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SUMMARY

Induced pluripotent stem cells (iPSCs) from diverse humans offer the potential to study human functional variation in controlled culture
environments. A portion of this variation originates from an ancient admixture between modern humans and Neandertals, which intro-
duced alleles that left a phenotypic legacy on individual humans today. Here, we show that a large iPSC repository harbors extensive
Neandertal DNA, including alleles that contribute to human phenotypes and diseases, encode hundreds of amino acid changes, and alter
gene expression in speci ¢ tissues. We provide a database of the inferred introgressed Neandertal alleles for each individual iPSC line,
together with the annotation of the predicted functional variants. We also show that transcriptomic data from organoids generated
from iPSCs can be used to track Neandertal-derived RNA over developmental processes. Human iPSC resources provide an opportunity
to experimentally explore Neandertal DNA function and its contribution to present-day phenotypes, and potentially study Neandertal

traits.

INTRODUCTION

Protocols exist to differentiate human embryonic and
induced pluripotent stem cells (iPSCs) into many different
cell types of the human body ( Williams et al., 2012 ).
In addition, stem cells can self-organize into complex
three-dimensional structures containing multiple cell
types that resemble human tissues (such as the brain,
liver, stomach, intestine, skin, and kidney) ( Clevers,
2016). These stem cell-derived systems can be used to
explore how natural variation between human individ-
uals impacts development, cell biology, and susceptibility

to disease (Banovich et al., 2018; Bonder et al., 2019; Car-
camo-Orive et al., 2017; Kilpinen et al., 2017; Lancaster
and Knoblich, 2014 ). Some of the variation in present-
day humans has been shown to derive from admixture
between modern and archaic hominins. Analyses of
Neandertal genomes revealed that Neandertals and mod-
ern humans interbred approximately 55,000 years ago as
the latter migrated out of Africa. As a consequence,
around 2% of the genomes of all present-day non-Africans
derive from Neandertal ancestors ( Green et al., 2010; Prti-
fer et al., 2014, 2017 ). Because the segments of DNA in-
herited from Neandertals varies between individuals, it
has been estimated that at least 40% of the Neandertal
genome survives in people today ( Vernot and Akey,
2014). Recent genome-wide association studies suggest
that the DNA relics from this admixture left a phenotypic
legacy, inuencing, for example, skin and hair color,
immune response, lipid metabolism, skull shape, bone

morphology, blood coagulation, sleep patterns, and
mood disorders (Dannemann and Kelso, 2017; Danne-
mann et al., 2016; Gunz et al., 2019; Khrameeva et al.,
2014; Quach et al., 2016; Sams et al., 2016; Sankararaman
et al., 2014; SIGMA Type 2 Diabetes Consortium et al.,
2014; Simonti et al., 2016; Vernot and Akey, 2014 ). In
addition, it has been reported that Neandertal-intro-
gressed DNA has a signi cant effect on gene expression
in adult human tissues possibly as a result of selection
acting on Neandertal variants in regulatory regions ( Dan-
nemann et al., 2017; McCoy et al., 2017; Petr et al., 2019;
Silvert et al., 2019; Telis et al., 2019 ). However, these
associations have been observed in living people or in
tissues, where there is limited opportunity for controlled
experimentation. Furthermore, there are few opportu-
nities to study the impact of Neandertal-introgressed
DNA on developmental processes in modern humans.
The Human Induced Pluripotent Stem Cell Initiative
(HipSci) has generated and characterized a large resource
of human iPSCs with genome-wide genotype data ( Kilpi-
nen et al., 2017 ). Repositories, such as HipSci present an
unprecedented opportunity to identify carriers of Nean-
dertal alleles of interest, which could be used for
controlled experiments in vitro to explore the genetic
mechanisms underlying Neandertal and modern human
phenotypes. However, there has been no detailed evalua-
tion of Neandertal DNA composition within stem cell
resources, and it is unknown which Neandertal-intro-
gressed alleles are available for functional testing using
such experiments.
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Figure 1. Identibcation of Neandertal Haplotypes in Human iPSC Lines

(A) The Human Pluripotent Stem Cell Initiative (HipSci) created and characterized induced pluripotent stem cells lines from 173 in-
dividuals with genome-wide genotype data, which we analyzed for Neandertal ané@kiipefl et al., 201). Circos plots show
Neandertal haplotype coverage across each chromosome for three individuals (top) and the entire resource (hitiitoar) €t al.,

2017.

