We went on to examine whether cis-eQTLs
shared across cell types have similar direction and
effect sizes. The comparison of the effect size for
an eQTL (most significant SNP per gene) in the
two cell types (Fig. 2C) showed concordance in
effect size for most eQTLs (Pearson’s 7 = 0.79).
However, in 42 genes, the most significant SNP
was associated with discordant directional effects
across cell types: The allele associated with high-
er expression in one cell type is associated with
lower expression in the other (Fig. 2D and fig.
S14). We identified another dimension of cell type
specificity: 6% of genes with cis-eQTLs shared
across cell types are influenced by different,
independent SNPs in each of the two cell types.
Furthermore, 7% of independent SNPs in T cells
and 11% in monocytes were associated with ex-
pression levels of more than one gene, with several
SNPs affecting different genes in a cell type—
dependent manner (Fig. 2E).

Leveraging 6341 SNPs (LD-pruned to 7* < 0.4)
associated with one or more of 415 human dis-
eases or traits [National Institutes of Health
genome-wide association study (GWAS) cata-
log] (14), we note 887 independent SNPs that
influence expression of 1088 genes in cis (tables
S16 and S17). To distinguish coincidental co-
localizations of GWAS and eQTL associations,
we used regulatory trait concordance (RTC) scores
(15), which assesses whether a cis-eQTL and a
trait association are tagging the same functional
variant. Applying a stringent RTC threshold of
0.9, we identified 106 GWAS SNPs in T cells
for which the trait and expression associations
may be tagging the same effect; in monocytes,
123 GWAS SNPs met this criterion. Given the
cell types profiled in our study, we found the
expected significant enrichment (permutation
P <1 x 107 for cis-eQTLs among autoimmune
disease—associated variants: Of the 425 GWAS
SNPs associated with one or more autoimmune
disease, 143 have cis-regulatory effects on 164
genes in monocytes and/or T cells (fig. S15 and
tables S18 and S19).

Disease and trait-associated cis-eQTLs show
more cell type specificity than average cis-eQTLs.
Using BMA-HM, we find that 46% of all trait-
associated variants are monocyte-specific, 29%
are T cell-specific, and 25% are shared (Fig. 3A).
In addition, variants associated with some dis-
eases display a preponderance of T cell-specific
cis-regulatory effects: These include susceptibil-
ity alleles for multiple sclerosis, theumatoid ar-
thritis, and type 1 diabetes (Fig. 3, A and B). On
the other hand, Alzheimer’s disease (AD), Par-
kinson’s disease (PD), lipid traits, and type 2
diabetes susceptibility alleles are enriched in
monocyte-specific effects (Fig. 3, A and B). In
fact, the AD susceptibility alleles are significant
eQTLs only in monocytes (Fig. 3B and figs. S16
and S17). Because the targeted genes are most-
ly expressed in both monocytes and T cells, this
observed polarization is not driven by the lack
of expression of the implicated genes in T cells
(fig. S18).

On the basis of these results, we suggest that
the inflammatory component of susceptibility to
neurodegenerative diseases may be more strong-
ly driven by the myeloid compartment of the im-
mune system. This is consistent with the altered
phagocytic function that we have reported in
monocytes of individuals carrying the CD33 AD
susceptibility variant (/6). The putative role of in-
flammation has previously been invoked in aging-
related neurodegenerative diseases such as AD
and PD (/7), but our results bring a genetic un-
derpinning and candidate pathways to these ob-
servations. Because our study examines young and
healthy individuals, we provide support for a role
of myeloid cells in the prodromal phase of neu-
rodegenerative diseases. Functionally, we cannot
say that blood-derived monocytes themselves are
the key cell type; they are likely to be proxies for
the infiltrating macrophages (which differentiate
from monocytes) and/or resident microglia found
at the sites of neuropathology. Both of these cell
types share many of the transcriptome patterns of
monocytes.

