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ABSTRACT

Over the last years we have come to realize that the history of our species is not as simple as
we once thought. We are now faced with complex demographic scenarios, events of admixture
with human species and the realization that our differences with Neanderthals might be of gradi-
ent, not quality. Knowing all of this, we have to face the question of what did in fact change since
the emergence of our species, to what extent, when did it happened in our evolution, and what
consequences those changes bring for complex traits. This thesis tries to contribute answers to
these questions, either through in silico analysis of open, publicly available genomic databases,
or, when possible, in vitro, in collaboration with other research groups.

Chapter 1 outlines the questions that are treated in this thesis and summarizes the results and
arguments of each chapter. First, I present an overview of the current understanding of hu-
man evolution since the split between the Neanderthal/Denisovan lineage and the Homo sapiens
branch. Then, I show what kind of core questions arise from the state of the field, namely what
can be done to explore the relationship between genotype and phenotype over evolutionary time
in humans. I follow with a succinct summary of the main methods and results of each chapter,
showing how they try to answer each of these questions, as well as a final note on challenges and
future steps.

Chapter 2 explores the effects of Homo sapiens variants in gene expression in specific brain tis-
sues, using the GTEx consortium eQTL database. We highlight the effect of regulation in human

evolution, present contrasts with previous literature regarding directional gene regulation, and



presents genes that correlate with brain volume GWAS signals.

Chapter 3 presents the result of our collaboration with the team of Dr. Giuseppe Testa, showing
how neurodevelopmental disease modeling can inform our understanding of human evolution.
We show how BAZIB, a gene implicated in Williams-Beuren syndrome, regulates neural crest
stem cell induction and migration. Our work suggests that the BAZ1B regulatory network has
undergone changes in human evolution, shaping the facial morphology of our species and vali-
dating previously-standing hypothesis about the biology of craniofacial morphology in humans.
Chapter 4 applies an open large-scale database of allele age estimations (GEVA) to Homo sapi-
ens specific variants in order to map species-specific genetic variation over time. We also apply
gene expression predictions via machine learning and other time-sensitive genomic analysis, and

present genes that have undergone changes in specific windows of human evolution.
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REsuM

En los dltimos anos nos hemos dado cuenta de que la historia de nuestra especie no es tan
simple como una vez pensamos. Nos enfrentamos ahora a escenarios demographicos complejos,
eventos de admixtura en el pasado con otras especies humanas y la realizacién de que nuestras
diferencias con los Neandertales son de grado, no de cualidad. Sabiendo esto, tenemos que pre-
guntarnos qué cambios tuvieron lugar desde la apariciéon de nuestra especie, hasta qué punto el
fenotipo cambid, cuando ocurrié en nuestra historia evolutiva y cuales son las consequences de
esos cambios para rasgos complejos. Esta tesis intenta contribuir respuestas a estas preguntas a
través de analisis in silico de bases de datos genomicas publicas, o, cuando es posible, in vitro.

El Capitulo 1 delinea las preguntas que trato en esta tesis y resume los argumentos y resultados de
cada capitulo. Primero determino las claves de nuestro conocimiento actual en evolucion humana
desde la separacion entre el lineaje Neanderthal/Denisovano y la rama Homo sapiens. Después,
muestro qué tipo de preguntas centrales surgen del estado del campo; especificamente, qué puede
hacerse para explorar la relacion entre genotipo y fenotipo en tiempo evolutivo en humanos. A
continuacion presento un resumen de los métodos y resultados de cada capitulo, mostrando cémo
intentan resolver cada una de estas preguntas, asi como una ultima nota sobre pasos futuros y
retos.

El Capitulo 2 explora el efecto de variantes Homo sapiens en expression genética en tejidos cere-
brales especificos, usando la base de datos de eQTL del consorcio GTEx. Los resultados resaltan el

efecto de la regulacion gendmica en evoluciéon humana, presenta contrastes con literatura ante-
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rior respecto a la direccionalidad de regulaciéon genémica, y presentan genes que se correlacionan
con sefiales de volumen cerebral en GWAS.

El capitulo 3 presenta los resultados de nuestra colaboracién con el grupo del Dr. Giuseppe Testa,
mostrando como el modelaje de desordener neurodevelomentales puede informar nuestra com-
prension de la evolucion humana. En este capitulo demostramos como BAZ1B, un gen implicado
en el sindrome de Williams-Beuren, regula la induccion y migraciéon de células madre de la cresta
neuronal. Nuestro trabajo sugiere que la red reguladora de BAZ1B ha cambiado a lo largo de
la evoluciéon humana, cincelando la morfologia facial de nuestra especie tal y como habia sido
predicho en la literatura anterior.

El capitulo 4 aplica una base de datos de estimaciones de edad de variantes (GEVA) a variantes
specificas de Homo sapiens para localizar en el tiempo variacion especifica de nuestra especie en
el tiempo. También aplicamos predicciones de expresion genética a través de Machine Learning y
otros analisis, y presentamos genes que han cambiado en ventanas especificas de nuestra historia

evolutiva.
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1 INTRODUCTION

1.1 THE PARADOX OF HUMAN UNIQUENESS

There was a time when we thought Homo sapiens was unique; that explaining what we are as
a species was as easy as pointing at the one factor that made us human, or at the one place were
we emerged. This view is now unsustainable [1, 2] — and with this rebuttal comes the challenge
of building a body of knowledge that fully acknowledges the complexity of our past.

Over the last decades we have discovered that our species and other closely related extinct
humans, in particular Neanderthals, are not so different. We are no longer the only human species
to create art [3], be it in form of engravings [4], ochre use [5] or body ornaments [6]. Neanderthals
are also credited with creating complex technology previously thought to be unique of Homo
sapiens [7, 8]. In the past, these findings used to be part of a single cohesive package, sometimes
named 'behavioral modernity’, but now this term is no longer useful to describe the gradual
emergence of cultural and technological practices, no longer the product of a single species, time
or place [9]. A new paradigm of what constitutes being human is emerging, and even the line that
defines what is a distinct human species is more blurred than ever considering the accumulating
evidence that there have been multiple events of introgression in the past between early Homo
sapiens and Neanderthals and Denisovans [1, 10].

And yet, paradoxically, there are still many things that are not exactly equivalent in the biol-

ogy of our species relative to the Neanderthal/Denisovan lineage. While many cultural practices



seem to have been shared between species, claims to similarity do not necessarily entail total
equivalence; that is, some aspects of Homo sapiens (and of Neanderthals and Denisovans) are still
species-specific , as evidenced by the fossil record and genetic evidence. Plausibly, this means
that any difference associated with cognition is likely just a matter of subtle degree, in the same
way humans and other animals are not differentiated by any cognitive quality but rather by en-
hanced capabilities in each domain [11]: any potential differences between Neanderthals and
extant humans might follow this pattern, once we clarify them. But we haven’t yet: the matter
of cognitive differences between human species remains a topic of heated discussion, specially
when considering human-specific traits such as the faculty of language [12] or even cognitive
pathologies such as Alzheimer’s disease [13].

To start tracing back such sapiens or human-specific traits in time we have to first be aware
of the currently settled differences between Homo sapiens and the Neanderthal and Denisovan
lineage. While there have been other derived traits that differentiate these two human lineages
(such as the immune system response [14, 15]), for the purposes of this thesis I will focus on two
aspects of human biology: differences in brain tissue, for their obvious implications in cognition,
and the genetics of bone morphology, for reasons detailed in [16] and related to the complex in-
terplay between brain morphology and braincase recently explored in human evolution research
([17-19]). Note that given the history of racist misinterpretations of the idea of an interaction
between facial morphology and cognition, I include a cautionary note on this topic at the end of
Section 1.3.2.

In terms of bone anatomy, the differences between extant humans and other close branches of
human species can be roughly summarized in differences in the morphology of the craniofacial
complex, bone mineral density and rib cage shape. Homo sapiens have overall less protruding
faces, the product of developmental trajectories of bone deposition and remodelling in the nasal
and maxillary area and the supraorbital torus [20-22]. These changes are already present in an

early Homo sapiens fossil, found in Jebel Irhoud and dated around 300 thousand years ago [23],



though decoupled from other derived sapiens traits of the skull such as a overall rounder cranium.
Neanderthals also had overall higher bone density and anatomical differences in ribcage width
(likely product of differences in the respiratory system [24]) and the lumbo-pelvic complex [24,
25]. While the fossil record of Denisovans is notoriously scarce, a reconstruction from Denisovan
DNA methylation maps suggests that most of the traits that characterize Neanderthals relative to
Homo sapiens are also present in Denisovans [26]. The craniofacial bone complex is affected by
multiple factors, including dietary modifications during the Neolithic [27], the interaction of bone
resorption and deposition patterns with facial muscles, and Neural Crest cells early ontogeny [28],
among others. It’s worth noting that parts of the face have diverse degrees of derivation in Homo
sapiens, and sometimes the history of facial bone remodelling is convoluted [21].

There are also differences in brain ontogeny and morphology between the Homo sapiens and
Neanderthal branches, as evidenced prominently by endocast simulations using the fossil record.
These kind of geometric morphometric analysis show that the skulls of Homo sapiens and Ne-
anderthals have species-specific developmental trajectories [18, 19, 29]. Homo sapiens are char-
acterized by a globular, rounder braincase, as opposed to the typically elongated endocasts of
Neanderthals and early sapiens individuals such as the Jebel Irhoud fossil, a fossil that displays
a modern-like facial morphology [23] as discussed above. A globular shape of the brain likely
emerges from differential development trajectories of the cerebellum, the lateral parietotemporal
and occipital areas [17-19, 29]. The effects of introgressed variants from Neanderthals in mod-
ern populations seem to confirm these differential brain trajectories, as Neanderthal alleles affect
globularity [17]; introgressed variants are also downregulated in the cerebellum in extant humans
[30].

The occipital, parietal, and temporal lobes, as well as the cerebellum, are related to cogni-
tive abilities such as memory, attention, learning and speech [16, 17, 19, 31], though to what
extent cognitive domains affected by subtle changes in species-specific brain tissue morphology

is currently unknown. Additionally, other subcortical tissues that are not reflected in endocasts



might have undergone species-specific variation that remains undetected. Such questions can
be answered from the finer-grained perspective of paleogenomic analysis, aided by the recov-
ered DNA of extinct humans (such as the high-coverage sequences of various Neanderthals and
a Denisovan [32-34]).

Paleogenomic analysis supports the idea that there were differences in brain tissue, from the
Homo sapiens-specific globularization process to findings at the cell level. For example, a catalog
of species-specific genetic differences [35] showed that there are Homo sapiens-specific variants
in genes associated to brain growth and cell division, and that some of these genes have fallen
within genomic regions under positive selection since the split with the Neanderthal/Deniso-
van lineage [36]. There are also regions in the sapiens genetic pool that, despite multiple and
semi-continuous admixture events across species [10], have resisted the introduction of genetic
variation from extinct humans [37-40]. These areas seem to have endured purging selection
against Neanderthal introgression [41], though other reasons such as population bottlenecks or
drift have been proposed with various degrees of confidence [10].

Again, the question of how much genes in deserts of introgression contribute to cognitive
abilities or tissue development is ambiguous. Fueling the dispute, among these genes there are
some that are known to play an important role in language and neural development, including
FOXP?2 or genes of the ROBO family [10, 42]. Variation in FOXP2 was though to have been pos-
itively selected in Homo sapiens in early studies. Such claims have been refuted [43], but there
are still other genomic regions in the deserts of introgression that have been putatively selected
[42].

At heart, the classic question "'what makes us human?’ encounters a paradox in these findings.
The evidence from archaeological remains, genomics and other disciplines in-between shows that
there are derived traits in specific human species, but we have yet to solve when, how and which
traits changed over our evolutionary history, specially considering the similarities between our

species and other extinct humans. These basic questions are crucial if we want to clarify the



complex demographic events in the Homo sapiens pre-Out-of-Africa deep past [2, 23].

Early attempts using paleogenomic evidence to understand how do Homo sapiens differ from
other human species focused on the few fixed missense mutations that separate us from Nean-
derthals and Denisovans [44]. While this perspective still finds its way into cutting-edge exper-
imental settings, such as brain organoids edited by CRISPR-Cas9 technology [45], most recon-
structions of the evolution of cognitive traits have instead acknowledged the effects of tissue and
cell-specific expression and genetic regulation [22, 29, 46-50]. Only through an accurate picture
of the effects of species-specific genetic variation can we effectively start mapping cognitive skills
in an evolutionary scale — i.e., to clarify trait phylogenies, including the history of the emergence

of our language, requires to solve first to what degree we are similar to other human species.

1.2 A TRIPLE PROBLEM

It’s here, at the intersection between human evolution, Genetics and the Cognitive Sciences,
where we are faced with a triple problem. First, mapping genotype and phenotype in modern
humans in order to infer cognitive traits from molecular changes is a formidable quest on its
own. Second, we have to be able to integrate these methods with ancient DNA sequences, where
only predictive methods can provide information that is not obtainable (such as gene expression
data), all the while taking into account that only a handful of high-quality sequences are available.
And, third, we have to be able to reconcile any information we derive from this form of 'molec-
ular archaeology’ with the traditional sources of information in human evolution: the fossil and
technological record.

The intersection between these three problems generates a number of methodological ques-
tions, namely: How do we map variation in ancient DNA to inferred phenotypical changes? How
do we integrate the new information obtained through genomic methods with the patchy, com-

plex nature of the Homo sapiens deep history? Are there things that can be inferred from genetic



sequences that are not possible to detect by other means, such as endocasts? For example, have
any subcortical regions been less represented due to the lack of endocast imprinting, considering
how tied some of them are to the cerebellum [51]? How can evolutionary data inform the biology
of modern-day traits (and vice versa)? Can modern pathologies inform evolutionary information
(as proposed by [13], among others)?

The spirit of the work presented in this thesis follows, at its core, these questions. There is
no way to answer any of these without involving an overarching body of disciplines, ranging
from bioinformatic analysis that profit from variation data in current humans (in the line of [30]
or [17]) to, when possible, the integration with in vitro approaches. The methods in this thesis
fluctuate between my work from a computational perspective and the integration of the methods
here presented with the work of collaborators in laboratory settings (such as in [49, 52]).

Harnessing the diversity of our species as reflected in genomic resources for evolutionary
data can involve, for example, studying the variants that are specific to our species relative to
Neanderthals and Denisovans. This approach has remained so far a less explored path compared
to the study of introgressed data (though not totally ignored, as evidenced by [22, 35]). In a
context where ideally the functionality of variation is validate through often economic and effort-
wise expensive in vitro methods, we might also find that we have to prioritize specific genomic
targets of study. Luckily, there are ways to prioritize which Homo sapiens genomic regions are of
special interest, such as studying the effects of variation under positive selection and in deserts of
introgression, those genes known to be at the center of large regulatory networks, or focusing on
high-frequency sapiens-specific variants that are shared across most modern humans. This labor
of prioritization has been a constant over the work included in this thesis [52-54], including those

projects were I've played a more secondary role [42, 49].



1.3 THESIS OUTLINE

Each of the chapters of this thesis addresses a specific question sketched in the previous sec-
tions. I provide here a brief summary of each one of them, which are presented as either published
articles (chapter 3) or in their current form (chapters 2 and 4, currently under peer-review). I also
discuss briefly other articles that touch on the topics explored here and where I am a coauthor

[42, 49, 55].

1.3.1 THE EFFECT OF REGULATORY DERIVED VARIANTS ON BRAIN REGIONS

Chapter 2 deals with genetic regulation as a driving force in the evolution of Homo sapiens.
There have been multiple recent attempts at understanding gene regulation in the context of
evolution, as it likely plays a key role in human speciation (see [22, 26, 30, 46-48, 56, 57]). In
particular, eQTL mapping was considered in at least one of these studies [22], but the method
was discarded because it requires polymorphism data and thus is not suitable to understand fixed
variants separating sapiens from other human species, the original intent of the authors. A similar
approach using Allele-Specific Expression [30] found that Neanderthal alleles are downregulated
in the cerebellum and striatum; however, the mirror question of whether Homo sapiens-specific
variants had a particular effect in gene expression in the brain was left unanswered. While the
effect of totally fixed variants can’t be derived from eQTL mapping, it is possible to obtain the
effects of alleles in very high frequencies across modern human populations.

Using the GTEx database, which includes 15 region-specific brain-related samples, we ex-
plored the effects of genetic regulation by these almost-fixed variants (at an arbitrarily chosen
allele frequency of > 90% across human metapopulations [35]). Our hypotheses were that: i) as
predicted before in the literature [32, 36, 56], gene regulation detected by eQTL mapping would
fall significantly more often within genomic windows under positive selection; ii) that we would

find upregulation of high-frequency H. sapiens-specific variants in the cerebellum, mirroring the



effects of the introgressed alleles found in [30], as well as on other derived areas of the brain (such
as the parietal lobes). Additionally, while we didn’t have specific predictions for this, eQTL map-
ping has the advantage of capturing gene expression variation in other potentially underlooked
brain regions, most prominently subcortical regions that are not capture by endocast studies.

A permutation test with two independent positive selection studies [36, 58] did find that
almost-fixed, current human alleles are more likely to lie in genomic regions under putative pos-
itive selection than in random regions of the genome, confirming our suspicions. We also found
that 5’UTR variants are overrepresented in derived eQTL compared to a control. Regarding di-
rectional regulation, we did not find a mirror effect of the results in [30] when controlling for
linkage disequilibrium, though we did see a statistically significant tendency to upregulation in
both derived alleles and control sets when linkage disequilibrium was not accounted for. As for
specific tissues, we did find that cerebellum and pituitary accumulate more variants than expected
by chance (compared to a control set), partially confirming another of our initial hypotheses. Fi-
nally, a two sample Mendelian Randomization analysis and colocalization test between eQTL top
hits and 10 brain volume GWAS found signal correlation in genes involved in neurodevelopment.

