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Abstract:

The study of humansevolution, long constrained by a lack of experimental model systems, has been
transformed by, the emergence of the induced pluripotent stem cell (iPSC) field. iPSCs can be
readily established™from non-invasive tissues sources, both from humans and other primates; they
can be maintained in the laboratory indefinitely and they can be differentiated into other tissue
types. These qualities mean that iPSCs are rapidly becoming established as viable and powerful
model systems with which it is possible to address questions in human evolution that were until
now logistically and ethically intractable, especially in the quest to understand humans' place
amongst the great.apes, and the genetic basis of human uniqueness. In this review, we discuss the
key lessons anditakeaways of this nascent field; from the types of research iPSCs make possible to
lingering challengessand likely future directions. We provide a comprehensive overview of how the
seemingly unlikely combination of iPSCs and explicit evolutionary frameworks are transforming

what is possibléinour understanding of humanity's past and present.
Introduction

Thorough knowledge of humanity's evolutionary past is essential to understanding our present and
future. But the full potential of human evolutionary biology studies has long been constrained by a
lack of tractable model systems with which to explore this field. The publication of complete
genome sequences from humans and great apes has demonstrated that the vast majority of DNA
sequence differences separating humans from other primates occur outside the protein-coding
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regions of the genome [1], and suggested that inter-species differences are likely to arise through
effects on gene regulation [2,3]. Although the relative contributions of gene regulatory and protein
coding change to evolutionary differences remains a matter of some debate [4—6], these
observations have required substantial reconsideration—and creativity—on how best to approach
studies of human evolution, whether at the species level, or when examining more subtle
differences between present-day populations. Given the complexities that still surround in silico
predictions of! function from non-coding sequence, deciphering the genetic basis of human
uniqueness remains an arduous process, one that frequently requires access torare tissue samples for

experimental validation.

But this need is not'easily met. Humans are one of eight extant great ape species [7]. All non-human
great apes—chimpanzees, bonobos, gorillas and orangutans—are either endangered or critically
endangered in the wild. Of these, only chimpanzees (Pan troglodytes, humanity's closest living
relative) have ever been widely adopted as laboratory research animals, but numbers were already
declining in 1995gwhen the USA's National Institutes of Health enacted a funding moratorium on
their breeding [8]=Given their low numbers and complex cognitive abilities, invasively obtaining
samples from wild apes, or capturing them for research purposes, is unethical. Until recently,
molecular inter-Speeies studies of human evolution were therefore chiefly reliant on post-mortem
tissue samplesteollected from captive animals dying of unrelated causes in research centres. And
while these samples have facilitated many significant insights (reviewed in [2]) they also suffered
from some non-negligible shortcomings: limited sample availability, compounded by difficulties in
matching or staging samples. Crucially, the fact that these samples are often collected post-mortem
and can thereforenot be experimentally manipulated, has largely restricted the field to observational
insights. Additionally, existing samples are mainly derived from adult animals, limiting insights

into differencessbetween the species in earlier developmental time-points.

Likewise, achieving a thorough understanding of the phenotypic differences that exist between
present-day human populations, and the genetic and biological mechanisms that underpin them,
remains another significant challenge in the study of human evolution. The shorter time scales
(roughly 60,000 years, reviewed below) that characterise humanity's expansion throughout the
world and adaptatiofito all manner of local environments, or the contributions of introgression from
archaic hominin groups such as Neandertals and Denisovans, have all received significant attention
in the past decades. But as growing numbers of genome-wide studies have shown, the genetic

complexity of human traits is not easily described [9,10]. Well characterised samples that span the
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wealth and breadth of existing human genetic variation are essential to fully understanding how

evolution has shaped our species.

Recent technological developments make these questions more tractable today. Here we review the
potential and growing application of induced pluripotent stem cells (iPSCs) as an emerging model
system with which to tackle questions of human evolution that would otherwise prove
unanswerable. The ease with which they can be established, as well as their tantalisingly versatility
to generate _increasingly faithful and complex models from a growing number of tissues, in
combination with the development of new high-throughput technologies and methodologies provide
unprecedented @venues to study how genetic variation influences human-specific biology. These
advances are transforming studies of human evolution, and shedding new light into the past and

present of Homo sapiens.

