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Impact and Evolutionary Determinants
of Neanderthal Introgression on Transcriptional
and Post-Transcriptional Regulation

Martin Silvert,.2 Lluis Quintana-Murci,!.3* and Maxime Rotivall.3*

Archaic admixture is increasingly recognized as an important source of diversity in modern humans, and Neanderthal haplotypes cover
1%-3% of the genome of present-day Eurasians. Recent work has shown that archaic introgression has contributed to human pheno-
typic diversity, mostly through the regulation of gene expression. Yet the mechanisms through which archaic variants alter gene expres-
sion and the forces driving the introgression landscape at regulatory regions remain elusive. Here, we explored the impact of archaic
introgression on transcriptional and post-transcriptional regulation. We focused on promoters and enhancers across 127 different tissues
as well as on microRNA (miRNA)-mediated regulation. Although miRNAs themselves harbor few archaic variants, we found that some of
these variants may have a strong impact on miRNA-mediated gene regulation. Enhancers were by far the regulatory elements most
affected by archaic introgression: up to one-third of the tissues we tested presented significant enrichments. Specifically, we found strong
enrichments of archaic variants in adipose-related tissues and primary T cells, even after accounting for various genomic and evolu-
tionary confounders such as recombination rate and background selection. Interestingly, we identified signatures of adaptive introgres-
sion at enhancers of some key regulators of adipogenesis, raising the interesting hypothesis of a possible adaptation of early Eurasians to
colder climates. Collectively, this study sheds new light on the mechanisms through which archaic admixture has impacted gene regu-
lation in Eurasians and, more generally, increases our understanding of the contribution of Neanderthals to the regulation of acquired

immunity and adipose homeostasis in modern humans.

The sequencing of the genomes of extinct human forms,
such as Neanderthals or Denisovans, has enabled the map-
ping of archaic variants in the genomes of modern
humans.'™” This archaic introgression has functional con-
sequences today, as introgressed variants have been re-
ported to alter a variety of phenotypes ranging from skin
pigmentation to sleeping patterns and mood disorders.®’
Furthermore, several studies have shown that Neanderthal
haplotypes are enriched in regulatory variants, with
respect to non-archaic haplotypes,'”'" suggesting that
archaic introgression might impact complex, organismal
phenotypes through changes in gene expression. Indeed,
up to one-quarter of Neanderthal-introgressed haplotypes
have been estimated to present cis-regulatory effects across
tissues and there is a bias toward downregulation of Nean-
derthal alleles in brain and testes.'” Furthermore, genes
involved in innate immunity and interactions with RNA
viruses have been reported to be enriched in Neanderthal
ancestry.'*'* Archaic variants affect, in particular, tran-
scriptional responses to viral challenges.'""'> A depletion
of Neanderthal introgression has recently been docu-
mented in conserved coding regions and, surprisingly, in
promoters,'® suggesting that archaic introgression could
affect gene expression through promoter-independent
mechanisms. One such example is found in post-transcrip-
tional regulation by miRNAs; such regulation has been re-
ported to contribute to phenotypic differences between
archaic and modern humans.'”''® Thus, the relative contri-

butions of transcriptional and post-transcriptional mecha-
nisms to the effects of archaic variants on gene expression
remain to be determined.

Our understanding of the selective forces that shaped the
landscape of archaic introgression is also rapidly growing.
In most cases, archaic variants were selected against, and re-
gions of higher selective constraint, in particular those that
are X-linked or contain testis-expressed and meiotic-related
genes, were depleted in archaic ancestry."* '’ Some studies
have also suggested that Neanderthals had a reduced effec-
tive population size®” because of a prolonged bottleneck or
a deeply structured population.®??! Natural selection in
Neanderthals would thus have been less efficient in purging
deleterious mutations,**** alarge proportion of which were
removed from the genome of modern humans after their
admixture with Neanderthals.'® However, archaic variants
have also contributed, in some cases, to human adapta-
tion'>?*28 shortly after their introduction into modern hu-
mans or after an initial period of genetic drift.”**° Given the
rapid evolution of regulatory regions and their potential
adaptive nature,”'** the evolutionary dynamics of Nean-
derthal introgression at regulatory elements needs to be
explored in further detail.

In this study, we aimed to increase knowledge about the
impact archaic introgression has had on transcriptional
and post-transcriptional mechanisms; we focused on
promoter-, enhancer-, and microRNA (miRNA)-mediated
regulation.®*** To this end, we first characterized the set
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Figure 1.

Enrichment of Neanderthal Variants in Regulatory Regions

(A) Odds ratio depicting the excess or depletion of Neanderthal variants in coding regions and regulatory elements (promoters, en-
hancers, and miRNA binding sites) compared to the remainder of the genome. Enrichments are shown for three bins of minor-allele
frequencies (MAFs), together with 95% bootstrap confidence intervals: *p value < 0.05, **p value < 0.01, ***p value < 0.001.

(B) Relative density of aSNPs in promoters, enhancers, and miRNA binding sites in different MAF bins, with 95% bootstrap confidence

intervals.