The article overall reinforces the idea that genetic regulation is core to our understanding of
human evolution. We also discuss several methodological limitations. First, eQTL mapping from
bulk-tissue RNA sequencing has a very low probability of finding causal variants [59]. Second,
and assuming that the top derived eQTL per gene is causal, colocalization did not find a causal
relationship with GWAS, despite the Wald ratio mendelian randomization correlations.

In essence, this might mean that either derived variants are acting in conjunction with previously-
existing variants to shape the regulatory landscape that lead to the Homo sapiens phenotype, or
that we are detecting instances of pleiotropy, as expected from the high phenotypic heterogene-
ity of the brain [60] and as is usual in bulk-tissue RNA sequencing, which does not distinguish

between cell types.



1.3.2 WILLIAMS-BEUREN SYNDROME, BAZ1B AND THE HUMAN FACE

Chapter 3 focuses on the role of the regulatory network of a gene, BAZ1B, in shaping the
human face. This work is the fruit of a collaboration with the group of Dr. Giuseppe Testa, and
the chapter reflects our joint publication in Science Advances.

BAZ1B is a chromatin regulator that lies in a genomic region (7q11.23) that, when deleted,
causes a neurodevelopmental disorder called Williams-Beuren (WB) syndrome. This same region
can also be duplicated, causing an autism-like syndrome (7dupASD, or WB region duplication
syndrome) [61, 62].

WB syndrome causes a particular craniofacial profile that mirrors some aspect of the evolu-
tionary trajectory of the Homo sapiens face [63]. WB also has prominent effects in social cog-
nition: patients with WB syndrome are typically non-aggressive, prone to conversation (their
verbal competencies are relatively well conserved) and overall overtly trusting of others, includ-
ing complete strangers [61]. Neural Crest cells migration and induction, phenomena that underlie
the characteristic overtly retracted facial bone morphology of WB patients[61], are regulated by
BAZ1B [52]. Neural Crest cells are at the center of a previously proposed hypothesis in human
evolution, one that stresses the parallels between human evolution and domestication, another
biological phenomenon associated with neural crest cell ontogeny [63].

As humans have undergone both changes in their social cognition [64] and a retraction of the
face [21], [63] proposed that there might be parallels between the evolution of social cognition,
craniofacial development and neurochristopathies (i.e., disruptions in Neural Crest cell develop-
ment) in Homo sapiens. Some neurodevelopmental disorders, such as WB syndrome, are consid-
ered neurochristopathies [52]; their underlying genetic makeup would thus serve as an experi-
mental point of entry for the proposed parallels with domestication-like processes. WB syndrome
is unique among neurochistopathies for the particular cognitive profile it is associated with, and

its defined genetic causes. On top of that, WB was already associated with domestication-related



genes. Some of the genes identified to be associated to domestication in domesticated foxes and
dogs are paralogs of those in the genetic window of WB syndrome [65, 66].

Under this hypothesis as formulated by [63], neural crest cells should be associated to the
evolution of facial morphology of Homo sapiens relative to Neanderthal, Denisovans and other
species such as Homo erectus preceding the last common ancestor between H. sapiens and other
human species [64]. Our article on BAZ1B was the first one to provide evidence that this was
the case for one of the genes involved in Williams-Beuren syndrome, as predicted in [63, 64].
While the effect of WB-associated genes in the evolution of cognitive traits such as decreased
reactive agression (as proposed in [63]) still require empirical testing and separation from other
mechanistic explanations [67, 68], it’s the first time that the so called ’human self-domestication’
hypothesis has been explored in vitro (though previous attempts had tried to do so in silico [69]).
Our work on BAZ1B is an example of how neurodevelopmental disorder modelling can be useful
to inform our understanding of specific complex traits over evolution.

While the theory originally proposed by [63] was called the theory of Thuman self-domestication’
[63], the concept is not without problems: the neural crest mechanism for domestication is not
universal across domesticated species, and what we conceptualize as "domestication syndrome",
or the host of phenotypes accompanied by domestication is i) not consistently producing the
same traits in different species, and ii) probably overlapping with other complex factors (as dis-
cussed in detail in [67, 70]). It’s also worth noting is that the term ’domestication’ is prone to
racism-motivated oversimplification due to the cultural charge of domestication as a directed
biological process [67]. Despite the title of the article [52], I want to note that I fully acknowl-
edge that ’human self-domestication’ is at the moment a muddy concept that will probably need
reconceptualization. We have to provide a more detailed clarification of the role of Neural Crest
cells in domestication-like processes, and, when applied to human evolution, integrate this un-
derstanding with their specific role in human evolution (in consonance with [67]’s assessment

of the term). Neural crest cells play a role in many other biological phenomena, such as normal
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variation resulting in craniofacial divergence across many species [28]; any further empirical val-
idation of the human domestication-like hypothesis would require pinpointing a chronology of
these during phylogeny and ontogeny in other species, specially in contrast with other factors
that might shape craniofacial morphology such as dietary changes [67].

To avoid confusion, I also emphasise that this particular article does not pretend to establish
links between craniofacial genetics and any psychological traits in the sense that past pseudo-
scientific disciplines (prominently, Gall’s phrenology) did, prominently in racial terms. It should
be clear to this day that cranial and facial bone genetics have a high degree of interplay, but
that these do not entail psychological correlates in Homo sapiens. This was recently revisited
in [71], an exhaustive empirical study on the genetics of craniofacial morphology that found no
co-inheritance patterns with an exhaustive list of cognitive traits.

Thus, whether cognitive abilities are associated with craniofacial genetics at the species level
in humans (that is, between Denisovans, Neanderthals and sapiens) is a different question by
virtue of the focus on the evolutionary scale. Particularly, the questions asked in Chapter 3 are
more akin to the interrogation of differences between domestic and wild canines or Pan paniscus
and Pan Troglodytes [64]. Due to the kind of connotations that the term ’domestication’ brings
and the aforementioned reasons, to the day of writing of this thesis I favour the much more
neutral ‘mild neurocristopathy’ term for this hypothesis, which has the advantage of focusing on
the specific biological mechanism underlying the domestication-like process — even if it is at the
expense of separating it from other prominent mechanistic explanations of domestication-like
processes, such as the glutamatergic signalling hypothesis [68, 69].

Not related to the 'mild neurocristopathy’ hypothesis, but in consonance with the search of
the genetics underlying bone morphology, I've also participated in a project led by Juan Moriano
and Nuria Martinez-Gil [49] which aimed to test the effects of species-specific genetic variation in
genes associated with bone growth. This work was motivated by the differences in bone structure

and growth in Neanderthals and Homo sapiens reviewed at the beginning of this introduction [20-
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22, 24, 25]. The results can be found the form of preprint in [49].

We show that SOST and RUNX2 3'UTRs cause differential regulation of bone growth in Homo
sapiens and Neanderthals. RUNX2 is a gene proposed to be under positive selection in Homo
sapiens in early studies [72], and that is known to affect craniofacial formation [73] and specifi-
cally fontanelle closing developmental timing (a derived trait in our species [72]), while SOST is
associated with sclerosteosis and van Buchem disease [74]. These results help explain a part of
the evolutionary history of our craniofacial structure, complement our work with Dr. Giuseppe
Testa and his team, and provide an evolutionarily-aware account of pathologies that affect bone

ontogeny in modern populations.

1.3.3 A CHRONOLOGY OF HOMO SAPIENS VARIANTS

Chapter 4 presents our work in establishing a temporal distribution of Homo sapiens-specific
alleles. As discussed before, the evolution of Homo sapiens has not been linear, but rather reticular
[1, 2], in that early human populations before the Out-of-Africa event likely constituted different
subpopulations with a diversity of traits and complex relationships between them. To unravel
this complexity, we need to be able to locate the apparition of alleles in time.

We made use of a large-scale database of allele age estimates, GEVA [75], that uses a non-
parametric coalescence method to infer the age of more than 45 million variants in the current
human genetic pool. We discovered that there is a two mode distribution to Homo sapiens-specific
alleles age estimates, roughly coinciding with a period of population dispersal and expansion
around 100 thousand years ago (kya) and the period of split between our species and other human
lineages [53]. We note also that the distribution itself goes back far more than the estimated time
of divergence, specially when not taking into account frequency, for reasons discussed in the
chapter. We applied this data to genomic regions of evolutionary interest, such as windows under
putative positive selection, introgressed alleles from Neanderthals and Denisovans and deserts of

introgression [36-38, 40].
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We then divided alleles in temporal slices relevant to milestones in human evolution, such
as the period of pre-Out-of-Africa Homo sapiens history between 300 and 500kya, for functional
analysis. We applied time-sensitive gene ontology analysis and a machine learning gene expres-
sion predictor [76] to highlight those genes with a higher directional and absolute regulation in
specific time windows. We find genes associated with cerebellar Purkinje neurons or the gluta-
mate and dopaminergic system in different times of evolutionary history [53]. As a case example,
we also assigned temporal estimates to variants lying in genes associated to BAZ1B expression,
as determined previously in our work in Chapter 3. We found that the network of genes that
shape the human face has arisen over a long evolutionary time, and that some of the alleles
that shape our face were present before the emergence of our species. These alleles might have
gained function over the course of evolution, or else contributed to morphological traits that are
not Homo sapiens-specific. This last possiblity was already formulated on the basis of the fossil
record in [21] and builds upon previous results on the evolutionary trajectory of the human face
([52], presented here as Chapter 3).

Our work in Chapter 4 serves as an example of how open, large-scale databases (such as
GEVA) can be harnessed to test evolutionary questions. We also reinforce the idea that any study
aiming to understand the function of a variant in human evolution has to be mindful of this
kind of temporal estimates. Once more, this evidences the necessary collaboration of different
subdisciplines to obtain an integral view of human evolution.

There are two separate projects that complement chapter 4 but were not included in the body
of this thesis.

First, there is [57], led by Raiil Buisan and Juan Moriano, where we looked at the effects
of genes in deserts of introgression in gene expression over development in brain regions. The
results can be read at [42]. While Chapter 4 deals with mapping age estimates to genetic variation,
we introduce in this project an additional developmental perspective that is key if we want to

pinpoint how and when did Neanderthal/Denisovan and Homo sapiens brain growth trajectories
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diverge [17, 18].

To this end, we used a public transcriptomic database that includes human brain developmen-
tal tags [77]. We aimed at bringing a finer perspective on the developmental aspect of genetic
variation in brain tissues, specially in the context of genes that have resisted Neanderthal and
Denisovan introgression. Introducing a developmental perspective was aimed at pinpointing if
previously suggested differences in ontogeny across human species could be traced back to the
effects of genes in deserts of introgression [29]. Overall, we show that in the set of genes under
positive selection within introgression deserts the cerebellum and the striatum show the most
divergent transcriptomic profiles at prenatal stages [42].

Second, there is [55], led by Marcel Ruland. We have discussed above that the work in Chapter
4 reflects a large population expansion of Homo sapiens. The effects of this expansion in cultural
traditions are thoroughly discussed in the archaeological and cultural evolution literature. [55]
presents an agent-based model simulation of factors having affected language complexity in the
past. The model in this work integrates these factors in proxies for cognitive capacity, demo-
graphic expansion and hostility. The results show that some of these factors follow each other
closely, but that it’s possible to discern the order and causal relationship between them, mirroring
our current knowledge of human evolution. In general, this work advances an interdisciplinary
approach towards the evolution of language as a complex phenomenon — one that integrates an

evolutionary narrative that is not always taken into account in classic linguistic circles [78].

1.4 CHALLENGES AND FUTURE DIRECTIONS

There are inherent challenges to the kind of computational approaches to human evolution
I've taken in most this thesis. First, we have a low number of high-coverage genomes from
extinct humans. This might change in the future, but at the moment of writing of this thesis it

has conditioned the certainty with which we can call a variant Homo sapiens-specific, as the full
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picture of extinct human genetic diversity is obscured. The consequences of this limitation to the
conclusions of each project are discussed in the corresponding discussion sections.

Second, there are known problems of underrepresentation of African diversity in current
genomes. Despite being the continent with more genetic variation, we have relatively less infor-
mation from current populations of the African continent compared to other continents, partic-
ularly in terms of GWAS studies and DNA sequences. Capturing the full picture of the African
genetic pool is paramount to understand both current variation in Homo sapiens, the genetics of
complex traits, and demographic inferences of the deep past [2].

Having stated these limitations, there are highlights to extract from the body of work here
presented, in the two lines of research covered: bone development and brain evolution.

In terms of bone development, my coauthors and I have built upon previous literature on
genes that were considered to play a prominent role in bone development [49, 52]. We have used
for this purpose an approach mindful of natural variation in Homo sapiens, particularly making
use of genes associated with disorders affecting extant humans. Researchers can build upon our
results on BAZIB [52], RUNX2 and SOST [49], such as in the understanding of the role of neural
crest cells in other human traits or species. We have also opened a road for researchers to explore
the role that hypothesized mild neurochistopathies might have in human evolution, providing
the first partial validation of the hypothesis [63]. Methodologically, we also explore a really
interdisciplinary use of neurodevelopmental disorders in human evolution. Our chapter on the
timing of sapiens-specific alleles (4) also includes a timescale of alleles affecting BAZ1B regulation,
effectively mapping both a functional role and the history of this gene in Homo sapiens.

As for brain evolution, we reinforce the role for sapiens-specific genetic regulation in Chapter
2. Various of my efforts, sometimes along with collaborators, (Chapter 2, 4 and [42], not included
here) highlight some of the genes and mechanisms by which the cerebellum is a key divergent
structure, consistently with previous literature [17, 18]. We also discuss the role of other candidate

brain regions that might have changed in Homo sapiens evolution: [42] shows divergent profiles
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of the thalamus and striatum during ontogeny, while Chapter 2 highlights regulatory changes in
the pituitary. At a finer perspective, in Chapter 4 we also provided a time-sensitive account of
variation that highlights genes related to the glutamate and dopaminergic systems.

Integration with single-cell RNA-seq, at a finer resolution than bulk tissue sequencing, will be
key in future efforts in this direction (as evidenced by [35, 57]). Integration with in vitro methods
remains also important to functionally test the effects of specific variants. Much hope has been
put on introducing variants from extinct human in brain organoids with gene editing techniques
such as CRISPR-Cas9 (as in [45]), another potential testing ground, though researchers should be
mindful of the problems of inferring species-specific differences from the functionality of a single
variant outside its genomic context and typical developmental environment.

Additionally, and as discussed above, most of the work here presented has used the high-
coverage aDNA sequences [32-34, 79], but over the last years fragmentary and low-coverage
genomes of various places, ages, and species have emerged. Most of the work of this thesis
has made use of [35] as a source of inspiration, but any future work that wants to infer past
phenotypes should strive to integrate new samples, both high and low coverage, ideally in a
scalable way to account for newly-emerging information.

While most of the questions formulated in this introduction remain largely unanswered, I
hope that the work presented in this thesis provides at least a partial answer to some of the

questions that arise from understanding how did exactly Homo sapiens came to be.
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Abstract

The availability of high-coverage genomes of our extinct relatives, the
Neanderthals and Denisovans, and the emergence of large, tissue-specific
databases of modern human genetic variation, offer the possibility of prob-
ing the effects of derived alleles in specific tissues, such as the brain, and its
specific regions. While previous research has explored the effects of intro-
gressed variants in gene expression, the effects of Homo sapiens-specific
gene expression variability are still understudied. Here we identify de-
rived, Homo sapiens-specific high-frequency (> 90%) alleles that are as-
sociated with differential gene expression across 15 brain structures de-
rived from the GTEx database. We show that regulation by these derived
variants targets regions under positive selection more often than expected
by chance, and that high-frequency derived alleles lie in functional cate-
gories related to transcriptional regulation. Our results highlight the role
of these variants in gene regulation in cerebellum and pituitary.

Keywords— Human evolution, brain, cis-eQTL, gene regulation

1 Introduction

Geometric morphometric analysis on endocasts (Gunz et al., 2010, Hublin et al., 2015,
Neubauer et al., 2018, Pereira-Pedro et al., 2020, Kochiyama et al., 2018) have re-
vealed significant differences between Neanderthal and Homo sapiens skulls that are
most likely the result of differential growth of neural tissue. Specific brain regions
such as the cerebellum, the parietal and temporal lobes have been hypothesized to
have expanded in the Homo sapiens lineage, with potential consequences for the evo-
lution and diversification of cognitive skills. Probing the nature of these consequences
is challenging, but the availability of several high-quality Neanderthal and Deniso-
van genomes (Priifer et al., 2014, 2017, Meyer et al., 2012, Mafessoni et al., 2020)
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has opened numerous research opportunities for studying the evolution of the Homo
sapiens brain with unprecedented precision.

Efforts have been made to determine the molecular basis of species differences
based on a small number of fixed missense mutations that are Homo sapiens-specific
(Paabo, 2014, Trujillo et al., 2021). However, evidence is rapidly emerging in favor
of an important evolutionary role of regulatory variants, as originally proposed more
than four decades ago (King and Wilson, 1975). For instance, regulatory variants are
overrepresented in selective sweep scans to detect areas of the genome that have been
significantly affected by natural selection after the split with Neanderthals (Peyrégne
et al., 2017).

