cardiomyocytes, we found an almost exclusive
enrichment for biological processes relating to immune responses and inflammation. In turn,
among genes that are expressed in cardiomyocytes but not in hearts, we found enrichment of
genes involved in cell cycle regulation. Among genes expressed in both cardiomyocytes and
hearts, we found that genes involved in transcription regulation tend to be expressed at higher
levels in cardiomyocytes and genes involved in metabolic processes specifically related to
lipid oxidation tend to be expressed at higher levels in hearts (Fig. ; complete enrichment
results in all reported enrichments associated with FDR < 0.05). Remarkably, when we
consider all of these enrichment results, we are able to account for 67% of genes that are
classified as differentially expressed between hearts and iPSC-derived cardiomyocytes.

Up to this point, we considered gene expression patterns within species. To specifically
examine iPSC-derived cardiomyocytes as a model system for comparative genomic studies,
we proceeded to compare inter-species regulatory differences in either cell cultures or their
corresponding primary tissues. We used a framework of linear modeling as above, but
this time focused on the species by cell type interaction effect. To account for incomplete
power when we classified genes as differentially expressed between species in any given cell
type, we used a relaxed statistical cutoff for secondary observations. Namely, when genes
were classified as differentially expressed between species in one cell type using a stringent
statistical cutoff (e.g., FDR of 5%), we used a relaxed statistical cutoff to classify the same
gene as differentially expressed between species in another cell type (e.g., nominal P <

0.05; see Methods). Using this approach, we found that roughly 50% of genes that are
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Figure 4.4: Gene enrichment results for genes that are DE between day 27 car-
diomyocytes and heart tissues. Genes identified as DE between day 27 cardiomyocytes
and heart tissues were split into 4 groups based on whether they were above the gene filtering
threshold (loggCPM > 2) in both day 27 and heart tissues (Both) or below in one or the
other (Heart indicates that the gene is above the threshold in heart tissue, Day 27 indicates
the gene is above threshold in Day 27 iPSC-CMs) or in day 27 respectively). Each gene
set was further subset into where a DE gene had higher expression, higher in heart tissue
(Heart) or higher in day 27 (Day27). Enrichment in GO biological processes for each of the
lists is shown, Gene list sizes are shown under the label for each gene set.
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classified as differentially expressed between human and chimpanzee in heart tissues are also
differentially expressed between cultured cardiomyocytes of the two species, regardless of
whether we considered cardiomyocytes that were harvested at day 15 or day 27 (Fig. |4.5).
This result is robust with respect to the degree of purity of the cardiomyocyte cultures (within
a range of 40-70%; Fig. . When we considered genes that are classified as differentially
expressed between the species either in hearts or in cardiomyocytes (Methods), we found
enrichment in similar terms for both cell types . Specifically, we found enrichment in
terms relating to regulation of metabolic processes, RNA metabolic processes, and regulation
of gene expression. When we considered genes that are classified as differentially expressed
in both hearts and in cardiomyocytes, we found an enrichment of terms relating to animal

organ development, cellular developmental processes and positive regulation of transcription

[E3).

4.3.8  Cardiomyocytes are more similar to hearts than to other primary

tissues

Our observations thus far indicate that while much of the heart regulatory divergence between
species can be captured by using iPSC-derived cardiomyocytes, there are also thousands of
genes whose expression differs between hearts and cultured cardiomyocytes. To provide
context for these observations, we used data from 15 publicly available RNA-seq studies,
which include samples from four different adult tissues from both humans and chimpanzees,
as well as from human fetal tissues [7, [I8, [46], [70] [76, 102} 107, 120, 122| 144], 154 158, 159
167]. We processed all the public data and our own newly collected data (from a total of
231 human samples and 111 chimpanzee samples) using a common analysis pipeline and
modeled the data together (see Methods).