(C and D) Comparison of density of conserved sites (GerpRS > 2) and mean B statistic of promoters, enhancers, and miRNA binding sites.
(E) Percentage of alleles that are fixed in Neanderthal, absent from the African Yoruba from Nigeria (YRI), and introgressed at a MAF > 5%
in Eurasians. For each type of region, box plots show the variability of the estimates based on 1,000 bootstrap resamples of 100 kb
genomic windows. The dashed vertical line indicates the genome-wide average.

(F) Total length of promoters, enhancers, and miRNA binding sites.

of variants of putative Neanderthal origin — archaic SNPs
(aSNPs) — as those for which one allele is both present in
the Neanderthal Altai genome® and absent in the Yoruba
African population of the 1000 Genomes Project® (see
Supplemental Data). We further required aSNPs to be
located in genomic regions where Neanderthal introgres-
sion has already been detected in Europe or Asia." We
then investigated deviations in the presence or absence
of aSNPs among specific classes of functional elements by
measuring the density of aSNPs with respect to that of
non-aSNPs in the European (CEU) and Asian (CHB) popu-
lations of the 1000 Genomes Project.®> We then compared
the relative density of aSNPs at specific functional regions
to that in the rest of the genome. Genomic regions were
considered as enriched or depleted in aSNPs if the resulting
odds ratio (OR) was significantly different from 1.

Overall, we observed a strong depletion of aSNPs in cod-
ing regions (OR = 0.71, p value < 10~*) and similar levels
of introgression at regulatory regions compared to those of
non-functional elements. We then divided genetic variants
according to the frequency of their minor allele, which cor-
responds to the Neanderthal allele in 99.8% of all aSNPs.
Minor-allele frequency (MAF) was computed in Eurasian
populations combined, and variants were split into three
bins (rare - MAF < 1%, low frequency - 1% < MAF <
5%, and common - MAF > 5%). In doing so, we found
that the depletion in coding regions was driven by rare
and low-frequency variants (OR < 0.79, p value < 2 X
107>, Figure 1A), whereas regulatory regions were weakly
enriched in low-frequency and common aSNPs (OR >
1.04, p value < 0.05). We then used the ancestral or derived
state of each aSNP to distinguish between derived alleles
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that originated in the Neanderthal lineage (i.e., derived
aSNPs, 91% of all aSNPs) and ancestral alleles that were
re-introduced by Neanderthals after the fixation of the
derived allele in the human lineage (i.e., ancestral aSNPs,
9% of all aSNPs, Figure S1). When comparing derived
aSNPs to non-archaic variants of similar derived allele fre-
quency (DAF), we observed a depletion of both coding
and regulatory regions in rare archaic variants (DAF <
1%, OR<0.91,p< 2 X 107%), and there was no significant
enrichment of common and low-frequency aSNPs in regu-
latory regions. Interestingly, when focusing on variants
presenting a DAF > 95% (i.e., ancestral aSNPs at < 5% fre-
quency), we observed an enrichment of archaic variants in
regulatory regions (OR > 1.25, p < 2 x 10°), highlighting
the contribution that ancestral alleles re-introgressed by
Neanderthals make to gene regulation in humans.

To understand how introgression has impacted genetic
diversity across various types of regulatory elements, we
then investigated the relative density of aSNPs across pro-
moters, enhancers, and miRNA binding sites. Although
this metric differed markedly across frequency bins, it did
not differ across categories of regulatory elements, despite
their important differences in strength of negative or back-
ground selection (Figure 1B-1D). However, when
measuring the rate at which Neanderthal alleles were intro-
gressed in Europe or Asia, we found that they were less
likely to reach high frequency (MAF > 5%) in coding or
regulatory regions with respect to non-functional regions
(p < 107'°, Figures 1E and S2). This effect was less marked
among enhancers, and that, together with the larger size of
enhancers (Figure 1F), suggests that Neanderthal variants
are quantitatively more likely to affect gene regulation
via modification of enhancer activity than though changes
of promoter or miRNA binding sites.

Given the low fraction of the genome that is covered by
miRNAs and miRNA-binding sites (miRNABS) (Figure 1F),
they are expected to be, quantitatively, the least affected
by archaic introgression. Indeed, we only found six aSNPs
that overlap the sequence of mature miRNAs, two of which
alter the seed region (Figure 2A): rs74904371 in miR-
2682-3p (MAFcyp = 0, MAFcey = 3%) and rs12220909 in
miR-4293 (MAFcpup = 17%, MAFcey = 0). The presence
of aSNPs in four of these miRNAs, particularly those
located in seed regions, affected the set of genes they
bind (Figure 2B and Table S1). We also detected 2,909
aSNPs in miRNABS, 29% of which were common (Table
S2). We found a direct linear relationship between the
number of genes bound by a miRNA and the number of
aSNPs in its binding sites (r = 0.56, p value < 107,
Figure 2C), suggesting that introgression affected
miRNABS independently of their cognate miRNAs. As a
pertinent example, the ONECUT2 locus (MIM: 604894)
presents the highest number of aSNPs that alter conserved
miRNABS (Figure 2D) and has been previously reported to
be a likely target of adaptive introgression.”* This gene,
which encodes a member of the onecut family of transcrip-
tion factors, contains 13 aSNPs that alter miRNABS, six of

which are highly conserved (GerpRS > 2). Interestingly,
these aSNPs fall within the 0.4% most-differentiated aSNPs
between Europeans and Asians at the genome-wide level
(Fst > 0.38). We also detected aSNPs, mostly population
specific, that alter conserved miRNABS at several key im-
mune genes, including CXCR5 (MIM: 601613; MAFcyg =
8%, MAFcry = 0), IL7R (MIM: 146661; MAFcup = 8%,
MAFcgy = 0), and IL21 (MIM: 605384; MAFcyp = O,
MAFcgy = 8%).