The increasingly important role of gene regulation in the evolution of Homo sapiens
has led to the idea of connecting vast datasets of variation in genomic regulation to
the genetic sequences obtained from extinct humans. For example, a major study
(McCoy et al., 2017) explored the effects of Neanderthal and Denisovan introgressed
variants in 44 tissues and found downregulaton by introgressed alleles in the brain,
particularly in the cerebellum and the striatum. In a similar vein, another study
(Gunz et al., 2019) examined the effects of extinct human introgression on brain and
skull shape variability in a modern human population to determine which variants are
associated with the globularized brain and skull that is characteristic of our lineage.
In consonance with McCoy et al. (2017), the variants with the most salient effects were
those found to affect the structure of the cerebellum and the striatum.

Building on these efforts, we decided to relate derived, modern-specific alleles found
at very high frequency across modern populations to gene expression in the brain, in
order to examine the effects of genetic variation relative to Neanderthals and Deniso-
vans. To this end, we took advantage of a recent systematic review, (Kuhlwilm and
Boeckx, 2019), which provides an exhaustive dataset of derived, Homo sapiens-specific
alleles in modern human population. This dataset includes a subset of nearly-fixed
(> 90%) variants that can determine common trends in current human populations
compared to other extinct human species.

To determine the predicted effect on gene expression of these alleles we exploited
the GTEX database. The GTEx data consist of statistically significant allele effects
on gene expression dosage in single tissues, obtained from tissues of adult individuals
aged 20 to 60 (GTEx Consortium, 2017). By offering information about Expression
Quantitative Trait Loci (cis-eQTLs) across tissues, the GTEx database forces us to
think beyond variants that affect the structure and function of proteins, as well as to
consider those that regulate gene expression.

‘While the important role genetic regulation in human evolution has been high-
lighted by previous studies (Gokhman et al., 2020, Colbran et al., 2019, Moriano and
Boeckx, 2020), we find that species-specific variants above a high frequency threshold
have a previously underexplored role in human brain evolution. We show that regions
under putative positive selection are enriched in derived, high-frequency (HF) eQTLs,
and that the pituitary and cerebellum have a significantly higher number of regulatory
variability compared to other tissues and a control set. We also show that derived al-
leles tend to have a downregulating effect but only when linkage disequilibrium is not
controlled for, a result that contrasts with previous research on introgressed variants
(McCoy et al., 2017). Finally, we present a two sample Mendelian randomization anal-
ysis that correlates variability in genes related to neurodevelopment and brain volume
GWASs.
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2 Results

We extracted variation data from (Kuhlwilm and Boeckx, 2019), a dataset that deter-
mines Homo sapiens allele specificity using three high-coverage archaic human genomes
available at the moment (the Altai and Vindija Neanderthals (Priifer et al., 2014,
2017), and a Denisovan individual (Meyer et al., 2012)).

The variation data was crossed with the list of variants obtained with the GTEX
significant cis-eQTL variants dataset to determine if the selected variants affect gene
expression, focusing on 15 central nervous system-related tissues. The GTEx data con-
sist of statistically significant allele effects on gene expression dosage in single tissues,
obtained from brain samples of adult individuals aged 20 to 60 (GTEx Consortium,
2017). The resulting dataset is composed of Homo sapiens derived alleles at high fre-
quency that have a statistically significant effect (at a FDR threshold of 0.05, as defined
by the GTEX consortium (The GTEx Consortium et al., 2015)) on gene expression in
any of the selected adult human tissues.

2.1 Functional categories and tissue-specificity

In quantitative terms, our data amounts to 8,271 statistically significant SNPs associ-
ated with the regulation of a total of 896 eGenes (i.e., genes affected by cis-regulation).
‘When controlling for total eQTL variance between brain regions, a Chi-square test re-
veals that the proportion of derived, HF eQTLs across tissues is significantly different
compared to the rest of non-derived, non-high-frequency eQTLs (p < 2.2e — 16). A
post-hoc residual analysis indicates that regions such as the pituitary and the cerebel-
lum are among the major contributors to reject the null hypothesis that the distribu-
tion is similar between both groups (p < 0.05). In other words, the pituitary and the
cerebellum are the two brain regions where Homo sapiens-specific eQTLs accumulate
relative to the control set of variants.

Derived eQTLs at high frequency are significantly different from the categories
of the rest of GTEx eQTL variants in brain tissues (Chi-square test, p < 2.2e — 16).
NMD (nonsense-mediated mRNA decay target) transcript, non coding transcript , and
5-UTR (untranslated region) variants are the categories driving significance (p =<
2.2e — 16 for the three sets, residual analysis).

To account for linkage disequilibrium and ensure statistical independence, vari-
ant clumping was applied through the eQTL mapping p-value at a r2 = 0.1. After
clumping, the dataset was reduced to 1,270 alleles across tissues, out of which 211 are
region-specific (Figure 1B). Because eQTL discovery is highly dependent on the num-
ber of tissue samples (The GTEx Consortium et al., 2015), tissues with more samples
tend to yield a higher number of significant variants, regardless of tissue specificity
(Figure 1C), as shown by a Spearman correlation test (p = 0.0017; = 0.74, controlled
for linkage disequilibrium). A polynomial regression line fit (blue line in Figure 1C)
shows that the cerebellum, adrenal gland and BA9 fall outside the local regression’s
standard error confidence intervals (in gray in Figure 1C).

We sought to understand if the cerebellum, adrenal gland and BA9 stand out
considering that most eQTLs are shared among regions. The distribution of clumped
region-specific variants (Figure 1B) does not correlate with GTEx RNAseq sample
size (p = 0.9495, Pearson correlation test). This lack of correlation might be explained
by known effects of genetic regulation disparity between brain regions, reflected in
distinct eQTL mappings for cerebellar tissue (Sieberts et al., 2020, Sng et al., 2019).
Additionally, we designed a random sampling testing approach (n = 100) to see if
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any particular region tends to draw more clumped unique eQTLs regardless of total
eQTL values. The test reveals no significant difference in proportions (p = 0.3647,
Chi-square independence test). The fact that the adrenal gland and the amygdala
have no unique clumped variants might be underlying this result.

2.2 Genomic regions under positive selection are enriched
in eQTLs

To determine further the evolutionary significance of any of the variants in our data,
we ran two randomization and permutation tests (N = 1,000) to test whether the
derived HF eQTLs fell within regions under putative positive selection relative to
other hominins as identified in two selective sweep studies ((Peyrégne et al., 2017,
Racimo et al., 2014)).

We found a significant (p = 0.001, observed = 525 overlapping regions, expected =
53) overlap between eQTLs and regions of positive selection as defined by (Peyrégne
et al., 2017), as well as in an earlier independent study (Racimo et al., 2014) (p < 0.02,
observed = 673, expected = 177, Figure 2A and 2B). A Wilcoxon signed-rank test
shows that the number of eQTLs found in positive selection regions (visualized per
region in Figure 2C) is significantly different between studies (p = 6.104e — 05, after
controlling for length differences in the windows detected by each study). A Dunn test
(after Bonferroni group correction) failed to find a significant difference between the
count of alleles per region in each selective sweep, despite the apparent concordance of
the studies in the cerebellum (Figure 2C). We take this to mean that positive selection
does not reflect a significant accumulation of eQTL variants in any given brain region,
but rather seems to affect high-frequency derived eQTLs in general.

2.3 eQTL directionality depends on LD but not allele fre-
quency or brain region

A previous study (McCoy et al., 2017) had suggested that Neanderthal alleles present
in the the modern human genetic pool downregulate gene expression in brain tissue.
This study also used the GTEx data, but focused on Neanderthal introgressed variants
as opposed to Homo sapiens-derived ones.

In our derived HF eQTL dataset (Figure 3B), we did not observe any significant
deviance from the expected 50% proportion between down and upregulating variants
(p = 0.3656, Chi-square test). A significant deviance from the expected 50% propor-
tion (p < 2.2e—16, Chi-square test) does obtain, however, when linkage disequilibrium
is not controlled for (Figure 3A). A hierarchical cluster analysis of the distance of nor-
malized effect size between regions in non-clumped eQTLs shows how the substantia
nigra is particularly affected by the downregulating direction skewness effect (Figure
1A). This contrasts with the result found by (McCoy et al., 2017), who found this
downregulation effect in cerebellum and the striatum in introgressed dataset, suggest-
ing that variants specific to our lineage do not affect gene expression in the brain in a
particular direction.

The same deviation from the expected 50% up and down-regulation proportion
was present in major ancestral alleles at a 90% frequency threshold (p =< 2.2¢ — 16,
Chi-square test, Figure 3C), discarding the possibility that the asymmetry is due to
allele frequency cutoffs. Post-hoc residual analysis shows that downregulating eQTL
skewness affects different tissues in the major and minor ancestral eQTL sets. We
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conclude that asymmetric directionality of eQTL regulation is not specific to a given
tissue nor is accounted for by frequency.

2.4 Derived eQTLs are correlated with top hits in brain
volume GWASs

As McCoy et al. (2017) had found that some of the introgressed variants from Nean-
derthals were also top GWAS hits, we hypothesized that derived variants might also
reflect some of the changes that are characteristic of our species. We decided to focus
on structural changes beyond the cortex since these are much harder to capture by
endocasts. By contrast, allelic effect in gene expression can be contrasted with modern
brain volume GWAS studies via two sample Mendelian randomization tests. Thus,
we chose 10 brain volume GWASs that are part of the UKBiobank and IEU GWAS
curated catalogs, and that focus on structures beyond the cerebreal neocortex, harder
to capture by endocast analysis and thus underrepresented in the current literature,
including four centered on distinct subregions of the cerebellum (left and right white
matter tracts and cortices), putamen, hippocampus, amygdala, thalamus, caudate and
hippocampus volume (see 4).

We first selected the top eQTL hit per gene and structure based on their eQTL
p-value, under the assumption that that is the variant more strongly associated with
genetic regulation, and filtered by presence in the catalog of derived alleles by Kuhlwilm
and Boeckx (2019). We chose not to use high-frequency variants exclusively, as
pleiotropy and linkage disequilibrium may confound the results. Under a pleiotropy
model, a variant affects two different phenotypes, mixing the signal of different GWASs,
while linkage disequilibrium can affect two sample Mendelian randomization by falsely
detecting causality in a high frequency variant that is only in high LD with the real
causal variant (one not necessarily being almost fixed or derived). The selected vari-
ants were analyzed following Wald ratio tests per gene/structure volume associations.

The results (corrected by Bonferroni) highlight genes associated with neurodevel-
opment and cerebellar disorders. This is consistent with the kind of phenotypes one
would expect for genes associated with brain volume GWASs. However, the impor-
tance of these results lies on pinpointing which specific genes have been affected over
the course of Homo sapiens evolution. Among the genes related to cerebellar volume
in the four substructure GWASs we find genes related to ataxia (PEX7, MRPS27,
PTK2 (Bird, 1993, Jiao et al., 2020, Di Gregorio et al., 2013)), neurodevelopment
(YPELS3, CASP6, TRIM11, GNB5 (Blanco-Sanchez et al., 2020, Ferrer, 1999, Jabbari
et al., 2018, Zhang et al., 2011)) and microcephaly (PDCDG6IP, USP28 (Khan et al.,
2020, Phan et al., 2021)). Of note, hits for other brain structures did not correspond
with eQTL regulation in the relevant tissue or have no identified functional role in
brain development.

To reveal if the eQTL signal was the same as those of brain volume GWAS top
hits, we ran Bayesian colocalization tests for all the eQTL that survived two sample
Mendelian Randomization. However, we found that the probability that GWASs and
derived eQTLs share the same signal is very low (< 6%). We conclude that there is no
causal relationship between eQTL expression changes and subcortical volume GWASs,
and that the relationship identified here is of correlation.
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3 Discussion

In this study we sought to shed light on the impact of modern-human-specific alleles
found at high frequency on gene regulation across brain regions. Our intention was
to complement previous work that focused on the effects of introgressed variants from
Neanderthals (McCoy et al., 2017, Gunz et al., 2019).

We found that high-frequency derived eQTL indeed constitute a very useful cat-
egory to understand phenotypical changes specific to our lineage. As reported in the
results, these variants accumulate more than expected relative to the control set of
eQTLs in the cerebellum and pituitary, are functionally differentiated and overrepre-
sented in windows of the genome associated with signals of positive selection. Also, the
enrichment of 5UTR categories in HF derived eQTLs suggests a role for regulatory
variants in Homo sapiens evolution (as discussed in Gokhman et al. (2020), Colbran
et al. (2019), Moriano and Boeckx (2020)).

Contrary to McCoy et al. (2017) we did not find a significant skewness towards
downregulation in derived eQTLs, regardless of frequency. This downregulating effect
was previously detected as a characteristic of Neanderthal alleles introgressed in the
modern human genetic pool (McCoy et al., 2017). The derived eQTLs examined here
did show directional regulatory asymmetry but only when linkage disequilibrium was
not controlled for. Additional testing indicates that the effect is not introduced by the
high frequency cutoff imposed to the data, nor introduced by the bias of a particular
region in either HF or non-HF alleles. We suggest that derived HF variants mapped
as eQTLs might affect the modern human genetic regulation landscape by either being
drivers of positive selection or being in linkage disequilibrium with causal, positively
selected variants.

This idea is reinforced by our results in GWAS colocalization, showing that despite
the correlation of eQTLs with subcortical brain volume GWAS top hits, there is no
shared genomic signal between GWAS summary data and derived variants affecting
gene expression variability. Several reasons could be put forward for this: It could be
the case that the underlying causal variants are in high LD with derived eQTL and
either (i) derived variants not captured by eQTL mapping, or (ii) non-derived variants
that gain functionality by the effects of derived alleles in gene expression. Even if
colocalization didn’t detect causal variants, some of the eQTLs correlated with GWAS
hits might be affecting neural phenotypes that do not leave a clear imprint in endocasts.
For example, we find that derived variability in genes related to cerebellar development
is correlated with this substructure’s volume. The same effect was not found in other
subcortical structures, as discussed in section 2.4. However, the pituitary, along with
the cerebellum, has a significantly high number of derived eQTLs relative to controls,
not explained by LD artifacts (figure 3B). This is relevant in light of claims that the
Hypothalamic-pituitary-adrenal (HPA) axis played a role in the evolution of our social
cognition (O’Rourke and Boeckx, 2018, Wrangham, 2019).

We wish to stress that our focus on brain(-related) structures in no way is intended
to claim that only the brain is the most salient locus of difference between moderns
and Neanderthals/Denisovans. While other organs undoubtedly display derived char-
acteristics, we have concentrated on the brain here because our primary interest lies
in cognition and behavior, which is most directly affected by brain-related changes.
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4 Methods

We accessed the Homo sapiens variant annotation data from (Kuhlwilm and Boeckx,
2019). The original complete dataset is publicly available at https://doi.org/10.
6084/m9.figshare.8184038. This dataset includes archaic-specific variants and all
loci showing variation within modern populations, using the 1000 genomes project and
ExAc data to derive frequencies and the human genome version hg19 as reference. As
described in the original article, the authors also applied quality filters in the archaic
genomes (sites with less 5-fold coverage and more than 105-fold coverage for the Altai
individual, or 75-fold coverage for the rest of archaic individuals were filtered out). In
ambiguous cases, variant ancestrality was determined using multiple genome aligments
(Paten et al., 2008) and the macaque reference sequence (rheMac3) (Yan et al., 2011).

For replication purposes, we wrote a script that reproduces the 90% frequency
cutoff point used in the original study. We filtered the variants according to the
guidelines in (Kuhlwilm and Boeckx, 2019) such that: 1) all variants show 90% allele
frequency, 2) the major allele present in Homo sapiens is derived (ancestrality is either
determined by the criteria in (Paten et al., 2008) or by the macaque reference allele),
whereas either archaic reliable genotypes have the ancestral allele, or the Denisovan
carries the ancestral allele and one of the Neanderthals the derived allele (accounting
for gene flow from Homo sapiens to Neanderthal).

Additionally, the original study we relied on (Kuhlwilm and Boeckx, 2019) applies
the 90% frequency cutoff point in a global manner: it requires that the global fre-
quency of an allele be more than or equal to 90%, allowing for specific populations to
display lower frequencies. Using the metapopulation frequency information provided
in the original study, itself derived from the 1000 Genomes Project, we applied a more
stringent filter and removed any alleles that where below 90% in any of the five major
metapopulations included (African, American, East Asian, European, South Asian).
‘We then harmonized and mapped the high-frequency variants to the data provided by
the GTEx database (The GTEx Consortium et al., 2015). In order to do so we pruned
out the alleles that did not have an assigned rsIDs.

GTEx offers data for the following tissues of interest: Adrenal Gland, Amygdala,
Caudate, Brodmann Area (BA) 9, BA24, Cerebellum, Cerebellar Hemisphere, Cor-
tex, Hippocampus, Hypothalamus, Nucleus Accumbens, Pituitary, Putamen, Spinal
Cord, and Substantia Nigra. Of these samples, cerebellar hemisphere and the cerebel-
lum, as well as cortex and BA9, are to be treated as duplicates (GTEx Consortium,
2017). Although not a brain tissue per se, the Adrenal Gland was included due to its
role in the Hypothalamic-pituitary-adrenal (HPA) axis, an important regulator of the
neuroendocrine system that affects behavior.

Post-mostem mRNA degradation affects the number of discovered eQTLs in other
tissues. However, we did not control for post-mortem RNA degradation, since the
Central Nervous System has been shown to be relatively resistant to this effect (Zhu
et al., 2017). However, re-sampled tissues (here labeled ‘cerebellar hemisphere’ and
‘Cortex’ following the original GTEx Consortium denominations) do show differences
compared to their original samples (‘cerebellum’ and ‘BA 9’). We acknowledge that
the resulting data are limited by inherent problems of the GTEx database, such the
use of the same individuals for different brain tissue samples, the reduced discovery
power of rare variants (GTEx Consortium, 2017), artifacts introduced during RNAseq
analysis.