(B) Principal-component analysis on SNPs that distinguish East Asian (EAS) (dark gray), Southeast Asian (SAS) (gray), and European (light
gray) individuals suggests that each HipSci individual (teal) has a major European component to their ancestry.

(C) Boxplot shows Neandertal DNA in megabases (Mb) per individual detected in 173 HipSci individuals.

(D) The cumulative percentage of the human genome covered by Neandertal haplotypes in the HipSci resource. The percentage is also
shown for European and all non-African individuals from the 1000 Genome Project.

(E) Frequency distribution plot showing the HipSci resource partitioned by the contribution of variants found in heterozygous (lower,
black) and homozygous state (upper, gray). Highlighted are four selected SNPs (chr9:16BR022r4:38760338TLR1/TLR6/TLR10
chr12:113366899)AS1/0OAS2/0A8RBr11:3867350PNMAITable 2tagging high-frequency Neandertal haplotypes close to genes with

phenotype associations.

(F) Neandertal DNA percentage, alleles, and haplotypes present in the HipSci resource covering the OAS locus. In this example, the gene
OAStontains Neandertal alleles in non-protein coding, potential regulatory regions (blue bars), and those that change the amino acid
sequence, present at a frequency of approximately 33% in HipSci individuals. Gene, promoter, and enhancer annotations are from ENSEMBL

(GRCh37Experimental Procedujes

We have analyzed the genome sequences from 173 individ-
uals (mostly Europeans) within the HipSci resource and
identi ed the modern human and Neandertal component
of each individual's ancestry ( Figures 1A and 1B). We used
alleles in present-day humans that are shared with the Vin-
dija Neandertal and absent in Yoruba individuals, along
with a linkage disequilibrium-based test for incomplete
lineage sorting (ILS), to identify haplotypes that are likely
of Neandertal origin. We used the Vindija Neandertal
genome to identify Neandertal haplotypes because it is
more similar to the introgressing Neandertals than the
Altai Neandertal genome, thus providing additional

power to detect haplotypes ( Prufer et al.,, 2014, 2017).
Based on these inferred haplotypes, we nd that cumula-
tively 19.6% (661 Mb) of the Neandertal genome is repre-
sented in these cell lines, with between 18.7 and 30.9 Mb
Neandertal DNA per individual ( Figure 1C; Tables 1 and
S1). We found that 98% of inferred haplotypes overlap
previously identi ed introgressed sequence and that the
cumulative amount of Neandertal DNA present in this
resource approaches the total amount that has been identi-
ed in Europeans ( 1000 Genomes Project Consortium
et al., 2015; Sankararaman et al., 2014; Vernot et al.,
2016) (21.3%, Figure 1D). Of the detected archaic variants,
22.1% are found in a homozygous state in at least one
cell line ( Figure 1E). Some of these homozygotic variants
tag high-frequency Neandertal haplotypes close to genes
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Table 1. Breakdown of Neandertal DNA Coverage in the HipSci Resource

Average across Cell Lines (Range)

Cumulative across Cell Lines (Range)

Neandertal ancestry (bps) 22,985,635 (18,725,364-30,931,585) 607,404,493
Haplotype length (bps) 48,014 (42,613-56,968) -