Next, we focused on how archaic introgression has
affected promoters and enhancers. Given the tissue-spe-
cific impact of archaic introgression on gene regula-
tion,'”'? we searched for enrichments in Neanderthal
ancestry across regulatory elements in 127 different tis-
sues.”* The impact of archaic introgression in promoters
was similar to that in the remainder of the genome in all
tissues and frequency bins (Table S3). Conversely, we
found that enhancers are enriched in common aSNPs in
42 tissues (FDR < 5%, Figure 3A and Table S4), and we
detected similar patterns in CEU and CHB populations
(r = 0.62, Figure S3). Among the 42 tissues presenting sig-
nificant enrichments, adipose-derived mesenchymal stem
cells (AdMSCs) and mesenchymal stem-cell-derived
adipocytes were the most enriched (OR > 1.13, p value <
3 x 10°°), followed by fetal heart (OR = 1.15, p value =
8 x 107%), small intestine (OR = 1.21, p value = 2 x
10~%), and different T cell tissues (OR > 1.14, p value <
1.5 x 1072). When restricting our analyses to derived
aSNPs (and using SNPs with DAF < 50% as background
set), we replicated the enrichments at enhancers for 27 tis-
sues (FDR < 5%, Tables S3 and S4), indicating that the
impact of archaic introgression for these tissues is driven
by Neanderthal-derived variants.

Focusing on circulating immune cell types (Figure 3B),
we found enrichments among enhancers of various types
of primary T cells, the most significant being CD4"
/CD25" memory T cells (OR = 1.21, p value = 2.2 x
10~%), whereas enhancers of B cells, monocytes, and natu-
ral killer cells exhibited a density of common aSNPs similar
to genome-wide expectations. We also observed that
shared enhancers across different T cell subtypes (i.e.,
active in more than half of T cell subtypes, “core T cell en-
hancers”) display an enrichment in aSNPs (OR = 1.22,
p value = 5 x 10, Figure 3C) with respect to more special-
ized enhancers that are only active in a small fraction of
T cell subtypes.

We sought to assess whether the enrichment in aSNPs
detected in enhancers resulted from an excessive diver-
gence of these elements in the Neanderthal lineage or
from a higher rate of archaic introgression at enhancers.
We quantified the number of fixed human-Neanderthal
differences at enhancers across the 127 tissues and focused
on sites where both the Altai and Vindija Neanderthal ge-
nomes®’ differ from the ancestral sequence. We uncovered
large tissue variability; we found that enhancers active in
induced pluripotent stem cells presented the highest
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Figure 2. Effects of Archaic Introgression on miRNA-Mediated Regulation

(A) Representation of the archaic (red) and modern (green) human alleles for the six miRNAs presenting a Neanderthal-introgressed
variant in their mature sequence. The seed region of the miRNAs is shaded in gray.

(B) Total number of genes bound by the archaic and/or modern human allele of each of the six miRNAs harboring a Neanderthal variant
in their mature sequence.

(C) Relationship between the number of targets of each miRNA and the number of common aSNPs in the corresponding miRNA
binding sites.

(D) Introgression of aSNPs altering the miRNABS at the ONECUT2 locus (MIM: 604894). Gene structure is shown in the upper panel, and
miRNA binding sites that are altered by archaic introgression are highlighted in green. The middle panel represents the density of
conserved sites (GerpRS > 2) in 1,000 bp windows, and the bottom panel represents the repartition and frequency of archaic alleles
at the locus (blue for CEU, red for CHB). aSNPs that overlap miRNABS are represented with a darker shade, and aSNPs that disrupt a

conserved site are marked with stars.

divergence (290 differences/Mb) and that those active in
pancreas cells showed the lowest (220 differences/Mb).
However, given that the number of fixed differences
strongly correlates with genetic diversity (i.e., density of
common variants, r = 0.71, p value < 10729, we measured
the ratio of the number of fixed differences between hu-
mans and Neanderthals differences to that of common,
segregating SNPs in the region. Using this metric, we found
that enhancers of T cells displayed the strongest divergence
(7% increase compared to the mean across tissues, Wil-
coxon p value < 2 x 107%), whereas stem cells showed
the lowest (4% decrease, Wilcoxon p value < 7 x 107%)
(Figure 4A). Focusing on the rate of introgression, which
is defined as the proportion of Neanderthal-descended al-

leles that are present in the human genome at a MAF >
5%, we found that enhancers of T cells showed the highest
percentage (5% increase, Wilcoxon p value < 2 x 107°),
whereas brain cells showed the lowest percentage
(7% decrease, Wilcoxon p value < 4 X 1075) (Figure 4A).
We then explored the factors that might drive, at the
genome-wide level, the detected variation in Neanderthal
divergence and archaic introgression. Using 100 kb win-
dows, we correlated divergence and introgression with
metrics that capture local variation in neutral (mutation
and recombination) and selected (negative and back-
ground selection) diversity. Specifically, we measured
the percentage of guanine-cytosine (GC) to account
for their higher mutability, genetic size as measure of
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Figure 3. Effects of Archaic Introgression at Enhancers