We first focused on similarities and differences between tissues and cell types. We per-

formed PCA using data from all 342 samples, which visually suggested separation of the data
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Figure 4.5: Upsetr plot showing set overlaps across multiple sample types for
genes identified as DE between Human and Chimp. Total set sizes are shown on the
bottom left, overlaps are shown by links with a filled circle, bar plot above link shows size
of a specific overlap. Plot generated using R package Upsetr ([33]).
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by cell and tissue type in the first several principal components (Fig. ; PC1 and PC2
are both highly associated with cell type or tissue type; P < 10‘16). We only observed an
association with species when we considered the loading on PC6 (P < 10716). We performed
unsupervised hierarchical agglomerative clustering using the correlation matrix of the gene
expression data across samples (Fig. 4.7). The data clusters by cell and tissue type fol-
lowed by species (with the exception of public data from one chimpanzee heart sample from
[102]). Notably, we found that data from iPSC-derived cardiomyocytes are consistently more
similar to data from fetal heart tissue, followed by data from adult heart tissues, than any
other non-heart tissues. These observations are consistent with the notion that iPSC-derived
cardiomyocytes are most similar to first trimester fetal hearts [147].

We next evaluated the ability to iPSC-derived cardiomyocytes to capture regulatory di-
vergence in hearts in the context of comparative data sets from other tissues. To do so, we
used RNA-seq data collected from four individuals from each species from four different tis-
sues: heart, lung, liver and kidney (Methods). We classified genes as differentially expressed
between human and chimpanzee in each tissue and in day 27 cardiomyocytes using identical
analysis pipelines (Methods). To account for incomplete power when we classified genes as
differentially expressed between tissues and cell types, we allowed for a more relaxed statisti-
cal cutoff for secondary observations (Methods). As expected, a large number of genes show
inter-species differences in expression level across all tissues while different subsets of genes
are differentially expressed between the species in only a single tissue (Fig. . There are
as many genes that are differentially expressed between species exclusively in differentiated
cardiomyocytes as in all the other primary tissues. This may reflect true biological patterns
or the artificial nature of the cultured cardiomyocytes - our study is not designed effectively
to effectively address this question. Importantly, genes that are differentially expressed be-
tween human and chimpanzee in cardiomyocytes are much more likely to also be classified

as differentially expressed between the species in hearts than in any other tissue (Fig. [4.8]).
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Figure 4.8: Upsetr diagram showing benchmarking results for iPSC derived car-
diomyocytes using an independent tissue reference set. Total set sizes are shown
on the bottom left, overlaps are shown by links with a filled circle, bar plot above link shows
size of a specific overlap. Plot generated using R package Upsetr ([33]).

150



4.3.4 Discussion

The development of iPSC based model systems have the potential to transform the field of
comparative primate genomics, assuming that differentiated cells can recapitulate biological
processes that occur in primary cell types. Quite a few studies focused on gene regulatory
variation in in vitro differentiated cells have already been published (including by our group),
but a systematic assessment of the fidelity of these differentiated cells with respect to primary
tissue has not been performed. The current study was therefore designed to specifically as-
sess the degree to which differentiated cardiomyocytes can serve as a model system in which
to study regulatory differences in human and chimpanzee hearts. We debated which cell
type to use for this first exploration of the fidelity of differentiated cells. Many different cell
types are accessible using iPSC differentiation protocols [22] B1], [73] 88]. Despite the seem-
ingly many options, in most cell types, individual variation still remains a current barrier to
generate consistently pure cultures of target cell types [21], 55l [61) 89 9] 156]. In contrast,
cardiomyocyte differentiation protocols are relatively robust with respect to inter-individual
variation [2I]. This outcome is partially due to the dominance of a single pathway (WNT
signaling) in resolving developmental bifurcations in favor of cardiomyocyte generation in
vitro [22 110]. An additional advantage of utilizing a cardiac lineage for benchmarking is the
reasonably homogenous nature of cardiac muscle (e.g., the composition of the left ventricle
is upwards of 40% cardiomyocytes [173]). With these factors in mind, differentiations of
iPSCs to cardiomyocyte provide an optimal framework to begin characterizing the similarity
of iPSC derived cell types to primary tissue in primates. We did not expect differentiated
cardiomyocytes to be identical to hearts. That would not be a realistic expectation. We
hoped that differentiated cardiomyocytes would be most similar to hearts than to any other
tissue, and we hoped to shed light on the opportunities and limitations associated with the
use of differentiated cardiomyocytes to study hearts. Our observations confirmed that gene