The nature ef human evolution

Approximately 7 million years, around 35 million base pair differences and countless genomic
rearrangements separate humans from our closest living relatives, the chimpanzee (Figure 1A) [11].
Decades of work to reconstruct the human fossil record [12] have painted a comprehensive picture
of the time since then, with the first anatomically modern humans—that is, recognisably Homo
sapiens—emerginguin Africa between 300,000 and 200,000 years ago [13]. Following successful
expansion throughout the continent, humans then began expanding outwards more than 60,000
years ago [14,15]. Both the fossil record and genetic data demonstrate that Homo sapiens had
reached Australia at least 55,000 years ago [16,17], and America sometime between 33,000 and
15,000 years ago [18,19], settling all continents except Antarctica by then. Complex population
dispersals, migrations and replacements over the past 60,000 years have been revealed by large
scale sequencing efforts of present-day individuals, as well as by a growing collection of DNA

sequences generated from fossil samples [20].

Given these trends, studies of human evolution often focus on one of two questions: 1. human-
unique traits, which”are common to all humans, and emerged after the split of humans and
chimpanzees,wor. 2. population-specific differences that are restricted to only some humans, such as
the ability to digest the milk sugar lactose after weaning, or the ability of some populations to thrive
at high altitude [21,22]. Many of the latter have emerged since humans expanded out of Africa, and
therefore serve as examples of adaptation to new environments or cultural practises. Others are
driven by the varying challenges presented by expansion into novel environments, for instance with

regards to pathogen diversity [23].
This article is protected by copyright. All rights reserved
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Additional complexity comes from high-quality complete genome sequences from two extinct
hominin groups, Neandertals [24-26] and Denisovans [27], both of whom last shared a common
ancestor with humans roughly 700,000 years ago. These archaic genomes have conclusively
demonstrated that gene flow between H. sapiens and the other two archaic groups occurred more
than once following humanity's dispersal from Africa. All present-day individuals of non-African
descent carry between 1-2% of Neandertal DNA in their genomes [28], while Denisovan DNA is
more geographically. structured [29] with its highest frequency in the present-day Indigenous
Peoples of Papua New Guinea and Australia (4-6% of their genomes), but is also widespread
throughout much ofymainland Asia (Figure 1A) [30]. As introgressed DNA from both archaic
human groups hassbeen shown to be an additional source of functional variation that is contributing
to local adaptation and phenotypic variation in people today [31,32], these findings raise a third

question: what were the contributions of these archaic hominins to present-day humans?

No matter the gimenscale, the bulk of our insights on human evolutionary variation come from
studies of DNAsequence. There is a wealth of well-established methods for identifying signatures
of positive sélection (Figure 1B) and evolutionary change at the genome level [33,34],
understanding theirimplications has proven a lot more difficult—functional validation remains rare.
This may partly,_stem from historical boundaries between population genetics and molecular
biology, but_it=also reflects the difficulty of fully resolving the biological underpinnings of
evolutionary change at the molecular level. Much phenotypic diversity appears to be driven not by a
single change in a single locus, but by small changes at many loci across the genome that jointly
contribute to a single complex phenotype [9,35]. Yet, to be successfully studied in a laboratory,
complex traits observed at the organismal level have to be reduced to something both tractable and
meaningful in yitrowlt is this niche where iPSC-derived model systems will likely have the greatest

impact.

A brief introduction to induced pluripotent stem cells

The development offinduced pluripotent stem cells (iPSC) 15 years ago [36] has revolutionised
fields ranginguafrom regenerative medicine to comparative functional genomics [37,38] and stand
poised to do the same for studies of human evolution. In 2006 Takahashi and Yamanaka first
demonstrated that through the activation of four transcription factors, which today are collectively
referred to as Yamanaka factors [39,40], terminally differentiated somatic cells could be forced to
revert to a much earlier developmental state—pluripotency, the ability to give rise to any cell type

in an animal. Indeed, iPSCs resemble embryonic stem cells (ESCs), one of the earliest cells
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observed during development, in their transcriptional profiles and developmental potentials. This
means that they can be maintained in vitro indefinitely, and differentiated into other cell types by

the activation of key developmental pathways.

Multiple methods of generating iPSCs have been reported since then, but they all rely on the same
fundamental mechanism: the activation of the Yamanaka factors. Crucially, the starting material for
iPSCs includes cell types that can be collected in a minimally invasive manner, including dermal
fibroblasts [36], blood cells [41,42] or even cells shed in urine [43], meaning that iPSCs can be
readily generated from specific donors and circumvent the bulk of the ethical concerns associated
with ESCs (Figure '2A). The differentiation potential of iPSCs is broadly similar to that of ESCs
[44,45], and multiple studies have shown that they faithfully recapitulate the impact of genetic

differences between individuals, making them valuable in vitro models [46—50].

