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Abstract

In this thesis, we investigate molecular and cellular substrates of derived traits in

our species, and do so under the hypothesis of a Homo sapiens species-specific brain

ontogenetic trajectory as overarching framework. We exploit advances in the field

of paleogenomics (reviewed in chapter 1) to pinpoint mutations that emerged in the

Homo sapiens lineage after its divergence from the Neanderthal/Denisovan lineage,

and advance in the spatiotemporal resolution required to formulate experimentally

tractable hypotheses on the evolution of modern human cognitive traits. In chapter

2, we identify evolutionary modifications impacting regulatory regions during hu-

man corticogenesis and find regulatory variants associated to candidate genes not

previously appreciated, such as those involved in chromatin remodelling, and that

significantly extend the focus from the less than one hundred proteins carrying fixed

missense mutations derived in our species. In chapter 3, we study developmental

mechanisms underlying the expansion and organization of the human neocortex. We

perform an integrative analysis of different layers of biological complexity to eluci-

date transcriptional programs and regulation involved in indirect neurogenesis. We

implement a matrix factorization method for single cell transcriptomic analyses that,

in combination with gene regulatory network analysis, enable us to resolve a choles-

terol metabolic program under the regulation of the zinc-finger transcription factor

KLF6, specifically in outer radial glia, a key cell type for neocortical expansion. Fur-

thermore, we computationally infer differential transcription factor binding affinities

caused by Homo species-specific mutations. We detect instances of positive selection

in the Homo sapiens lineage in regulatory regions associated to GLI3, a key regulator

of cortical neurogenesis. The appendix A provides a chronological atlas of derived

high-frequency variants in our lineage predicting a recent emergence of GLI3 reg-

ulatory variants. Chapter 3 contributes to the recent evidence on the relevance of

metabolic control in the development and evolution of the primate brain. Finally, in

chapter 4, we broaden our investigation and undertake a comprehensive transcrip-

tomic analysis of several brain regions across both prenatal and postnatal stages. We

particularly focus on genes within special regions of our genome: those under pu-

tative positive selection and within deserts of introgression. We identify a dozen of
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genes within these special regions and observe distinctive transcriptomic profiles in

structures beyond the neocortex. Prominently, we find a Ca
2+

-dependent activator

protein, CADPS2, associated to fixed derived mutations in our lineage, showing a

pronounced increase in gene expression in the cerebellum, a critical structure for the

derived globular profile of modern human brains.



Resumen

En la presente tesis investigamos los sustratos moleculares y celulares de rasgos deri-

vados en nuestra especie, bajo el marco de la hipótesis de una trayectoria ontogénica

del cerebro especı́fica de Homo sapiens. Hacemos uso de avances en el campo de la pa-

leogenómica (tratados en el capı́tulo 1) para identificar mutaciones que emergieron en

el linaje de Homo sapiens después de la divergencia con el linaje de los Neandertales y

Denisovanos, y avanzamos en la resolución espaciotemporal requerida para la formu-

lación de hipótesis testables sobre la evolución de rasgos cognitivos de los humanos

modernos. En el capı́tulo 2, identificamos modificaciones evolutivas en regiones re-

guladoras activas durante el desarrollo de la corteza cerebral en humanos, y hallamos

variantes reguladoras asociadas a genes candidatos que no han sido previamente ca-

racterizados, como genes implicados en la remodelación de la cromatina, extendien-

do el foco más allá de aquellas proteı́nas, no más de cien, que albergan mutaciones

de cambio de aminoácido. En el capı́tulo 3, estudiamos mecanismos del neurodesa-

rrollo implicados en la expansión y la organización de la corteza cerebral humana.

Realizamos análisis integradores de diferentes capas de complejidad biológica para

elucidar programas transcriptómicos y su regulación durante neurogénesis indirec-

ta. Implementamos un método de factorización de matrices para el análisis de datos

transcriptómicos con resolución de una única célula que, combinado con la recons-

trucción bioinformática de redes genéticas reguladoras, nos permiten caracterizar un

programa metabólico del colesterol bajo la regulación de un factor de transcripción

con módulo de zinc, KLF6, especı́ficamente en células de glia radial basal, un tipo celu-

lar clave para la expansión de la neocorteza. Además, inferimos computacionalmente

cambios de afinidad en la unión de factores de transcripción causados por mutaciones

especı́ficas de especies Homo. Detectamos casos de selección positiva en Homo sapiens,
en regiones reguladoras asociadas con el gen GLI3, un regulador clave del desarrollo

de la corteza cerebral. El apéndice A contiene un atlas cronológico de variantes en

alta frecuencia en poblaciones humanas y derivadas en Homo sapiens, que predice la

aparición reciente de dichas mutaciones asociadas a GLI3. El capı́tulo 3 contribuye a la

evidencia creciente de la relevancia del control metabólico en el desarrollo y evolución

del cerebro de los primates. Finalmente, en el capı́tulo 4, ampliamos nuestra investi-
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gación para analizar a nivel transcriptómico diversas regiones cerebrales en estadios

prenatales y postnatales. Particularmente, nos centramos en genes hallados en regio-

nes especiales en nuestro genoma: regiones bajo selección positiva y en desiertos de

introgresión. Identificamos una docena de genes en estas regiones especiales y obser-

vamos perfiles transcriptómicos distintivos en estructuras cerebrales más allá de la

neocorteza. Prominentemente, encontramos una proteı́na activadora dependiente de

calcio, CADPS2, asociada a mutaciones fijadas en nuestra especie, y que muestra un

pronunciado incremento en su expresión génica en el cerebelo, estructura clave para

el perfil globular derivado en nuestra especie.
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Chapter 1

Introduction

Homo sapiens are characterized by a gracile skeleton and a rounded cranium. In com-

parison to our closest relatives, the Neanderthals and Denisovans, anatomically mod-

ern humans possess a narrow trunk and pelvis, reduced prognathism, small teeth,

and a high and globular neurocranium [1]. The complete suit of anatomical traits

characteristic of our species plausibly resulted from the coalescence of heterogeneous

populations distributed in Africa rather than from single population emerging at a

specific time point and geographic area [2]. Likewise, our species behavioral moder-

nity might not be considered as a monolithic entity but rather the consequence of

a multi-factorial gradual process [3]. Recent progress in the research field of human

evolution challenges past, more simplistic assumptions about the origin, mode of evo-

lution and nature of Homo sapiens, more so with the increasing recognition of the rich

and complex behavior of our closet relatives [4].