Despite its inherent logistic challenges, the
profiling of purified primary cells from multiple
human populations was clearly beneficial in sev-
eral respects, including the reduction of the cred-
ible set of variants associated with a given trait.
Though the majority of eQTLs are shared, the
ImmVar study provides clear examples of context
specificity of e€QTLs and has yielded insights into
the relative role of two representative cell types in
exerting the functional consequences of disease-
associated variants. Further, the depletion of disease-
associated eQTLs with effects in both cell types
is intriguing and suggests that the evolutionary
history of cell-specific and pleiotropic variants is
an important area of future investigation. Overall,
this component of the ImmVar Project represents
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a strong foundation for future explorations of the
role of disease susceptibility variants in an increas-
ingly diverse matrix of cell types, stimuli, and
in vivo contexts.
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Reconstructing the DNA Methylation
Maps of the Neandertal and the Denisovan
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Ancient DNA sequencing has recently provided high-coverage archaic human genomes.

However, the evolution of epigenetic regulation along the human lineage remains largely
unexplored. We reconstructed the full DNA methylation maps of the Neandertal and the
Denisovan by harnessing the natural degradation processes of methylated and unmethylated
cytosines. Comparing these ancient methylation maps to those of present-day humans, we
identified ~2000 differentially methylated regions (DMRs). Particularly, we found substantial
methylation changes in the HOXD cluster that may explain anatomical differences between archaic
and present-day humans. Additionally, we found that DMRs are significantly more likely to be
associated with diseases. This study provides insight into the epigenetic landscape of our closest
evolutionary relatives and opens a window to explore the epigenomes of extinct species.

(1) and the Neandertal (2), from whom
present-day humans split 550,000 to 765,000
years ago (2), allowed the comparison of our

The high-coverage genomes of the Denisovan

DNA to that of our closest extinct relatives. How-
ever, differences could be sought exclusively at
the sequence level and consequently did not
provide direct insights regarding epigenetic
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regulation, which likely underlies many of the
traits that distinguish these human groups.

DNA methylation is a key hallmark of gene
activity in mammals, where it occurs almost ex-
clusively in cytosines in the context of CpG
dinucleotides. In promoters, it is inversely correlated
with expression level, and in intergenic regions it is
linked to the activity of enhancers and insulators and
to silencing transposable elements (3, 4).

Classic methods to measure full methylomes
are impracticable to apply to archaic samples be-
cause of damage to the ancient DNA. However,
the natural process of cytosine deamination, in
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which unmethylated cytosines decay with time to
uracils and methylated cytosines decay to thymines
(5), has been shown to carry information regard-
ing general trends of genome methylation (5, 6).
Sequencing protocols of ancient DNA trim uracils
but leave thymines unprocessed (5). Therefore,
positions in which cytosines were methylated pre-
mortem are expected to have a higher fraction of
reads with thymines compared with unmethyl-
ated positions. Consequently, the fraction of
CpG—TpG substitutions (hereinafter, C—T ratio)
may serve as a proxy for the levels of methylation
in ancient DNA (Fig. 1A and fig. S1).

We computed, for every CpG in the human
genome, a C—T ratio in each of the archaic hu-
man genomes. Positions that were expected to
represent true premortem thymines rather than
postmortem deamination were excluded (7). We
then compared the Neandertal and Denisovan
C—T ratios to experimentally measured methyl-
ation in bone (osteoblast) cells of a present-day
human (8). The samples were obtained from the
femur, costae, and tibia bones of a young female
and therefore highly resemble the Neandertal and
Denisovan samples [obtained from limb bones of
young females (7, 2)]. For both ancient genomes,
the correlation between binned present-day meth-
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Fig. 1. C-T ratio is a proxy for ancient DNA methylation. (A) Scheme of
the processes that enable the reconstruction of ancient methylation by using
C-T ratios. (B) C—T ratios in archaic humans are highly correlated with

0.012

Mean C>T ratio

0.013

Mean C>T ratio

ylation and archaic C—T ratios was ~0.98 (7)
(Fig. 1B).