expression data from differentiated cardiomyocytes are more similar to data from hearts
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than any other tissue we tested, but we also found thousands of differentially expressed
genes between hearts and differentiated cardiomyocytes. The majority of these differentially
expressed genes, however, may not point to inherit limitations of differentiated cardiomy-
ocytes as a model, but rather they help us better understand the model properties. Indeed,
67% of differentially expressed genes between hearts and differentiated cardiomyocytes may
be explained, not by artifacts specific to the model, but by expected biological differences
between in wvitro cultured relatively pure cells and a complex primary adult tissue. While
most cells in the adult hearts no longer proliferate and do not have a regulated cell cycle,
the differentiated cardiomyocytes, which resemble embryonic more than adult cells, are still
likely to have not yet completely exit the cell cycle. It is thus may be expected that genes
with functions related to transcription regulation and those involved in cell cycle regulation
(there is a high overlap between these categories) would be more highly expressed in young
differentiated cardiomyocyte cultures than in adult hearts. The cultured cells are relatively
pure, while the hearts contain a complex composition of cells, including blood cells and res-
ident immune cells. It is therefore reasonable that genes involved in immune responses and
inflammation are highly expressed in hearts compared with differentiated cardiomyocytes.
Finally, it has been previously reported that the metabolic state of hearts and differentiated
cardiomyocytes are different [145]. Consistent with that report, we found that genes involved
in lipid metabolism are highly expressed in hearts relative to differentiated cardiomyocytes,
an exacted observation given that our cell cultures were not supplemented with lipids. Thus,
the majority of the thousands of differentially expressed gene between primary hearts and
cardiomyocytes are not necessarily indicative of inherit limitation of the in witro model.
Rather, many of these regulatory differences point to biological (cell composition) and envi-
ronmental (lipids) differences between cell culture and primary tissue. When we specifically
considered inter-species comparisons of gene expression levels using either cardiomyocytes

or hearts, we found similar patterns. Namely, while most genes are classified as differen-
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tially expressed between humans and chimpanzee in both differentiated cardiomyocytes and
hearts, thousands of genes are differentially expressed between the species in either hearts
or cardiomyocytes. Yet, the discordant inter-species patterns in cardiomyocytes and hearts
mostly involve genes with functions related to metabolic processes, regulation of gene ex-
pression, and cell cycle. As we discussed above, there are likely biological and environmental
explanations to these patterns. We thus conclude that iPSC derived cardiomyocytes are
a useful model with which to conduct comparative studies of gene regulation. We expect
that iPSC derived cardiomyocytes will be mainly used to comparatively study dynamic gene
regulatory processes, such as during differentiation, when frozen heart samples even when
available are unsuitable. The model is not perfect, but our study indicates that regulatory
patterns observed in cultured cardiomyocytes cannot be mistaken as anything other than a
representation of the biological processes that occur in primary hearts. With that in mind,
we recommend that the data from our study, which are available in unprocessed and pro-
cessed forms, should be used to evaluate the likelihood that future observations based on

cultured cardiomyocytes faithfully represent regulatory patterns in hearts.

4.4 Methods

4.4.1  Human and chimpanzee 1PSC panel

In this study, we include chimpanzee and human iPSC lines from previously described panels
[42, 30, 12] matched for cell type of origin, reprogramming method, culture conditions.
Characterization for all lines used is provided in Fig. [4.9 Fig. Original chimpanzee
fibroblast samples for generation of iPSC lines were obtained from the Yerkes Primate Center
under protocol 00612. Human fibroblasts samples for generation of iPSC lines were collected
under University of Chicago IRB protocol 110524. Feeder free iPSC cultures were initially

maintained on Growth Factor Reduced Matrigel using Essential 8 Medium (E8) as previously
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described. After 10 passages in ES8, all cell lines were transitioned to a 50/50% ratio of
iDEAL/ES feeder free medium that was prepared in house as specified previously [78]. Cell

culture was conducted at 37C, 5% COs, and atmospheric O».