One of the most remarkable recent breakthroughs in our quest to understand what

is quintessential to our species pertain to the ability to reconstruct the genomes of

extinct species. The sequencing of the genomes of Neanderthals and Denisovans pro-

vides a level of analysis not allowed decades ago, and while the sole sequencing of

DNA from extinct Homo species does not provide direct evidence for distinctive be-

haviors, it dramatically empowers the kind of inferences can be made from the ex-

amination of the fossil record. This thesis exploits the power of paleogenomics in

helping to address the genotype-phenotype mapping problem for the study of the

evolution of the human brain, and particularly makes advancements on a hypothesis

that links our species-specific brain ontogenetic trajectory to our modern cognitive

profile. This hypothesis [5] pertains to the evidence of a perinatal globularization

phase, absent in our closest extinct and extant relatives, that results in a neurocra-

nium with steep frontal, expanded parietal and cerebellar areas - and likely acquired

at some point after 100 thousand years ago (kya) [6]. In the present chapter we review

how paleogenomics is transforming our comprehension of human evolution, with

1



2 Chapter 1. Introduction

special attention to the granularity needed to investigate evolutionary modifications

that might have impacted the development of the human brain, the substrate of our

cognitive abilities. We finally present an overview of the ensuing chapters, where we

seek a high spatiotemporal resolution for the investigation of modern human-specific

features of brain development and evolution.

1.1 Paleogenomics: A window into the genetic basis
of derived traits in Homo sapiens

The absence of fossilized brain tissue in the archaeological record significantly hin-

ders inferences about the neurobiological underpinnings of defining cognitive traits

of our species, such as language. In a landmark publication in 1997, mitochondrial

DNA was retrieved from a 0.4g sample of the right humerus bone of a Neanderthal

fossil in the Feldhofer cave (Neander Valley, Germany) [7]. Almost 15 years later, a

new hominin species was discovered solely through paleogenomic analysis from ex-

tracts of a finger bone found in the Denisova cave in Siberia [8]. What was described

once as the emerging field of molecular archeology [9] is now a burgeoning interdis-

ciplinary field dramatically expanding the range of questions researchers can ask to

understand the so-called human condition [10]. The retrieval of ancient DNA, defined

as extremely short DNA fragments preserved in the fossil record and extracted from

material such as bones, teeth, skin, hair or sediments [11], has enabled direct com-

parisons of the genome of our species to that our closest extinct relatives, the Nean-

derthals and Denisovans. Paleogenomics provides an unique entry point to decipher

the genetic basis of derived traits in Homo sapiens. However, connecting mutations in

a DNA sequence to specific molecular, cellular and higher phenotypic levels remains

as a fundamental problem in biology, and one that requires insights from multiple dis-

ciplines, with genetics being only one of them. Additionally, as particularly evident in

the field of the neurobiology of language, efforts attempting to resolve the biological

underpinnings of traits such the human faculty of language require the right level of

granularity across research domains and explanatory linking hypotheses [12].

A paradigmatic case, highlighting the potential of paleogenomic research, is pro-

vided by the study of the forkhead box protein P2 FOXP2. This transcription factor,

unequivocally associated to key aspects of (spoken) language, was discovered after

the characterization of a three-generation family where around half of the members,

with severe linguistic impairments, were found to carry a heterozygous missense mu-

tation in the FOXP2 gene [13]. Experimental research in a variety of model systems

have significantly advanced our understanding of the functional roles of FOXP2. The

introduction of the arginine-to-histidine substitution present in the affected KE family

members in the homolog gene in mice was reported to impair ultrasonic vocalizations
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with less complex sequences [14], whereas its knockdown in zebra finches was found

to alter dopaminergic signaling and song variability [15]. Additionally, brain imaging

studies have revealed that affected members of the KE family present abnormalities

in brain structures beyond the neocortex, implicating subcortical regions such as the

caudate nucleus or the putamen [16, 17]. In light of its possible key roles for the

emergence of language in our species, research studies focused on the evolution of

the FOXP2 gene, and found that despite its high sequence conservation, the human

gene harbors two non-synonymous mutations (both in exon 7) that emerged after the

last common ancestor with the chimpanzees [18, 19]. Later paleogenomics analyses

on ancient DNA from Neanderthal remains found at El Sidrón Cave in Asturias (Spain)

revealed that these two amino acid changes were shared with the Neanderthals, con-

cluding that most likely those substitutions were present in the last common ancestor

of Homo sapiens and the Neanderthals [20]. It is expected that most of the genetic

differences distinguishing us from our closest relatives likely emerged by drift and do

not exert any differential functional roles, but those that were under selective pres-

sures in our lineage not only affected coding regions but also impacted the regulatory

landscape that controls gene expression in a spatiotemporal precise manner. Adding

evidence to the evolving story of FOXP2 [21], a derived variant in the Homo sapiens
lineage located in the intron 8 of FOXP2 was shown to cause differential transcription

factor binding of POU3F2 [22]. The functional consequences of this change remains

unclear, and a recent study found that the intronic region is transcribed and reported

no evidence of positive selection in the locus [23]. As revealed by the FOXP2 case, an-

cient DNA research can illuminate inquiries into what sets our species apart from our

closest extinct relatives going beyond comparisons with non-human primates, and

clearly exemplifies the need to bring together diverse analytical and experimental ap-

proaches to explore the questions about our species cognitive abilities. But just like

there is no gene for language, there is no gene for language evolution, and no single

mutation will very likely be able to explain changes to our language-ready brain [24].