Initially, iPSC_generation was limited to either humans or laboratory animals. However, the
establishment ofwiPSCs from non-model animals like the critically endangered northern white
rhinoceros or the=drill macaque, in both cases using the human Yamanaka factors sequences
(although somé ambiguity remains over whether optimal conditions and reprogramming factor
cocktail are shared across taxa), conclusively demonstrated the robustness of cellular
reprogrammings[S1]. Today, iPSC lines from mammals ranging from the platypus [52] to various
commercially amportant livestock species [53] have been reported, with recent reports of urine-
derived iPSC lines from gorilla and orangutan [54]. Potential uses for these iPSC lines range from
conservation and recovery of endangered species to the production of genetically engineered

animals, again shewcasing their versatility [55].

Using iPSCsto'model complex biology in vitro

However, the true potential of iPSCs stems from their ability to differentiate into other cell types.
This makes them an invaluable resource, particularly in instances where relevant cell types are hard
to obtain via other Sources, including rare cell types or transient developmental intermediates.
Fundamentally, iPS€ differentiation involves the exogenous activation of specific transcription
factors and gene expression modules that will drive the pluripotent cell towards the desired cell type
[56], although protocols for iPSC differentiation vary vastly in their efficiency, duration, cost and in

their ability to replicate the target cell type.

Early differentiation protocols gave rise to cells that grew 2-dimensionally along the bottom of

tissue culture plates, and could therefore not fully represent the complexity of a developing tissue.
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Nonetheless, many protocols sought to explicitly mirror in vivo development, progressing in
discrete steps from pluripotency to commitment towards one of the three developmental germ
layers and then further specification of terminal fate, a process that can span multiple weeks. By
explicitly recapitulating in utero development, these protocols provide insights into otherwise
unobservable processes in humans. However, the last decade has seen the development of protocols
to differentiate’ stem cells into self-organising, organ-specific 3-dimensional structures, called
organoids, which exhibit organ-like properties, and this has drastically advanced the ability to study
developmental processes in a controlled environment. Protocols to generate more than 10 different
types of iPCS-derived organoids have been established by now [57,58], and their complexity
continues to eyolve (Figure 2A). Organoid systems recapitulate the key transcriptomic features of
early stages of organ development observed in vivo [57,59-64], and to date have been used mainly
as disease models, particularly in cases with an early disease onset and cancer research [65—68].
Compared to 2D_cultures, organoids provide a model system that more faithfully captures the
physiological complexity of an organ and allows the study of developmental processes in a cell-type
specific manner=Forsexample, 2D culture does not provide control over cell shape and can induce
atypical cell polarities that are usually not found in vivo [69]. Despite their differences, both 2D and
3D cultures provide valuable model systems to study cellular processes in a controlled environment,
especially for cell*types that are inaccessible through other means. iPSC-derived models can
dramatically faeilitate the study of morphological and transcriptomic profiles of differentiated cell

types and establish Tinks to possible phenotypic implications.

However, iPSC-derived cells also warrant some notes of caution. As a general rule, iPSC-derived
tissues ressemblesfoetal, rather than adult, tissue in their gene expression patterns and metabolism.
This phenomenen has been described in multiple cell types [70-75]; one of the clearest examples is
1PSC-derived cardiomyocytes, which in vivo undergo a metabolic switch upon birth from using
lactate to pyruvatesfor energy generation, while iPSC-derived cardiomyocytes thrive in lactate by
default [76,77]Additionally, some iPSC lines can refractory to differentiation into certain
developmental lineages. Understanding why inter-individual differences manifest in this way, and
whether they stem from effects acquired during the reprogramming process or other variables

remains an opén question [78—82].

Despite improvements, differentiation protocols consistently yield heterogeneous cell mixtures, due
to both technical [83] and biological factors [84]. No two organoids or differentiation plates are
identical, containing variable fractions of cells at different points along developmental trajectories,

and these differences can have significant impacts on estimates of gene expression if aggregated
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across cells (reviewed by [85]). Therefore, iPSC-derived cells are often analysed through single-cell
sequencing, which captures cellular heterogeneity of the transcriptional profiles by generating data
from individual cells [86]. Recent refinements that allow the simultaneous measurement of gene
expression and gene regulatory activity—for example, chromatin accessibility or DNA
methylation—from the same cell are driving the development of comprehensive regulatory profiles

for each cell [87-91].