4.4.2  Cardiomyocyte differentiation

Cardiomyocytes were generated following a recently protocol ([21), 22 109]) with minimal
modification. At 12 hours prior to initiating differentiation, iPSC lines at 70-90% confluence
were seeded to achieve a starting density of 150,000-250,000 cells/ cm?. Differentiations were
initiated by removing stem cell maintenance media and adding RPMI base media (with
HEPES LifeTechnologies# 22400105) supplemented with 6uM CHIR9902 (LClabs# C-6556),
0.5 mg/mL BSA (Sigma-Aldrich# A2153), 0.213 mg/mL ascorbic acid (Santa Cruz Bio#
5¢-228390), 0.3ug/mL sodium selenite (Sigma-Aldrich# S5261), 5ug/mL Holo-transferrin
(Sigma-Aldrich# T3705), 1ug/mL Linolenic acid (Sigma-Aldrich# L2376), 1ug/mL Linoleic
acid (Sigma-Aldrich# 1012) and 1x Pen/Strep (Days 0-1 media). After 48 hours the media
was changed to RPMI base media (with HEPES LifeTechnologies# 22400105) supplemented
with 2uM Wnt-c59 (Tocris# 5148), 0.5 mg/mL BSA (Sigma-Aldrich# A2153), 0.213 mg/mL
ascorbic acid (Santa Cruz Bio# sc-228390 and 1x Pen/Strep (Days 2-3 media). After another
48 hours, the media was changed to RPMI base (with HEPES LifeTechnologies# 22400105)
supplemented 0.5 mg/mL BSA (Sigma-Aldrich# A2153), 0.213 mg/mL ascorbic acid (Santa
Cruz Bio# sc-228390) and 1x Pen/Strep. Media was changed every 48 hours until day 10
(total of 2 additional media changes). At day 10 the media was switched to RPMI media
(no glucose, Cellgro#10-043-CV) supplemented with 5 mM Sodium D/L Lactate (Sigma-
Aldrich# L4263), 0.5 mg/mL BSA (Sigma-Aldrich# A2153), 0.213 mg/mL ascorbic acid
(Santa Cruz Bio# sc-228390) and 1x Pen/Strep, media was changed every 48 hours (total
of 2 additional media changes). At day 15, cells were dissociated using TrypLE and split to

a density of 0.4 x 10° cells/ cm? onto Matrigel coated dishes. Cells were replated in RPMI
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media (no glucose, Cellgro#10-043-CV) supplemented with 5% FBS, 10 mM D-galactose
(Sigma-Aldrich# G5388), 1 mM Sodium Pyruvate (LifeTechnologies# 11360070), 1X NEAA
(LifeTechnologies# 11140076), 5 mM HEPES (LifeTechnologies# 15630080), mM Sodium
D/L Lactate (Sigma-Aldrich# L4263), 0.5 mg/mL BSA (Sigma-Aldrich# A2153), 0.213
mg/mL ascorbic acid (Santa Cruz Bio# sc-228390) and 1x Pen/Strep (Galactose media).
After 24 hours, the media was changed to Galactose media without FBS. Media was changed
every 48 hours (total of 1 additional media change). At day 20 media was changed to
Galactose media supplemented with 3 ng/mL Triiodothyronine (T3, Sigma-Aldrich# T6397).
Media was changed every 48 hours until cells were harvested at day 27 (total of 3 additional
media changes). For the first two media changes (Days 0 and 2) cultures were supplies with

an excess of media (0.499 mL/cm?), all other days media was added at (0.2495 mL/cm?).

4.4.83 Determining cardiomyocyte purity using flow cytometry

Day 15 cells were dissociated as described above, and aliquots were pulled off for flow anal-
ysis prior to replating. Day 27 iPSC-CMs, were dissociated by 10 minute incubations with
TrypLE supplemented with 0.5 U/ml Liberase TH. Dissociated cells were centrifuged at 200
x g for 5 minutes at 4°C and washed with PBS. Cells were fixed and stained as specified
previously ([2I, 22]). Briefly, 0.5-1 million cells were fixed using a 1% PFA solution. Cells
were fixed at 4°C for 30 minutes before washing once using FACS buffer (autoMACS Run-
ning Buffer, Miltenyi Biotech). Fixed cells were permeabilized by incubating with cold 90%
methanol for 30 minutes at 4°C. Fixed, permeabilized cells were washed 2x using FACS
buffer prior to staining. For immunostaining, 150,000 cells were transferred to BRAND li-
poGrade 96 well immunostaining plates and centrifuged at 200 x g for 5 minutes at 4°C.
Cells were rinsed in FACS buffer then resuspended in the staining solution. A single master
mix containing 0.5% BSA/0.1% Triton X-100, PE-labeled TNNT2 (Bdbio clone 13-11) and
Alexa Flour 647 labeled-TNNI3 (BDbio clone C5) All antibodies were used at the manufac-
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turer recommended dilution. Cells were stained for 1 hour at 4°C and subsequently washed
3x with a PBS solution containing 0.5% BSA/0.1% Triton X-100. Stained cells were resus-
pended after the final spin in 150uL FACS buffer containing 5uM Vybrant DyeCycle Violet
Stain (Thermofisher #V35003) for acquisition on a BD LSR II flow cytometer. After data
acquisition, we used the program FlowJo to determine compensation scaling. To do so, we
used data from single stained compensation beads (Life Technologies) that were stained and
collected in parallel. Live, intact, single cells were gated based on FSC and SSC channels.
To determine gating for dual positive iPSC-CMs, we used a biological negative (an iPSC line

