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SUMMARY

Modern human ancestors diverged from the ancestors of Neandertals and Denisovans about 600,000 years
ago. Until about 40,000 years ago, these three groups existed in parallel, occasionally met, and exchanged
genes. A critical question is why modern humans, and not the other two groups, survived, became numerous,
and developed complex cultures. Here, we discuss genetic differences among the groups and some of their
functional consequences. As more present-day genome sequences become available from diverse groups,
we predict that very few, if any, differences will distinguish all modern humans from all Neandertals and De-
nisovans. We propose that the genetic basis of what constitutes amodern human is best thought of as a com-
bination of genetic features, where perhaps none of them is present in each and every present-day individual.

Q3 Q2 INTRODUCTION

A group of humans diverged from the ancestors of modern hu-
mans some 600,000 years ago in Africa. Members of that group
eventually left Africa and become Neandertals in western and
Denisovans in eastern Eurasia. Later, modern humans, i.e., the
ancestors of all present-day people, emerged in Africa and
spread across that continent and beyond, encountering Nean-
dertals and Denisovans as well as other human forms that are
likely to have existed at that time outside of Africa. As a result,
Neandertals and Denisovans as well as other forms of so-called
archaic humans that existed at the time disappeared from the
archaeological record by about 40,000 years ago (Figure 1).
Modern humans went on to develop culture and technology
that changed rapidly and allowed them to become very
numerous and colonize all habitable parts of the globe. A central
mystery is why modern humans have become very numerous
and culturally diverse, whereas Neandertals and Denisovans dis-
appeared.

Although Neandertals, Denisovans, and modern humans
share a common ancestry, they were only in limited contact
with each other. That means human evolution has essentially
played out three times in the last half million years. We can
reconstruct aspects of the evolutionary histories of these groups
and the limited contacts between them using genome se-
quences. For modern humans, we have hundreds of thousands
of present-day genomes and genome-wide data from thousands
of humans who lived during the past 45,000 years.' For Nean-
dertals, we have three genome sequences of good quality”° and
a dozen or so of moderate or low quality,”® allowing us to identify
genetic variants that are likely to have been carried by most or

even all individuals among them. At present, only one Denisovan
genome of good quality is available.® Although more archaic ge-
nomes will become available, our knowledge of archaic genetic
variation will always remain more limited than our knowledge of
present-day people.

Comparisons of genomes from the three forms of human
show that they exchanged genes several times when they
met outside of Africa (Figure 1). Neandertals received gene
flow from groups related to the ancestors of modern humans
more than 100,000 years ago.'®'? In addition, Neandertals
and Denisovans exchanged genes®; for example, about
80,000-90,000 years ago in southern Siberia, an individual
who had a Neandertal mother and Denisovan father has been
identified.’® When modern humans started spreading out of Af-
rica and the Near East less than 100,000 years ago, they mixed
with Neandertals’* and Denisovans.’ As a result, all people
who have genetic roots outside of Africa south of the Sahara
carry genetic variants that come from Neandertals.'® Ancestors
of people in Asia also mixed with Denisovans,”'® and people of
Asian ancestry therefore carry Denisovan variants in addition to
Neandertal variants. This genetic contribution from Denisovans
is particularly large in some populations in Oceania.'®"”

The field is now moving beyond the description of the mixing
between the groups and starting to explore the functional im-
pacts of genetic variants that differ among them. Here, we
discuss what we can learn from studying genetic variants
of Neandertal and Denisovan origin in present-day people, with
an emphasis on physiologically relevant variants. We focus
on examples wherein single genetic variants have been linked
to certain traits. Other aspects have been reviewed else-
where.®?° Considering that many ancestral variants or variants
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Figure 1. Schematic illustration of the history of archaic and modern humans and DNA sequence evolution
Derived mutations are highlighted. The occurrence of gene flow between groups is illustrated by arrows. The archaic groups contributed both derived and
ancestral variants to modern humans. Note that the extent and number of gene flow events and when they occurred are only partially known.

that appeared in the Neandertals or Denisovans are found at low
or moderate frequencies in some populations today, we also
discuss how we might think about the genetic and biological ba-
sis for what sets modern humans apart from Neandertals, Deni-
sovans, and other forms of now-extinct humans.