Evidence for the functional consequences of derived variants in Homo sapiens
when compared to our closest relatives implicate diverse systems such as the skin,

the immune system, the metabolism or the skeleton. Likewise, some of these vari-

ants are expected to have impacted the nervous system, and here we focus on the use

of paleogenomics to reconstruct ancient phenotypes and approaches to identify and

prioritize candidates for experimental interrogation. The emergence of the modern

human condition, and the evolution of the ‘modern’ faculty of language in particular,

was plausibly accompanied by the gradual accumulation of genetic mutations rather

than the result from a single mutation, and the efforts now propelled by the field of

paleogenomics urge a comprehensive characterization of the genetic mutations that

were under positive selection in our lineage. Of note, the quantitative revolution in the

field of developmental neuroscience [25] closely aligns to the efforts to overcome the
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genotype-to-phenotype problem presented above, and a final subsection is dedicated

to examples on how concrete hypotheses facing this mapping problem in explaining

the evolution of modern human traits can be experimentally tested.

1.1.1 The resurrection of ancient Homo genomes

The degradation and chemical modification of ancient DNA material, along with the

contamination from microbial and human sources, pose severe challenges for the

reconstruction of the genomes of ancient species. For instance, early insights ob-

tained from high-throughput sequencing of nuclear Neanderthal genomes were later

shown significantly contaminated by non-endogenous DNA [26, 27]. Advancements

in the purification, amplification and high-throughput sequencing of ancient DNA

now allows to confidently reconstruct at high-coverage the genomes of our clos-

est relatives with a quality comparable to that obtained from present-day humans.

Comparative genomics using ancient Homo genomes has been fostered likewise by

a wider, more diverse characterization of genomes from present-day human popu-

lations across continents, thanks to efforts like the 1000 Genomes Project [28] or

the Simons Genome Diversity Project [29], as well as by the genomes of other pri-

mate species [30]. At present, four high-coverage archaic genomes have been ob-

tained at exceptional quality from remains belonging to both the Neanderthals and

Denisovan species. In 2012, the genome of a female Denisovan individual was assem-

bled utilizing DNA extracts from a finger phalanx from the Denisova Cave [31]. The

ancient DNA from this Denisovan individual was obtained at a 30-fold coverage by

employing a single-stranded DNA library preparation, which significantly enhanced

the final sequencing yield compared to previous efforts [31]. Two years later, the

genome of a female Neanderthal was reconstructed at a 52-fold coverage, also from

the Denisova cave in the Altai Mountains [32]. This first high-quality genome from a

Neanderthal provided estimates of population split of Neanderthal/Denisovans from

the Homo sapiens lineage between 550k-765kya, and aided in the depiction of the com-

plex evolutionary history of our ancestors, estimating the level of Neanderthal intro-

gressed DNA material in current modern human populations at around 1.5–2.1%, as

well as detecting instances of Neanderthal introgression into Denisovans [32]. The

first two high-coverage genomes led to the first comprehensive catalog of single nu-

cleotide variants and short insertions and deletions that distinguish our species since

our divergence from the Neanderthal/Denisovan lineage. As a result, a small set of

proteins (less than one hundred) were identified carrying fixed amino acid substitu-

tions along with a set of regulatory variants derived in our species where the Ne-

anderthals/Denisovans carry the ancestral allele found in non-human primates. Pro-

teins carrying non-synonymous substitutions derived in our lineage were found re-

lated to axonal and dendritic growth and synaptic transmission and, notably, an over-
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representation of genes relevant for neural progenitor cell behavior was reported [32].

Two additional Neanderthal genomes have been reconstructed over the past decade.

A second genome of female Neanderthal was sequenced at 30-fold coverage from re-

mains at the Vindija cave [33] and a third Neanderthal genome was uncovered from

remains of Chagyrskaya Cave in the Altai Mountains, sequenced at a 27-fold genomic

coverage [34]. Despite the few genomes currently available, the three Neanderthal

genomes at high-quality enabled to more confidently elaborate a catalog of derived

genetic variants in the Neanderthal lineage, revealing that genes expressed in the

striatum show derived features in the Neanderthal lineage, while some of the fixed

changes within genes expressed in the striatum might have been under negative se-

lection in anatomically modern humans [34].

A note on low coverage genomes

While the sequencing of genomes from extinct Homo species at high-quality repre-

sents a turning point in the field of human evolution, the importance of low coverage

ancient genomes cannot be underestimated. This is perhaps best exemplified by the

first drafts of the genomes of both the Neanderthals and the Denisovans at a cov-

erage below 2x [8, 35]. A milestone of ancient DNA in human evolution research

was achieved in 2010, when a first draft of a Neanderthal genome from three differ-

ent individuals at the Vindija cave (Croatia) was presented at a coverage of 1.3x [35].

These first analyses led to the proposal of gene flow from Neanderthals to non-African

modern human populations on the basis of Neanderthals sharing more alleles with

non-African individuals than African individuals, and it unearthed candidate genes

under putative positive selection linked to cognitive aspects of our species [35]. Fur-

thermore, increasing the geographical and temporal resolution of ancient genomes

will be pivotal to obtain a more faithful representation of the social structure and his-

tory of extinct Homo populations. Recently, sodium hypochlorite treatment on bone

and tooth powder was used to drastically increase the recovery of ancient DNA from

numerous samples with low endogenous DNA content or substantial DNA contami-

nation [36]. Applying this strategy on five different samples of late Neanderthals from

fossils distributed across western Eurasia, it was possible to generate single-stranded

DNA libraries with an average coverage between 1-fold and 2.7-fold [36]. Paleoge-

nomic analyses on both low and high quality Neanderthal genomes estimated the

split times within Neanderthal population structure and found evidence for a popu-

lation turnover during the last period of Neanderthals presence in western Eurasia

[36].
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1.1.2 On catalogs and prioritization of variants

Paleogenomic analyses have revealed that only a small set of proteins, less than one

hundred, carry fixed non-synonymous substitutions derived in Homo sapiens. With

increasing efforts to capture the full panoply of genomic diversity in present-day

populations [28, 29], the interrogation of nearly fixed substitutions in modern hu-

man populations opens up further possibilities. Examining extant variation across

present-day human genomes is required to uncover nearly fixed derived variants in

Homo sapiens associated to phenotypes of clinical relevance, or to detect haplotypes

from past interbreeding events that were retained due to its adaptive value. Kuhlwilm

and Boeckx [37] stressed the relevance of such an approach revising the list of genes

with protein-altering fixed changes, as well as extending the set of proteins with non-

synonymous mutations to 571, considering high-frequency substitutions present in

at least 90% in present-day humans. In addition, the number of fixed or nearly fixed

substitutions falling within non-coding regions largely exceeds protein-altering mu-

tations and therefore might be equally relevant to explain the genetic basis of derived

traits in our species, as already suggested decades ago in the comparison with chim-

panzees [38]. A significant challenge in the paleogenomic field is to narrow down

the list of genetic differences among Homo species to those variants that were not the

result of drift and represent best candidates for experimental testing.