stained in parallel) to determine appropriate positive signal for gating

4.4.4  Isolation of RNA and sequencing

To isolate RNA and DNA from cardiomyocytes and iPSC lines, we first aspirated old cell cul-
ture media, then rinsed culture wells using PBS. After aspirating PBS, 300uL of DNA/RNA
lysis buffer was added directly to culture plates to lyse cells on the plate. The entire lysate
was transferred to a 1 mL tube and immediately frozen for extraction with other samples
in balanced batches. We extracted the RNA using the ZR-Duet DNA/RNA MiniPrep kit
(Zymo) with the addition of an on column DNAse I treatment step prior to RNA elution.
Post-mortem human heart tissues were provided by the National Disease Research Inter-
change (NDRI). Chimpanzee post-mortem heart tissues were provided by Yerkes primate
center, the Southwest Foundation for Biomedical Research, and the New Iberia Research
Center, MD Anderson Cancer Center. For lysis of heart tissue, frozen tissue from the left
ventricle was broken down into smaller chunks while working on dry ice to prevent thawing,
and subsequently weighed in 1.5 mL tubes to determine weight of tissue. For each mg of tis-
sue, we added 8uL of 1X RNA/DNA shield buffer. Tissues were homogenized in RNA/DNA
shield using sterile plastic pestles. To further homogenize tissues and release RNA and DNA,

tissues were digested with Proteinase K for 30 minutes at 55°C. Digested, homogenized tis-
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sues were centrifuged for 2 minutes to pellet debris, the volume of supernatant was measured
and was transferred to fresh tubes. An equal volume of DNA/RNA lysis buffer was added
and the solution was mixed prior to freezing at -80°C. Frozen samples were thawed and
extracted in parallel using the same protocol as used for cells. We used non-strand specific,
polyA capture to generate RNA-seq libraries according to the Illumina TruSeq protocol. To
estimate the RNA concentration and quality, we used the Agilent 2100 Bioanalyzer. We
added barcoded adaptors (Illumina TruSeq RNA Sample Preparation Kit v2) and sequenced
the 100 base pair single-end RNA-seq libraries on the Illumina HiSeq 4000 at the Functional

Genomics Core at University of Chicago on two flow cells.

4.4.5 Updating Orthologous Exons

As part of the work contained in this paper, we updated our previously generated exon
database as previously described [15] with slight modification. Briefly, exon definitions were
initially obtained from Ensembl release 88 (downloaded March 2017 containing 744,360 exons
across 63,898 genes). This initial set was first condensed to remove redundancies (haplotypes,
patches and alternate exon entries resulting from different source annotations) and exons
from genes that were fully overlapping. Regions of exons containing overlaps belonging to
different genes were removed; exons with at least 10 bp of sequence not contained within
the overlapping region were retained by removing only the region of overlap, resulting in
splitting up of some exons into one or more smaller unique exons. Exons for the same
genes having overlaps of at least 1 bp were collapsed into single metaexons containing all
overlapping exons. Human fasta sequences (for the reduced set of 320,753 meta exons across
56,479 genes) were then extracted from the genome (Ensembl GRCh38.p10). We then used
BLAT (BLAT V. 35 [BLAT Citation]) to identify the orthologous exon sequences in the
chimpanzee genome (panTrob). All hits with indels larger than 25 bp were removed (using

a function blatOutlndelldent, from [cite IGR bitbucket/github]) the fasta sequences for the
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hits with the highest sequence identity were extracted from the genome (using Bedtools
[citation]). The chimpanzee sequences were then blatted against the human genome and
back to the chimpanzee genome. Queries that did not return the original blat locations (for
either chimpanzee or human) were removed, as were entries where multiple possible mappings
occurred with higher than 90% sequence identity. Finally, different exons mapping to the
same location (different locations in human, but same location in chimpanzee) were removed.
This updated human-chimpanzee orthologous exon database resulted in 254,172 metaexons

across 44,125 genes.