Cell type specific enhancers

(A) Volcano plot illustrating the enrichment of common aSNPs in the enhancers of 127 different tissues from the Epigenomic Roadmap
Consortium. Tissues with FDR < 5% (triangles) are significantly enriched.
(B) Enrichments of common aSNPs in the enhancers of different immune tissues. Vertical bars indicate 95% confidence intervals

computed by bootstrap analysis.

(C) Enrichment of common aSNPs in the enhancers that are active in more than half of the investigated T cell subtypes (dark red, referred
to as “core T cells”) and in enhancers that are active in each T cell subtype and are not part of core T cell enhancers (light red, referred to as
“cell-type-specific enhancers”). Vertical bars indicate 95% confidence intervals computed by bootstrap.

(B and C) Note that CD4™ T cells are separated on the basis of CD25 so that Treg (CD25M), Tpwm (CD25™Y), and Theiper (CD257) are distin-

guished from one another.

recombination rate, density of conserved sites (GerpRS > 2)
as a measure of negative selection, and background selec-
tion derived as (1 — B), where B is the mean B statistic in
the window.?® We found that background selection corre-
lated with a lower rate of archaic introgression (r = —0.049,
p value < 10~ %, Figure 4B), consistent with previous find-
ings,"” but also correlated with increased local divergence
(r = 0.22, p value < 102, Figure 4C) and reduced density
of both common variants and fixed differences (r = —0.46
and —0.05, respectively, p value < 5 x 1072°, Figure S4).
We also found that negative selection and recombina-
tion rate correlated with both divergence and introgres-
sion, even after we adjusted for background selection
(Figure SS5).

To understand further how these factors could account
for the variation in divergence and introgression detected
atenhancers (Figure S6), we focused on three model tissues:
T cells (enhancers with high divergence and introgression),
AdMSCs (enhancers with low divergence and high intro-
gression), and prefrontal cortex (enhancers with high diver-
gence and low introgression) (Figure 4D). When correcting
for the various neutral and selective factors, we found that
introgression at T cell enhancers did not exceed that of
other tissues (p value > 0.11), but the high divergence and
relative density of aSNPs remained significant (p value <
8 x 107?). For AAMSCs, introgression remained higher
than expected (p value = 4 x 107?), leading to an excess

of aSNPs despite their depletion in divergence (p value =
3.8 x 10~?). For enhancers active at the prefrontal cortex,
all variables were within expected bounds. Collectively,
these analyses indicate that variation of several neutral
and selective factors is not sufficient to explain the excess
of Neanderthal introgression detected at enhancers. Some
enhancers might have undergone past adaptation in the
Neanderthal lineage or adaptive introgression in modern
humans, as illustrated by T cells and AAMSCs, respectively.

Finally, we explored the impact of archaic introgression at
enhancers on gene expression. To identify genes whose
expression is altered by Neanderthal introgression at en-
hancers, we focused on tissues where data from promoter
capture Hi-C were available®’*® and assigned each
enhancer located in a promoter-interacting region to the
corresponding gene(s). Archaic variants at enhancers pre-
dicted to interact with a gene were strongly enriched in
eQTLs (OR = 2.6, p value < 103, Supplemental Note 1
and Figure S7), further supporting the regulatory potential
of aSNPs. Genes interacting with T cell enhancers that har-
bor common aSNPs (n = 1,629, Table S5) were not enriched
in any specific biological function. However, 285 of
these genes are highly expressed in T cells (fragments
per kilobase of transcript per million mapped reads
[FPKM] > 100) and include known regulators of
the immune response (e.g., CXCR4 [MIM: 162643],
IL7R [MIM: 146661], ILIORA [MIM: 146933], NFKBIA
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Figure 4. Factors Shaping Human-Neanderthal Divergence and Archaic Introgression at Enhancers

(A) Comparison of the relative density of fixed human-Neanderthal differences and rate of introgression in the enhancers of the 127
tissues studied. The size of the circles is proportional to the relative density of common aSNPs in the enhancers of the corresponding
tissue; a black circle is added when the relative density of common aSNPs is significantly higher in these enhancers (FDR < 5%) than
in the rest of the genome. The density of each tissue category along the two axes is also presented.

(B and C) Genome-wide correlations, using 100 kb windows, between either the rate of Neanderthal introgression (B) or the relative den-
sity of fixed human-Neanderthal differences (C) and neutral and selective forces. *p value < 1072, **p value < 10710, and ***
p value < 1072, For each correlation, horizontal lines indicate 95% confidence interval.