In order for deamination to serve as a reliable
proxy for DNA methylation, it should display a
stochastic behavior that is homogenous along the
genome. By using the genome of a ~4000-year-old
Eskimo, the sequencing protocol of which pro-
vides a direct measure for deamination rates (9),
we show that every region in the genome has the
same probability to undergo deamination (7).
Such homogeneity is expected given the fast post-
mortem degradation of cellular structure and pro-
teins that are therefore unlikely to bias deamination
across tens of thousands of years.

In order to account for the stochastic nature of
deamination, we computed for each CpG a mean
C—T ratio by using a sliding window over neigh-
boring CpGs (7) (fig. S2 and table S1). The cor-
relation between the C—T ratio and present-day
human methylation is apparent also when exam-
ining specific genomic regions (Fig. 2A and fig.
S3A). Furthermore, our method is highly robust
not only to coverage variation, which could po-
tentially bias C—T ratio through reduced cover-
age in uracil-trimmed regions, but also to potential
differences in deamination rate between methyl-
ated and unmethylated cytosines (7) (fig. S4).
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measured methylation in present-day humans. CpGs were binned according to
their measured methylation level in human osteoblast cells, and for each bin a
mean C-T ratio was computed. Error bars represent one standard deviation.
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We then scaled the C—T ratios to represent
premortem methylation percentages (7). The re-
constructed archaic methylation in single CpGs
shows strong correlation to measured present-
day methylation (» = 0.77 in the Denisovan;
r = 0.79 in the Neandertal) (Fig. 2B). Next, we
investigated CpG islands, which tend to be hy-
pomethylated in mammalian genomes (3). The
reconstructed methylation in CpG islands falls
within the range of values in present-day humans
(fig. S3B). We also investigated 3804 house-
keeping genes (/0), whose promoters are consti-
tutively hypomethylated (4). The reconstructed
methylation shows strong hypomethylation and
falls within the range of 16 present-day human
tissues taken from 20 individuals (/7) (Fig. 3A
and fig. S3C). Taken together, these results sug-
gest that the C—T ratio can be used as a proxy for
premortem methylation and that genome-wide
methylation maps can be reconstructed after tens
of thousands of years.

As expected from groups that diverged re-
cently, over 99% of both archaic genomes show
no significant methylation differences compared
to the present-day human. However, in each ar-
chaic human we found ~1100 differentially meth-
ylated regions (DMRs) (7). We divided the DMRs

A 0.03

50 CpGs
—

Neandertal
CoT ratio

Present-day human
methylation (c blast)

according to where the methylation change has
likely occurred, that is, into Neandertal-specific,
Denisovan-specific, and present-day human—
specific DMRs. DMRs that could not be confidently
assigned to a specific lineage were tagged as un-
classified DMRs (7) (Fig. 3B and table S2). Because
housekeeping genes serve fundamental func-
tions in all cells, we expected them to present low
rates of methylation changes. Reassuringly, de-
spite constituting ~10% of genes, none of the
housekeeping genes harbors DMRs (P = 1.7x
1073, hypergeometric test). Last, when compar-
ing differences in methylation to differences in
sequence, we observed a significant overlap be-
tween the two, as expected if some of the meth-
ylation changes were driven by sequence changes
(P < 107, randomization test).

A difference in methylation between an ar-
chaic and a present-day human does not neces-
sarily imply a fixed difference between the human
groups. This difference can stem from variability
within a population or from the comparison of
close, yet not identical, cell types (osteoblasts
versus whole bones). Hence, we compared the
archaic methylation to 37 bones samples taken
from osteoblasts and whole bones (/2—714). We
sought reliable DMRs, in which the archaic meth-
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ylation significantly differs from that in modern
bones. These samples were measured with 27K
arrays and provided information for ~5% of
DMRs. In most DMRs, archaic methylation was
significantly different from the 37 bones and there-
fore classified as reliable [false discovery rate
(FDR) <0.01, z-test] (tables S2 and S3).

DMRs for which data from bones was not
available were compared with 25 samples of 23
tissues from 20 individuals representing both
sexes, different ethnicities, and ages ranging from
6 to 88 (8). Over 50% of DMRs had stable meth-
ylation levels across modern samples, but were
significantly different in the archaic humans, and
are thus likely to represent reliable DMRs (7)
(FDR < 0.01 (tables S2 and S3).