ARCHAIC VARIANTS

When modern and archaic humans mixed, their first-generation
offspring carried one set of modern human chromosomes and
one set of archaic chromosomes. As those children lived in
modern human populations and in turn had children, the
Neandertal or Denisovan chromosomes were broken up and
reshuffled in every generation due to the process of recombina-
tion. As a result, over the ~2,000 generations that have passed
since modern and archaic humans met, archaic DNA segments
became shorter and today occur scattered within the genomes
of present-day people (Figure 2A). The expected length of an
archaic DNA segment can be estimated as 1/(r x N), where r
is the recombination rate and N the number of generations. Un-
der the simplifying assumptions of an average recombination
rate (~1 centimorgan per mega base pairs) and a single admix-
ture event that happened 2,000 generations ago, the expected
typical length for an archaic DNA segment today is approxi-
mately 50 kilobases (kb). However, for each genomic region
where archaic DNA segments are found, they occur as a distri-
bution of fragments of different lengths, where the ends reflect
past recombination events (Figure 2B). However, to be confi-
dent that a fragment came over by gene flow some 2,000 gen-
erations ago, they must be of substantial length.
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There are also DNA segments in the human genome that are
similar to the Neandertal or Denisovan genomes, not because
these segments were contributed from archaic to modern hu-
mans but because these segments persisted independently in
both archaic and modern humans since the two populations
shared a common ancestor about half a million years ago.
Since recombination has acted for a much longer time on
such fragments, the chance that they are longer than 13 kb
is less than 0.05 under the recombination rate assumed
above.?” This gives an approximate idea of the size differ-
ences expected between DNA fragments inherited from the
common ancestors (unlikely to be more than 13 kb) and those
inherited from Neandertals or Denisovans more recently (ex-
pected to be about 50 kb). However, when examining any
particular segment, it is important to consider that the size
also depends upon the local recombination rate in the part
of the genome where an archaic DNA segment finds itself.
This rate varies not only across the genome but also among
populations and over time.?*

Assuming a mutation rate of 1.61e 8 per site per generation®*
and a Neandertal branch length of 19,500 generations,*® a DNA
segment inherited from Neandertals with the typical length of
50 kb will carry ~16 variants that result from mutations that
happened on the Neandertal lineage, i.e., they are “derived” in
Neandertals (Figure 1). In addition, modern humans have accu-
mulated about as many derived changes independently of the
Neandertals. Finally, since the Neandertals and modern humans
often inherited different versions of DNA segments that carried
differences from each other in the ancestral population, the num-
ber of differences between modern human and Neandertal DNA
segments can be even larger. Thus, archaic DNA segments often
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Figure 2. The effect of recombination on archaic DNA sequences in modern humans
(A) In the germ line of the offspring from an archaic and modern human, the two chromosomes recombine. If the descendants in subsequent generations live in
modern human communities, further recombination will progressively shorten the archaic DNA segments, resulting varying lengths of DNA segments of archaic

ancestry spread across chromosomes in the population.

(B) A region on chromosome 3 that carries Neandertal DNA segments of different lengths that increase the risk for severe COVID-19.%" The ends of the Neandertal
DNA segments reflect past recombination events. Note that numerous ends to the left suggest the existence of a recombination hot spot around chromosomal

coordinate 45.85.

stand out in the human genome in that they carry more single-

Q4 nucleotide variants (SNVs) than surrounding regions.

ARCHAIC GENE FLOW

Although Neandertal variants are found in all populations outside
Africa and make up about 2% of the present-day non-African ge-
nomes, different individuals in a population often carry different
Neandertal variants and the frequencies of individual variants
can sometimes differ drastically among populations. A smaller
number of Neandertal-derived variants are also found in Africa
south of the Sahara as a result of gene flow to Africa from Europe
and Western Asia after the Neandertals disappeared.’’

The fact that the fraction of Neandertal DNA in present-day ge-
nomes is relatively consistent at around 2% '° suggests that the
bulk of the Neandertal contributions occurred relatively early,
perhaps about 60,000 years ago, in populations that left Africa
and became ancestral to all non-Africans. Nevertheless, ana-
lyses of modern human genomes derived from specimens older
than 40,000 years in Europe have shown that Neandertals also
contributed locally to modern human groups. For example, an
approximately 40,000-year-old individual from Romania had a
Neandertal ancestor 4-6 generations back in her family tree,?®
and three 45,000-year-old individuals found at a site in Bulgaria
also had close Neandertal relatives.?” However, many of these
early modern populations did not leave many or even any de-
scendants that contributed genetic variants to present-day pop-
ulations. Thus, those later contributions by Neandertals may
have had less of an impact on present-day populations.?%?”

Variants coming from Denisovans that are found in mainland
Asian and Native American populations contribute to about
0.2% of present-day genomes. In many populations in Oceania,
over 5% of the genomes are of Denisovan origin.'”?® The Deni-
sovan genetic contributions come from at least two distinct De-

nisovan populations.”® One of these was quite closely related to
the Denisovan genome sequenced from southern Siberia,’ and
its traces can be found in present-day people in Japan, China,
and other parts of East Asia. The other Denisovan population
contributed to the ancestors of populations over large parts of
Asia, including East and South Asia. This Denisovan population
was much more distantly related to the Denisovan genome
currently available.’® Contributions from yet other Denisovan
populations to the ancestors of people in the Pacific may also
have occurred.?®3°3" A fascinating question is how the genetic
changes that accumulated on the archaic and modern human
lineages affected the physiology of the three forms of humans,
two of which became extinct.

STUDYING THE EFFECTS OF ARCHAIC AND MODERN
VARIANTS

The presence of genetic variants (typically SNVs but also inser-
tions and deletions and other changes in the DNA sequences)
contributed by Neandertals and Denisovans to present-day peo-
ple allows us to investigate the effects of such variants by
asking whether they are associated with phenotypes in pre-
sent-day people. These variants can result from mutations that
happened on the Neandertal or the Denisovan lineage; i.e.,
they are derived on those lineages, or—more rarely—from
changes occurring on the common lineage that led to the two
archaic groups. Notably, archaic DNA segments can also intro-
duce ancestral variants® at positions where present-day hu-
mans carry derived variants caused by mutations that happened
in modern humans (Figure 1).