As highlighted above, the first incursions into the genomes of extinct Homo species

revealed admixture events between our species and the Neanderthals and Denisovans.

Ancient DNA introgression present in modern human populations outside Africa are

estimated at around 2% content, while gene flow from Denisovan populations have

been detected in present-day individuals from Oceania, Southeast Asia and to a much

lesser extent in East and South Asian and Native American individuals [39]. While

most of these introgressed variants are predicted to be neutral, some might have been

under positive or negative selection in our lineage. The functional dissection of some

of these variants have already provided evidence for effects on different aspects of

modern human biology, for instance skin pigmentation, immunity or metabolism [40].

A quarter of introgressed variants from the Neanderthals are predicted to impact gene

expression regulation [41]; notably, in a comprehensive analysis on more than 50 tis-

sues and 200 individuals, a downregulation of Neanderthal alleles in the brain (more

prominently, the cerebellum and the basal ganglia) was found [41]. Additionally, on

the basis of two high-coverage Neandertal genomes, it was reported that introgressed

alleles were likely under negative selection in promoters and noncoding conserved

genomic regions [42].

Complementary, genomic regions that are depleted of Neanderthal ancestry are

equally relevant to reveal the biological underpinnings of derived traits in our species.

Indeed, the unequal distribution of introgressed alleles in modern human genomes
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point to selection against Neanderthal variants, possibly soon after the admixture

event [43, 44]. A recent study identified uniquely large genomic regions significantly

depleted of introgressed Neanderthal haplotypes [45], the so-called deserts of intro-

gression, distributed across only four chromosomes (partially overlapping previous

independent research [46]). Intriguingly, one desert corresponds to a 17Mbp in chro-

mosome 7 where FOXP2 is found, and likely under strong purifying selection in Homo
sapiens but not in other populations [47].

Since the split from the Neandertal/Denisovan lineage, some variants reached

high-frequency or even fixation in our lineage and can be found in unusually long ge-

nomic regions, suggesting instances of positive selection [48, 49]. A set of 314 genomic

regions were identified as putative positively-selected regions in the Homo sapiens
lineage, and were found enriched in regulatory regions annotated as enhancers and

promoters [49]. Also, some of these regions overlap protein-coding genes carrying

fixed aminoacid substitutions; this is for example the case of ADSL, where evidence

for functional consequences has been found (see below).

Another powerful avenue of research to address the genotype-to-phenotype map-

ping problem builds on biomedical databases that gather large-scale neuroimaging

and genomics data, enhancing genome-wide association studies (GWAS) that con-

nect variants to neuroanatomical traits in a statistically significant manner. In a land-

mark study, neuroimaging genomic data from around 30,000 participants (of European

ancestry) from the UK Biobank allowed the identification of polymorphic sites previ-

ously annotated as of relevance for Homo sapiens brain evolution, with a focus on her-

itability in specific measures of cortical area size and white matter connectivity [50].

Variants within human-gained enhancers (compared to non-human primates) show

enriched heritability in specific cortical areas, prominently Broca’s area; additionally,

variants within deserts of introgression showed a depletion of heritability in the unci-

nate fasciculus [50], results that however remain difficult to interpret functionally. In

line with the expectation that Homo species-specific differences in brain organization

affect regions beyond neocortical areas, genes within the aforementioned deserts of

introgression were found over-represented in subcortical areas such as the striatum

[46]. In another prominent study based on neuroimaging genomic data, a measure of

endocranial globularity was established from MRI scans of thousands of present-day

individuals (mostly from Europe) and revealed that introgressed Neanderthal variants

in two genomic regions were statistically associated to reduced endocranial globular-

ity [51]. Some of these variants were predicted to impact gene expression regulation,

and more significantly the expression of UBR4 in the putamen and PHLPP1 in the

cerebellum, perhaps influencing neurogenesis and myelination, respectively [51].
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An hypothesis on the emergence of the modern human cognitive profile

The unprecedented spatiotemporal resolution now afforded by high-throughput se-

quencing technologies and experimental models recapitulating key aspects of hu-

man brain development (see below) make feasible to begin formulating explanatory

hypothesis linking Homo species-specific genotypes and phenotypic differences. In

this context, it is worth mentioning the evidence supporting a Homo sapiens species-

specific brain ontogenetic trajectory connected to one of the most distinctive anatom-

ical traits of Homo sapiens, absent in our closest relatives: a globular neurocranium.

Despite the lack of preservation of brain tissue in the fossil record, three dimen-

sional reconstructions based on computed-tomographic scans of endocasts serve as

proxy for the external morphology of the brain. Comparative morphometric analy-

ses on endocasts from Homo sapiens, chimpanzees and Neanderthals, encompassing

different developmental stages (from birth to adulthood), have revealed a globular-

ization phase in the Homo sapiens lineage before birth or during the first postnatal

year that results in a steep frontal and markedly expanded cerebellar and parietal re-

gions [52, 53, 54]. Both chimpanzees and Neanderthals were inferred to follow the

ancestral pattern of brain growth [52, 53, 54] (but see [55]). Differential expansion

of neocortical areas is hypothesized to have impacted the neural substrates required

for the implementation of defining cognitive abilities of our species, such as language

and the Broca’s area functional anterior-posterior specializations [56]. Because the

globularization phase concerns a key period for neural connectivity, it has been pro-

posed that this Homo sapiens-specific ontogenetic trajectory could have impacted the

assembly of neural circuits that ultimately possibilitated the emergence of language in

our species, in particular impacting a fronto-parieto-temporal connection involving

Broca’s and Wernicke’s area and functionally related to language-related recursive

capacities [5, 57]. This line of research shifts the focus from size (where Neanderthals

fall within or above present day human variation) to shape, as well as it encourages

to consider other regions beyond the neocortex. For instance, the cerebellum, whose

derived status in modern humans acquires special prominence in the context of the

evolution of the faculty of language, as the dominant cerebellar hemisphere for lan-

guage has been found significantly enlarged in Homo sapiens when compared to the

Neanderthals [58]. Advances in modelling the early stages of brain development in
vitro are critical to formulate, and test, experimentally tractable hypotheses on the

evolution of modern human cognition.