A key regulator of limb development is the 5’
HOXD cluster (/5), which includes five genes
(HOXDY to HOXD13). We identified three DMRs
within the HOXD locus (Fig. 4) and two inter-
genic DMRs located 20- and 25-kb upstream to
the cluster in a putative enhancer region (/6) (ta-
ble S2). In both archaic humans, we detected
hypermethylation in the HOXD9 promoter and in
the HOXD10 gene body, whereas in present-day
humans these regions are hypomethylated in
all 37 bone samples (methylation = 5 + 2%;

Denisovan
CT ratio

Present-day human
methylation (c )

chr7

ZDHHC4

C7orf26

6,606,884

B Neandertal

Reconstructed methylation (%)

Methylation in present-day human osteoblast cells (%)

Fig. 2. Reconstructed archaic methylation relative to present-day
human methylation. (A) An exemplary region (chromosome 7, 6,606,884
to 6,687,956) demonstrating that reconstructed archaic methylation patterns
follow present-day human patterns. C—T ratio and measured methylation are
color-coded with a gradient from green (unmethylated) to red (methylated).
The bottom line shows genes in the region. For visual clarity, osteoblast
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methylation in present-day humans appears twice, below each of the C—T
ratio lanes. (B) Normalized heat maps of present-day human methylation
versus archaic reconstructed methylation for all single CpG positions across
the genome. The hot region along the diagonal line shows that, in most
CpG positions, reconstructed methylation matches measured present-day
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FDR < 1.7 x 107, z-test). In addition, we found
the gene body of HOXD?Y to be hypermethylated
in the Denisovan (Fig. 4 and table S2). These
DMRs imply linked regulation of HOXD9 and

307 295 891

Present-day
Human

Neandertal Denisovan

Fig. 3. Characteristics of DMRs. (A) Distribution of methylation in house-
keeping promoters in various human tissues (blue) and in the Neandertal and
the Denisovan (red). The distribution of methylation in the Neandertal and the
Denisovan falls within the variability across human tissues. (B) The numbers of
present-day human—, Neandertal-, and Denisovan-specific DMRs. (C) Inter-
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HOXDI0, consistent with observations in mouse
(17). Distinctions between present-day and Nean-
dertal limbs include larger femur articulations
(18), robust hands and fingers (/9), broader el-

|| TN

bow and knee joints (78, 20), more-curved radius
and femur (18, 20), and shorter limbs (I8, 20).
All of these features were shown in mouse and
human to result from changes in the HOXD
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Fig. 4. The HOXD cluster is hypermethylated in archaic humans. C-T ratio in archaic humans, and present-day human methylation (see caption of Fig.
10). Gray rectangles mark DMRs. A minimum of 10 positions with measured osteoblast methylation was required for a region to be denoted a DMR.
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cluster in general and in HOXD9Y and HOXD10
in particular (15, 21-23). Together, these findings
suggest that the HOXD cluster might have played
a key role in the recent evolution of human limbs.

Enhancers are often deoxyribonuclease I
(DNase I)y-sensitive regions bound by p300 and
histone variant H2A.Z and marked by the histone
modifications H3K4mel and H3K27ac (24, 25).
For insulators, CCCTC binding factor (CTCF)
plays a major role as a buffer between active and
inactive regions. By using a randomization test,
we found a significant enrichment for enhancer
marks and for CTCF binding in the intergenic
DMRs, with over 80% having these marks (Fig.
3C, fig. S5, and tables S2 and S4). We show that
this cannot be explained by length, CG-content,
CpG density, or coverage (7). This suggests that
many of the intergenic DMRs may affect gene
activity through distal elements. Additionally, both
of the intergenic DMRs upstream of the HOXD
cluster possess enhancer marks (table S2), suggest-
ing that they might have affected the methylation
of the HOXD cluster through distal regulation.