When working with non-model organisms, iPSCs therefore provide a suite of benefits. Many
experimental covariates that are hard to address when working with opportunistically collected
post-mortem samples, can be successfully controlled in this setting. This includes ensuring a sex-
balanced samplejsimilar passage number (instead of large age differences between donors), and the
ability to limit inter-individual differences in exposures to environmental covariates such as diet.
iPSC-derived cells_can be purified via flow cytometry or manipulation of growth conditions to
achieve comparable’ purity across samples [92]. Because they are alive, iPSCs and iPSC-
differentiated cellssean also be experimentally perturbed in a controlled setting. In combination with
single-cell sequeneing, cells from multiple individuals can even be pooled and cultured together in a
single dish and‘/computationally deconvoluted at the end of the experiment [93,94], thus minimising
inter-individual “differences during the experiment (such as differences in media acidification or

handling batchwetfects) that may confound results.

Inter-species insights from iPSC-derived models for human evolution

Since its inceptionsthe focus of the iPSC field has remained squarely biomedical. The advances
detailed above gere never developed with the explicit goal of testing evolutionary hypotheses, so it
is the ease withwwhich these approaches can be adopted that truly demonstrates the potential of
iPSCs beyond' the scope of regenerative medicine. Given the close evolutionary relationship
between humans and. chimpanzees, much of the focus of the field has been in establishing well-
characterised lines from the latter, with cell lines from approximately 20 different chimpanzee
individuals having been generated by researchers worldwide [95-103] and smaller numbers from
other great apes [54398,100,102,104,105] and other, more distantly related primates (for example,
[51,106—-108})sThe establishment of these lines has allowed researchers to leverage their potential
and incorporate them in functional studies explicitly designed to compare molecular processes

between humans and other non-human primates.

For instance, multiple groups have described inter-species differences in gene expression and

regulation at the pluripotent stage that could have bearing on adult phenotypes [95,103,104,109—
This article is protected by copyright. All rights reserved
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112]. Marchetto et al. [95] reported differences in activity in LINE-1 retrotransposons between 4
human iPSC lines and 2 chimpanzee and 2 bonobo lines. Likewise, comparing 7 human and 7
chimpanzee cell lines, Gallego Romero et al. [103] found that the transcription factor Rex1/ZFP42
appeared dispensable for maintaining pluripotency in chimpanzee iPSCs. By examining chromatin
accessibility and gene expression across the two species, they also reported that a substantial
fraction of differentially accessible regions of the genome overlapped known bivalently modified
genes, which play fundamental roles in early development [110]. Differences in chromatin structure
in 1PSCs of humans and chimpanzees were also reported by Eres et al. [111], again suggesting that
differences between the two species are established early in development. All of these studies
additionally identified 1,000s of differentially expressed genes between the two species, although
often the effect size"of the difference was small, and their contribution to adult phenotypes remains

undetermined.

Beyond the pluripotent state, a growing number of studies has compared iPSC-differentiated cells
from humans andwother evolutionarily relevant species (Figure 2B), again considering both gene
expression andstegulation — although there are significantly fewer datasets available that speak to
the latter. While the phenotypic difference between humans and other great apes that has drawn the
most focus is the advanced cognitive skills that are unique to humans [113,114], which we discuss
below, comparative studies have focused on an array of organs and cell types across all
developmentalstissue layers [101,109,112,115-118]. Much of this work incorporates specific
developmental questions or experimental manipulation that would be beyond the scope of non-iPSC
models. For @€xample, Ward et al. [115] exposed human and chimpanzee iPSC-derived
cardiomyocytes_togvarying oxygen levels to simulate ischemic reperfusion injury, asking whether
inter-species differences in the response could underlie the known differences in pathogenesis of
cardiovascular isease in humans and the other great apes [119], but instead finding that it is
broadly conservedsacross the two species. Meanwhile, Prescott et al. examined gene expression and
regulation in“eranial neural crest cells from humans and chimpanzees to identify differences in
craniofacial morphology development across the two, and identified genome-wide changes in
transcription factor activity at this early developmental stage of possible downstream consequence,
as well as asfiovel DNA binding motif that could suggest rewiring of developmental networks
across species [118]Finally, Cugola et al. [120] examined the effect of infection with two different
strains of Zika virus on human and chimpanzee cerebral organoids, and reported finding that a
Brazilian strain adapted to human-to-human transmission was not able to infect chimpanzee

organoids.
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Recently, non-human primate iPSCs have also been used in combination with high-throughput
screening technologies which allow the testing of the regulatory impact of large numbers of genetic
variants at once. An early application of these has been to the study of human-accelerated regions
(HARs), small genomic regions that are conserved throughout animals but divergent in humans, and
thus suggestive of adaptive change. Two recent publications have made use of iPSC-derived cells to
test the ability”of these human-specific substitutions to drive gene expression compared to their
ancestral states (Figure 3A, [121,122]), and both have identified multiple instances of differences in
regulatory domains, and specific transcription factor sites, that were capable of altering gene
expression levels significantly — at least in vifro. In another technological leap, two recent studies
have reported the generation of human-chimpanzee hybrid tetraploid cell lines, and used this system
to disentangle species-specific regulatory differences during craniofacial and neural development

[123,124].