Variants that occurred on the modern human lineage and are
present in almost all individuals today cannot be studied by
associating them with phenotypes, as almost no one lacks these
variants, and thus, there is no control group. Similarly, variants
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that emerged in archaic humans and were not contributed to
modern humans cannot be studied in present-day people. How-
ever, these variants can be studied in model systems. For
example, variants can be experimentally changed to the ances-
tral state or the state seen in archaic humans by genome editing.
The effects of these variants can then be studied in cell culture or
organoids that partially mimic the physiology of human organs.
Another possibility is to introduce modern or archaic human ge-
netic variants into the genomes of mice and study their effects in
the organism.*® However, studying actual carriers of the archaic
variants is often very informative. For this to be possible, several
requirements must be met.

One requirement is that the archaic variants need to occur at
frequencies large enough to be detected in association studies
or population cohorts where genetic and phenotypic information
are available. Because such studies and cohorts have been
mostly generated in populations of European descent, more
Neandertal than Denisovan variants have been studied to date.
However, large biobanks are increasingly being established in
Asia (e.g., BioBank Japan, Tohoku Medical MegaBank, and
The Korean Genome and Epidemiology Study), opening the pos-
sibilities to also study Denisovan genetic contributions.*

Another requirement for studying archaic genetic variants in
present-day humans is that they need to have phenotypic effects
large enough to be detected. The effect of a single variant is often
small and may be impossible to detect in cohorts of a few tens or
hundreds of thousands of individuals. Fortunately, some types of
genetic variants are relatively likely to have phenotypic effects
that can be studied. For example, variants that affect the expres-
sion or the amino acid sequences of enzymes or proteins that
transport molecules across membranes may have effects that
directly affect measurable processes such as catalysis of a
chemical reaction or accumulation of molecules in cells. Howev-
er, many traits of interest are genetically complex, i.e., affected
by many genetic variants. In addition, archaic variants involved
in complex traits may be hard to detect because their effects
may depend on archaic variants elsewhere in the genome that
may not exist in present-day humans or be very rare. Below,
we discuss both categories. We start with genetic variants that
emerged in Neandertals, then discuss the variants that emerged
in Denisovans, and finally examine the variants that emerged in
modern humans.

GENETIC VARIANTS THAT EMERGED AMONG
NEANDERTALS

For Neandertals, three genomes of high quality and a dozen of
genomes of lower quality are available. In spite of these small
numbers, they vary in age from approximately 130,000 years to
approximately 45,000 years and cover much of the Neandertal
range from Western Europe to southern Siberia. Thus, any
variant that is derived in Neandertals and present in homozygous
form in all available Neandertal genomes is very likely to have
been present at high frequency among the late Neandertal pop-
ulations. Most such variants have been studied because they
also occur in present-day humans as a result of gene flow.
Here, we discuss a few variants that emerged in Neandertals
and affect various aspects of human physiology.
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Metabolism

One of the first Neandertal DNA segments in present-day hu-
mans for which a phenotypic effect was described is on chromo-
some 17. This DNA segment carries regulatory variants affecting
the expression of the pyruvate transporter protein SLC16A11 in
the liver and amino acid substitutions that decrease the interac-
tions of SLC16A11 with chaperones needed for its expression at
the cell surface.®® The reduced cell surface expression of
SLC16A11 results in changes to fatty acid and lipid metabolism
associated with increased risk of diabetes'® and increased risk
for type 2 diabetes.® While these variants are located on DNA
segments of different lengths (defined here and below as having
an association of Neandertal-like alleles in the population of
2 > 0.8 on a scale between 0 and 1), they all share a DNA
segment of 73 kb.

Some other Neandertal gene variants with metabolic conse-
quences of medical importance have also been described, for
example, one that increases the risk for protein-caloric malnutri-
tion®” and others that affect the metabolism of commonly used
drugs.®®

Sensory organs

Another Neandertal DNA segment in present-day humans with
phenotypic effects is located on chromosome 2 and encodes
the sodium channel SCN9A (Nav1.7), which initiates the sensa-
tion of pain in peripheral nerve endings. In Neandertals, this pro-
tein carries three amino acid changes, and the combination of
two of these amino acid changes shortens the time that the
channel remains refractory after having been activated, causing
it to be open longer after being stimulated. This may make nerve
cells more sensitive. About 0.4% of people in the United
Kingdom carry a 23-kb-DNA (r® > 0.8) fragment with the Nean-
dertal version of SCN9A. These carriers report experiencing
more pain than non-carriers in questionnaires. This increase cor-
responds approximately to the increase in pain experienced by
people with each additional 8 or 9 years of life.>* Since people
who express the Neandertal version of SCN9A in heterozygous
form experience more pain, it is tempting to suggest that Nean-
dertals, who carried this version of the protein in homozygous
form, were more sensitive to pain than present-day people. If
so, this may even have been a selective advantage given that
biallelic loss-of-function mutations in SCN9A, which causes
congenital insensitivity to pain, reduces life expectancy.*®