(D) Observed values of rate of introgression and relative density of fixed differences and common aSNPs at the enhancers of core T cells,
AdMSCs, and prefrontal cortex, with respect to expectations based on 100 kb windows matched for length of enhancers alone or for
length of enhancers, percentage of GC, recombination rate, density of conserved sites, and mean B statistic of their enhancers (see
Supplemental Data). n.s. = not significant; *p value < 0.05, **p value < 0.01, and ***p value < 107>, Errors bars indicate 95% confidence

intervals of the expected values obtained by resampling.

[MIM: 164008], and PTPRC [MIM: 151460]). We found 14
loci presenting signatures of adaptive introgression;
i.e.,, these were genes that interact with enhancers
harboring very-high-frequency aSNPs (99" percentile of
MAF: MAFcey > 0.29 or MAFcyg > 0.35; Figures 5A and
5B). Among these, we found ANKRD27, which is associated
with eosinophilic esophagitis (MIM: 610247),%>° and
MED15 (MIM: 607372), which is involved in several can-
cers.*’~** With respect to adipose-related tissues, we identi-
fied 690 genes — 43 of which were highly expressed

(FPKM > 100) in the adipose tissue — interacting with
AdMSC enhancers that contain common aSNPs (Table
S6). These genes were enriched in functions related to the
regulation of cell motility (GO: 2000145, p value < 2.0 x
10~®) and insulin-like growth factor binding protein com-
plex (GO: 0016942, p value < 2.7 x 10~3) (Table S7). We de-
tected 16 aSNPs at ADMSC enhancers that present strong
signatures of adaptive introgression (Figures 5C and 5D).
This study reconstructs the history of how Neanderthal
introgression has affected various types of regulatory

1246 The American Journal of Human Genetics 104, 1241-1250, June 6, 2019



>

2 PNO1 RELCH
-g_ 40% ° ) @ 99th percentile
o RNU6-1280P <3 .ANKRD27 .
25 300 MED28P1 @ 95th percentile
2o O ° °
20 ° . '. ° ® 'S S . @& ° Expression in
8< 20%{ w® . ° . - . . °® . T cell tissues
sg o ° @ 100 < FPKM
%) ]
5% 10% ® 10 <FPKM < 100
o
E % BOBLBOBLBOOBT8080808000  ° <D
B 1 2 3 4 5 6 7 8 9 101112 13141516 18 20 22
o EPC2
£ 50% A (e} ° TMEM245 i
g CANGEL2 ~ AC098680.1 ° RNUT-134p, MEDTS O poaser
= ] - ° i
§ @ 40% JRP11-168K11.2 Oo 95th percentile
g cé) 30% 4 SNORD12B Expression in
2w .. T cell tissues
g% 20% @ 100 < FPKM
0
g T 10% ® 10 <FPKM < 100
c 1 2 3 4 5 6 7 8 9 101112 13141516 18 20 22
2 PPRX1 0OAS2
C
5 o® PTPDC1 . $>RNU6-1280P © 99th percentile
gb 30% | RRAGC ° e KRT73 ® 95th percentile
> ° . 'S °
20 % o o R ° Expression in
8 = 20% 1 % e ° o° ° ‘ . adipose tissues
c ° o o °
£2 ® 100 < FPKM
) o/
5% 10% ® 10 <FPKM < 100
D 1 2 3 4 5 6 7 8 9 101112 13141516 18 20 22
2 o - SCARF2
s 50% JAMT7A CSNK1A1 AKAP2 L @ 99th percentile
& 4001 KLF3 © CNTNAP4 TMEM189  ® 95th il
§ @ ° CENPF ° PTPDC1 . ° v percentile
[ )
20O 30% 4 . .. ’ o Expression in
g < . & ° . ® ° o o di ti
22 500 Q A . [ ] 8 . ® % 00 - ° adipose tissues
£z ® 100 < FPKM
%)
g © 10% 1 ® 10 < FPKM < 100
E %l @ & 8 & 6 & & b e 6.8 -
2 1 2 3 4 5 6 7 8 9 10 11 12 1314 1516 18 20 22

Figure 5.

Manhattan Plots of Genes Interacting with Enhancers That Contain Archaic Variants

(A and B) Genome-wide distribution of MAFs in CEU or CHB at aSNPs that overlap enhancers active in T Cells (core T cell enhancers). For
each window of 1 Mb along the genome, only the aSNP with the highest MAF is shown. Point sizes reflect FPKM of the most expressed
genes (max FPKM across T lymphocytes from Blueprint database®®) among genes interacting with the enhancer in T cells.”’