Specific insights. into human cognitive differences

The genetic underpinnings of cognitive differences between humans and non-human primates are
likely to be found‘in‘the brain, a tissue that is difficult to access in humans, and even more restricted
in great apes. It 1s/to this question, therefore, that inter-species iPSC models have been applied most
frequently (see Mostajo-Radj et al. [125] for an extensive review of this field). In the absence of
primary tissue, Which is hard to obtain and stage, several studies have used iPSC-derived brain cell
types using 2D culture differentiation protocols from different developmental time points in an
attempt to explore differences that can be linked to human-specific cognition [122,126—-133]. For
example, Otani et al. made elegant use of the staged nature of a 2D cortical development protocol
[134] to examime“eortical cell proliferation across humans, chimpanzees and macaques, finding
differences in the amount of time cortical progenitor cells remained proliferative across the three
species [129] that could potentially be linked to differences in brain cell numbers between them.
Likewise, in"a more’ recent study, Kitajima et al. established a culture system of free floating
clusters of neural stem cells, also referred to as neurosphere, from chimpanzee-derived iPSCs [126].
Using this system the authors were able to study early neural developmental processes and the

underlying regulatorysnetwork involved in the formation of radial glia.

In recent years these efforts have been complemented by studies that have analyzed 3D brain
organoids derived from human and chimpanzee iPSCs, comparing developmental processes at
single cell resolutions to study human-specific brain biology [98,99,123,135-141]. For example, by
studying the transcriptomic and chromatin accessibility landscapes in human, chimpanzee and
macaque cerebral organoids, Kanton et al. showed that human neuronal development is delayed
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compared to the other two primates, and that this difference could be partially attributed to
differences in chromatin state between the two species [98]. In addition, the authors identified
human-specific expression changes that they show to persist into adulthood. Using a similar
approach Pollen et al. found differential expression patterns between human and chimpanzee
organoids, some of which they link to the activation of the AKT-mTOR pathway via two up-

regulated receptors in human radial glia [99].

The majority of these studies have focused on inter-species differences in gene expression, or
fundamental cellular traits like proliferation or growth, reasoning that these have direct bearing on
human cognitive skills (Figure 2B). Some of the mechanisms and observations we discuss above
may well underliesthese differences in cognitive complexity between humans and other primates.
But it bears remembering that these are complex phenotypes that do not easily lend themselves to in
vitro modelling, Interpretation of this first wave of results therefore remains tentative. While
improvements in differentiation protocols will continue to come closer to replicating actual brain
biology, there mayscome a time when the faithfulness of our models may necessitate a different
type of cautioniseonsideration of the ethical issues arising from increasingly complex cerebral

organoid systems [142].

Examining evolutionary processes within human populations

Contrary to the.above, the application of iPSC-based models to investigate intra-species variation in
present-day humans in an explicitly evolutionary context has so far been limited. The main
application of human iPSCs remains disease modelling, where small numbers of patient-derived
iPSC lines are gised.\Often, this approach is complemented with genome editing techniques to test
for phenotypic “effects of disease-associated variants, both in 2D and 3D organoid models (see

[143-145] for examples).

In parallel, the last few years have seen the generation of multiple population-scale iPSC panels.
HipSci [49] contains nearly 500 cell lines of primarily European ancestry; iPSCORE [48] 222 lines
from a diverse setsof US-based donors, although still predominantly European. Banovich et al.
[146] generated iPSC lines from 58 Yoruba individuals from the HapMap Project [147], a set of
extremely well characterised individuals of Bantu ancestry. Other efforts have focused on
generating iPSC banks from donors that carry the most common HLA haplotypes in the local
population (for example, [148,149]), to facilitate donor compatibility in future medical applications.
Of these, HipSci and iPSCORE are the most readily accessible by other researchers, being available

through commercial cell line repositories.
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The scope of these panels enables not only the mechanistic dissection of specific molecular
pathways or patient-specific condition, but also the linking of genotype and phenotype through
mapping of expression quantitative trait loci (eQTLs, Figure 3B), SNPs where differences in
genotype across individuals are robustly associated to differences in gene expression levels
[49,146,150-153]. For instance, Knowles et al. used iPSC-derived cardiomyocytes from 45 donors
to identify a set of eQTLs that could predict cardiotoxicity upon exposure to anthracyclines [154],
commonly used chemotherapeutic agents. Warren et al., meanwhile, established iPSC lines from 68
donors and used them to validate multiple candidate regions identified in a metabolic disease
genome-wide association study (GWAS) [155]. Both Cuomo et al,. and Strober et al., leveraged the
ability to use iPSCs'to observe early human development [156,157], again identifying eQTLs active
during endoderm /and mesoderm differentiation. It has been proposed that these ¢QTLs, many of
which are not active in adult tissues, may underlie some inter-individual differences in disease
predisposition later in life [158]. Similar approaches to study variation in modern humans for their
developmental andsregulatory effects in an evolutionary context using organoid models alongside

single cell sequeneing (Figure 3C) have been proposed to be feasible model systems [159].