Clumping of the variants to control for Linkage Disequilibrium was done with
Plink (version 1.9) through the ieugwasr R package (Elsworth et al., 2020), requir-
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ing a linkage disequilibrium score of 0.90 (i.e., co-inheritance in 90% of cases) for an
SNP to be clumped. The nominal p-value of eQTL mapping was used as the crite-
rion to define a top variant; i.e., haplotypes were clumped around the most robust
eQTL candidate variant. Linkage disequilibrium values are extracted from the 1000
Genomes project ftp server (ftp://ftp.1000genomes.ebi.ac.uk/voll/ftp/release/
20130502/) by the ieugwasr R package.

Distance values for tissue hierarchical clustering were calculated by using the mean
values of the normalized effect size of derived HF eQTLs.

We performed the permutation test (n=1,000) with the R package RegioneR (Gel
et al., 2015) using the unclumped data, as variants might clump around an eQTL
falling outside windows of putative positive selection, underepresenting the number of
data points inside such genomic areas and reducing statistical power.

We ran the two sample Mendelian Randomization tests at a p = 5e — 04 threshold
for top hit identification through the ieugwasr (Elsworth et al., 2020), MRinstruments,
and the colocalization tests through the gwasglue package. The selected GWASs for
colocalization can be consulted in the relevant section of the article’s code.

Figures were created with the ggplot2 R package (Wickham, 2009) and RegioneR
(Gel et al., 2015). All statistical tests were controlled for power (> 0.8). The human
selective sweep data was extracted Supplementary Table S5 from Racimo et al. (2014),
and Supplementary Table S2 from Peyrégne et al. (2017). GWAS summary data and
harmonized top eQTL instruments for two sample Mendelian Randomization were
extracted from the IEU GWAS database API Elsworth et al. (2020).
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We undertook a functional dissection of chromatin remodeler BAZ1B in neural crest (NC) stem cells (NCSCs) from
a uniquely informative cohort of typical and atypical patients harboring 7q11.23 copy number variants. Our
results reveal a key contribution of BAZ1B to NCSC in vitro induction and migration, coupled with a crucial
involvement in NC-specific transcriptional circuits and distal regulation. By intersecting our experimental data
with new paleogenetic analyses comparing modern and archaic humans, we found a modern-specific enrichment
for regulatory changes both in BAZ1B and its experimentally defined downstream targets, thereby providing the
first empirical validation of the human self-domestication hypothesis and positioning BAZ1B as a master regulator
of the modern human face. In so doing, we provide experimental evidence that the craniofacial and cognitive/
behavioral phenotypes caused by alterations of the Williams-Beuren syndrome critical region can serve as a powerful
entry point into the evolution of the modern human face and prosociality.

INTRODUCTION

Anatomically modern humans (AMHs) exhibit a suite of craniofacial
and prosocial characteristics that are reminiscent of traits distin-
guishing domesticated species from their wild counterparts (1-3).
This has led to the formulation of a self-domestication hypothesis
according to which modern humans (3) went through a domestica-
tion process in the course of their evolution. Recent evidence, along
with the well-warranted distinction between domestication and
selective breeding (4), is also extending this notion to other species
that might have undergone a self-domestication phase, such as cats,
dogs, and bonobos (3). Thus, as self-domestication represents a spe-
cial case of domestication, the most parsimonious hypothesis must
posit the same core mechanisms to underlie both. For this reason,
the self-domestication hypothesis also entails the prediction that
key aspects of modern humans’ anatomy and cognition can be illu-
minated by studies of the so-called “domestication syndrome,” the
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core set of domestication-related traits that was recently proposed
to result from mild neural crest (NC) deficits (5). However, both the
neurocristopathic basis of domestication and its extension to the
evolution of AMHs remain to be tested experimentally.
Williams-Beuren syndrome [WBS; OMIM (Online Mendelian
Inheritance in Man) 194050] and Williams-Beuren region duplication
syndrome (7dupASD; OMIM 609757), caused respectively by the
hemideletion or hemiduplication of 28 genes at the 7q11.23 region
[WBS critical region (WBSCR)], represent a paradigmatic pair of
neurodevelopmental conditions whose NC-related craniofacial dys-
morphisms and cognitive/behavioral traits (6, 7) bear directly on
domestication-related traits relevant for AMHs (facial reduction and
retraction, pronounced friendliness, and reduced reactive aggres-
sion) (fig. S1A). Structural variants in WBS genes, for example in
the case of GTF2I and its paralogs, have been shown to underlie
stereotypical hypersociability in domestic dogs and foxes (8, 9).
Among the WBSCR genes, we focus here on the chromatin
regulator BAZ1B (also known as Williams syndrome transcription
factor, WSTF), on the basis of the following lines of evidence that
implicate it in domestication-relevant craniofacial features: (i) its
established role in NC maintenance and migration in Xenopus laevis
and the craniofacial defects observed in knockout mice (10, 11); (ii)
the observation that its expression is affected by domestication-
related events in canids (12); (iii) the first formulation of the neuro-
cristopathic hypothesis of domestication, which included BAZIB
among the genes influencing NC development (5); (iv) the most compre-
hensive studies focusing on regions of the modern human genome
associated with selective sweep signals compared to Neanderthals/
Denisovans (hereafter “archaics”) (13, 14), one of which specifically in-
cluded BAZ1B within the detected portions of the WBSCR; and (v) the
thus far most detailed study systematically exploring high-frequency (HF)
(>90%) changes in modern humans for which archaic humans carry the
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ancestral state, which found BAZ1B enriched for mutations in modern
humans (most of which fall in the regulatory regions of the gene) (15).

Our previous work had established the largest cohort of 7q11.23
patient-derived induced pluripotent stem cell (iPSC) lines and
revealed major disease-relevant transcriptional dysregulation that
was already apparent at the pluripotent state and became further
exacerbated upon differentiation (16). Here, we first harness this
resource to dissect the impact of BAZ1B dosage on the NC of patients
with WBS and 7dupASD, both in terms of function (i.e., NC migration
and induction) and of transcriptional and chromatin dysregulation,
thereby defining the BAZ1B dosage-dependent circuits controlling
the NC. Next, we apply these experimentally determined BAZ1B-
dependent circuits underlying craniofacial morphogenesis to inter-
rogate the evidence from paleogenomic analyses, which were thus
far only of a correlative nature. We find major convergence between
the BAZ1B control and the genes harboring regulatory changes in
the modern human lineage. Together, the definition of the role of
BAZ1B dosage in craniofacial neurocristopathy and its application
to domestication-relevant paleogenomics demonstrate a major con-
tribution of BAZ1B to the modern human face and offer experimental
validation for the prediction at the heart of NC-based accounts of
(self-) domestication: that the modern human face acquired its shape
as an instance of mild neurocristopathy.

RESULTS

Establishment and validation of an extensive cohort

of patient-specific BAZ1B-interfered NC stem cell lines

To dissect the role of BAZ1B in the craniofacial dysmorphisms that
characterize WBS and 7dupASD, we started from our previous
characterization of WBS patient- and 7dupASD patient-specific
iPSC lines and differentiated derivatives (16) and selected a cohort
of 11 NC stem cell (NCSC) lines (four from patients with WBS,
three from patients with 7dupASD, and four from control individuals),
which also represent the largest cohort of patient-specific NCSCs
described so far. Given the centrality of the cranial NC for the develop-
ment of the face, we first validated the cranial identity of our NCSC
cohort by transcriptomic profiling through a manually curated gene
expression signature (fig. S2A), confirming their suitability for the
study of craniofacial dysregulations. We then knocked down BAZ1B
via RNA interference in all lines across the three genetic conditions,
including also NCSCs derived from a particularly informative patient
with atypical WBS (hereafter atWBS) bearing a partial deletion of
the region that spares BAZIB and six additional genes (Fig. 1A)
(17). To establish a high-resolution gradient of BAZ1B dosages, we
selected two distinct short hairpin RNA (shRNA) against BAZ1B
(i.e., shl and sh2) along with a scrambled shRNA sequence (hereafter
scr) as negative control, for a total of 32 NCSC lines. Knockdown
(KD) efficiency was evaluated at the RNA level by quantitative poly-
merase chain reaction (qQPCR) (Fig. 1B and fig. S1C), confirming
the attainment of the desired gradient with an overall reduction of
about 40% for sh1 and 70% for sh2, as well as reduction at the protein
level, as detected by Western blot (fig. S1E).

BAZ1B dosage imbalance impairs NCSC migration

and induction

NCSCs need to migrate to reach specific target regions in the develop-
ing embryo and give rise to distinct cell types and tissues, including
craniofacial structures that are major areas of change in human

Zanella et al., Sci. Adv. 2019; 5 : eaaw7908 4 December 2019

evolution. Since BAZ1B KD was shown to affect the migration of the
NCin X. laevis and to promote cancer cell invasion in different lung
cancer cell lines (10, 18), we hypothesized that the BAZ1B dosage
imbalances entailed in the 7q11.23 syndromes could result in a
defective regulation of NCSC migration and might underlie the
NC-related alterations typical of patients with WBS and 7dupASD.
To test this, we compared the migration properties of patient-specific
BAZ1B KD NCSC lines (sh2) to their respective control NCSC line
(scr) by the well-established wound-healing assay. The 7dupASD
NCSC KD lines took longer to fill the wound when compared to the
respective control lines (scr), as indicated by images taken at 8 and
16 hours after a gap was created on the plate surface (Fig. 1C and
fig. S1IF). We instead observed an opposite behavior for the WBS
BAZI1B KD lines, which were faster than the respective scr lines in
closing the gap (Fig. 1C and fig. S1F). In contrast to the previous
observations from X. laevis (10), we also observed a minor delay in
NC induction as a consequence of BAZ1B KD (Fig. 1D and fig. S1D),
by means of a differentiation protocol based on NC delamination
from adherent embryoid bodies (EBs), which recapitulates the initial
steps of NC generation (19). In particular, starting from 2 to 3 days
after attachment of EBs, we observed a lower number of outgrowing
cells in the KD line (Fig. 1D, days 7 and 10), coupled with an
evidently higher cell mortality. Cells were eventually able to acquire
the typical NC morphology, although lower differentiation efficiency
was evident, as shown by images taken at day 12. In addition, the
delay in NC formation was associated with a down-regulation of
well-established critical regulators of NC migration and maintenance,
including NR2F1, NR2F2, TFAP2A, and SOX9 (Fig. 1E). These
results show that BAZ1B regulates the developing NC starting from
its earliest migratory stages and that the symmetrically opposite
7q11.23 dosages alterations prime NCSCs to symmetrically opposite
deficits upon BAZ1B interference. In turn, the central role of the
NC in the development of facial morphology allows relating such
findings to the symmetrically opposite craniofacial dysmorphisms
of the two 7q11.23 syndromes.

BAZ1B interference disrupts key NC-specific
transcriptional circuits
Having defined the functional impact of BAZ1B dosage on NC
function, we predicted that a main molecular readout of its dosage
imbalances would be at the level of transcriptional regulation, given
its critical role as transcriptional regulator in different cell and animal
models (20-22). To test this hypothesis and gain mechanistic insights
into the specific BAZ1B dosage-dependent downstream circuits,
we subjected 32 interfered NCSC lines to high-coverage RNA
sequencing (RNA-seq) analysis. As shown in fig. S2A, a manually
curated signature from an extensive literature review (23-28)
validated the cranial identity of our NCSC lines, while clustering by
Pearson correlation excluded the presence of any genotype- or hairpin-
specific expression change. Confirming our previous observations
in the two largest cohorts of iPSC lines (29), a principal component
analysis (PCA) corroborated the significant impact of individual
genetic backgrounds on transcriptional variability, with most “KD
lines” clustering with their respective control “scr line.” This was
consistent with the narrow range of experimentally interfered
BAZ1B dosages and pointed to a selective BAZ1B dosage-dependent
transcriptional vulnerability (fig. S2B).

To dissect it, we thus resorted to a combination of classical pairwise
comparative analysis, contrasting shBAZ1B-interfered NCSC lines
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Fig. 1. BAZ1B KD impairs migration and induction of patient-specific iPSC-derived NCSCs. (A) Schematic representation of the KD strategy on our iPSC-derived NCSC
cohort. (B) BAZ1B mRNA levels in all the interfered lines (scr, sh1, and sh2) as measured by qPCR. Data represent aggregates of samples with the same number of BAZ1B
copies (7dup, CTL + atWBS, and WBS). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is used as a normalizer. (C) Eight- and 16-hour time points from the
wound-healing assay analyses performed on a 7dupASD and a WBS NCSC line upon BAZ1B KD. Cells from the same line infected with the scr sh were used as references
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levels of NC markers at day 12 of differentiation in three individual experimental replicates [bright-field images are reported in (D)]. An iPSC line is included as a negative
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(shl + sh2) with their respective controls (scr), with a complementary
regression analysis using BAZ1B expression levels as independent
variables, subtracting the contribution of individual genetic back-
grounds. This design increases robustness and sensitivity in the identi-
fication of genes that, across multiple genetic backgrounds and target
gene dosages, might have a different baseline (scr) across individuals
while still being robustly dysregulated upon BAZ1B interference.

The two analyses identified a total of 448 genes with false discovery
rate (FDR) < 0.1 (1192 with P < 0.01 and FDR < 0.25) whose tran-
scriptional levels followed BAZ1B dosage, in either a direct (202; 539
with P < 0.01 and FDR < 0.25) or an inverse (246; 653 with P < 0.01
and FDR < 0.25) fashion. In addition, genes identified in the regres-
sion analysis included around 90% of the differentially expressed genes
(DEGs) (27 of 29, FDR < 0.1) found in the comparative analysis
(Fig. 2A). Consistent with the differential efficiency of the two short
hairpins, we found a globally stronger transcriptional impact for the
group of samples targeted by sh2 (fig. S2C) and a milder but never-
theless clearly distinguishable effect of sh1, resulting in particularly
informative gradient of dosages over the scr control lines.

Particularly noteworthy among the genes that we found correlated
with BAZIB levels were (i) crucial regulators of cranial NC, further
highlighting a convergent BAZ1B dosage-dependent dysregulation
of the foundational CUL3-centered regulatory axis orchestrating
NC-mediated craniofacial morphogenesis (30), and (ii) genes asso-
ciated with variation of human facial shape or causative of dysmorphic
facial features and mild intellectual disability when mutated (Fig. 2B
and table S1).

Gene Ontology (GO) analysis performed on genes directly
following BAZ1B levels suggested specific enrichments in biological
processes such as histone phosphorylation, chromosome localization,
RNA processing, and splicing. Genes inversely following BAZ1B levels
were instead enriched in categories particularly relevant for NC and
NC-derivative functions, such as cell migration and cardiovascular
and skeletal development (Fig. 2C). By querying the OMIM database,
we found that several DEGs were associated with genetic disorders
whose phenotypes include “mental retardation,” “intellectual disability,”
and/or “facial dysmorphisms” (Fig. 2D), underscoring the pertinence
of BAZ1B-dependent dysregulation across both the neurocristopathic
and cognitive axes.

Last, a master regulator analysis identified candidate regulators
of BAZ1B DEGs, including factors involved in enhancer marking
[CEBPB, p300, RBBP5, HDAC?2 (histone deacetylase 2), KDM1A,
and TCF12], promoter activation [TBP (TATA box-binding protein),
TAF1 (TBP-associated factor 1), and POL2 (polymerase 2)], and
chromatin remodeling (CTCF, RAD21, and YY1) (Fig. 2E and fig.
$2D), several of which are themselves causative genes of intellectual
disability syndromes with neurocristopathic involvement, as in the
case of our recently identified Gabriele-de Vries syndrome caused
by YY1 haploinsufficiency (31, 32). Chromatin remodeling was in-
deed the most prominently enriched group within the overall domain
of transcriptional regulation. Two master regulators are particularly
noteworthy, as they are themselves regulated by BAZ1B dosage. The
first is EGR1 (FDR < 0.1), which is itself among the genes inversely
correlated with BAZ1B levels, which is implicated in cranial develop-
ment (in animal models) (33, 34) and whose promoter has been recently
shown to feature a bivalent state in human embryonic cranial NC
(23, 35). The second is MXI1, identified as master regulator of genes
directly following BAZ1B levels (FDR < 0.001), which is itself found
among the genes inversely correlated with BAZ1B and is itself a regulator

Zanella et al., Sci. Adv. 2019; 5 : eaaw7908 4 December 2019

of BAZ1B, pointing to a cross-talk between the two (fig. S2C). Notably,
two differentially expressed targets of MXI1, TGFB2 and NFIB, are also
involved in intellectual disability and craniofacial defects (30, 36, 37).