(C and D) Similar plots for enhancers active in AMSCs. Point sizes reflect the FPKM of the most expressed gene (max FPKM in GTEx
tissues Adipose—Subcutaneous and Adipose—Visceral [Omentum]®’) among genes interacting with the enhancer in adipose tissue.*®

elements as well as the mechanistic bases through which
archaic variants have altered gene regulation. Previous
studies have shown that archaic variants are more likely
to correlate with gene expression than non-archaic vari-
ants segregating at the same frequency.'”'! Our approach
differs from these studies in that it excludes indirect effects
from non-archaic variants segregating on introgressed hap-
lotypes and that it focuses on the direct regulatory poten-
tial of archaic alleles. In doing so, we find little evidence for
an enrichment of common archaic variants in regulatory
regions taken as a whole; these results might seem at
odds with previous studies. Yet one should note that the
functional impact of the archaic material we measure can

be decomposed in two separate components: (1) the fre-
quency at which Neanderthal haplotypes are introgressed
into the human lineage, which corresponds to the rate of
introgression measured by the f4-ratio statistics,'® and (2)
the degree of human-Neanderthal divergence at regulatory
elements, which determines the probability that intro-
gressed haplotypes carry a functional variant. Indeed,
when focusing on the rate of introgression, we find that
Neanderthal alleles were introgressed at a lower rate in
regulatory regions, consistent with recent findings for
promoter regions.'® This lower introgression rate is never-
theless compensated by a higher human-Neanderthal
divergence at regulatory regions (Figure S8), which is
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consistent with an increased probability that Neanderthal
haplotypes are associated with gene expression.'”!!

We also explored how Neanderthal introgression has
impacted miRNA-mediated regulation, and we showed
that although miRNAs harbor few archaic variants per
se, some of them might impact strongly miRNA-medi-
ated gene regulation and disease risk. For example, the
archaic allele at miR-4293 (rs12220909) is responsible
for the loss of 95% of its targets and has been associated
with diminished cancer susceptibility.**** Archaic intro-
gression has also affected miRNA binding sites, as illus-
trated by ONECUT2 (MIM: 604894), where an archaic
haplotype that is present at a high frequency in Asia
(MAFcpp = 0.49) alters multiple conserved miRNA bind-
ing sites. ONECUT2 is involved in liver, pancreas, and
nervous-system development®® and has recently been
proposed as a regulator of tumor growth in ovarian can-
cer (MIM: 167000).*°

Finally, our study reveals that archaic introgression
has impacted enhancers in a tissue-specific manner, re-
flecting either high human-Neanderthal differentiation,
as observed in T cell enhancers, or increased archaic intro-
gression, as detected in AdMSCs. Interestingly, the
AdMSC enhancers impacted by archaic introgression
interact preferentially with genes involved in the regula-
tion of adipocyte differentiation and adipogenesis. These
include receptors such as PDGFRB (MIM: 173410) and
TGFBR2 (MIM: 190182), the insulin growth factor IGF1
(MIM: 147440) and its binding partners IGFBP2 (MIM:
146731) and IGFBP3 (MIM: 146732), and the CXCR4
chemokine (MIM: 162643).*’-%% Furthermore, two of the
enhancers harboring archaic variants at the highest fre-
quencies interact with key adipocyte-differentiation regu-
lators, such as KLF3 (MIM: 609392) and PRRX1 (MIM:
167420),°*>° suggesting that introgression at AdMSC
might have been adaptive in humans. In support of this
notion, Dannemann and colleagues have found that
more than half of aSNPs associated with gene expression
in subcutaneous adipose tissue had increased in frequency
over the last 10,000 years, whereas the majority of aSNPs
had decreased in frequency over the same period of
time."” Given the proposed adaptation of Neanderthals
to cold environments,*® it is tempting to speculate that
archaic alleles at enhancers of AAMSCs provided a selec-
tive advantage to early modern humans during their
migration out of Africa. This hypothesis becomes particu-
larly interesting in light of previously reported cases of
adaptive introgression at the LEPR (MIM: 601007) locus
and at the locus of the WARS2 (MIM: 604733) and
TBX15 (MIM: 604127) genes, both loci being involved
in the regulation of adipose tissue differentiation and
body-fat distribution.”*” Further studies aiming to func-
tionally characterize the regulatory effects of Neanderthal
variants on adipocyte differentiation and fat distribution
are now required, as these archaic variants might have
contributed to the adaptation of early Eurasians to colder
climates.

Supplemental Data

Supplemental Data can be found online at https://doi.org/10.
1016/j.ajhg.2019.04.016.
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Figure S1. Allele frequency spectrum of modern and archaic alleles. (A) Densities of
derived allele frequency (DAF) of modern and archaic variants. (B) Number of aSNPs within

each bin of DAF, for derived-aSNPs and ancestral-aSNPs separately.
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Figure S4. Effects of neutral and selective factors on the density of common variants
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Figure S5. Effects of neutral and selective factors on rate of introgression and relative
density of fixed human-Neanderthal differences, conditional on background selection.
Correlations, computed in 100kb windows along the genome, between the rate of
introgression, the relative density of fixed human-Neanderthal differences and common
aSNPs, and several proxies of neutral and selective factors. *p-value < 10, **p-value < 107,
***p-value < 102°. For each correlation, horizontal lines indicate 95% confidence interval.
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Figure S6. Intensity of neutral and selective factors at enhancers across tissues.
Values, in the enhancers of the 127 tissues studied, of the percentage of GC, the mean
recombination rate, the density of conserved sites (GerpRS > 2), and the mean B-statistic.
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Figure S7. Effects of enhancer variants on gene expression. Comparison of the
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Supplemental Methods

Definition of archaic SNPs (aSNPs)