DNA methylation affects, as well as is af-
fected by, the binding of transcription factors
(TFs) (3, 4). To test whether multiple DMRs may
be associated with a change in a single TF, we
looked for TF-encoding genes that are differen-
tially methylated and whose targets are enriched
with DMRs (7) (tables S5 and S6). In the Nean-
dertal, we identified sterol regulatory element
binding protein 1 (SREBP-1), a regulator of lipid
homeostasis (FDR = 5.5 x 107%; Fisher’s ex-
act test), and aryl hydrocarbon receptor (AHR),
a receptor of environmental toxins (/DR =
3.7 x 107®). In present-day humans, we identi-
fied early growth response 3 (EGR3), which reg-
ulates biorhythm and development of muscles,
lymphocytes, and neurons (FDR = 4.2 x 10710);
and Meis homeobox 1 (MEIS1), a regulator of
limb development that forms complexes with both
HOXD9 and HOXDI0 (FDR = 5.6 x 107%).
This enrichment is independent of CpG density,
GC content, and coverage (7). Additionally, the
number of TFs that passed this test is signifi-
cantly higher than would be expected by ran-
dom (P = 0.018, hypergeometric test). These
TFs could provide a lead to the mechanism be-
hind the methylation changes and possibly offer
a model of burstlike evolution, where multiple
genes changed their activity after a single evo-
lutionary event.

Last, we found that DMR-containing genes in
present-day humans are almost twice as likely as
genes that do not contain DMRs to be disease-
related (18.1% compared with 10.8%, P=1.9 x
1077, Fisher’s exact test) (fig. S6 and table S7).
More than a third of the disease-linked genes
(30/81) are involved in neurological and psychi-
atric disorders. Here, too, the enrichment is inde-
pendent of gene length, CpG density, GC content,
and coverage (7). This could potentially point to
a link between recent changes in regulation and
the emergence of diseases or to a scenario where
disease-linked genes (i.e., genes in which a change
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is not embryonic lethal) are possibly more prone
to methylation changes.

Current techniques for measuring genome-
wide methylation result in the destruction of
the examined DNA (3) and are therefore im-
practicable in the study of ancient DNA. Our
method allows for the reconstruction of methyl-
ation maps directly from ancient DNA reads with-
out the need to use additional ancient material.
We hope that the differences in methylation elu-
cidated here will help to uncover the epigenetic
basis for phenotypic differences between present-
day and archaic humans and shed light on the role
of epigenetics in the recent evolution of our lineage.
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Chemical Inhibition of NAT10 Corrects
Defects of Laminopathic Cells

Delphine Larrieu,* Sébastien Britton,* Mukerrem Demir,*

Raphaél Rodriguez,t Stephen P. Jackson™3t

Down-regulation and mutations of the nuclear-architecture proteins lamin A and C cause
misshapen nuclei and altered chromatin organization associated with cancer and laminopathies,
including the premature-aging disease Hutchinson-Gilford progeria syndrome (HGPS). Here, we
identified the small molecule “Remodelin” that improved nuclear architecture, chromatin
organization, and fitness of both human lamin A/C—depleted cells and HGPS-derived patient
cells and decreased markers of DNA damage in these cells. Using a combination of chemical,
cellular, and genetic approaches, we identified the acetyl-transferase protein NAT10 as the
target of Remodelin that mediated nuclear shape rescue in laminopathic cells via microtubule
reorganization. These findings provide insights into how NAT10 affects nuclear architecture

and suggest alternative strategies for treating laminopathies and aging.

utations in LMNA, which encodes
Mlamin A and C, cause pathologies known
as laminopathies (/), including the
accelerated-aging disease Hutchinson-Gilford

progeria syndrome (HGPS) (2, 3). Deregulation
of A-type lamins expression or localization also

occurs in various cancers (4—6). Lamin A/C
depletion or LMNA mutations cause enlarged,
misshapen nuclei and altered chromatin organi-
zation (7). Whereas some of these pathologies
might reflect cell fragility, many likely result from
downstream effects on chromatin structure, gene
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