4.4.6 Mapping of RNA-seq data, orthologous exons, read count

transformation and normalization

We mapped human reads to the hg38 genome and chimpanzee reads to panTro5 using
HISAT?2 using the default parameters. We kept on only reads that mapped uniquely. To pre-
vent biases in expression level estimates due to differences in mRNA transcript size and the
relatively poor annotation of the chimpanzee genome and differences in mappability between
species, we only kept reads that mapped to a list of orthologous metaexons. As the previous
version of this metaexon database was generated using older versions of the genomes, we
generated an updated orthoexon database based on the most current genome builds (see
methods below for details). Gene expression levels were quantified using the feature counts
function in SubRead. We performed all downstream processing and analysis steps in R unless
otherwise stated. We transformed raw gene counts into logs-transformed counts per million
(CPM) for each sample using edgeR [115]. To filter for the lowly expressed genes, we kept
only genes with an average expression level of logg (CPM) > 2 in at least one cell type [116].
For the remaining genes, we normalized the original read counts using the weighted trimmed
mean of M-values algorithm (TMM) [116] to account for differences in the read counts at

the extremes of the distribution and calculated the TMM-normalized logs-transformed CPM.
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After TMM-normalization we then performed a cyclic loess normalization with the function
normalizeCyclicLoess from the R/Bioconductor package limma [4, 113]. To account for gene
length differences between species we calculated normalized logo-transformed RPKM values
by using the function rpkm with normalized library sizes from the package edgeR [I15]. We
measured the gene lengths as the sum of the lengths of the orthologous exons. To partition
the total gene expression variance into the variance attributed to each of the different prop-
erties of our study, we used a linear mixed model implemented in variancePartition [48]. We
modeled all effects as fixed effects with the exception of individual which was modeled as a

random effect.

4.4.7 Linear modeling, differential expression and GO analysis

Differential expression was estimated using a linear model based empirical Bayes method
implemented in the R package limma [128], 129]. In order to use a linear modeling approach
with RNA-seq read counts, we calculated weights that account for the mean-variance rela-
tionship of the count data using the function voom from the limma package [62]. In analyses
with both tissue and iPSC derived cardiomyocytes, we cannot correct for purity differences,
thus, we chose iPSC derived cardiomyocytes with the highest purity. Since RNA quality
varied greatly across different tissues and derived cells , we modeled RNA quality as a
fixed effect using RIN scores. For all pairwise differential expression comparisons, the species,
cell type, RNA quality (RIN), and a species-by-cell type interaction were modeled as fixed
effects, and individual as a random effect. We used contrast tests in limma to find genes that
were differentially expressed between tissues and cells for each species. For each pairwise
DE test, we corrected for multiple testing with the Benjamini & Hochberg false discovery
rate [10] and genes with an FDR-adjusted P values < 0.05 were considered DE. To identify
genes as shared or specific to one species when examining DE genes between different cell or

tissue types while accounting for incomplete power to detect overlaps, we first identified DE
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genes between the different cell or tissue types at an FDR of 5% in each species separately.
Using this list of significantly DE genes, we then looked in the other species, but classified
genes as DE with a more relaxed cut off using a nominal P value of 0.05. Genes identified
at an FDR of 5% in one species but not significant at a nominal P value of less than 0.05 in
the other species were determined to be specific to one species. Genes that were significant
in one species at FDR of 5% and significant at a nominal P value of less than 0.05 in the
other species were designated as shared. This same approach was also taken when looking at
interspecies DE genes in heart tissue or iPSC derived cardiomyocytes. When examining the
overlap of interspecies DE genes in multiple different tissues, data for each tissue or cell type
was modeled separately, as all data could not be modeled together due differences in sequenc-
ing technology (50 bp Illumina GAIIx vs 100 bp [llumina HiSeq 4000). For this analysis, we
only included terms for species and RNA quality (RIN score) (correcting for individual was
not necessary in this case). To identify shared interspecies DE genes across different tissues
and cell types while accounting for incomplete power to detect overlaps, we used the same
approach as detailed above. To identify significantly enriched GO biological process terms
for genes DE between day 27 cardiomyocytes and heart tissue, we used the compareCluster
function implemented in the R package clusterProfiler (version 3.4.4, [170]). We used all
expressed genes as our background for enrichment and only considered GO terms containing
more than three annotated genes and less than 3000 genes. When considering enriched GO
biological process terms for interspecies DE genes we used a binomial enrichment test with a
Bonferroni correction for multiple testing as implemented in PantherDBs overrepresentation

test [34) [85].
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4.4.8 Determining how purity differences affect estimates of interspecies