We considered all SNPs present in the European (CEU) and Asian (CHB) populations of the
1000 Genomes Consortium phase 3 (ref.*). Among them, aSNPs were defined as SNPs that
(i) have an allele for which the Neanderthal Altai is homozygous,® (i) are absent from the
African Yoruba population, and (iii) are located in a region in which Neanderthal introgression
has already been detected in Eurasia (probability of Neanderthal introgression > 0.9) (ref.°).
To distinguish alleles that originated in the Neanderthal lineage from loci where an ancestral
allele was re-introduced by Neanderthal into the modern human lineage, we inferred
ancestral/derived states based on the 6EPO ancestor sequence. aSNPs where the
Neanderthal allele matches the derived allele were considered as derived-aSNPs, while
aSNPs where the Neanderthal allele matches the ancestral state were classified as
ancestral-aSNPs. Because variants due to incomplete lineage sorting are more likely to
segregate at high frequency, and to minimize false positives among signals of adaptive
introgression, we took additional steps to filter out such variants when considering aSNPs at
high frequencies (Figure 5 and Tables S5 and $6). Specifically, we retrieved for each aSNP
the set of all aSNPs that are in high linkage disequilibrium (r* > 0.8) in either CEU or CHB.
We then required variants to have at least one linked aSNP at a distance of >10 kb, thus

filtering likely cases of incomplete lineage sorting.

Relative density of aSNPs and enrichments

To measure the impact of Neanderthal introgression on a specific region, or set of regions,
we measured the density of Neanderthal variants, as the number of aSNPs in the region,
divided by the length (in bp) of the study region. Likewise, the density of non-archaic variants
was computed as a measure of the overall diversity of the region. We then measured the
excess or depletion of archaic variants in a region by computing the ratios of these densities
(i.e. relative density of aSNPs) in the region, which were compared with those of the rest of
the genome. In doing so, we obtained an odds ratio that is significantly higher than 1 if the
region presents an excess of aSNPs, and significantly lower than 1 if the region is depleted
in aSNPs. We also used this statistic considering only aSNPs and SNPs within a given range
of frequencies f, based either on MAF, when considering all aSNPs (MAF<1%, 21% of
aSNPs; 1% < MAF =< 5%, 48% of aSNPs; or MAF > 5%, 31% of aSNPs) or DAF, when
considering derived and ancestral alleles separately (DAF<1%, 19% of aSNPs; 1% < DAF <
5%, 44% of aSNPs; or 5% < DAF < 50%, 28% of aSNPs for derived alleles; DAF>95%, 6%

of aSNPs for ancestral alleles).
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To compute the significance of the odds ratio, while considering both the haplotype structure
of Neanderthal variants and the local structure of the study regions, we divided the genome
into windows of 100kb and performed 10,000 bootstrap resamples of these windows,
recomputing the odds ratio for each bootstrap sample. We then computed
enrichment/depletion p-values as the percentage of bootstrap resamples where the odds

ratio is lower/higher than 1. Bidirectional p-values were then obtained as 2xmin(pPenrichment,

pdepletion)

Definition of regulatory regions

Human miRNA sequences and their locations were obtained from the miRbase database,
version 20 (ref.”). We used the miRanda software® version 3.3a, to predict miRNA binding
sites in the 3’'UTR of coding genes, as defined in Ensembl Annotation GRcH37.70. Defaults
cutoffs were used. Promoters and enhancers were defined based on chromatin marks in the
127 tissues of the Roadmap Epigenomics Consortium.® The calling of promoters and
enhancers was performed based on 15-state ChromHMM.'® We considered the union of the
Active TSS and Flanking TSS as “promoters”, and the union of the Enh (enhancers) and

EnhG (enhancers genic) categories as “enhancers”.

Characterizing the impact of introgression on regulatory regions

To dissect the relative contribution of Human-Neanderthal divergence, and post-admixture
removal of Neanderthal introgressed variants in shaping the current landscape of
introgressed regulatory variants, we first searched for fixed differences between the
genomes of Neanderthals and modern humans. Namely, we considered as a fixed difference
any variant (i) where both Neanderthal Altai® and Neanderthal Vindija'' were homozygous for
an allele, (i) absent in 6EPO ancestor sequence and (i) absent in the Yoruba population.*
We then defined the density of fixed differences in a region as the number of fixed
differences over the number of sites in that region, where sequence information was
available for Altai, Vindija and 6EPO genomes. This density was further divided by the
density of common variants in the region to yield a ‘relative density of fixed differences’,
which measures the excess of divergence in a study region given its overall diversity.

Reciprocally, we considered as the rate of introgression, the percentage of fixed differences



that were introgressed into modern humans and reach a MAF of at least 5%. With these
definitions, the product of the rate of introgression and the relative density of fixed differences

is equal to the relative density of common aSNPs in the region.