Gestation

A 56-kb-DNA fragment of Neandertal origin on chromosome 11
encodes the progesterone receptor, which—activated by the
steroid hormone progesterone —functions as a transcription fac-
tor that regulates gene expression. It carries several differences
to other versions of this fragment, including an amino acid variant
in the encoded protein and the insertion of an Alu element, a
transposable element active in humans and other primates. In
some populations, the Neandertal version of the gene occurs
at a carrier frequency of up to 21%. Since it is associated
with an increased risk of premature births in present-day hu-
mans,*! it has been suggested to represent an evolutionary
disadvantage to Neandertals as premature babies represent a
risk, especially in the absence of modern medical care.*”



https://doi.org/10.1016/j.cell.2023.12.029

Please cite this article in press as: Zeberg et al., The genetic changes that shaped Neandertals, Denisovans, and modern humans, Cell (2024),

Cell

However, the Neandertal variants are also associated with an
approximately 15% decreased risk for bleeding and miscar-
riages early in pregnancy as well as with having increased
numbers of siblings.’* It is therefore tempting to speculate that
it represents an evolutionary trade-off where the Neandertal var-
iants rescues pregnancies that would otherwise have resulted in
miscarriages, but the price paid is that some of these pregnan-
cies result in premature births. Notably, two different versions
of the Neandertal progesterone receptor gene have been
contributed to modern humans, and both have risen in fre-
quency. This has been shown by an increase in their occurrence
in skeletal remains of individuals over the past 10,000 years.**
Both Neandertal versions result in higher expression of the pro-
gesterone receptor and may thus mediate a higher progesterone
effect during pregnancies. This is compatible with the finding
that progesterone administration lowers miscarriage rates in
women who previously experienced miscarriages* and sug-
gests that increased progesterone effects mediated either by
higher hormone levels or by higher receptor levels may protect
at-risk pregnancies.

Immune system

Infectious diseases are a major selective factor and therefore
influenced the fate of many archaic gene variants. For example,
Neandertal DNA segments carrying genes encoding proteins
that interact with viruses are particularly likely to have risen
to high frequencies and are therefore likely to have been
advantageous in the ancestors of present-day Europeans.*®
Similarly, Neandertal variants that influence the transcription of
genes involved in the responses, especially viruses, have been
frequently introduced into present-day populations.*®*” Further-
more, genomic regions that contain innate immunity genes seem
to harbor more Neandertal variants than the rest of the coding
genome.”® Some Neandertal gene variants that influence the im-
mune response to pathogens may also increase the risk of auto-
immune disease.'*%**°

One example of an immunological archaic contribution is a
143-kb-long DNA segment on chromosome 4. It contains three
genes encoding Toll-like receptors, which are expressed on
dendritic cells and macrophages and recognize conserved fea-
tures of microbes and activate innate immune responses. Two
different Neandertal variants and one Denisovan variant of this
region occur in modern humans.*® Since three different archaic
variants have been contributed to modern humans and persisted
there, it seems that they have been advantageous. The archaic
variants increase the expression of the receptors and are asso-
ciated with increased resistance to Helicobacter pylori infec-
tions.®° As is the case for other variants that affect immune re-
sponses, these variants differ in frequency among present-day
populations, suggesting that local selection from pathogens
may have affected them.

A striking example of archaic variants affecting the response
to infections is a Neandertal DNA segment of 49 kb on chromo-
some 3. It carries 13 nucleotide substitutions®' and confers an
almost 2-fold higher risk of needing mechanical ventilation or
dying from infection with severe acute respiratory syndrome co-
ronavirus 2 (SARS-CoV-2).°" The underlying mechanism may
involve not only the expression of LZTFL1, one of the genes en-
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coded on the fragment,®® but also the expression of other
genes.”’

The Neandertal variants on chromosome 3 also influence the
expression of other genes in the region, notably CCR5, which en-
codes a chemokine receptor that serves as a co-receptor for the
human immunodeficiency virus (HIV). It is less expressed in indi-
viduals carrying the Neandertal DNA segment, leading to an
approximately 25% reduction of the risk of becoming infected
with HIV. Thus, although this Neandertal segment is negatively
selected in the SARS-CoV-2 pandemic, it has positive effects
in other contexts.>® This seems to also have been the case in
the past. Whereas the Neandertal variant has reached carrier fre-
quencies approaching 60% in South Asia, it is almost absent in
East Asia,?' perhaps suggesting that other infectious diseases
in the past have caused the frequency of the Neandertal DNA
fragment to increase in South Asia and decrease in East Asia.

Association studies of COVID-19 disease severity have also
revealed that a 75-kb-long DNA segment on chromosome 12,
previously shown to derive from Neandertals,”* is protective
against severe disease. Unfortunately, its effect size is almost
five times smaller than that of the Neandertal risk variant on chro-
mosome 3.°"°° The chromosome 12 segment encodes three
genes that synthesize molecules involved in the activity of an
RNase that degrades double-stranded RNA. The Neandertal
variant encodes the ancestral splice form of one of the genes,*®
which becomes localized to membrane structures where the
SARS-CoV-2 virus replicates and is therefore presumably more
efficient in eliminating cells infected by this and other RNA vi-
ruses.”’” Tracking this variant over time by using 1,641 ancient
modern human genomes has shown that it has risen in frequency
twice in the past in European populations,”® probably in
response to infectious diseases.