BAZ1B regulates the NC epigenome

in a dosage-dependent manner

The transcriptional readout and functional impact of BAZ1B dos-
age (at the level of NC induction and migration) established its role
as a master controller of the NC. We thus predicted, on the basis of
its molecular function, that BAZ1B would directly bind to key NC
target genes and that for some of these, the binding would be dosage
sensitive. These genes would be, in turn, the most likely direct targets
to mediate the dosage-dependent transcriptional and functional pheno-
types described above. To test this prediction, we set out to both
identify BAZ1B direct targets and characterize their promoter and
enhancer states, so as to mechanistically link their transcriptional
dysregulation with BAZ1B dosage-dependent chromatin binding.
Given the absence of chromatin immunoprecipitation (ChIP)-grade
BAZ1B antibodies, to carry out our ChIP coupled with sequencing
(ChIP-seq) on scr and KD lines, we first designed a tagging strategy
to establish, by CRISPR-Cas9 editing, a series of in-frame 3xFLAG
endogenously tagged BAZ1B alleles in representative iPSCs of the four
genotypes (Fig. 3A and fig. S3, A and B). These were then differentiated
to NCSCs (fig. S3C) and subjected to ChIP-seq with anti-FLAG anti-
body, enabling a faithful characterization of BAZ1B genome-wide
occupancy across dosages (one tagged allele in WBS, two tagged alleles
in atWBS and CTL, and two tagged alleles in the context of 1.5-fold
dosages in 7dupASD).

PCA shows a clear separation of the samples by BAZ1B copy num-
ber, with CTL and atWBS samples clustering more closely and WBS
and 7dupASD samples clustering at opposing positions (Fig. 3B).
To call NC-specific enhancer regions and promoter-enhancer asso-
ciations, we exploited for chromatin annotation the unprecedented
resolution afforded by the patients’ cohort with its underlying vari-
ability and proceeded to (i) select chromosomal regions featuring
H3K4mel and H3K27ac in at least two individuals; (ii) exclude regions
marked with H3K4me3 in at least two individuals;(iii) eliminate regions
bearing a transcription start site (TSS); and (iv) associate each putative
enhancer to the closest TSS, identifying a total of 30,8470 putative en-
hancer regions. Notably, BAZ1B binds 75% of its targets at their en-
hancer regions (6747 genes), with the remaining 2297 targets bound
at promoters (Fig. 3C). In addition, 40% of genes expressed in NC
are bound by BAZ1B, either exclusively at enhancers (27.4%) or exclu-
sively at promoters (3.5%) or at both regions (9%). This highlights
its pervasiveness within the NC epigenome (Fig. 3C) and is also reflected
in the key functional enrichments observed for the BAZ1B direct
targets that are also expressed and that include “axon guidance,”
“tube development,” “dendrite development,” “outflow tract mor-
phogenesis,” “odontogenesis,” “wound healing,” and “endochondral
bone morphogenesis” (Fig. 3D). Many of the phenomena captured
by these GO categories (e.g., odontogenesis and endochondral bone
morphogenesis) are linked to recent changes in the bone structure
of modern (versus archaic) humans, with Homo sapiens having charac-
teristically smaller teeth than its extinct relatives.

Last and consistent with the enrichments in NC-defining categories
uncovered above, the analysis of BAZ1B bound regions revealed
major convergence with the binding motifs of critical NC regulators,
including two motifs similar to those of TFAP2A and NEUROG2,
and one equally associated to TAL1, TCF12, AP4, and ASCL1
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Fig. 2. BAZ1B KD is responsible for transcriptional alterations in NC-related pathways. (A) Overlap between genes directly or inversely following BAZ1B levels
identified in the pairwise comparative analysis (scr versus shBAZ1B) and in the regression analysis on BAZ1B-level sensitive genes on iPSC-derived NCSCs (FDR < 0.1).
(B) Volcano plot reporting DEGs identified in the RNA-seq analysis on iPSC-derived NCSCs [fold change (FC) > 1.25; FDR < 0.1]. (C) Top most specific enrichments for GO
biological processes among the DEGs in the RNA-seq analysis on iPSC-derived NCSCs. (D) Heat map representing DEGs that are dysregulated in genetic disorders involving
mental retardation (“Mental”), intellectual disability (“Intellectual”), and/or facial dysmorphisms (“Face”) according to OMIM database classification. cnv, copy number
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main functions.
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Cas9/single-guide RNA ribonucleoprotein complex; clones were selected via hygromycin and PCR, differentiated to NCSCs, and then subjected to ChIP-seq. (B) PCA showing
the distribution of the four BAZ1B-tagged NCSC lines according to their chromatin profiles. (C) Overlap between genes expressed in our NCSC lines (purple) and genes
bound by BAZ1B at their enhancer (red) or promoter (blue) regions. (D) Top most specific enrichments for GO biological processes among the genes that are bound by
BAZ1B and expressed in our NCSC cohort. (E) Most represented BAZ1B DNA binding motifs identified by HOMER show high similarity to neural and NCSC-specific transcription
factors motifs. (F) BAZ1B differentially bound regions according to its copy number (FDR< 0.1; n=2). (G) Overlap between genes that are differentially expressed have
their enhancers differentially marked concordantly (H3K27ac, H3K4me1, and H3K27me3) and are bound by BAZ1B at enhancers.

Zanella et al., Sci. Adv. 2019; 5 : eaaw7908 4 December 2019 60f15

52

1202 ‘6T |udy uo /610 Bewasuslos saoueApe//:dny Wol papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

(Fig. 3E and text S1A). Thus, BAZ1B binding regions are enriched
for target sites of major regulators of NC and its neural derivatives
(38, 39), among which TFAP2A stands out given its core role in neural
border formation and NC induction and differentiation (40) through
the binding and stabilization of NC-specific enhancers, in concert
with NR2F1, NR2F2, and EP300 (41).

Last, we identified 81 regions that are quantitatively bound by
BAZ1B depending on its copy number (FDR < 0.1) (Fig. 3F), 153 regions
differentially bound concordantly in WBS and 7dupASD compared
to control and atWBS samples (FDR < 0.1) (fig. S4A), and 176 and
25 regions differentially bound preferentially in WBS (fig. S4B) and
7dupASD (FDR < 0.1) (fig. S4C), respectively.

Given the prominence of its binding to distal regulatory regions,
we then set out to define the BAZ1B dosage-dependent impact on
NCSC-specific enhancers by integrating H3K27ac, H3K4mel, H3K27me3,
and H3K4me3 profiles. We thus performed a regression analysis on
BAZ1B levels for the distribution of the three histone marks in the
aforementioned regions and found H3K27ac to be the most affected,
with 7254 genes differentially acetylated at their enhancers, followed
by a differential distribution of the H3K4mel (4048) and H3K27me3
(2136) marks (fig. $4D). This enabled the overlay of epigenomic
and transcriptomic profiles, uncovering that among the 1192 DEGs
identified in the regression RNA-seq analysis, 21.3% (257 of 1192)
are associated to enhancers that are both bound by BAZ1B and dif-
ferentially H3K27-acetylated in a manner concordant with BAZIB
levels (fig. S4E), with a stronger overlap for genes whose expression
is inversely correlated with BAZ1B levels (160 versus 97). The same
held for DEGs that have a concordant differential distribution of
H3K4mel mark at enhancers (123 versus 55), underscoring the
consistency of the impact of BAZ1B dosage on distal regulation (fig.
S4F). In contrast, a lower number of genes (36) showed a concordant
differential distribution of the H3K27me3 mark and, at the same
time, were bound by BAZ1B at enhancers (fig. $4G), indicating that
BAZ1B preferentially affects active chromatin. From this integrative
analysis, we could thus lastly identify a core set of 30 bona fide direct
targets of BAZ1B, which are genes whose expression tightly follows
BAZ1B levels and whose enhancers are bound by BAZ1B and clearly
differentially modified (Fig. 3G, fig. S4H, and text S1B). Together,
this first dosage-faithful analysis of BAZ1B occupancy in a diverse
cohort of human NCSCs establishes its pervasive and mostly distal
targeting of the NC-specific epigenome, with a preferential activator
role on the critical transcriptional circuits that define NC fate and
function.

Intersection with paleogenomic datasets uncovers a key
evolutionary role for BAZ1B
Mild NC deficits have been put forth as a unifying explanatory
framework for the defining features of the so-called domestication
syndrome, with BAZIB listed among the putative underlying genes
because of its previously reported role in the NC of model organisms
(5, 10, 11). The recent observation that its expression is affected by
domestication-related mobile element insertion methylation in gray
wolves (12) further supported its role in domestication, offering an
intriguing parallel to the paleogenomic results that had detected
BAZ1B within the regions of the modern genome reflective of selec-
tive sweeps and found it enriched for putatively regulatory muta-
tions in AMHs (15).

Having defined the molecular circuits through which BAZ1B
regulates NC, and since NC changes have been implicated in the
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domestication syndrome (5), since craniofacial differences correlate
with self-domestication (I), and since 7q11.23 dosage-related cranio-
facial differences in humans relate to the H. sapiens versus Neanderthal
comparison (fig. S1A), we set out to test the role of BAZ1B dosage in the
differences between modern and archaic humans. For this, we carried
out a systematic integrative analysis of the overlaps between our empir-
ically defined BAZ1B dosage-sensitive genes (blue Venn in Fig. 4B)
and a combination of uniquely informative datasets highlighting
differences between modern humans and archaics (Neanderthals/
Denisovans) (represented in Fig. 4A by skulls illustrating the more
“gracile” and “juvenile” profile in AMH relative to Neanderthals visi-
ble in the overall shape of the neurocranium, reduced prognathism,
brow ridges, and nasal projections) (1, 13-15). Specifically, as shown
in Fig. 4B, these datasets include (i) genes associated with signals of
positive selection in the modern branch compared to archaic lineages
(purple Venn) (13, 14); (ii) genes harboring (nearly) fixed mutations
in moderns versus archaics (pink Venn); and (iii) genes associated
with signals of positive selection in the four paradigmatic domesti-
cated species dog, cat, cattle, and horse (1) (orange Venn), to reveal
statistically significant overlaps between them and genes associated
with signals of positive selection in the modern branch compared to
archaic lineages. In turn, the list of genes harboring (nearly) fixed
mutations in moderns versus archaics contains three classes: (i) genes
harboring high-frequency changes (15), (ii) genes harboring high-
frequency missense mutations (red barplot), and (iii) genes enriched
for high-frequency mutations in regulatory regions (green barplot)
[data based on (15)] (Fig. 4C). As shown in the barplots, the obviously
very limited number of high-quality coverage archaic genomes
available results in a much higher number of nearly fixed changes
identified in archaics (left/negative side of the plot) versus modern
humans (right side) (Fig. 4C), setting a comparatively much higher
threshold for the identification of nearly fixed modern changes.
These analyses are visualized in Fig. 4D (and detailed in tables S2
and S3) through a matrix that intersects all BAZ1B dosage-dependent
genes (partitioned in the two categories of directly and inversely
correlated and ordered across the full range of biological significance
and regulatory proximity, from simply DEGs to bona fide direct targets)
with the evolutionary changes underlying domestication and self-
domestication, yielding the following key insights (color coded for
degree of overlap and marked for significance in hypergeometric
tests). First, the most significant pattern was obtains at the inter-
section with the top 10% genes showing an excess of (nearly) fixed
mutations in the regulatory regions of modern humans compared
to archaics, across both directly and inversely BAZ1B level-dependent
genes (table S2). This same category of nearly fixed modern regulatory
changes is also the only one that returns a statistically significant
overlap with the most stringent core of BAZ1B dosage-dependent
targets (i.e., DEGs whose enhancers are both directly bound by BAZ1B
and differentially marked upon its decrease), demonstrating that BAZ1B
directly controls, in an exquisitely dosage-dependent manner, this
coherent and particularly relevant set of genes that underwent regu-
latory changes in human evolution. Second, the overall strongest over-
laps map to the class of genes that are inversely correlated to BAZ1B
levels, which we found to be strongly and specifically enriched for
head morphogenesis and NC categories (Fig. 2C), thereby confirming
craniofacial morphogenesis as the key domain of functionally relevant
overlap between BAZ1B dosage and (self-) domestication changes
relevant to the evolution of AMHs. Third, despite the spuriously
inflated number of apparently fixed mutations in archaics (15), the

70of15

53

1202 ‘6T |udy uo /610 Bewasuslos saoueApe//:dny Wol papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

A B
Selected in AMH Selected in domesticates
Archaic Domesticated nea rly fixed BAZ1B level-sensitive
in AMH 497 499 genes
1185 1011
82
Nearly fixed in AMH
200 -
1000
@ 60 w »
g o 2 50 &iso -
|3 o 5
=l o o
G 40 S s00- ‘5 100
T ] 3
e} o Qo
§ 20- § 250 - I E 0
0- ¢ . bl e 1 0- — __—. N 0- AEGROR
400 200 0 -10 5 0 -60 -40 20 0 20
High-frequency changes Missense mutations Regulatory changes
D E
Archaic | Modern [ positive selection
DEGs + enhancer marks + BAZIB bound = o
DEGS + H3K27ac + H3K27me3
DEGs + H3K27me3 = i
iversely
s Significance
@ FoR<0n) o o P<00s
: S | m
o - R .| ...,
I [
S 0EGs + enhancer marks + BAZIB bound s
- 4
] DEGs + H3K27ac + H3K27me3 = o P
<
o DEGs + H3K27me3 = °
irecty
correlated o
DEGs + H3Kame1 = it
aAzip
DEGs + H3K27ac = o fevls
DEGs (FOR<0.1) =
DEGs (FOR < 025) =

Evolutionary changes
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(https://creativecommons.org/licenses/by-sa/2.0/deed.en) by hairymuseummatt. (B) Overlap between BAZ1B level-sensitive genes and datasets, which bring out differences
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The lower midface region is most often associated with mutations in genes figuring prominently in our intersections, as discussed in the text and table S3.

overall extent of overlap between genes affected by BAZ1B dosage
and our modern and archaic sets does not reveal significantly more
hits for archaics. Globally, we found consistently more overlapping
genes between the BAZI1B targets and the modern human data and
even no statistically significant overlap for any list of the archaic-
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specific mutations when crossed against genes directly correlated to
BAZIB level. We find this noteworthy, given the evidence that the
Neanderthal face also displays derived characteristics (42) that could
be the result of modifications of genes that could overlap with those
highlighted in this work. Last, the (lower) midface emerges as a
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particularly salient area of functionally relevant overlap (as illustrated
in Fig. 4E and detailed in table S3), given the specific genes that our
analysis unearthed: (i) COL11A1, one of the few craniofacial genes
highlighted across domestication studies (dog, house sparrow, and
pig breeds), which lies in a region of the human genome that resisted
archaic introgression (13) and is associated with Marshall syndrome;
(ii) XYLT1I, one of the five genes (along with ACAN, SOX9, COL2A1,
and NFIX) that affect lower and midfacial protrusion, are among the
top differentially methylated genes compared to archaics and were
also highlighted in a recent study on regulatory changes that shaped
the modern human facial and vocal anatomy (tables S1 and S3) (43);
and (iii) NFIB, which belongs to the same gene family as NFIX and
shares some of its functions. In sum, the direct and dosage-sensitive
control by BAZ1B of genes that underwent regulatory changes in
human evolution and whose altered expression underlies neuro-
cristopathic facial dysmorphisms is consistent with the hypothesis
of mild neurocristopathy as the mechanistic core selected in the
self-domestication of the modern human face.

DISCUSSION

As recently reconstructed (3), the idea of human self-domestication
dates back, at least in terms of scientific record, to Johann Friedrich
Blumenbach at the onset of the 19th century. Following on his seminal
account of domestication systematized in Variations of Animals and Plants
under Domestication (44), Charles Darwin also considered the
analogy between modern humans and domesticated species in
The Descent of Man (45), yet his emphasis on controlled breeding
as a key aspect of domestication led him to frame domestication
and self-domestication as distinct phenomena and thereby leave
Blumenbach’s intuition largely undeveloped (46). Since then, the
possibility that the anatomical and cognitive-behavioral hallmarks
of AMHs could result from an evolutionary process bearing such
significant similarities to the domestication of animals as to share
the same underlying cause has been refined into the full-fledged
self-domestication hypothesis (1, 2). As recently argued (I, 3), con-
vergent lines of evidence also indicate that self-domestication is tem-
porally aligned with the emergence of AMH, although the process
may have acquired further momentum with the gradual expansion
of our species (1, 3). However, despite spurring considerable interest,
the self-domestication hypothesis has thus far failed to marshal con-
clusive evidence largely because of two factors: (i) the lack of a coherent
explanation, even at a theoretical level, of what developmental and
genetic mechanisms could underlie domestication in general and
(ii) the absence of suitable experimental systems in which those
mechanisms could be specifically tested in the case of human self-
domestication. The first problem was tackled by the recent proposition
of mild NC deficits as a central and unifying functional layer under-
lying domestication (5). This constituted a major conceptual advance,
particularly because it generated the testable hypothesis of an altered
NC gene expression program in domesticated species relative to their
wild-type ancestors. For humans, given the obvious lack of gene ex-
pression data from archaic hominins, we reasoned that this hypothesis
could be verified by examining the genetic changes between archaic
and modern humans in light of the gene regulatory networks directly
inferred from human neurocristopathies. We thus set out to test whether
specific human neurodevelopmental disorders, carefully selected on
the basis of both craniofacial and cognitive-behavioral traits relevant
to domestication, could illuminate the regulatory circuits shaping the
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modern human face and hence be harnessed for an empirical validation
of the self-domestication hypothesis. Specifically, we reasoned that
WBS and 7dupASD, through their uniquely informative set of sym-
metrically opposite phenotypes at the level of face morphology
(fig. S1A) and sociality, constituted a paradigmatic test case to probe
the heuristic potential of neurodevelopmental disease modeling for
the experimental understanding of human evolution. The following
key insights confirm the validity of this approach.