DFE overlaps

Since target cell type heterogeneity may vary within tissues and cannot be easily assessed,
we were interested in the effect of purity on our ability to detect interspecies tissue spe-
cific DE patterns using iPSC derived cardiomyocytes. As we are unable to physically alter
(or effectively estimate) the composition of post mortem tissues, we instead used different
combinations of day 27 cardiomyocyte samples generating different average purities of day
27 cardiomyocytes. With each combination of samples, we repeated the same analysis as
described in the main text to determine how many interspecies DE genes identified in heart

tissue could be recapitulated using iPSC derived cardiomyocytes.

4.5 Supplementary Information

4.5.1 Supplementary Figures

161



Nuclei/MAP2 Nuclei/AFP/HNF38

Figure 4.9: Spontaneous differentiation assay of pluripotency for iPSC lines used
in this study. A. Immunocytochemistry (ICC) staining of spontaneously differentiated
embryoid bodies for Human iPSC lines. B. Immunocytochemistry (ICC) staining of spon-
taneously differentiated embryoid bodies for chimpanzee iPSC lines, antibodies identifying
celltypes derived from the three germ layers as indicated.Scale bar: 200 ym.
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Figure 4.10: Karyotypes for human and chimpanzee iPSC lines. Karyotypes for
human (right) and chimpanzee lines (left) used in this study. We identified additional bands
in the p-arms of one chromosome 13 homolog and one chromosome 18 homolog for chim-
panzee iPSC line C3. Thus we tested the source fibroblast line (C3 FB) to determine that
these polymorphisms were normal polymorphisms and not formed de novo as a result of
reprogramming.
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Figure 4.11: PCR gel to test for exogenous episomal reprogramming vectors.
PCR gel for all iPSC lines used for this study. Pos indicates positive controls,Neg is a
negative control. Human lines H28815 and H24280 demonstrate positive results for presence
of reprogramming plasmid.
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Figure 4.12: Study design with iPSC-CM differentiation outline and summary of
data collected. Starting with iPSC lines we induced differentiation to iPSC-CMs using a
previously published protocol using WNT agonist for 2 days followed by WNT antagonism
for 2 days. At day 15 we harvested RNA from early iPSC-CMs after metabolic purification
with lactic acid, within a single batch we collected 10 chimps and 9 human lines. Cells
from a subset of individuals were replated and allowed to recover before starting treatment
with T3 ((+)T3). A matched set of cells were cultured in parallel but not treated with T3
((-)T3). We harvested RNA from (4)T3 and (-)T3 day 27 iPSC-CMs within the same batch
that was matched to the day 15 collection (batch B). We also collected another set of (4)T3
treated Day 27 iPSC-CMs that did not have a matched (-)T3 or Day 15 set (denoted batch
A). Purities obtained from dual positive (TNNI3+/TNNT2+) flow cytometry analysis for
iPSC-CM samples are show in box plots. Grey shaded boxes denote where sample collection
occurred.
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Figure 4.13: Differentiation batch and purity are not associated with species.
Distribution of purities for human and chimpanzee iPSC derived cardiomyocytes for all
samples collected in this study stratified by differentiation batch.
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Figure 4.14: Purity of samples used for analysis of genes that are under differential
regulation within iPSCs, iPSC derived cardiomyocytes and heart tissue.Box plots

showing the purity of seven chimpanzee (left) and seven human (right) day 15 and day 27
iPSC derived cardiomyocytes used for analysis, see for list of samples used.
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% Overlap in Human-Chimp DE Genes With Heart Tissue

Figure 4.15: Effect of purity on recapitulation if interspecies DE patterns using
iPSC derived cardiomyocytes. Scatter plot showing the average purity of sample set
used on X axis and the percentage of human-chimp DE genes identified on the Y axis.
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Figure 4.16: Upsetr plot showing top 10 largest interspecies DE overlaps across
multiple tissues and day 27 cardiomyocytes.
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4.5.2  Supplementary Tables

Table 4.1: Sample meta data.