The fact that many Neandertal gene variants affect pheno-
types related to infectious diseases may not be coincidental. In-
fections are a major factor affecting human populations and one
that changes particularly rapidly over time. Archaic human pop-
ulations in Eurasia likely encountered distinct pathogenic chal-
lenges, necessitating adaptations in their immune systems.
Such local adaptations to pathogens are a well-documented
phenomenon in modern humans, a prominent example being
the relationship between sickle cell anemia and malaria resis-
tance. There is little reason to doubt that archaic humans also
underwent similar evolutionary pressures. The differences in im-
mune systems between archaic and modern humans might be a
particularly clear manifestation of their prolonged geographic
separation.

Complex traits

Most human traits like height or cognitive abilities vary continu-
ously in the population and are influenced by many genetic var-
iants in many parts of the genome, as well as by the environment.
Studying how gene flow from archaic humans has affected such
complex traits is demanding, most notably because the effect
size of each genetic variant is generally small. Current analyses
therefore do not rely on direct associations between individual
variants and complex phenotypes. Instead, it is investigated
whether all Neandertal or Denisovan variants in a population,
when combined, tend to influence a complex trait in a particular
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direction or account for a portion of variance in the risk for acom-
plex disease. Such studies have shown, for example, that Nean-
dertal alleles explain a significant fraction of the variation in risk
for depression and sun-induced skin lesions.®’

Some studies have also asked whether there is an over- or
underrepresentation of archaic variants that influence a
certain trait. Generally, complex traits were found to be less
influenced by Neandertal ancestry than expected. Of 405
complex traits, dermatological traits were the most influ-
enced, while cognitive traits were the least influenced by
Neandertal DNA.%® The latter observation is compatible with
the observation that the expression of genes in the brain are
less often influenced by Neandertal variants than the expres-
sion of genes in other organs.*®

Gene expression
Many complex traits may be influenced by gene expression
levels. One study has shown that in the individuals who carry
one Neandertal and one modern variant of a gene,60 the Nean-
dertal variants tend to be expressed less than the modern hu-
man variants. This is particularly pronounced in testis and the
brain, especially the cerebellum and basal ganglia, suggesting
that selection against Neandertal regulatory sequences is
particularly strong in those tissues. This is compatible with
the relatively low influence of Neandertal variants on cognitive
traits.>®

Recent studies have shown that older archaic variants were
more tolerated among modern humans than more recent vari-
ants. Variants shared between a Siberian Neandertal® and a
Neandertal from Croatia® are likely to be older than variants
found in just one of these individuals, while variants shared be-
tween Neandertals and Denisovans are likely to be even older.
In the case of gene regulation, it has been shown that archaic
variants upregulating the expression of genes are underrepre-
sented in present-day populations, except for variants shared
between Neandertals and Denisovans.®® Thus, variants that per-
sisted in archaic groups for a long time may have more benign
effects on modern humans than variants that originated more
recently in Neandertals. This could be because the archaic
groups had more time to eliminate deleterious variants through
purifying selection. It is also possible that older archaic variants
were more compatible with ancestral traits that are more often
shared with the ancestors of modern humans. In addition, dele-
terious genetic variants may have accumulated particularly
readily in late Neandertals because their population size was
small,®’ which allowed slightly deleterious variants to become
frequent more easily.®?

GENETIC VARIANTS THAT EMERGED AMONG
DENISOVANS

As only a single high-quality genome of a Denisovan is currently
available, little is known about how frequent any particular
variant was among them. In addition, relatively few examples
of Denisovan genetic contributions with phenotypic conse-
quences are known. The primary reason is that only a few asso-
ciation studies and biobanks are available in Asia, a situation that
is fortunately now rapidly changing.
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High altitude adaptation

One striking example of Denisovan influence on present-day
populations is a 33-kb Denisovan DNA segment on chromosome
2 that occurs at an allele frequency of over 80% among Tibetans,
while being absent or very rare in other Asian populations.?*%° It
encodes EPAS1, a transcription factor induced by hypoxia that is
involved in adaptation to low oxygen levels. Denisovans were
present on the Tibetan high plateau®*°; some of them may
thus have been adapted to life at high altitudes and presumably
contributed this genetic predisposition to modern humans as
they arrived in the region.

Cold adaptation and facial morphology

Another example of a Denisovan genetic contribution is a 28-kb
segment on chromosome 1, carrying the genes WARS and
TBX15. It is present in almost 100% of Greenlandic Inuit and
several other populations.68 The Denisovan variants affect the
expression of genes that may influence adaptation to low tem-
peratures, possibly by inducing brown fat.°” Curiously, this
segment has also been associated with the thickness of the up-
per lip and its protrusion.®® However, the genetic variant in the 28
kb segment most strongly associated with lip morphology
(rs3790553) is not present in the Denisovan genome sequenced
to date.” This does not rule out that another Denisovan variant
may be associated with the trait or that this variant might be pre-
sent in a Denisovan genome not sequenced. However, we
caution that in this and other cases, an archaic DNA segment
could have recombined with a modern human variant associated
with the trait early after its introduction into the modern human
population. It is also possible that a genetic variant has emerged
on the archaic DNA segment after it was introduced into modern
humans.