Although the motivation for most of these studies is not explicitly evolutionary, insights from them
can nonetheless,be interpreted through the lens of human population genetics or evolutionary
change. Thismight appear counterintuitive, but ultimately, all of these studies seek to link
differences in genotype to differences in phenotype. Changes in response to positive selection are
only one of thé, mechanisms by which evolution proceeds; genetic drift, the gradual shift in allele
frequencies between populations that occurs simply due to neutral processes, is a powerful force of
itself, and the‘accumulated legacy of these evolutionary processes has biomedical implications
today [160]. Therefore, instances where differences in genotype can be linked to differences in traits
like diseasemprevalence provide a basis to study their evolutionary history, and possibly the

environmental forces that have contributed in shaping the underlying genetic variation.

Remaining challenges and arising opportunities

Coming yearsswill hopefully see growing use of iPSCs to address outstanding questions in human
evolution. Continued improvement in differentiation strategies, diminishing costs, and emergent
functional genomics technologies are all poised to come together and dramatically expand the range
of questions within research scope. In this final section we outline areas where challenges and

opportunities to the successful establishment of iPSCs as a widely adopted model system abound,
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and their potential to be truly transformative in the study of questions about human-specific

biology.

What can be modelled? What can we afford to model?

Differentiation _of large quantities of mature cells from iPSCs is one of the current focuses of the
differentiation field (for example, [161]), as is determining how faithfully these cells can model
late-onset traits, without being maintained in the laboratory for months or years (Figure 4A).
Increasing organeidscomplexity is another priority, not only with regards to vascularisation or
incorporation ofitissue-resident macrophages; recent developments have seen multiple tissue types
and organ systems integrated into single "assembloids" [162,163]. However, many evolutionary
questions remain out of bounds even now. Beyond cognitive complexity, questions such as, which
of the DNA differences that separate humans and chimpanzees contribute to human-uniqueness, or,
how have differentshuman populations adapted to environmental conditions such as variable
pathogenic loads;.encompass multiple organ systems and tissue types are likely not answerable with
current methods. Reducing complex traits to phenotypes that can be robustly investigated in a
laboratory setting'féquires not only additional technological developments, but also consideration of

two other limitations: cost, and study design.

Even when protecols are available, the expertise and cost requirements associated with iPSC
research aregoften prohibitive for all but a small number of research groups or consortia. A single
organoid differentiation experiment can cost thousands of dollars—before sequencing. Recent
advances that promise, for example, minimal cost media for iPSC maintenance [164] are welcome
steps, but differéntiation protocols often require highly specialised media as well as multiple
recombinant proteins or synthetic small molecules. And even as prices continue to drop, other
limitations, such as the need to culture 10s or 100s of organoids at a time are becoming more

relevant.

Context-dependent study design

Concerns about costi€annot be divorced from sound study design. Robustly identifying instances of
selective change between humans and chimpanzees at the transcriptome level can be done with as
few as 6-10 samples from each species (Figure 4B) [165,166]. Yet even in the case of comparative
great ape studies, the limited number of globally available cell lines means that it is difficult for any
particular researcher to gain access to a sufficiently diverse number of them—often not for a want

of trying. The international distribution of non-human ape iPSC lines is governed by CITES, a
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global agreement on trade of endangered species, which adds substantial regulatory complexity to

resource sharing.

The study of more recent evolutionary change presents different, but equally substantial challenges:
Most methods for identifying recent (population-specific) positive selection single out candidate
genetic regions that can span 100,000s of bases. Even when selection tests focus on individual
SNPs [22], results are analogous to those from GWAS, with peaks of high-scoring SNPs in linkage
disequilibrium (LLD) with one another [167,168], and no assurance that the most statistically
significant one'is also the biologically relevant one [169]. This is an unavoidable consequence of
existing LD stfuctutes in the human genome [167,168], exacerbated by the fact that when an
advantageous allele'rapidly rises in frequency, so do other SNPs in high linkage with it (Figure 1B,
4C). This problem is particularly pronounced for the functional study of introgressed archaic DNA.
Due to the recent nature of admixture of humans with Neandertals and Denisovans, introgressed
DNA is still segregating on haplotypes over tens of thousands of base pairs long. These haplotypes
often carry tenswormeven hundreds of archaic variants [170], making prioritisation a complex
problem. And swhilesincreasing sample sizes will help reduce the size of association peaks to
address some of these issues, it is unlikely that we will soon reach the point of pinpointing single

variants for testing simply via these existing methods.