Neandertal alleles 15,845 (12,829-20,060) 205,032
Missense Neandertal alleles 59 (38-90) 719
Neandertal alleles in enhancer/promoter 235 (169-340) 2,852

regions

Neandertal PheWAS alleles 45 (29-60) 924
Neandertal GTEx eQTLs 45 (29-60) 270

Neandertal alleles showing allele-speci ¢
expression

119 (75-176)

957

with phenotype associations, including BNC2 (associated
with skin color) ( Dannemann and Kelso, 2017; Vernot
and Akey, 2014), TLR1/TLR6/TLR10 and OAS1/OAS2/
OAS3 (Figure 1F, both associate with innate immune
response) (Dannemann et al., 2016; Mendez et al., 2013;
Sams et al., 2016). We note that the addition of samples
from non-European populations would extend the amount

of Neandertal DNA that can be tested for its phenotypic
effects even further. For example, an additional 16.4% of
the Neandertal genome has been identi ed in east and
south Asians (1000 Genomes Project Consortium et al.,
2015), but is absent from the HipSci resource as individuals
are largely of European ancestry.

The Presence of Putative Functional Neandertal Alleles

in HipSci Cell Lines

We next analyzed the prevalence of functionally relevant
Neandertal DNA within the HipSci resource. We collected
recently published Neandertal-derived phenotype and
disease-associated alleles Dannemann and Kelso, 2017;
Dannemann et al., 2016; Quach et al., 2016; Sams et al.,
2016; Sankararaman et al., 2014; Simonti et al., 2016 )
and found that most (22/24) of the alleles that reached
genome-wide signi cance are present in the resource in
more than 1 iPSC line ( Figure 2A; Table 2). These alleles
are associated with a variety of processes, including diges-
tive function, nutrition, skin color, coagulatory protein
production, and immune response. In addition, we identi-
ed hundreds of alleles that alter amino acids, are expres-
sion quantitative trait loci (eQTL) ( Dannemann et al.,
2017), or show allele-speci c expression ( McCoy et al.,
2017) (Table S1). We performed a power analysis to deter-
mine how many Neandertal-associated eQTLs are present
in a set of randomly sampled lines from the HipSci
resource. As an example, we nd that 50 HipSci lines
chosen at random will allow the interrogation of approxi-
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mately 310 Neandertal-associated eQTLs with each site
represented in at least 5 cell lines ( Figures 2B, 2C, and S1).

We note that each Neandertal allele present in the
HipSci resource exists in a primarily modern human back-
ground. However, in each individual many Neandertal al-
leles co-occur (Figure 2D). For example, in the HipSci
resource, one of the Neandertal alleles at the OAS1locus
(chr12:113425154, Figure 1F), a locus with the highest
Neandertal frequencies in present-day humans ( Mendez
et al., 2013; Sams et al., 2016), is paired with 90% of the
other introgressed Neandertal alleles in at least one cell
line. It may thus be possible to leverage such co-occur-
rences to study epistatic interactions among Neandertal
alleles. Given a large sample size, one could, for example,
test for differences in gene expression or immune pheno-
type associations of OAS1 in the presence of other
immune-related Neandertal alleles. Restricting to such
interactions may reduce the search space enough to
make “NxN” epistasis a more tractable problem than the
identi cation of more general epistatic interactions ( Huang
etal., 2013).

Association of Neandertal variants with gene expression
and phenotype variation were conducted in cohorts
mostly of European ancestry, a bias present in many
genome-wide association analyses (Mills and Rahal,
2019; Sirugo et al., 2019); therefore, our knowledge of
the functional potential of Neandertal DNA is limited to
variants that are on average at increased frequencies in
European populations ( Figures 2E and 2F). In addition,
as iPSC resources continue to expand to include individ-
uals from other non-European populations, it will not
only become possible to explore the phenotypic contribu-
tion of Neandertal DNA enriched in those populations,
but also study alleles derived from other archaic homi-
nins, such as Denisovans (Meyer et al., 2012), a distant
Asian relative of Neandertals that made even larger
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