First, we identified the 7q11.23 region BAZI1B gene as a master
regulator of the modern human face on the basis of a molecular and
functional dissection in the thus far largest cohort of WBS patient-
and 7dupASD patient-specific NCSCs and across an exhaustive range
of BAZ1B dosages. Notably, our cohort also included NCSCs from
a patient with rare WBS featuring a much milder WBS gestalt and
harboring an atypical, BAZ1B-sparing deletion that served as a partic-
ularly informative control, as confirmed by the clustering of atypical
NCSC lines with controls when probed for BAZ1B occupancy. In
particular, exploiting the fine-grained resolution of BAZ1B dosages
recapitulated in our cohort, we could couple classical pairwise com-
parisons with a more sophisticated regression analysis on BAZ1B
levels, thereby revealing major BAZ1B dosage-dependent transcrip-
tional alterations pivoting around clusters of pathways that are crucial
for NC development and maintenance, as well as for its downstream
skeletal and cardiac outputs.

Second, we repurposed the versatility of CRISPR-Cas9 to gener-
ate an allelic series of endogenously tagged BAZIB across 7q11.23
dosages (including the BAZ1B-sparing atypical patient as uniquely
relevant control) to define its dosage-dependent genome-wide occu-
pancy. Taking advantage of previous extensive work on the NCSC
chromatin landscape (41, 47-49), we were able to define a pivotal
role for BAZ1B in NCSC enhancer regulation, consistent with its
preferential binding of distal regulatory regions, and to partition its
dosage-dependent regulation into bona fide direct and indirect targets.
The overall balance between the numbers of genes up- or down-regulated
upon BAZ1B KD—together with the greater overlap, sheer size, and
significance of enrichments in chromatin remodeling categories over
other domains of transcription regulation—further corroborates the
inclusion of BAZ1B among the factors acting upstream of enhancer
and promoter modulations to enable or reinforce rather than specify
their net outcome. Last, this molecular readout was translated to the
functional level with the definition of an impairment in both NCSC
migration and outgrowth from EBs upon decrease in BAZ1B, pro-
viding the first validation of BAZ1B involvement in key functions of
the developing human NC.

Third, our investigation provides the first experimental evidence
for the neurocristopathic hypothesis that had been put forth to explain
the domestication syndrome and had pointed to BAZ1B as one of
the candidates underlying this syndrome (5). Among the key NC
hubs affected by BAZ1B dosage, we uncovered three additional critical
genes—EDN3, MAGOH, and ZEB2—that had also been predicted
in the same model because they are associated with behavioral changes
found in domesticates, thereby defining a regulatory hierarchy for
this coherent set of genes underlying domestication.

Last, the empirical determination of BAZ1B dosage-sensitive
genes in NC models from AMHs with accentuated domestication-
relevant traits allowed us to expose, in a functionally relevant manner,
the genetic differences between modern versus archaic. This brought
to the fore the significant convergence between BAZ1B-dependent cir-
cuits and genes harboring regulatory changes in the human lineage,
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reinforcing the notion that regulatory regions contain some of the
most significant changes relevant for the modern lineage. This is
also reinforced by the recent identification of AMH-specific hyper-
methylation in the regulatory region of BAZIB itself (43).

Last, it is noteworthy that genes implicated in NC development
also play significant roles in the establishment of brain circuits that
are critical for cognitive processes like language or theory of mind
prominently affected in 7q11.23 syndromes. Among the genes
downstream of BAZ1B that we uncovered in this study, FOXP2,
ROBOI, and ROBO2 have long been implicated in brain wiring pro-
cesses critical for vocal learning in several species (50, 51), including
humans, and will warrant further mechanistic dissection in light of
the distinctive linguistic profile of WBS individuals. In conclusion,
our findings establish the heuristic power of neurodevelopmental dis-
ease modeling for the study of human evolution.

MATERIALS AND METHODS

Human samples

Ethics approvals were reported in the study that established the
original iPSC cohort (16) and also apply to the additional samples
included in this study (7dupASD3 and CTL4R).

Fibroblast reprogramming and iPSC culture

WBS1, WBS2, WBS3, WBS4, 7dupASD1, atWBS1, and CTL2 fibroblasts
were reprogrammed using the mRNA Reprogramming Kit (Stemgent),
while the 7dupASD2 and CTLIR lines were reprogrammed with the
microRNA Booster Kit (Stemgent). The CTL3 line was reprogrammed
by transfection with the STEMCCA polycistronic lentiviral vector
followed by Cre-mediated excision of the integrated polycistron.
7dupASD3 and CTLA4R fibroblasts were reprogrammed using the
Simplicon RNA Reprogramming Kit (Millipore).

Before differentiation, iPSC lines were cultured on Matrigel hESC-
qualified Matrix (BD Biosciences)-coated plates, diluted 1:40 in
Dulbecco’s minimum essential medium/F-12, and grown in mTeSR
1 medium (STEMCELL Technologies). They were passaged upon
treatment with Accutase (Sigma-Aldrich) and then plated in mTeSR 1
medium supplemented with 5 pM Y-27632 (Sigma-Aldrich).

Differentiation

Differentiation into NCSCs was performed as previously described
(52), with the exception of NCSCs used in the experiment reported
in Fig. 1 (D and E) (19).

Flow cytometry

NCSCs were detached using Accutase and counted, and 1 x 10° cells
per experimental condition were fixed in 4% paraformaldehyde and
then blocked in 10% bovine serum albumin. Cells were incubated
for 1 hour with primary antibodies conjugated to fluorophores
(HNK1-fluorescein isothiocyanate and nerve growth factor receptor—
Alex Fluor 647; BD Biosciences). Analyses were performed on a
FACSCalibur instrument (BD Biosciences), and data were analyzed
with FCS express software (Tree Star). Fluorescence-activated cell
sorting characterization for 7dupASD3 and CTL4R lines is reported
in fig. S1B; for all the other lines, see (16).

Lentiviral vector production and NCSC transfection
BAZI1B KD was performed using validated pLKO.1 TRC vector
TRCN0000013338 (referred to as sh1) and TRCN0000013341 (referred

Zanella et al., Sci. Adv. 2019; 5 : eaaw7908 4 December 2019

56

to as sh2). A pLKO.1 TRC vector containing a scrambled short hairpin
sequence was used as a negative control.

Second generation lentiviral vectors were produced through cal-
cium phosphate transfection of human embryonic kidney 293T cells
and ultracentrifugation (2 hours, 20°C, 20,000 rpm).

NCSCs (3 to 4 x 10%) were infected upon splitting and then se-
lected by adding puromycin (1 pg/ml) to the medium.

RNA extraction, retrotranscription, and real-time qPCR

RNA was extracted using the RNeasy Micro Plus Kit (QIAGEN)
according to the manufacturer’s instructions. Retrotranscribed cDNA
was obtained from 0.5 to 1 pg of total RNA using the SuperScript
VILO retrotranscription kit (Thermo Fisher Scientific).

Real-time qPCR was performed on a 7500 Fast Real-Time PCR
system (Applied Biosystems) using SYBR Green Master Mix (Applied
Biosystems) as the detecting reagent. A total cDNA amount corre-
sponding to 15 ng of starting RNA was used for each reaction. Each
sample was analyzed in triplicate and normalized to GAPDH. Relative
mRNA quantity was calculated by the comparative cycle threshold
(Ct) method using the formula 27*“* [BAZI1B, CCTCGCAGTA-
AGAAAGCAAAC (forward) and ACTCATCCAGCTCCTTTTGAC
(reverse); GAPDH, GCACCGTCAAGGCTGAGAAC (forward) and
AGGGATCTCGCTCCTGGAA (reverse); NR2F1, AGAAGCTCAAG-
GCGCTACAC (forward) and GGGTACTGGCTCCTCACGTA
(reverse); NR2F2, GCAAGTGGAGAAGCTCAAGG (forward) and
GCTTTCCACATGGGCTACAT (reverse); TFAP2A, GCCTCTC-
GCTCCTCAGCTCC (forward) and CGTTGGCAGCTTTACGTCTCCC
(reverse); and SOX9, AGTACCCGCACTTGCACAAC (forward) and
GTAATCCGGGTGGTCCTTCT (reverse)].

RNA-seq libraries preparation

Library preparation for RNA-seq was performed according to the
TruSeq Total RNA sample preparation protocol (Illumina), starting
from 250 ng to 1 ug of total RNA. cDNA library quality was assessed
in an Agilent 2100 Bioanalyzer using the High Sensitivity DNA Kit.
Libraries were sequenced with the Illumina HiSeq machine at a read
length of 50-base pair (bp) paired end and a coverage of 35 million
of reads per sample.

Protein extraction and Western blot

NCSCs were lysed in radioimmunoprecipitation assay buffer [10 mM
tris (pH 8.0), 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS,
140 mM NaCl, and 1 mM EDTA] supplemented with protease in-
hibitor cocktail (Sigma-Aldrich) and 0.5 mM phenylmethylsulfonyl
fluoride (Sigma-Aldrich) for 1 hour at 4°C.

Protein extracts (30 to 50 ug per sample) were supplemented with
NuPAGE LDS sample buffer (Thermo Fisher Scientific) and 50 mM
dithiothreitol (Thermo Fisher Scientific) and denatured at 95°C for
3 min. Then, extracts were run on a precast NuPAGE 4 to 12% bis-tris
Gel (Thermo Fisher Scientific) in NuPAGE MOPS SDS Running Buffer
(Thermo Fisher Scientific) and transferred to a 0.45-um nitrocellulose
membrane (GE Healthcare) for 1 hour at 100 V in a buffer containing
20% absolute ethanol and 10% 0.25 M tris base and 1.9 M glycine. The
membranes were blocked in TBST [50 mM tris (pH 7.5), 150 mM NaCl,
and 0.1% Tween 20] and 5% milk for 1 hour, incubated with primary
antibodies overnight at 4°C and with secondary antibodies for 1 hour
at room temperature. Primary [BAZ1B (Abcam) and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; Millipore)] and secondary
antibodies were diluted in TBST and 5% milk. Blots were detected
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with the ECL Prime Western Blotting Detection Reagents (Sigma-
Aldrich) and scanned using the ChemiDoc system (Bio-Rad).

Wound-healing assay

Cells (5 x 10* to 7 x 10*) were plated in each of the two Matrigel-
coated wells of silicone culture-inserts (Ibidi) attached to six-well
culture plates. After 24 hours, the insert was removed, medium was
changed to remove dead cells, and time lapse was performed for
24 hours at the rate of one image every 10 min at x10 magnification;
each condition was analyzed in duplicate. Images were acquired with
the BX61 upright microscope equipped with a motorized stage from
Olympus or the Nikon Eclipse Ti inverted microscope equipped with
a motorized stage from Nikon and analyzed with Image].

Endogenous BAZ1B tagging via CRISPR-Cas9

iPSCs were pretreated with 10 uM rho kinase inhibitor for 4 hours,
and then 2 x 10° cells were electroporated using the Neon system
with the Cas9/single-guide RNA ribonucleoprotein complex and the
donor plasmid (synthesized by GeneArt). The donor plasmid con-
tained three FLAG tags followed by a self-cleaving peptide (P2A)
and a hygromycin resistance (HygroR). The 3xFLAG-P2A-HygroR
cassette was flanked by BAZ1B-specific homology arms (5’ HA and
3" HA) to promote homologous recombination and then subcloned
into a bacterial backbone (Fig. 3A).

After 48 hours, iPSC medium was supplemented with hygromy-
cin B (50 pg/ul), and selection medium was maintained for 15 days.
Fifteen to 20 clones per iPSC line were then subjected to PCR to (i)
evaluate the presence of the cassette and the insertion in the correct
genomic locus and (ii) distinguish heterozygously tagged from homo-
zygously tagged clones (fig. S3A). We could isolate a clone with a
homozygous integration from the CTL, the atWBS, and the typical
WBS but not from the 7dupASD line. In the 7dupASD clone, the
FLAG tag was present in two of three copies, as shown by a digital
PCR analysis (fig. S3B).

Digital PCR

DNA (60 ng) was amplified in a reaction volume containing the
following reagents: QuantStudio 3D Digital PCR Master Mix v2
(Thermo Fisher Scientific), Custom TagMan Copy Number Assays
SM 20x FAM labeled (Thermo Fisher Scientific), and TagMan
Copy Number Reference Assay 20x (Thermo Fisher Scientific) VIC
labeled (Thermo Fisher Scientific). The mix was loaded on a chip
using the QuantStudio 3D Digital PCR Chip Loader. The chips were
then loaded on the ProFlex PCR System (Thermo Fisher Scientific),
and data were analyzed using the “QuantStudio 3D AnalysisSuite
Cloud Software.” The entire process was performed by the qPCR
Service at Cogentech, Milano [Custom (FLAG) TagMan Copy Number
Assays: forward primer, TGGACAGTCCAGAGGACGAA; reverse
primer, CACCCTTGTCGTCATCGTCTT;and probe, FAMACAGAAGA-
AGGACTACAAAGACG and TagMan Copy Number Reference
Assay: TERT (VIC) (catalog number 4403316)].

ChIP coupled with sequencing

Approximately 2 x 10° cells were used (~100 pg of chromatin) for
histone mark IP, and 1 mg of chromatin was used for BAZ1B-FLAG IP.
Cells were fixed with phosphate-buffered saline, containing 1% formal-
dehyde (Sigma-Aldrich), for 10 min to cross-link proteins and DNA,
when the reaction was then stopped by adding 125 mM glycine for
5 min. Cells were lysed with SDS buffer containing 100 mM NacCl,
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50 mM tris-HCI (pH 8.0), 5 mM EDTA (pH 8.0), and 10% SDS, at
which point chromatin pellets were resuspended in IP buffer contain-
ing 1 volume of SDS buffer and 0.5 volume of Triton dilution buffer
[100 mM tris-HCI (pH 8.5), 5 mM EDTA (pH 8.0), and 5% Triton
X-100]. Chromatin was then sonicated using the $220 Focused-
ultrasonicator (Covaris) to generate <300 bp DNA fragments (for
histone mark IPs) or the Branson Digital Sonifier to generate 500 to
800 bp DNA fragments (for BAZ1B-FLAG IP).

Sonicated chromatin was incubated overnight at 4°C with primary
antibodies [H3K27ac (Abcam), H3K4mel (Abcam), H3K4me3 (Abcam),
H3K27me3 (Cell Signaling Technology), and FLAG (Sigma- Aldrich)] and
then for 3 hours with Dynabeads Protein G (Thermo Fisher Scientific).
Beads were washed three times with low-salt wash buffer [0.1% SDS,
1% Triton X-100, 2 mM EDTA, 20 mM tris-HCI (pH 8.0), and
150 mM NaCl] and once with high-salt wash buffer [0.1% SDS, 1% Triton
X-100,2 mM EDTA, 20 mM tris-HCl (pH 8.0), and 500 mM NaCl].
Immunocomplexes were eluted in decross-linking buffer (1% SDS
and 100 mM NaHCO3) at 65°C for 2 hours. DNA was purified using
QIAquick PCR columns (QIAGEN) and quantified with a Qubit
dsDNA HS assay kit (Thermo Fisher Scientific). DNA libraries were
prepared by the sequencing facility at European Institute of Oncol-
ogy according to the protocol described by Blecher-Gonen and col-
leagues (53), and DNA was sequenced on the Illumina HiSeq 2000
platform. For the FLAG ChIP, samples were run in duplicate.

RNA-seq analysis

RNA-seq data were quantified using Salmon 0.91 to calculate read
counts and transcripts per million in a transcript- and gene-wise
fashion, using the quasi-mapping offline algorithm (54) on the GRCh38
(National Center for Biotechnology Information) database. edgeR
was used for differential gene expression analysis (DEA), using gen-
eralized linear regression methods, to identify pattern of differential
expression following two different schemes:

1) A factorial analysis based on the definition of one group of
scrambled and one group of KD samples to identify genes dys-
regulated similarly across short hairpins characterized by different
efficiencies.

2) A numerical analysis in which log-normalized [Trimmed Mean
of M-values (TMM)] BAZ1B levels, as quantified by RNA-seq, was
used as independent variable.

All analyses were performed dropping individual variations
(~individual+KD or ~individual+BAZ1B) to account for the genetic
background of each individual. In particular, this design is expected
to permit the identification of genes, which change expression level
upon KD even in situations in which genotype-specific makeups would
lead BAZ1B-dependent genes to have unique expression levels in
scramble lines. In the factorial analysis, DEGs were identified and
characterized by filtering for fold change (FC) > 1.25 and FDR < 0.05
unless explicitly indicated.

To our knowledge, performing a regression analysis at a gene-
specific level has never been performed. We were able to do this
because of the availability of a large set of samples (11 individuals)
and because of the two short hairpins robustly respectively reducing
BAZI1B expression levels, respectively by ~40 and ~70% in all indi-
viduals lines. To validate the quality of our numerical differential
expression analysis, we took advantage of HipSci data (55, 56) and
iPSCpoweR tools (29). We took 50 of 105 possible combinations of
13 random individual RNA-seq data from the healthy HipSci cohort,
representing both sexes and having at least two technical replicates
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per individual. Unfortunately, HipSci does not contain at least
13 individuals with three clones per individual. Thus, we performed
four alternative DEAs with edgeR (table S4) on the 50 different ran-
dom combinations of 13 individuals identified (200 DEAs in total,
on 22 samples, two clones per individual), using the same model
matrix used for the regression analysis (~individual+BAZ1B) and
using BAZ1B levels of scramble and sh2 lines. All analyses identified
very low number of spurious DEGs (fig. S2E). Thus, we used the
“Edg2” pipeline (table S4) because it does not discard genes with
higher variability (Edg2 and Edg4 versus Edgl and Edg3), and it is
based on a better suited algorithm (Edg2 versus Edg4). With our
model matrix, filtering by P < 0.01 (and FDR < 0.25), using Edg2 on a
random HipSci data, we obtained an average of 93.32 DEGs (on average)
with a median equal to 43 (table S5). GO enrichments were performed
using topGO R package version 2.28.0.