GENETIC VARIANTS THAT EMERGED AMONG MODERN
HUMANS

Genetic changes that occurred on the modern human lineage
and are present in almost all people today (i.e., are “fixed”) set
modern humans apart from archaic humans.®® These changes
are interesting because they could underlie biological differ-
ences that may be important for the modern human phenotype.
However, the extent to which any single such change might
cause a phenotype is often unclear. Nevertheless, it seems
that many changes that has occurred on the modern human line-
age and affected, for example, gene expression may have been
more beneficial for modern humans than changes that occurred
in the archaic lineages. This is suggested by the observation that
archaic DNA segments, which affect gene expression and other
traits, tend to be enriched for ancestral variants rather than for
variants derived in archaic humans.*”

Another complicating factor is that many traits of interest may
be complex and therefore influenced by genetic changes that
have not reached fixation. For instance, body height is influenced
by variation at many positions in the genome. If we assume that
there is selection pressure favoring tall individuals in a popula-
tion, it is then possible that the height of individuals will increase
by height-increasing alleles at many different positions in the
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Q6 genome becoming more frequent in the population without any

of them becoming very frequent or present in all individuals.
Still, some individual variants that emerged in modern humans
may have effects that can be identified and studied. For
example, nucleotide substitutions that occurred in transcription
factor binding sites in modern humans may change the expres-
sion of genes.”® Other examples are changes that affect the
structure of enzymes, some of which we discuss below.

Purine biosynthesis

Changes that cause amino acid substitutions in enzymes are
particularly amenable to investigation because the function of
the enzyme can be studied in vitro and the concentrations of
substrates and products can be determined in cells and tissues.
An example is adenylosuccinate lyase (ADSL), an enzyme that
catalyzes two steps in the synthesis of purines, molecules that
are building blocks of DNA and RNA and have many other impor-
tant functions in the cell. ADSL carries an amino acid substitution
that occurred in modern humans and is found in almost all peo-
ple today. It reduces the stability of the enzyme.**"" The modern
version of the enzyme causes lower levels of purines to be syn-
thesized in the cells. This was shown by experimentally intro-
ducing the ancestral version of the enzyme that Neandertals
and Denisovans carried into human cells in tissue culture and
the modern human version of the enzyme into mice.*® Relative
to apes, human tissues display lower purine levels, and this dif-
ference is largely explained by the amino acid substitution in
ADSL. However, it is unclear what consequences this has at
the organismal level. One approach to address this is to study
mice or other model animals into which the derived, modern hu-
man-like substitution has been introduced. However, an obvious
caveat is that the genetic background of the mouse is different
from that of humans. Another approach is to find rare people
who carry the ancestral version of ADSL today.

Oxidative stress

The enzyme glutathione reductase is important for maintaining a
reduced intracellular environment and preventing oxidative
stress. In most present-day humans, glutathione reductase
carries an amino acid substitution that is not seen in archaic hu-
mans and other primates. When expressed in vitro, the ancestral
enzyme produces more oxygen radicals in the absence of its
substrate oxidized glutathione, suggesting that it may be less
efficient in preventing oxidative stress when cells are not
exposed to oxidative stress.”” The ancestral version of the
enzyme is still present in some people today due to gene flow
from Neandertals, and its effect can be studied using the UK
BioBank data, where 0.06% of the participants carry this variant.
Indeed, the ancestral version is associated with increased risk of
atherosclerosis and inflammatory bowel disease —diseases that
have an inflammatory component that can be exacerbated by
oxidative stress.’ This supports the hypothesis that the modern
human version of the enzyme provides better protection against
oxidative stress.

Splicing
The protein NOVAT is involved in splicing and processing of 3’
ends of transcripts. It carries an amino acid substitution in modern

¢ CellP’ress

humans. Brain organoids generated from human stem cells that
have been genetically modified to carry the ancestral variant
showed differences in morphology, synaptic protein expression,
and electrophysiology.”® While this experiment is a valuable
approach to study the physiological relevance of the genetic dif-
ference, the observed effects may be due to deletions of the target
gene that often occur as a side effect of genome editing.”*”* Inter-
estingly, the ancestral version of NOVA1 occurs in at least four in-

dividuals in current databases, including in TOPMed where other Q7

data and phenotypes are available. Thus, the effect of the ances-
tral variant could be studied in human carriers.

Neurogenesis

Three proteins involved in chromosome segregation during cell
division, KIF18A, KNL1, and SPAGS5, carry one, two, and three
modern human-specific amino acid substitutions, respectively.
Introducing these six changes into mice (alone and in combina-
tions)’® revealed that the modern human changes in the Kn/7 and
Kif18A prolong a part of mitosis, the metaphase, when the chro-
mosomes are lined up before being pulled apart to the two
daughter cells. This prolongation is observed in apical progeni-
tors that generate neurons during brain development. When
the three ancestral variants were introduced into KNL7 and
KIF18A in human stem cells that were then used to generate
brain organoids, a shortening of metaphase was observed.
Notably, the shortened metaphase in the organoids with ances-
tral variants is similar to the difference in metaphase length that is
observed between chimpanzee and human organoids.”® The
prolongation of metaphase in modern humans seems to corre-
late with a reduction in the number of mis-segregating chromo-
somes. This suggests that these changes may increase the ac-
curacy of chromosomal segregation in early neurogenesis.
Interestingly, the modern human version of KNL17 is found in
some late Neandertals as the result of gene flow from modern
human ancestors, adding to the evidence that contacts between
the three forms of humans occurred on numerous occasions. '?