Impact of neutral and selective factors on introgression-related metrics

We investigated the effects of mutation, recombination, and negative selection (directly or
indirectly through background selection) on various introgression-related metrics, including
the rate of introgression, the relative density of fixed differences, as well as the density of
archaic variants segregating in CEU and CHB populations. To do so, we split the human
genome into 100kb windows, and focused on sites where sequence information was
available for Altai, Vindija and 6EPO genomes, excluding windows where sequence
information was available for less than 50% of the window. We then computed, for each
window, the percentage of GC or CG dinucleotide in the sequence, the mean recombination
rate, the proportion of conserved sites (GerpRS > 2) and the mean B-statistic. For each of
these metrics, the Pearson correlations with each introgression-related metric were
computed across all windows.

Next, similarly to what we performed genome-wide, we subdivided the genome in 100kb
windows and, for each tissue, we computed, at windows containing enhancers, the total
enhancer’s length and the percentage of GC, mean recombination rate, percentage of
conserved sites (GerpRS >2) and mean B-statistic in the corresponding enhancers. For each
tissue, we then assembled enhancers from randomly sampled windows and tissues to create
a pseudo-tissue, for which we can compute the relative density of fixed differences, the rate
of introgression and relative density of common aSNPs. To ensure that the reconstructed
tissues had an enhancer structure that is comparable to the original tissue, each resampled
pair (window and tissue) was selected so that the length of their enhancers matched that of
the enhancers from the original tissue.

To evaluate the contribution of neutral and selective forces to the relative density of fixed
differences and rate of introgression, we performed additional resamples matching
enhancers simultaneously for their percentage of GC, mean recombination rate, percentage
of conserved sites and mean B-statistic, in addition to their length. For each tested tissue and
matching, a total of 1,000 resamplings was performed and a p-value was computed as the
number of resamplings for which the relative density of fixed differences or rate of
introgression at enhancers of the tested tissue exceeded that of enhancers in the
reconstructed tissue. When resampling, we used the following bins for matching: (i) total
enhancer length: 20 bins defined as follows [0-200 bp], ]200-400 bp], ]400-600 bp], 1600-800
bp], 1800 bp-1kb], ]1-1.5 kb], ]1.5-2 kb], ]2-3 kb], 13-4 kb], ]4-5 kb], 15-7.5 kb], 17.5-10 kb], ]10-
20 kb], ]20-30 kb], ]30-40 kb], 140-50 kb], 150-75 kb], 175-100 kb], and ]1100-200 kb], (ii)



percentage of GC and percentage of sites with GerpRS > 2: 20 uniformly distributed bins of
5% width, (iii) B-statistic: 10 uniform bins of width 0.1, and (iv) mean recombination rate: 10

bins, based on deciles.

Identification of enhancer-interacting genes

To assign genes to the enhancers detected that are active in AMSC, we used promoter-
capture HiC (PC-HiC) data obtained from adipose tissue,'* and assigned each promoter to a
gene when it is located within 100 bp of its TSS. We then selected all interactions with a
CHICAGO score above 5, where the promoter-interacting region overlapped an enhancer in
AdMSC, and assigned the corresponding genes as targets of the enhancer. For primary T
cells, we used PC-HiC data obtained from Javierre et al.> We selected interactions with
CHICAGO score above 5 in the total CD8" T cells, as promoter interacting regions in this cell

type showed the strongest overlap with core T cell enhancers (Jaccard Index = 9.7%).

GO Enrichments

To assess whether specific biological functions had been preferentially affected by archaic
introgression at enhancers, we considered both tissues where PC-HiC was available, and
assigned each enhancer to a gene based on promoter interactions. As enhancers can
control multiple genes (22% of core T Cell enhancers are associated to more that 5 genes,
with up to 73 associated genes for the same enhancer), and genes that share a common
biological function tend to be found in clusters along the genome, we filtered out enhancers
with more than 3 target genes from our enrichment analysis, thus reducing the risk of
spurious enrichments due to clusters of co-regulated genes. We then used the GOseq
package'® to search for biological functions overrepresented among genes with aSNPs in
their enhancers, using the set of all genes with a SNP in their enhancers as background and

adjusting on total enhancer length of each gene.



Supplemental Note 1: Effect of aSNPs in enhancers on gene expression

To assess the impact on gene expression of aSNPs that overlap enhancer regions, we first
considered, for each gene, the set of aSNPs that overlap promoter-interacting enhancers in
primary T-cells (focusing on core T cell enhancers). We then assessed the frequency at
which such aSNPs were associated with changes in gene expression, based on GTEx
eQTLs and whole blood eQTLs identified by the eQTLGen consortium."? We found that while
only ~1% of aSNPs that overlap core T cell enhancers regulate their associated gene in
GTEXx tissues (FDR <5%), this figure reaches 22% when considering eQTLs obtained
through metanalysis of whole blood samples from over 30,000 donors." This suggests that
while enhancer-overlapping aSNPs contribute to gene expression variability, large sample
sizes are required to assess their true effects. Consistent with this notion, we observed that
the proportion of enhancer aSNPs that control the expression of their associated genes
increases with median gene expression and allele frequency (Figure S7), reaching 67% for
genes with FPKM>10 and aSNPs with a MAF >20% in Europe. Our data suggests that while
>60% of enhancer-overlapping aSNPs are significantly associated with gene expression
variation, many of these associations are usually missed by eQTL studies due to low power

or under-representation of individuals of non-European ancestry.
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