1.1.3 Experimental interrogation of the functional relevance of
Homo-specific genetic variants

The restricted accessibility to human brain tissue for experimentation stands as a

significant obstacle for the elucidation of developmental and evolutionary aspects
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of our species brain, specially those that might not be faithfully recapitulated with

the use of animal models. In recent years new technologies have been developed

to model aspects of nervous system development and function. Prominently among

these, brain organoid models stand out as powerful systems to mimic the intricate

three-dimensional arrangement and cellular and molecular complexities of dynamic

tissues such as the developing human brain, generally with the use of induced pluripo-

tent stem cells (iPSC), including from non-human primate species [59]. Numerous

protocols are currently available and being developed to produce unguided neural

organoids, or guided organoids to recapitulate developmental processes from specific

regions such as the cerebral cortex or the spinal cord [60]. Species-specific in vitro
models of cell types characterized through single-cell sequencing and functionally in-

terrogated with genetic perturbation tools such as CRISPR–Cas systems or massively

parallel reporter assays (MPRAs) are now part of fruitful strategies to reconstruct

ancient phenotypes and evaluate their functional implications [61, 62]. The combi-

nation of these strategies with machine learning-based predictive tools are likewise

key for the formulation of testable hypotheses on the evolutionary consequences of

species-specific mutations [63]; in fact, it is now possible to comparatively evaluate

sequence divergence informed by paleogenomics and reconstruct past regulatory sce-

narios such as alternative splicing or chromatin folding [64, 65].

To elucidate relevant molecular and cellular processes that might have contributed

to brain ontogenetic divergences before the split of Homo sapiens and the Neanderthal

and Denisovan lineages, significant efforts have been devoted to identify mutations

impacting neurodevelopmental mechanisms of cortical expansion, seeking to explain

the three-time fold increase in brain size in humans in comparisons to our closest

living relatives. Research using iPSC-derived organoids point to developmental tim-

ing as key trait explaining species differences in neural progenitor cell behavior [66,

67, 68]. For instance, a prolonged prometaphase-metaphase in apical progenitors in

humans in comparison to other great apes that is associated to an increased prolifer-

ative capacity [66]. Another developmental process possibly linked to the dramatic

increased in neocortical surface in the Homo-lineage pertains to a delayed transition

between two progenitor cell types at early neurodevelopmental stages: Compara-

tive brain organoid modelling across primate species revealed a delayed transition

of neuroepithelial cells to radial glia cells (two types of progenitor cells found in the

germinal zones during brain development) in humans, predicting a 1.9-increased in

the number of progenitors and neurons in comparison to other apes [69]. A zinc-

finger transcription factor, ZEB2, was reported as a plausible critical regulator of this

transition, its expression peaking 5 days later in human-derived organoids than in go-

rilla’s [69]. Intriguingly, ZEB2 has been linked to human accelerated regions, raising

the question whether human accelerated-regions contribute to its differential regula-

tion finally impacting cerebral cortex expansion [69]. Comparative genomics based
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on both brain primary tissue and organoid models across primates species have also

provided a catalog of genes that show divergent expression profiles during the early

stages of neurodevelopment [70, 71].

How has paleogenomic research contributed to the experimental interrogation of

the genetic basis of traits derived in Homo sapiens? First, inquiries into the genomes

from our closes extinct relatives revealed that a substantial proportion of derived mis-

sense variants in our species are associated to genes implicated in the neural progen-

itor cell division [32]. One of these missense variants corresponds to a lysine-to-

arginine substitution that distinguishes Homo sapiens and Neanderthals TKTL1 gene.

Using a variety of experimental approaches in human primary tissue, mice, ferret and

brain organoids, the TKTL1 non-synonymous mutation was mechanistically linked to

higher phenotypic levels: the Homo sapiens derived allele, and not the Neanderthal

counterpart, impacts metabolic pathways involved in fatty acid synthesis and selec-

tively affects a specific neural progenitor cell type (outer radial glial cells), amplifying

its proliferative capabilities with a concomitant increase in cortical neurogenesis [72].

While the functional effects of the mutation were constrained to the frontal lobe, how

to interpret these results in light of the known phenotypic differences in brain organi-

zation as inferred from the fossil record remains unclear. Another metabolic pathway

impacted in recent human evolution pertains to a single nucleotide variant derived in

the Homo sapiens lineage causing an alanine-to-valine substitution in the adenylosuc-

cinate lyase enzyme ADSL [73]. In comparison to the Neanderthals protein version,

the modern human ADSL protein is less stable resulting in a decreased synthesis of

purines, more prominently in the brain [73].

Another set of genes brought by paleogenomic studies are those related to the

spindle apparatus and the kinetochore. In fact, spindle-associated genes, required for

the correct placement and segregation of chromosomes, accumulated an excess of

missense mutations in our lineage [74]. Contrasting the functional effects of mod-

ern human and Neanderthal mutations on three spindle-associated genes in mice and

brain organoid models, it was discovered that the modern human-specific allele ver-

sions in two genes, KIF18A and KNL1, cause a longer metaphase with few chromo-

some segregation errors in neural progenitors when compared to the Neanderthal

alleles [75]. Similar experimental manipulations on a third gene, SPAG5, revealed no

significant functional impact caused by the derived allele in Homo sapiens, although it

was detected in a genomic region that shows signals of positive selection in modern

humans [72, 74]. The genomic divergence observed in spindle genes during recent hu-

man evolution also provides more lessons on our shared history with Neanderthals.