In modern humans, the enzyme transketolase-like 1 (TKTL1) in
the pentose phosphate pathway carries an amino acid substitu-
tion. When the archaic and modern human versions of the pro-
teins are overexpressed in the developing brains of either mice
or ferrets, the modern human version results in the generation
of more basal radial glia cells.”” Conversely, human brain orga-
noids generated from stem cells carrying the ancestral form of
TKTL1 generate fewer basal radial glia cells and fewer neurons.
This suggests that this amino acid substitution causes metabolic
changes that affects neurogenesis early in development.

Both the changes in KNL1 and KIF18A that affect chromo-
somal segregation and the change in TKTL1 that affects the
generation of neuronal precursors have effects during early
brain development. Further work is needed to elucidate if these
effects have any consequences later during development when
other mechanisms may compensate for early effects or for the
adult brain.

ANCESTRAL VARIANTS IN PRESENT-DAY PEOPLE

Historically, people of European descent have been the primary
subjects of genomic studies. Therefore, the initial lists of genetic
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changes that were thought to exist in all present-day humans
were incomplete, as they only considered some of the World’s
populations. As more human genomes from more parts of the
world are sequenced, ancestral genetic variants that were
thought to be absent in present-day humans are found in some
populations. Conversely, populations of European descent are
found to carry ancestral variants that do not exist almost any-
where else.

There are two reasons why ancestral variants may occur
today. First, some ancestral variants have persisted since the
common ancestors of modern and archaic humans lived
600,000 years ago. This is especially frequent in populations in
Africa, where the genetic diversity is greater than outside of Af-
rica. Second, ancestral variants have been contributed to pre-
sent-day people by Neandertals and Denisovans. Populations
with higher archaic ancestry, for example, in Oceania,®?® are
likely to have particularly high levels of reintroduced ancestral
variants. Figure 3 illustrates these two scenarios using genomes
of 25 Khoe-San’® (a diverse group of indigenous people in south-
ern Africa) and 25 Ayta®® (an indigenous group in the Philippines)
individuals. Of the 113 variants that were considered to be nearly
fixed among present-day people (see https://bioinf.eva.mpg.de/
catalogbrowser), we find that 42 are found in their ancestral form
in Khoisan, Ayta, or both (Figure 3). A striking example of this is
TKTL1. The ancestral version of TKTL1 exists in present-day hu-
mans at an over-all variant frequency of about 0.03%. However,
in the Khoe-San, its frequency is around 32%. The high fre-
quency of the ancestral TKTL1 variant is likely an example of a
genetic variant that has been lost in most other groups.

As ongoing and future genome-sequencing projects include
more geographically diverse populations, even more ancestral
versions of genomic changes that are currently only known in
their derived forms are likely to be found. Ultimately, when bio-
banks that contain not only individual information about genomic
variation but also phenotypic information will include more
diverse and previously understudied groups, they will enable
the investigation of many more archaic variants and their effects
on physiologically relevant phenotypes.

A COMBINATORIAL VIEW OF HUMAN MODERNITY

The occurrence of rare ancestral variants in cases where most
people carry derived variants raises questions about how to
define modern humans from a genetic perspective. To gain a
perspective on this, it may be useful to consider how paleoan-
thropologists define Neandertals and modern humans based
on skeletal morphology using features such as the robustness
of their skeleton, the presence of prominent brow ridges, and
elongated crania with occipital “buns.” Most of these features
are derived in Neandertals.”® However, these features can also
be found in modern humans. For example, some people today
have as robust skeletons or as prominent brow ridges as Nean-
dertals. Nevertheless, only Neandertals carry a combination of
all or most of these features.

Similarly, the genetic basis of the modern human phenotype
should be seen as a combination of derived genetic features,
where not every feature is present in every modern human.
Rather, some derived modern features may exist in their ances-
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tral forms in some people today either because they have
persisted from the common ancestor of archaic and modern
humans or because of archaic gene flow. Thus, from a genetic
perspective, modern humans can be defined as carrying com-
binations of derived variants, which are common but not
present in all of us today (Figure 4). Conversely, some derived
genetic variants typical of modern humans are present in some
archaic humans who lived late enough to carry variants that
were introduced into archaic population from modern humans,
as illustrated by the derived form of KNL1 seen in some Nean-
dertals.'?

Of course, modern humans may also exhibit some changes
that are almost completely fixed (if very rare back-mutations
are disregarded). One example is a substitution in the AHR
gene that changes an amino acid in the aryl hydrocarbon recep-
tor and reduces its ability to induce the expression of enzymes
that metabolize aromatic hydrocarbons.®® This variant has, to
our knowledge, not been seen in any present-day human.