In addition, GWAS have revealed that complex human traits like height or weight are highly
polygenic [9], with associated loci numbered in the 1,000s and distributed throughout the genome.
The majority of these make small contributions to the trait of interest. While there are stand-out
examples of human,evolutionary differences that are encoded by one or a handful of loci (reviewed
in [171]), this geneti¢ architecture means that when selection acts on a complex trait, it most likely
does so throughseoncerted small shifts in allele frequency across many of the loci that contribute to
that trait [35J=Thuspwhile it is relatively straightforward to isolate and test the role of a single DNA
variant using‘isogenic iPSC lines in combination with genome editing, the success of this approach
is contingent on variant effect sizes and trait architecture. Although beyond the scope of this review,
multiple studies have followed this path, sometimes referred to as ancestralisation [172]. While this
allows for very fine-scale examination of variant effects, it bears remembering that these kinds of
study ask a subtly different question — how does a specific variant (fixed in chimpanzees, for
example) behave in this particular (human, for example) genetic context? — and raises an
additional one: can it be confidently assumed that observations in this system truly mimic the

effects of that variant in its native genetic context? In addition, the limitations of current genome

This article is protected by copyright. All rights reserved


https://paperpile.com/c/lqhbEF/3DfO2
https://paperpile.com/c/lqhbEF/z7ojp+33xcI
https://paperpile.com/c/lqhbEF/fV6dG
https://paperpile.com/c/lqhbEF/z7ojp+33xcI
https://paperpile.com/c/lqhbEF/jm9hL
https://paperpile.com/c/lqhbEF/wYju9
https://paperpile.com/c/lqhbEF/wyzGO
https://paperpile.com/c/lqhbEF/Q4hVy
https://paperpile.com/c/lqhbEF/rrRew

482
483
484
485

486

487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516

editing methods, which only allow the simultaneous editing of a handful of bases at once [173],

mean that this approach is not well-suited for genome-wide approaches on its own.

Integrating functional genomics and population-scale iPSC studies for human

evolution

Given these caveats, a promising approach is to leverage the flexibility and power of iPSC
approaches with, the scalability of high-throughput functional reporter assays such as massively
parallel reporterassays (MPRAs, Figure 3A). These approaches combine traditional reporter assay
designs with molecular barcoding, allowing the simultaneous testing of 10,000s of variants in a
single experiment [174]. Above we highlighted two applications of MPRAs to the study of human-
chimpanzee DNA _differences [121,122]; another example is the work of Weiss et al., who
combined human iPSCs and their differentiated progeny with an MPRA to test for differences in
gene regulatory“potential of 14,042 fixed DNA differences between Neandertals, Denisovans and
humans, identifying407 where the modern and archaic alleles had a significantly different ability to
drive reporter gene expression [175]. Some of these variants impact genes implicated in cerebellum

size, or cranial anatomy, although others were not as easily parsed.

In parallel, we are likely to see a combination of the eQTL mapping approaches, discussed above,
where expression differences in either iPSCs or differentiated cells are linked to genetic variation,
with more overtly.evolutionary study designs. But in order to succeed, this approach must overcome
a significant challenge—genetic diversity. A well-powered genome-wide eQTL study that can
associate changes,in,DNA sequence to differences in gene expression between humans populations
that diverged only 50,000 - 10,000 years ago requires a minimum of ~50-70 individuals to be
sufficiently powered (smaller designs are possible, but drastically underpowered to detect small
effects sizes, Rigure 3B, 4B; see [176]). And while existing iPSC panels like HipSci or iPSCORE
far exceed those sizes, and therefore represent useful assets to study evolutionary questions
[159,177], they are far from representative of the breadth of existing human genetic diversity. With
donors in both panels being predominantly of European descent (Figure 4D), their use in
investigations of the”architecture of complex traits excludes a substantial fraction of the global

population [178,179].