Substitutions in one gene, the kinetochore scaffold 1 gene KNL1, previously thought

to be unique to the modern human lineage, were later found to be also present in some

Neanderthal individuals, likely as the result of interbreeding with ancestral modern

human populations after 265kya [49].
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A study case: The self-domestication hypothesis

Other developmental mechanisms and systems have been modified over the course

of Homo sapiens evolution. The self-domestication hypothesis refers to the idea that

certain aspects of the behavioral profile of our species, such as a marked reduction

in reactive aggression and a distinctively pro-social phenotype, are linked to pheno-

typic traits reminiscent to that of domesticated species when compared to their wild

counterparts. The traits that encompass the so-called domestication syndrome, to var-

ied degree and asymmetrical distribution across species, include reduced body and

brain size, attenuation of sex differences, flattened and smaller faces, or depigmenta-

tion [76]. The self-domestication hypothesis states that the evolutionary trajectory

leading to our species domestication enabled the emergence of evolved traits charac-

teristic of our species, and perhaps most significantly, of language [77, 78, 79, 80, 81].

Key progress to overcome the genotype-phenotype mapping problem was achieved

with the proposition that the domestication syndrome arises from a diminished pro-

duction and migration of neural crest cells (cell types responsible for the generation

of disparate types of tissues, such as the facial bones or the adrenal glands) [76]. This

provided a mechanistic explanation whose predictions are experimentally tractable.

The self-domestication hypothesis has equally benefited from the increasing number

of high coverage genomes from extant and extinct species, which now afford the inter-

rogation of the molecular underpinnings of the hypothesized mild neurocristopathy

affecting domesticated animals comparatively across a wide range of species. In recent

work, an experimental design was put forward to test whether the transcriptional reg-

ulatory networks involved in neural crest cells proliferation and differentiation and

affected in human neurocristopathies were under selection in anatomically modern

humans [82]. This design involved the use a large cohort of iPSC lines derived from

patients clinically diagnosed with Williams-Beuren syndrome and Williams-Beuren

region duplication syndrome, as a result of copy number variations at 7q11.23. Over-

all, the molecular and cellular consequences of BAZ1B dosage imbalance, a master

regulator of neural crest cells, were dissected and evaluated in light of the pheno-

typic consequences that bear direct resemblance to key traits in anatomically modern

humans: a retracted face and prosocial behavior. The paleogenomic inquiry of the

regulatory circuits underlying neural cress cell functioning in these models revealed

that the BAZ1B regulatory network linked to neurocristopathic facial dysmorphisms

underwent evolutionary modifications specific to anatomically modern humans, pro-

viding in this way evidence for the molecular correlates behind the craniofacial traits

at the core of the self-domestication hypothesis [82]. This approach exemplifies how

neurodisease modelling in combination with paleogenomic analyses can be used to

experimentally test long standing hypothesis on the evolution of modern humans.
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1.2 Thesis structure and overview

Paleogenomic studies have significantly contributed to a better comprehension of the

complex history and nature of our species. As part of necessarily interdisciplinary

approaches, paleogenomics serves as a powerful entry point where to map genetic

changes of evolutionary relevance to molecular and cellular mechanisms implicated

in developmental processes responsible for the growth and organization of the human

brain.

The generation, proliferation and modes of division of neural progenitor cells are

fundamental mechanisms contributing to species-specific brain ontogenetic trajecto-

ries. Chapter 2 serves as an initial exploration of the rich catalog developed by [37],

that identified Homo sapiens-derived alleles where the Neanderthals and Denisovans

carry the ancestral version found in chimpanzees. Analyses in chapter 2 extend the

previous catalog to consider regulatory variants in enhancers and promoters active

during human corticogenesis and lead us to highlight regulators of chromatin dynam-

ics in neural cells as targets of recent selection in the Homo sapiens lineage. This study

prompted us to investigate in depth regulatory variants that emerged in our lineage

in light of hypotheses on mechanisms thought to underlie human brain organization

[83, 84], and to exploit recent advances in single-cell profiling of cortical progenitors

from the developing human brain. In chapter 3, we first succinctly overview main

features of human neocortical development, with a focus on the diversity of neural

progenitors and the process of indirect neurogenesis. We then investigate the gene

expression programs that unfold during progenitor cell differentiation and inquiry

whether positive selection has acted on the regulatory control of such programs. To

do so, we take advantage of recent studies characterizing human neocortical devel-

opment via single-cell high-throughput profiling to capture the intermediate gene

expression states that unfold as ventricular radial glia differentiate into basal progen-

itors. In order to account for the modular nature of gene expression programs during

differentiation processes, we implement a linear dimensionality reduction technique

known as non-negative matrix factorization, specifically a version tailored to capture

continuous signals and originally developed by [85]. This methodological approach,

shared as open source code, contributes to the efforts to implement solutions aimed

at capturing complex gene expression patterns from transcriptomic data, as one of

the core challenges in the field of single cell analysis [86]. The combination of gene

regulatory network reconstruction (via [87]) and non-negative matrix factorization

enables us to uncover a zinc-finger transcription factor, KLF6, as a putative master

regulator of cholesterol biosynthesis specifically in the route leading to outer radial

glia. The regulatory roles of metabolic programs in neural progenitor cell behavior

are now recognized as fundamental for the development and the evolution of the

primate brain [68, 88], and we provide a novel research direction under the light of
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paleogenetics. We generate an atlas of open chromatin regions allowing the paleoge-

nomic interrogation of the regulatory regions active during human cortical neuroge-

nesis. Prominently among the identified high-frequency regulatory variants derived

in Homo sapiens, we detect signals of positive selection around GLI3 regulatory re-

gions, further informed by a computational inference of transcription factor binding

site disruptions.