Master regulatory analysis was performed via hypergeometric
test by measuring gene set enrichments in lists of transcription
factor targets provided by the TFBS tools database (57). Both GO
and transcription factor enrichment analyses were performed con-
sidering background genes expressed in at least two samples in our
NCSC cohort.

ChiIP-seq analysis

ChIP-seq experiments were analyzed both qualitatively and quantita-
tively. Reads were trimmed with the FASTX-Toolkit (-Q33 -t 20 -122),
aligned with Bowtie 1.0 (-v 2 -m 1) on the Human hg38 reference
genome, and peaks were called using MACS 2.1.1. H3K4mel, H3K27ac,
H3K4me3, and H3K27me3 peaks were called with --broad using default
parameters and g < 0.05.

Qualitative analysis, including intersection and comparison of bed
files, was performed using BedTools version 2.23.

To define enhancer regions, we intersected those marked by
H3K4mel and H3K27ac in at least two samples, discarded re-
gions with H3K4me3 in at least two samples, and discarded regions
overlapping with TSS. Motif enrichment was performed by using
HOMER v4.10.

Quantification of reads per region was performed with DeepTools 3.0.2.
Differential mark deposition was conducted by means of edgeR 3.24.1
inside R 3.3.3. To define mark deposition following BAZ1B levels,
we used the same design as for RNA-seq data (~individual+BAZ1B).

To identify BAZ1B bound regions and to avoid losing identifi-
cation of lowly covered regions, we resorted to (i) aggregation of all
sample aligned reads and (ii) peak calling with MACS2 using —extsize 800
and ¢ < 0.25. BAZ1B binding coverage was calculated with DeepTools,
with the same parameters used for histone marks, on the identified
peak regions. Differentially bound regions were identified with edgeR.

Assembly of archaic and modern human lists

The archaic/modern lists were generated from the material presented
in (15). We used high-coverage genotypes for three archaic individuals:
one Denisovan (58), one Neanderthal from the Denisova cave in
Altai mountains (59), and another Neanderthal from Vindija cave,
Croatia (60). The data are publicly available at http://cdna.eva.mpg.
de/neandertal/Vindija/VCF/, with the human genome version hg19
as reference. High-frequency (HF) differences were defined as posi-
tions where more than 90% of present-day humans carry a derived
allele, while at least the Denisovan and one Neanderthal carry the
ancestral allele. High-frequency changes in archaics were defined as
occurring at less than 1% in present-day humans, while at least two
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archaic individuals carry the derived allele. The HF lists used here
were examined as presented in (15), with the exception of the HF
lists in regulatory regions, which were extracted from the same dataset
but not presented as such in the original paper.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/12/eaaw7908/DC1

Fig. S1. BAZ1B KD validation in iPSC-derived NCSCs and evaluation of its impact on NCSC
migration.

Fig. S2. BAZ1B KD affects the transcriptome of iPSC-derived NCSCs.

Fig. S3. Generation of BAZ1B-FLAG iPSC lines and differentiation to NCSCs.

Fig. S4.BAZ1B KD induces a significant chromatin remodeling at distal regions.

Text STA. Detailed description of HOMER motif enrichments performed on BAZ1B ChlIP-seq data.
Text S1B. List of key direct targets of BAZ1B involved in neural- and NC-related development
and relevant associated literature.

Table S1. Genes relevant for NC and NC-derived features whose expression follows BAZ1B levels.
Table S2A. Significant genes in human evolution.
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Table S2H. Mutation excess in modern humans, overlap with BAZ1B targets.

Table S2I. Regulatory changes (exclusive) in modern humans, overlap with BAZ1B targets.
Table S2J. Missense mutations in modern humans, overlap with BAZ1B targets.

Table S2K. Mutation excess in modern humans corrected for length, overlap with BAZ1B targets.
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overlap with BAZ1B targets.

Table S2N. Genes under positive selection from Racimo (74) in modern humans, overlap with
BAZ1B targets.

Table S3. Crucial genes identified in the overlap between BAZ1B datasets and archaic versus
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Table S4. Alternative differential expression analysis functions tested with iPSCpower to assess
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ABSTRACT

Large-scale estimations of the time of emergence of variants are essential offer precise answers to time-sensitive hypotheses
concerning human evolution. Using an open repository of genetic variant age estimations, we offer here a temporal evaluation
of various evolutionarily relevant datasets, such as Homo sapiens-specific variants, high-frequency variants found in genetic
windows under positive selection, introgressed variants from extinct human species, as well as putative regulatory variants
in various brain regions. We find a recurrent bimodal distribution of high-frequency variants, but also evidence for specific
enrichments of gene categories in various time windows, which brings into prominence the 300-500k time slice. We also find
evidence for very early mutations impacting the facial phenotype, and much more recent molecular events linked to specific
brain regions such as the cerebellum or the precuneus. Additionally, we present a case study of an evolutionarily relevant gene,
BAZ1B, and its targets.

Author summary

The timing of mutations is a key question for most research in Human Evolution, but it’s a too often overlooked perspective
in gene expression studies. We assigned dates to genetic variantion unique to Homo sapiens compared to Neanderthals and
Denisovans, as well as other sets of genetic mutations that are interesting in evolution, such as variants inherited from extinct
humans. With a temporal classification of genetic mutations in hand, we then applied a machine learning tool and other analysis
to predict what genes have changed more in certain time windows, what do those genes do and when. We also used clinical data
from a gene known to affect facial bone development in humans to understand how far back in time do mutations affecting it go.

1 Introduction

The past decade has seen a significant shift in our understanding of the evolution of our lineage. We now recognize that
anatomical features used as diagnostic for our species (globular neurocranium, small, retracted face, presence of a chin, narrow
trunk, to cite only a few of the most salient traits associated with ‘anatomical modernity’) did not emerge as a package, from a
single geographical location, but rather emerged gradually, in a mosaic-like fashion across the entire African continent [1].
Likewise, behavioral characteristics once thought to be exclusive of Homo sapiens (funerary rituals, parietal art, ‘symbolic’
artefacts, etc.) have recently been attested in some form in closely related (extinct) clades, casting doubt on a simple definition
of ‘cognitive/behavioral’ modernity [2]. We have also come to appreciate the extent of (multidirectional) gene flow between
Sapiens and Neanderthals and Denisovans, raising interesting questions about speciation [3, 4, 5, 6]. Last, but not least, it is
now well established that our species has a long history. Robust genetic analyses [7] indicate a divergence time between us and
other hominins for which genomes are available of roughly 700kya, leaving perhaps as many as 500ky between then and the
earliest fossils displaying a near-complete suite of modern traits (Omo Kibish 1, Herto 1 and 2) [8].

Such a long period of time allows for the distinction between early and late members of our species [8]. Genomic analysis
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of ancient human remains in Africa reveal deep population splits and complex admixture patterns among populations well
before the coalescence of modernity in the fossil record [9, 10]. At the same time, reanalysis of archaic fossils in Africa [11]
point to the extended presence of multiple hominins on this continent, with the possibility of ‘super-archaic’ admixture [12, 13].
Lastly, our deeper understanding of other hominins point to derived characteristics in these lineages that make some of our
species’ traits more ancestral (less ‘modern’) than previously believed [14].

In the context of this significant rewriting of our history, we decided to explore the temporal structure of an extended
catalog of single nucleotide changes found at high frequency (HF >90%) across major modern populations we previously
generated on the basis of 3 high-coverage archaic genomes [15]. This catalog aims to offer a richer picture of molecular events
setting us apart from our closest extinct relatives. To do so, we took advantage of the Genealogical Estimation of Variant Age
(GEVA) tool [16]. GEVA is a coalescence-based method that provides age estimates for over 45 million human variants. GEVA
is non-parametric, making no assumptions about demographic history, tree shapes, or selection. (For additional details on
GEVA, see section 4). Our overall objective here is to use the temporal resolution afforded by GEVA to to estimate the age of
emergence of polymorphic sites, and gain further insights into the complex evolutionary trajectory.

Here, we reveal a bimodal temporal distribution of modern human derived high-frequency variants and provide insights
into milestones of Homo sapiens evolution through the investigation of the molecular correlates and the predicted impact
of variants across evolutionary-relevant periods. Our chronological atlas allows us to provide a time window estimate of
introgression events and evaluate the age of variants associated with signals of positive selection, as well as estimate the age
of enhancer regulatory variants for different brain regions. Our enrichment analyses uncovers GO-terms unique to specific
temporal windows, prominently facial and behavioral-related terms between 300k and 500k years. With a finer-grained level of
scrutiny, our machine learning-based analyses predicting differential gene expression regulation of mapped variants (through
[17]) reveals a trend towards downregulation in the aforementioned period (300k-500k years; corresponding to the early
emergence of our species). We further identify variant-associated genes whose differential regulation may specifically affect
brain structures thought to be derived in late Homo sapiens such as the cerebellum and the precuneus. Finally, we delved into
the study of BAZIB, for its contribution to our understanding of craniofacial development and human evolution [18]. We found
a cluster of variants linked to a specific set of BAZIB targets dated around 300-500k years (within the suggested period of
appearance of distinctive facial traits in our species), and characterized a set of older variants that further shed light into the
timing of the emergence of the ‘modern’ human face.

2 Results

The distribution of alleles over time follows a bimodal distribution regardless of the frequency cutoff (Figure 1A; Figure S1),
with a global maximum around 40kya (for complete allele counts, see section 4). The two modes of the distribution correspond
to two periods of significance in the evolutionary history of Homo sapiens. The more recent peak of HF variants arguably
corresponds to the period of population dispersal around 100kya [19], while the older distribution contains the period associated
with the divergence between Homo sapiens and other Homo species [7, 20]. When dividing the modes (at the 300kya time
mark), the distribution of variants over time is statistically different between the set of overall derived variants and each of the
two HF filtered sets (p < 0.01, Kolmogorov—Smirnov test).

In order to divide the data for downstream analysis we considered a k-means clustering analysis (at k = 3 and k = 4, Figure
S2). This clustering method yields a division clear enough to distinguish between early and late Homo sapiens specimens after
the split with other human species. However, we reasoned that such a k-means division is not precise enough to represent key
milestones used to test specific time-sensitive hypotheses. For this reason, we adopted a literature-based approach, establishing
different cutoffs adapted to the need of each analysis below (Figure 1B). Our basic division consisted of three periods: a recent
period from the present to 300 thousand years ago (kya), the local minimum, roughly corresponding to the period considered
until recently to mark the emergence of Homo sapiens; a later period from 300kya to 500kya, the period associated with earlier
members of our species such as the Jebel Irhoud fossil [21] ; and a third, older period, from 500kya to 1 million year ago,
corresponding to the time of the most recent common ancestor with the Neanderthal and Denisovan lineage [22]. Finer-grained
time slices were adopted for further analyses (see, e.g., section 2.3).

We note that the distribution goes as far back as 2.5 million years ago (see Figure 1A) in the case of HF variants, and even
further back in the case of the derived variants with no HF cutoff. This could be due to our temporal prediction model choice
(GEVA clock model, of which GEVA offers three options, as detailed in 4), as changes over time in human recombination
rates might affect the timing of older variants [16], or to the fact that we don’t have genomes for older Homo species. Some of
these very old variants may have been inherited from them, and lost further down the archaic lineages. In this context, we note
that 40% of the genes that exhibit an excess of mutations in the modern lineage and totally lack HF derived variants in other
hominins in [15] do not exhibit any single ‘recent’ (<400kya) HF variant (Fig. S3).
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2.1 Variant subset distributions

In an attempt to see if specific subsets of variants had strikingly different distributions over time, we selected a series of
evolutionary relevant sets of data publicly available, such as genome regions depleted of archaic introgression (so-called
‘deserts of introgression’) [23, 24], and regions under putative positive selection [25], and mapped the HF variants from [15]
falling within those regions. We also examined genes that accumulate more HF variants than expected given their length and in
comparison to the number of mutations these genes accumulate on the archaic lineages (‘length’ and ‘excess’ lists from [15] —
see sec. 4). Finally, we plotted introgressed alleles [23, 26]. A bimodal distribution is clearly visible in all the subsets except
the introgression datasets (Figure 1C). Introgressed variants peak locally in the earlier period (0-100kya). The distribution
roughly fades after 250kya, in consonance with the possible timing of introgression events [4, 12, 24, 27]. As a case example,
we plotted those introgressed variants associated with phenotypes highlighted in Table 1 of [28]. As shown in Figure S4, half of
the variants cluster around the highest peak, but other variants may have been introduced in earlier instances of gene flow. We
caution, though, that multiple (likely) factors, such as gene flow from Eurasians into Africa, or effects of positive selection
affecting frequency, influence the distribution of age estimates and make it hard to draw any firm conclusions. We also note that
the two introgressed variant counts, derived from the data of [26] and [23], follow a significantly different distribution over time
(p < 2.2—16, Kolmogorov—Smirnov test) (Figure 1C).

Finally, we examined the distribution of putatively introgressed variants across populations, focusing on low-frequency
variants whose distributions vary when we look at African vs. non-African populations (Figure S5). As expected, those
variants that are more common in non-African populations are found in higher proportions in both of the Neanderthal genomes
studied here, with a slightly higher proportion for the Vindija genome, which is in fact assumed to be closer to the main source
population of introgression. We detect a smaller contribution of Denisovan variants overall, which is expected on several
grounds: given the likely more frequent interactions between modern humans and Neanderthals, the Denisovan individual
whose genome we relied on is likely part of a more pronounced “outgroup”. Gene flow from modern humans into Neanderthals
also likely contributed to this pattern.

In the case of the regions under putative positive selection, we find that the distribution of variant counts has a local peak
in the most recent period (0-100kya) that is absent from the deserts of introgression datasets. Also, as shown in 1E, the
distribution of variant counts in these regions under selection shows the greatest difference between the two peaks of the
bimodal distribution. Still, we should stress that our focus here is on HF variants, and that of course not all HF variants falling
in selective sweep regions were actual targets of selection. Figure S6 illustrates this point for two genes that have figured
prominently in early discussions of selective sweeps since [3]: RUNX2 and GLI3. While recent HF variants are associated with
positive selection signals (indicated in purple), older variants exhibit such associations as well. Indeed some of these targets
may fall below the 90% cutoff chosen in [15]. In addition, we are aware that variants enter the genome at one stage and are
likely selected for at a (much) later stage [29, 30]. As such our study differs from the chronological atlas of natural selection in
our species presented in [31] (as well as from other studies focusing on more recent periods of our evolutionary history, such as
[32]). This may explain some important discrepancies between the overall temporal profile of genes highlighted in [31] and the
distribution of HF variants for these genes in our data (Figure S7).

Having said this, our analysis recaptures earlier observations about prominent selected variants, located around the most
recent peak, concerning genes such as CADPS?2 ([33], Fig. S8). This study also identifies a large set of old variants, well before
300kya, associated with genes belonging to putative positively-selected regions before the deepest divergence of Homo sapiens
populations [34], such as LPHN3, FBXW7, and COGS5 (figure S9).

Finally, we estimated the age of putative regulatory variants of the prefrontal (PFC), temporal (TC) and cerebellar cortices
(CBCQ), using the large scale characterization of regulatory elements of the human brain provided by the PsychENCODE
Consortium [35]. We did the same for the modern human HF missense mutations [15]. A comparative plot reveals a similar
pattern between the three structures, with no obvious differences in variant distribution (see Fig. S10). The cerebellum
contains a slightly higher number of variants assigned to the more recent peak when the proportion to total mapped variants is
computed: 15.59% to 14.97% (PFC) and 15.20% (TC). We also note that the difference of dated variants between the two local
maxima is more pronounced in the case of the cerebellum than in the case of the two cortical tissues, whereas this difference is
more reduced in the case of missense variants (Fig. S10).We caution, though, that the overall number of missense variants is
considerably lower in comparison to the other three datasets.

2.2 Gene Ontology analysis across temporal windows

In order to interpret functionally the distribution of HF variants in time, we performed enrichment analyses accessing curated
databases via the gProfiler2 R package [36]. For the three time windows analyzed (corresponding to the recent peak: 0-300kya;
divergence time and earlier peak: 500kya-1mya; and time slot between them: 300kya-500kya), we identified unique and shared
gene ontology terms (see Figure 2A and sec. 4). Of note, when we compared the most recent period against the two earlier
windows together (from 300kya-1mya), we found bone, cartilage and visual system-related terms only in the earlier periods
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(hypergeometric test; adj. p < 0.01; Table S1). Further differences are observed when thresholding by an adjusted p < 0.05. In
particular, terms related to behavior (startle response), facial shape (narrow mouth) and hormone systems only appear in the
middle (300-500k) period (Table S2; Figure S11). A summary of terms shared across the three time windows can be seen in
Figure S12.

2.3 Gene expression predictions

To see if term-enriched genes are associated with particular expression profiles, we made use of ExPecto [17], a sequence-
based tool to predict gene expression in silico (see description in section 4). We found that there is a significant skewness
towards extreme negative values in the 300kya to 500kya time period that is not so salient in the other windows (as shown in
quantile-quantile plots in Fig. S14). This skewness is present but not so salient in the overall set of tissue HF variant-specific
expression predictions. A series of Kruskal-Wallis tests show that variants coming from GO-enriched genes have significant
differences in their average expression levels in each period (0-300kya, 300-500kya and 500-800kya) compared to the others
(p=3.411e—05, p =4.032¢ — 08 and p = 4.032¢ — 08, adjusted by Bonferroni).