Table 4.2: Output summary for linear models of differentially expressed genes.

Table 4.3: GO results for genes differentially regulated between day 27 cardiomy-
ocytes and heart tissues.

Table 4.4: GO results for genes differentially regulated between human and chim-
panzeee in day 27 cardiomyocytes and heart tissues.
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CHAPTER 5
CONCLUSION

In this dissertation, I present work that has focused on the goal of developing a novel cellular
novel system to conduct comparative primate genomics studies. To date most comparative
primate genomics studies have been conducted using a small collection of primate cell lines
(almost exclusively fibroblasts and LCLs) or using post mortem tissues. These studies have
yielded many insights into the regulatory differences distinguishing humans from our closest
living relative, chimpanzees (pan troglodytes). However, post-mortem tissues are a static
nonrenewable resource associated with high environmental variances, while the collection
of cell lines available from chimpanzee and other primates is fairly limited, thus restricting
our ability to examine the various gene regulatory contexts provided by differing cellular
populations. In order to circumvent these limitations in chapter[2] T establish a novel resource
to conduct comparative primate genomic studies. Harnessing the power of IPSC technology
I generated a matched panel of pluripotent stem cells from both human and chimpanzee
fibroblasts using the same protocol of generation. To demonstrate the utility of this panel
for comparative genomics, we collected RNA-sequencing, methylation and CHIP-seq for both
the iPSC lines and the somatic cell lines used to generate each line. Globally we found that
within iPSCs, individuals within each species are more similar to each other than they are
in the mature somatic cell types that the iPSCs were derived from. When we compare
across species within iPSCs, I identified 4500 genes that were differentially expressed, and
over 3500 genomic regions with different patterns of DNA methylation. While this seems
like a surprising number of differences given the expectations set by our close evolutionary
relationship and previous studies conducted in tissues. The majority of DE genes have
moderate fold-change differences which we likely had increased power to detect given the
reduced inter-individual variance observed within iPSCs. While this newly created resource

represents a valuable resource and a large step forward for genomic studies, iPSC lines
171



only provide a snapshot of the possible cellular regulatory states found within human and
chimpanzees. To access the remaining cellular states requires that we induce different ion
using protocols that have been developed and guided by the principles of development. Often
times these protocols were optimized and tailored to generate high cellular yields of target
cell types for humans (or in some cases mice). Therefore, it is reasonable that, as a result,
the ensuing in vitro process may entail a departure from the canalized developmental process
occurring in vivo for each species. Therefore, in chapter (3] I set out to assay how human and
chimpanzee iPSCs are able to recapitulate a dynamic developmental process with expected
conservation across species. This was achieved by examining gene expression dynamics (using
RNA-sew) during a four-day time course differentiation of human and chimpanzee iPSCs
into endoderm. By jointly analyzing the data from the entire time course, I found that
nearly all patterns (75%) of gene expression trajectories, are shared across the two species.
Furthermore, 1 observed a marked reduction of both intra- and inter-species variation in
gene expression levels at the initial stages of differentiation (primitive streak) compared to
the iPSCs. While the results in chapter [3| suggest that both species are progressing through
a similar canalized developmental process. There remains a possibility that differentiated
cells derived from primate iPSCs do not perfectly recapitulate gene regulatory differences
observed within primary tissues between species. Thus, in chapter 4] I compared the global
gene regulatory state of iPSC derived cardiomyocytes from both human and chimpanzees
with that of primary heart tissues from each species. I was able to identify the optimal
parameters of iPSC differentiation into cardiomyocytes that minimized differences between
each species and their respective adult tissue counterparts. Furthermore, I determined that
globally, cultured cardiomyocytes appear more similar to adult hearts than any other tissue.
Finally, I found that iPSC derived cardiomyocytes are able to recapitulate up to 50% of the
interspecies gene regulatory differences identified in primary post mortem heart tissues. The

work contained in this thesis represents an important step forward in the development of
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new tools for comparative studies of primate gene regulation. In order to further develop
these tools and their utility in comparative studies, our lab provides the iPSC lines developed
herein freely and openly with fellow researchers, to date the panel has already been shared

with over 20 laboratories.
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