In chapter 4, we extend our investigations beyond the neocortex and perform a

comparative transcriptomic analysis encompassing several brain regions and cover-

ing both prenatal and postnatal developmental stages. We exploit the spatiotempo-

ral resolution afforded by transcriptomic datasets available from the PsychENCODE

Consortium [89, 90] to profile the expression dynamics of genes within very special

regions of the Homo sapiens genome: regions within deserts of introgression and un-

der positive selection. We find only a dozen of genes, and characterize their expression

patterns across brain regions and developmental time windows. We identify with a

marked distinctive expression profile a Ca
2+

-dependent activator protein, CADPS2,

which carries several fixed derived mutations in our lineage and shows a pronounced

increase in expression around birth and infancy stages, peaking into adulthood, in

the cerebellum. Given the prominence of the cerebellum in the derived globular pro-

file of modern human brains, CADPS2 stands out as a promising candidate for fu-

ture experimental testing. This chapter contributes to the evidence of possible brain

region-specific molecular mechanisms that might have been under differential regu-

lation in Homo species, particularly during the globularization phase hypothesized to

be unique to our species lineage.

Concluding this thesis, appendix A) is devoted to a chronological atlas of high fre-

quency variants derived in our species. Our atlas sheds light into evolutionary pro-

cesses shaping our species history such as admixture events or instances of positive

selection. Bioinformatic analyses on regulatory variant-gene associations reveal gene

ontology functional categories unique to evolutionary-relevant temporal windows,

supporting the view of a mosaic-like trajectory of phenotypic traits in our species.

This work provides evidence for the recent emergence of the GLI3 regulatory variants

highlighted in chapter 3.
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Pääbo. The Derived FOXP2 Variant of Modern Humans Was Shared with Nean-

dertals. Current Biology, 17(21):1908–1912, November 2007.

[21] Simon E. Fisher. Human Genetics: The Evolving Story of FOXP2. Current Biology,

29(2):R65–R67, January 2019. Publisher: Elsevier.

[22] Tomislav Maricic, Viola Günther, Oleg Georgiev, Sabine Gehre, Marija Curlin,

Christiane Schreiweis, Ronald Naumann, Hernán A. Burbano, Matthias Meyer,

Carles Lalueza-Fox, Marco de la Rasilla, Antonio Rosas, Srecko Gajovic, Janet

Kelso, Wolfgang Enard, Walter Schaffner, and Svante Pääbo. A recent evolution-
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Fritz, Adrian M. Stütz, Paul Flicek, Kathryn Beal, Laura Clarke, Avik Datta, Javier

Herrero, William M. McLaren, Graham R. S. Ritchie, Richard E. Smith, Daniel

Zerbino, Xiangqun Zheng-Bradley, Pardis C. Sabeti, Ilya Shlyakhter, Stephen F.

Schaffner, Joseph Vitti, David N. Cooper, Edward V. Ball, Peter D. Stenson,

David R. Bentley, Bret Barnes, Markus Bauer, R. Keira Cheetham, Anthony Cox,

Michael Eberle, Sean Humphray, Scott Kahn, Lisa Murray, John Peden, Richard

Shaw, Eimear E. Kenny, Mark A. Batzer, Miriam K. Konkel, Jerilyn A. Walker,

Daniel G. MacArthur, Monkol Lek, Ralf Sudbrak, Vyacheslav S. Amstislavskiy,

Ralf Herwig, Elaine R. Mardis, Li Ding, Daniel C. Koboldt, David Larson, Kai

Ye, Simon Gravel, The 1000 Genomes Project Consortium, Corresponding au-

thors, Steering committee, Production group, Baylor College of Medicine, BGI-

Shenzhen, Broad Institute of MIT and Harvard, Coriell Institute for Medical Re-

search, European Bioinformatics Institute European Molecular Biology Labora-

tory, Illumina, Max Planck Institute for Molecular Genetics, McDonnell Genome

Institute at Washington University, US National Institutes of Health, University

of Oxford, Wellcome Trust Sanger Institute, Analysis group, Affymetrix, Albert



18 Chapter 1. Introduction

Einstein College of Medicine, Bilkent University, Boston College, Cold Spring

Harbor Laboratory, Cornell University, European Molecular Biology Laboratory,

Harvard University, Human Gene Mutation Database, Icahn School of Medicine

at Mount Sinai, Louisiana State University, Massachusetts General Hospital,

McGill University, and NIH National Eye Institute. A global reference for hu-

man genetic variation. Nature, 526(7571):68–74, October 2015. Number: 7571

Publisher: Nature Publishing Group.

[29] Swapan Mallick, Heng Li, Mark Lipson, Iain Mathieson, Melissa Gymrek, Fer-

nando Racimo, Mengyao Zhao, Niru Chennagiri, Susanne Nordenfelt, Arti Tan-

don, Pontus Skoglund, Iosif Lazaridis, Sriram Sankararaman, Qiaomei Fu, Nadin

Rohland, Gabriel Renaud, Yaniv Erlich, Thomas Willems, Carla Gallo, Jeffrey P.

Spence, Yun S. Song, Giovanni Poletti, Francois Balloux, George van Driem, Pe-

ter de Knijff, Irene Gallego Romero, Aashish R. Jha, Doron M. Behar, Claudio M.

Bravi, Cristian Capelli, Tor Hervig, Andres Moreno-Estrada, Olga L. Posukh,

Elena Balanovska, Oleg Balanovsky, Sena Karachanak-Yankova, Hovhannes Sa-

hakyan, Draga Toncheva, Levon Yepiskoposyan, Chris Tyler-Smith, Yali Xue,

M. Syafiq Abdullah, Andres Ruiz-Linares, Cynthia M. Beall, Anna Di Rienzo,

Choongwon Jeong, Elena B. Starikovskaya, Ene Metspalu, Jüri Parik, Richard
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regions implicated in cortical development
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Abstract

Background: Recent paleogenomic studies have highlighted a very small set of proteins carrying modern human-
specific missense changes in comparison to our closest extinct relatives. Despite being frequently alluded to as
highly relevant, species-specific differences in regulatory regions remain understudied. Here, we integrate data from
paleogenomics, chromatin modification and physical interaction, and single-cell gene expression of neural
progenitor cells to identify derived regulatory changes in the modern human lineage in comparison to
Neanderthals/Denisovans. We report a set of genes whose enhancers and/or promoters harbor modern human
single nucleotide changes and are active at early stages of cortical development.