There are some genomic regions in present-day humans that
are devoid of variants contributed by Neandertals and Deniso-
vans. They are particularly enriched in variants fixed among
modern humans because they contain hardly any archaic ge-
netic contributions. These genomic regions may be of particular
interest to understand modern human uniqueness.'®'":¢

CONCLUSIONS AND OUTLOOK

The genomes of Neandertals and Denisovans have shown that
they had common ancestors with modern humans about
600,000 years ago. In contrast, the ancestor of all present-day
humans existed perhaps about 300,000 years ago. As a result,
only 1.5%-7% of the genome are made up of regions where
archaic genomes fall outside the variation of present-day peo-
ple.?? These regions harbor genetic variants the frequency of
which differs drastically between modern and archaic humans.
However, variants in other regions of the genome may also differ
between these groups. Differences in both types of regions in the
genome are likely to be important for the modern human pheno-
type. From a genetic perspective, modern humans are best
defined as a combination of genetic features wherein each indi-
vidual carries most but not necessarily all of these genetic fea-
tures. This “combinatorial view” of what constitutes a modern
human does not negate the fact that individual genetic changes
may be more functionally important than others. In fact, it is likely
that an “explosive combination” of several or many important
changes came together and became frequent in the population
that became the ancestor of modern humans. These changes
were the genetic basis that allowed modern humans to embark
on a historical trajectory radically different from other human
forms that existed both before and contemporaneously with
modern humans. A grand challenge for the future is to identify
these genomic changes.

Gene flow between archaic and modern humans offers a way
to study the physiological consequences of many of the variants
typical of both modern and archaic humans. In the case of vari-
ants that changed in modern humans, mixing between the
groups often introduced the ancestral versions into present-
day people. However, variants introduced by archaic gene flow
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A
B
AAF AAF AAF AAF
Gene AA Khoe-San Ayta Gene AA Khoe-San Ayta
APOF A178G 0.36 0.16 PIEZO1 G307S . 0.10
cox7B82 Q16R 0.02 . PIGZ T275M . 0.02
CSGALNACT1 1240V , 0.04 PNLIP M414K 0.10 .
EDEM3 R20S A 0.08 RB1CC1 R1216K 0.10 0.08
EFCAB4B V474l . 0.02 RPTN H246L . 0.16
ENTHD1 R292T 0.26 " SH2D4A E284K 0.12
EVC2 G488S " 0.04 SLC12A1 S24N 0.06
FAAH A476G . 0.04 SLC8A1 T221 0.04 .
GPR132 E328Q 0.02 . SPAG17 T1415A 0.04 0.02
HMGXB3 G1214S 0.02 i SPAG17 Y431D 0.02 0.02
ITGB4 R1748H 0.02 . SPAGS H410D 0.02 .
KATNA1 T343A 0.04 0.12 SPAGS G162E 0.02
KLLN N131S 0.26 . SPAGS S43P 0.02 .
LHFPL4 splice ‘ 0.40 STARD9 T3925A : 0.10
MFSD12 L326F 0.02 . TCHH K1209E . 0.12
MIIP H280Q . 0.04 TKTL1 R317K 0.32 0.00
MPL T374A . 0.06 TMPRSS2 V70A . 0.10
NEK6 H325D 0.02 . USH2A K5026E . 0.22
NOP14 T493R . 0.12 VCAN D3042N 0.02 0.02
NOTO 1237N " 0.02 ZNF106 ABI7T . 0.10
0SBP2 M760V 0.06 ; ZNF292 125747 0.06

Figure 3. “Unique” modern human genetic variants occur in their ancestral form in some present-day people

(A) Map illustrating how modern humans originated in Africa and spread across Africa and Eurasia, mixing (exclamation marks) with Neandertals (blue) in western

Eurasia and Denisovans (red) in eastern Eurasia.

(B) The ancestral versions of 42 out of 113 protein-changing variants that were considered to be nearly fixed (see https://bioinf.eva.mpg.de/catalogbrowser) can
Q8 be found in 25 individuals from the Khoe-San in southern Africa (yellow)’® and 25 individuals from the Ayta in Malaysia (green).® aa, amino acid substitution; AAF,

ancestral allele frequency.
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Figure 4. Schematic illustration of the present-day chromosomes and the “combinatorial view” of human genetic modernity

In this example, seven chromosomes carried by present-day people carry seven genetic variants that are frequent among modern humans. Three of them
(variants 2, 3, and 5, arrows) occur on all chromosomes. The others occur on many but not all chromosomes, either because the ancestral variants have persisted
in the modern human population (variants 1 and 6) or because Neandertals contributed ancestral variants to modern humans (variants 4 and 7). However, all
chromosomes (and thus all individuals) carry almost all of the variants that together define modern humans from a genetic perspective.

are often rare, which limits our ability to study them. A promising
prospect is that biobanks become not only bigger but also
more diverse in terms of the ancestry of their participants. This
is important, as variants that are rare in large populations will
sometime have reached appreciable frequencies in smaller pop-
ulations wherein random genetic drift plays a larger role than in
larger populations (Figure 3). The phenotypic effects of some
ancestral variants can therefore potentially be studied in small
populations.

Finally, it is important to keep in mind that when ancestral var-
iants are associated with effects during development or in adult
individuals, such ancestral variants are not in any sense “primi-

10 Cell 187, February 29, 2024

tive” or “pathological.” They functioned well for hundreds of
thousands of years in healthy archaic humans that were closely
related to modern humans and most or all of them presumably
function well in people today.
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