We applied the ExPecto tool as well to the overall derived HF variant dataset derived from [15], with a particular focus on
expression changes in brain tissues.

To examine if certain tissues had a specially high predicted expression value in certain key time windows, we further divided
the variants in six chronological groups ranging from the present to an estimated 800kya according to the GEVA set dating (Fig.
3A —see Fig. S15 for full details). Of note is the presence of the cerebellum in a period preceding the last major Out-of-Africa
event (as predicted by [37]) in a landscape otherwise dominated by tissues such as the Adrenal Gland, the Pituitary, Astrocytes,
and Neural Progenitor Cells.

The six windows (0-60, 60-100, 100-200, 200-300, 300-500 and 500-800kya) attempt to capture events in a finer-grained
fashion (see sec. 4). We found that the sum of predicted gene expression values differs across timing windows, as determined
by an approximate Kruskal-Wallis Test with random sampling (n = 1000) test, but not across tissues. A post-hoc Dunn test
shows that expression values predicted by ExPecto are significantly different between the 60-100 and the 200-300 and 300-500
windows (p = 0.001 and p = 0.0012, p-values adjusted with Benjamini-Hochberg) and between 0-60 and 60-100 (p = 0.0102,
adjusted). We performed an additional analysis to check whether there is an association between exact dates predicted by the
GEVA tool and expression (as opposed to a time window division). The correlation between these two values is not significant
(p = 0.3287, Pearson correlation test).

The authors of the article describing the ExPecto tool [17] suggest that genes with a high sum of absolute variant effects in
specific time windows tend to be tissue or condition-specific. We explored our data to see if the genes with higher absolute
variant effect were also phenotypically relevant (Figure 3B). Among these we find genes such as DLL4, a Notch ligand
implicated in arterial formation [38]; FGF 14, which regulates the intrinsic excitability of cerebellar Purkinje neurons [39];
SLC6A15, a gene that modulates stress vulnerability through the glutamate system [40]; and OPRM, a modulator of the
dopamine system that harbors a HF derived loss of stop codon variant in the genetic pool of modern humans but not in that of
extinct human species [15].

We also crosschecked if any of the variants in our high-frequency dataset with a high predicted expression value (RPKM
variant-specific values at log > 0.01) were found in GWASs related to brain volume. The Bigd0 UKBiobank GWAS meta-
analysis [41] shows that some of these variants are indeed GWAS top hits and can be assigned a date (see Table 1). Of note are
phenotypes associated with the posterior Corpus Callosum (Splenium), precuneus, and cerebellar volume. In addition, in a large
genome-wide association meta-analysis of brain magnetic resonance imaging data from 51,665 individuals seeking to identify
specific genetic loci that influence human cortical structure [42], one variant (rs75255901) in Table 1, linked to DAAM, has
been identified as a putative causal variant affecting the precuneus. All these brain structures have been independently argued to
have undergone recent evolution in our lineage [37, 43, 44, 45], and their associated variants are dated amongst the most recent
ones in the table.

2.4 Case study

As a case example of the potential of the GEVA dataset when applied to evolutionary questions, we examined HF variants found
in BAZIB and target genes. BAZIB is a gene implicated in craniofacial defects in Williams-Beuren syndrome. We recently
positioned this gene upstream in the developmental hierarchy of the modern human face on the basis of empirical evidence
gathered from neural crest models with interfered gene function [18]. We wanted to determine if HF mutations harbored by
BAZIB are temporally accompanied by HF variant changes in a range of target genes that we previously demonstrated cluster in
statistically significant ways when examined in an evolutionary context [18]. These targets fall in two broad groups: those
genes whose expression patterns change in the same direction as that of BAZIB (labeled “DIR"), and those whose expression
patterns go in the opposite direction (labeled “INV"). Experimental validation further refined these two sets of genes and
identified bona fide direct targets of BAZIB (27DIR and 25INV genes, and, with further filtering, 13DIR and 17INV). We
already observed that these two sets of targets overlap significantly with genes harboring (regulatory) HF mutations in modern
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Location rsid Nearest gene(s) GWAS trait Age (GEVA)
20:49070644 1575994450 PTPNI1 Fractional anisotropy measurement, Splenium (Corpus Callosum) 36735.46
14:59669037  rs75255901 DAAMI1 Functional connectivity (rfMRI) 39543.24

1:22498451 1rs2807369 WNT4 Volume of gray matter in Cerebellum (left) 50060.96
2:63144695  rs17432559 EHBPI Volume of Corpus Callosum (Posterior) 52290.48
12:2231744 1875557252 CACNAIC Functional connectivity (rffMRI) 93924.62
10:92873811  rs17105731 PCGF5 Volume of inferiortemporal gyrus (right) 255792.5
17:59312894 1573326893 BCAS3 Functional connectivity (rfMRI) 418742.6
22:27195261 1572617274 CRYBA4 Functional connectivity (rfMRI) 445477.7
2:230367803  rs56049535 DNER Functional connectivity (rfMRI) 523629.8
16:3687973  rs78315731 DNASEI1 Volume of Pars triangularis (left) 698856.5

Table 1. Big40 Brain volume GWAS [41] top hits with high predicted gene expression in ExPecto (log > 0.01, RPKM), along
with dating as provided by GEVA. ‘Functional connectivity’ is a measure of temporal activity synchronization between brain
parcels at rest (originally defined in [46]).

human genomes compared to archaic human genomes, although for the broadest set of “INV" targets, the overlap resulted
statistically significant for extinct human species as well [18].

Out of a total of 289 HF mutations harbored by direct targets of BAZIB, 238 could be mapped via GEVA (Figure 4A-B).
We observe that close to 25% of all HF variants associated with both INV and DIR targets are found in the oldest time slices
defined by the occurrence of BAZIB HF variants, around 1.3mya. 13% of all these ‘target’ variants are found in the 300-500k
time window, and about the same percentage (15%) in the most recent (0-300k) period. In other words, unlike the general
variant distribution found throughout this study, we do not find a recent peak of variants associated with BAZIB targets. This is
in line with the GO-enrichment results presented above, where we don’t find any enrichment for ‘face’-related terms in the
most recent periods.

These results invited us to look more closely into the 300-500k period, which as been independently linked to the emergence
of modern facial traits (Jebel Irhoud fossil, [21]), and possibly mark a change in our prosociality captured by the “self-
domestication hypothesis" ([47, 48]). This period shows a local increase in HF variants for genes harboring an “excess" of
mutations compared to archaics, controlling for gene length [15] (Fig 4C). Mutations in other genes we have previously linked
to the earliest stages of self-domestication [49] cluster around this period, as shown in Fig 4C. Among them are other genes
belonging to the Williams-Beuren Syndrome critical region (STX/A, GTF2I), prominent targets of BAZIB implicated in Neural
Crest processes (OLFM1, EDN3, TGFBR?2), as well as specific classes of genes that modulate glutamate signaling (GRIK3,
GRIK2, GRM7, NETO2) and hormones (OXTR, AVPRIB). Interestingly, the most recent HF variants in FOXP2 we could map
belong to that period.

It is noteworthy that HF variants harbored by genes associated with face and vocal tract anatomy that were singled out for
their extensive methylation changes in [50] (SOX9, ACAN, COL2A1, NFIX and XYLT]I) cluster (together with other BAZIB
HF mutations) in our dataset in a more recent time window (Fig S16), pointing to further refinement of the modern facial
phenotype, in line with the authors’ own claims in [50]. It is also worth pointing out that BAZIB (and its targets) harbor several
HF mutations going back to as early as 900k, which may indicate that aspects of the ‘modern’ face are indeed as old as some
have recently claimed, relying on a characterization of both proteomic and phenotypic characterizations of Homo antecessor
[14, 51].

3 Discussion

Deploying GEVA to probe the temporal structure of the extended catalog of HF variants distinguishing modern humans from
their closest extinct relatives ultimately aims to contribute to the goals of the emerging attempts to construct a molecular
archaeology [52] and as detailed a map as possible of the evolutionary history of our species. Like any other archaeology
dataset, ours is necessarily fragmentary. In particular, fully fixed mutations, which have featured prominently in early attempts
to identify candidates with important functional consequences [52], fell outside the scope of this study, as GEVA can only
determine the age of polymorphic mutations in the present-day human population. By contrast, the mapping of HF variants was
reasonably good, and allowed us to provide complementary evidence for claims regarding important stages in the evolution of
our lineage. This in and of itself reinforces the rationale of paying close attention to an extended catalog of HF variants, as
argued in [15].

While we wait for more genomes from more diverse regions of the planet and from a wider range of time points, we find
our results encouraging: even in the absence of genomes from the deep past of our species in Africa, we were able to provide
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evidence for different epochs and classes of variants that define these. Indeed, the emerging picture is very much mosaic-like in
its character, in consonance with recent work in archeology [1].

Our analysis highlights the importance of a temporal window between 300-500k that may well correspond to a significant
behavioral shift in our lineage, corresponding to the Jebel Irhoud fossil, but also in other parts of the African continent, to
increased ecological resource variability [53], and evidence of long-distance stone transport and pigment use [54]. Other
aspects of our cognitive and anatomical modernity emerged much more recently, in the last 150000 years, and for these our
analysis points to the relevance of gene expression regulation differences in recent human evolution, in line with [55, 56, 57].
These two salient temporal windows are well represented by the density of HF mutations in genes such as PTEN, one of the
genes highlighted in [15] as harboring an excess of derived HF mutations on the modern compared to extinct human lineages
(Fig S17).

Lastly, our attempt to date the emergence of mutations in our genomes points to multiple episodes of introgression, whose
history is likely to turn out to be quite complex.

4 Methods

Homo sapiens variant catalog. We made use of a publicly available dataset [15] that takes advantage of the Neanderthal
and Denisovan genomes to compile a genome-wide catalog of Homo sapiens-specific variation (genome version hg19, 1000
genomes project frequency data, dbSNP database). In addition to the full data, the authors offered a subset of the data that
includes derived variants at a >90% global frequency cutoff. Since such a cutoff allows some variants to reach less than 90% in
certain populations, as long as the total is >90%, we also considered including a metapopulation-wide variant >90% frequency
cutoff dataset to this study (Fig 1A). All files (the original full and high-frequency sets and the modified, stricter high-frequency
one) are provided in the accompanying code.

GEVA. The Genealogical Estimation of Variant Age (GEVA) tool [16] uses a hidden Markov model approach to infer the
location of ancestral haplotypes relative to a given variant. It then infers time to the most recent ancestor in multiple pairwise
comparisons by coalescent-based clock models. The resulting pairwise information is combined in a posterior probability
measure of variant age. We extracted dating information for the alleles of our dataset from the bulk summary information of
GEVA age predictions. The GEVA tool provides several clock models and measures for variant age. We chose the mean age
measure from the joint clock model, that combines recombination and mutation estimates. While the GEVA dataset provides
data for 1000 genomes project and the Simons Genome Diversity Project, we chose to extract only those variants that were
present in both datasets. Ensuring a variant is present in both databases implicitly increases genealogical estimates (as detailed
in Supplementary document 3 of [16]), although it decreases the amount of sites that can be looked at. We give estimated dates
after assuming 29 years per generation, as suggested in [58]. While other measures can be chosen, this value should not affect
the nature of the variant age distribution nor our conclusions.

Out of a total of 4437804 for our total set of variants, 2294023 where mapped in the GEVA dataset (51% of the original
total). For the HF subsets, the mapping improves: 101417 (74% of total) and 48424 (69%) variants were mapped for the
original high frequency subset and the stricter, meta-population cutoff version, respectively.

ExPecto. In order to predict gene expression we made use of the ExPecto tool [17]. ExPecto is a deep convolutional
network framework that predicts tissue-specific gene expression directly from genetic sequences. ExPecto is trained on histone
mark, transcription factor and DNA accessibility profiles, allowing ab initio prediction that does not rely on variant information
training. Sequence-based approaches, such as the one used by Expecto, allow to predict the expression of high-frequency
and rare alleles without the biases that other frameworks based on variant information might introduce. We introduced the
high-frequency dated variants as input for ExPecto expression prediction, using the default tissue training models trained on
the GTEx, Roadmap genomics and ENCODE tissue expression profiles. We then selected brain and brain-related tissues (as
detailed in the code), and divided the variants by time period (0-60kya, 60-100kya, 100-200kya, 200-300kya, 300-500kya and
500-800kya — Fig. S15 and Fig. 3A).

gProfiler2. Enrichment analysis was performed using gProfiler2 package [36] (hypergeometric test; multiple comparison
correction, ‘gSCS’ method; p-values .01 and .05). Dated variants were subdivided in three time windows (0-300kya, 300kya-
500kya and 500kya-1mya) and variant-associated genes (retrieved from [15]) were used as input (all annotated genes for H.
sapiens in the Ensembl database were used as background). Following [17], variation potential directionality scores were
calculated as the sum of all variant effects in a range of 1kb from the TSS. Summary GO figures presented in Figure S12 were
prepared with GO Figure [59].

For enrichment analysis, the Hallmark curated annotated sets [60] were also consulted, but the dated set of HF variants as a
whole did not return any specific enrichment.
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Data and Code Availability

All the analysis here presented can be reproduced following the scripts in the following Github repository:
https://github.com/AGMAndirko/Temporal-mapping
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Figure 1. A: Distribution of derived Homo sapiens alleles over time with no frequency cutoff, in HF and the modified
population-wise HF subset (see sec. 4). Trimmed at 3mya — the full distributions is shown in Fig S1 B: Selected chronological
milestones used in our study, as informed by the archaeological record. C: Distribution of introgressed alleles over time, as
identified by [23] and [26]. D: Plots of HF variants in datasets relevant to human evolution, including regions under positive
selection [25], regions depleted of archaic introgression [23, 24] and genes showing an excess of HF variants (‘excess’ and
‘length’) [15]. Variant counts in A, C and D are squared to aid visualization. E: Kernel density difference between the highest
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Supplementary Figures
for
“Fine-grained temporal mapping of derived
high-frequency variants supports the mosaic
nature of the evolution of Homo sapiens”
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a  Distribution of overall derived, HF and HF (pop. fiter) b Distribution of a random sample of derived variants (n=10000)
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Figure 1: A: Full distribution of derived Homo sapiens alleles over time with
no frequency cutoff, in HF and the modified population-wise HF subset (see
Methods). B: Temporal distribution of a randomly selected sample of derived
variants (n = 10000).
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Figure 3: Temporal distribution of variants in genes depleted of archaic-specific
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over time.
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Figure 5: Temporal distribution of variants shared with each of the extinct
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ter include a 10% minor allele frequency cutoff in the African metapopulation
(AFR), coupled with a 1% cutoff in the rest of metapopulations, designed to
detect potential introgressed alleles brought into the African genetic pool by
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Figure 8: Temporal distribution of variants associated with CADPS2. The most
recent variants around 200kya in particular capture the reasons this gene was
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modern humans, as it was not found to be selected earlier in great apes or later
in particular modern human populations”.

84



1000+

7501

5004

Count

2501

LPHN3 @ 'O 0
FBXW7 ® ® ¢
MAPT
PAFAH1B1
COG5 o
BCAP29
CRHR1
ITFG1 ] @
PHKB ®

Genes

®
&
S
NZ

§
S
N

Figure 9: Temporal distribution of variants in genes found in putative positively-
selected genetic windows before early Homo sapiens population divergence, as
per 7. Genes belonging to putative positively selected regions were retrieved
from Supplementary Data, section 12 of 7.

85



HF Missense HF PFC

40 170

£ R
3 3 w0
o o 70
60
50
10 aw©
30
20
10
0 0
PP S S & & N N S P
s & S P S
S P A A
LA . R R -
Years Years
HF TC HF CBL
170 100
160
150 %0
140
130 80
120 o
110
100 60
€ 9 €
3 @ 3 %
O 7 S0
&
50 %0
0
pid 2
20 10
10
0 0
NP S e e NN N s s
o o § N § § s
& & & @@@ & & & & & P S S A
L I LA & S
Years Years

Figure 10: Temporal distribution of high-frequency missense and regulatory
variants. Missense variants derived from ?; enhancer annotations for the pre-
frontal, temporal and cerebellar cortices were retrieved from 7. The difference
between the two total maximum counts in the left to the right peak is more
pronounced in the cerebellum and prefrontal cortices (23 and 22 more variants
mapped to the left maximum peak, respectively). This same difference for mis-
sense variants is reduced to only 7 more variants mapped to the left maximum
peak. For the temporal cortex, this difference amounts to 14 mapped variants.
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Figure 13: Quantile-quantile plots of predicted expression values skewness for
all the tissue models included in ? and the selected brain-related regions.
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Figure 14: Quantile-quantile plots of predicted expression values of variants
associated with GO-enriched genes skewness, divided in three time periods (0-
300kya, 300-500kya and 500-800kya). Applied to brain tissue expression only.
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Figure 15: Cumulative predicted expression values by brain-related structure
and time window (in years). Color legend indicates data source of prediction

models.
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Figure 16: Temporal distribution of variants in genes exhibiting differential
methylation profiles in ? linked to modern human facial traits.
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Figure 17: Temporal distribution of variants in PTEN, a gene highlighted in 7.
The gene displays HF variants clustering around the two periods highlighted in
the main text (around 100kya and around 400kya.

17

93



1000000

750000

500000

Gene length

250000

EDyde OLFML  BAZLB
OXTR
0
STXIANAVPRIB
0 20 40 60 80

HF variants (dated in GEVA)

Figure 18: Relationship between gene length and HF variants mapped in GEVA,
along with line of best fit.
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