These approaches can be further enhanced by combining them with experimental designs that take
full advantage of the potential to perturb iPSCs in laboratory settings. Large-scale differentiation of
iPSCs from a truly representative and global set of individuals into immune cells such as

macrophages, followed by exposure to a set of pathogens or pathogen-mimicking molecules, would
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allow for the identification of eQTLs associated with differences in immune response between
individuals of different populations, complementing existing studies on whole blood [180-184].
Likewise, differentiation into hepatocytes would allow for high-throughput screening of drug

compounds that vary significantly in efficacy across genotypes and populations.

Questions like'these, and others that once appeared equally intractable, are within scope — if not
now, then in the next/five or ten years. iPSCs have a vast and clear potential to facilitate the study of
human evolution_at_unprecedented molecular depth, bringing the field closer to grasping the

biological roots of human uniqueness. The challenge now is chiefly one of imagination.
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Figure legends

Figure 1: Adaptive change and human evolution (A) Genetic relationship of modern and
archaic humans with other great ape species. A phylogenetic tree displaying the genetic
relationship betweenydifferent modern human populations, Neandertals, Denisovans and four great
ape species is illustrated. Split times between species and modern and archaic humans are shown
together with two major admixture events (admixture levels displayed in percent) between archaic
and modern"humans [185]. (B) Schematic illustration of the process of positive selection over
time. Left: Haplotypes in a population (yellow) carrying neutral polymorphisms (light blue) are
displayed. Middle: Emergence of a beneficial polymorphism (red) on one haplotype. Right:

Haplotypes carrying the beneficial polymorphism increase in frequency in the population.

Figure 2: Application of iPSC differentiations to inter-species studies (A) The generation of
induced pluripotent stem cells (iPSCs) and their potential to differentiate into several cell
types and 3D organ models. Upper part: Three resources for the reprogramming of iPSCs and their
ability for self-renewal are displayed in the upper part. Lower part: Differentiation protocols enable
the generation of various cell types and organoids through the ectoderm, mesoderm and endoderm
germ layers, For 3D organoid models the organs the corresponding organoids are resembling are
illustrated. (B) Application of iPSC-derived models to study human evolution. Publications that
have applied 2D, and, 3D models in evolutionary studies to compare humans with other great apes

are displayed.

Figure 3: Frequently applied technologies in the context of iPSC research. (A) Massively
parallel reporter=assays. A high-throughput methodology that allows the simultaneous testing of
large numbers of DNA variants for their gene regulatory potential. Thousands of small
oligonucleotides (~150-200 bp) each containing a single DNA variant of interest are synthesised in
bulk and assembled into a traditional reporter assay plasmid construct, so that their ability to drive
expression of a reporter marker can be tested. They are then associated with unique DNA barcodes
and transfected in.bulk into cells. By quantifying the abundance of each barcode through RNA-
sequencing, each variant's regulatory potential can be quantified. (B) Expression quantitative trait
loci. An association between genotype at a given SNP and expression levels of a nearby gene.
Individuals are stratified by genotype at the SNP of interest, and then a simple test compares
expression levels of a gene across the three possible genotype classes (each homozygote and the
heterozygote). Variants that are associated with significant expression differences between genotype

classes are referred to as expression quantitative trait loci (eQTL). (C) Single-cell sequencing
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technologies. In instances where tissues represent a heterogeneous mix of different cell types,
single-cell technologies are often used to measure the expression profiles in individual cells and
quantify the variability in a cell-type specific manner. Tissues must first be dissociated into a single
cell suspension, followed by the sequencing of the transcriptomes of single cells. The reconstructed
expression profiles based on the sequencing data can then be used to group cells from the same cell
type using clustering approaches such as t-distributed stochastic neighbor embedding (t-SNE) or
Uniform Manifold Approximation and Projection (UMAP).

Figure 4: Future challenges in the application of iPSC models to study human evolution. (A)
The developmeéntalirange represented by iPSC-derived tissue models. The level of maturation
of iPSC-derived"2D and 3D models is almost exclusively limited to mirror the human prenatal
stage. An example of brain organoids shows that their morphological and transcriptional profile is
most similar to_the human fetal brain in parts of the first and second trimester. (B) Statistical power
differences between inter and intra-species comparisons. The number of sufficient samples
needed for a robustidifferential expression analysis is an order of magnitude higher in human intra-
species analysesireompared to differential expression analyses between humans and other great apes.
(C) Schematic illustration of the concept of linkage disequilibrium. A genomic phenomena in
which genetic variants with a shared history co-occur until recombination separates them. LD
between genetic, variants hinders the prediction of causal variants in association studies.
Evolutionary processes that are associated with increased levels of LD include positive and negative
selection, as well as recent admixture. (D) Limited genetic diversity in human stem cell banks.
The ancestry ofistem cell donors in two large stem cell banks, the HipSci [49] and iPSCORE [48] is
displayed.
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