Results: We identified 212 genes controlled by regulatory regions harboring modern human changes where
Neanderthals/Denisovans carry the ancestral allele. These regulatory regions significantly overlap with putative
modern human positively-selected regions and schizophrenia-related genetic loci. Among the 212 genes, we
identified a substantial proportion of genes related to transcriptional regulation and, specifically, an enrichment for
the SETD1A histone methyltransferase complex, known to regulate WNT signaling for the generation and
proliferation of intermediate progenitor cells.

Conclusions: This study complements previous research focused on protein-coding changes distinguishing our
species from Neanderthals/Denisovans and highlights chromatin regulation as a functional category so far
overlooked in modern human evolution studies. We present a set of candidates that will help to illuminate the
investigation of modern human-specific ontogenetic trajectories.

Keywords: Modern humans, Neanderthals/Denisovans, Paleogenomics, Regulatory regions, Chromatin regulation,
SETD1A/histone methyltransferase complex

Background
Progress in the field of paleogenomics has allowed
researchers to study the genetic basis of modern human-
specific traits in comparison to our closest extinct rela-
tives, the Neanderthals and Denisovans [1]. One such
trait concerns the period of growth and maturation of
the brain, which is a major factor underlying the charac-
teristic ‘globular’ head shape of modern humans [2].
Comparative genomic analyses using high-quality
Neanderthal/Denisovan genomes [3–5] have revealed

missense changes in the modern human lineage affecting
proteins involved in the division of neural progenitor
cells, key for the proper generation of neurons in an or-
derly spatiotemporal manner [4, 6]. But the total number
of fixed missense changes in the modern human lineage
amounts to less than one hundred proteins [1, 6]. This
suggests that changes falling outside protein-coding re-
gions may be equally relevant to understand the genetic
basis of modern human-specific traits, as proposed more
than four decades ago [7]. In this context it is note-
worthy that human positively-selected genomic regions
were found to be enriched in regulatory regions [8], and
that signals of negative selection against Neanderthal

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
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permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
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DNA introgression were reported in promoters and con-
served genomic regions [9].
Here, we report a set of genes under the control of

regulatory regions that harbor modern human-lineage
genetic changes and are active at early stages of cortical
development (Fig. 1). We integrated data on chromatin
immunoprecipitation and open chromatin regions iden-
tifying enhancers and promoters active during human
cortical development, and the genes regulated by them
as revealed by chromatin physical interaction data, to-
gether with paleogenomic data of single-nucleotide
changes (SNC) distinguishing modern humans and
Neanderthal/Denisovan lineages. This allowed us to un-
cover those enhancer and promoters that harbor mod-
ern human SNC (thereafter, mSNC) at fixed or nearly
fixed frequency (as defined by [6]) in present-day human
populations and where the Neanderthals/Denisovans
carry the ancestral allele (Methods section). Next, we
analysed single-cell gene expression data and performed
co-expression network analysis to identify the genes
plausibly under human-specific regulation within genetic

networks in neural progenitor cells (Methods section).
Many of the genes controlled by regulatory regions satis-
fying the aforementioned criteria are involved in chro-
matin regulation, and prominently among these, the
SETD1A histone methyltransferase (SETD1A/HMT)
complex. This complex, which has not figured promin-
ently in the modern human evolution literature until
now, appears to have been targeted in modern human
evolution and specifically regulates the indirect mode of
neurogenesis through the control of WNT/β-CATENIN
signaling.

Results
Two hundred and twelve genes were found associated to
regulatory regions active in the developing human cortex
(from 5 to 20 post-conception weeks) that harbor
mSNCs and do not contain Neanderthal/Denisovan
changes (Suppl. Mat. Tables S1 & S2). Among these,
some well-studied disease-relevant genes are found:
HTT (Huntington disease) [11], FOXP2 (language im-
pairment) [12], CHD8 and CPEB4 (autism spectrum

Fig. 1 Regulatory regions characterized in this study. Active enhancers are typically located in regions of open chromatin and nucleosomes in
their vicinity are marked by histone modifications H3K27 acetylation and H3K4 mono-methylation. By contrast, H3K4 tri-methylation defines active
promoters [10]. We considered signals of active enhancers and promoters, as well as transposase (Tn5)-accessible chromatin regions, in the
developing human brain (from 5 to 20 post-conception weeks) that harbor modern human single-nucleotide changes filtering out those
regulatory regions that also contain Neanderthal/Denisovan changes. Chromosome conformation capture (Hi-C) data revealed the genes
controlled by these regulatory regions

Moriano and Boeckx BMC Genomics          (2020) 21:304 Page 2 of 10

31



disorder) [13, 14], TCF4 (Pitt-Hopkins syndrome and
schizophrenia) [15, 16], GLI3 (macrocephaly and Greig
cephalopolysyndactyly syndrome) [17], PHC1 (primary,
autosomal recessive, microcephaly-11) [18], RCAN1
(Down syndrome) [19], and DYNC1H1 (cortical malfor-
mations and microcephaly) [20].
Twelve out of the 212 genes contain fixed mSNCs in

enhancers (NEUROD6, GRIN2B, LRRC23, RNF44,
KCNA3, TCF25, TMLHE, GLI4, DDX12P, PLP2, TFE3,
SPG7), with LRRC23 having three such changes, and
GRIN2B, DDX12P and TFE3, two each. Fourteen genes
have fixed mSNCs in their promoters (LRRC23,
SETD1A, FOXJ2, LIMCH1, ZFAT, SPOP, DLGAP4,
HS6ST2, UBE2A, FKBP1A, RPL6, LINC01159, RBM4B,
NFIB). Only one gene, LRRC23, exhibits fixed changes in
both its enhancer and promoter regions. To identify pu-
tatively mSNC-enriched regions, we ranked regulatory
regions by mutation density (Methods section). Top can-
didates enhancers (top 5% in hits-per-region length dis-
tribution) were associated with potassium channel
KCNQ5, actin-binding protein FSCN1, and neuronal
marker NEUROD6. Top candidate promoters were
linked to cytoplasmic dynein DYNC1H1, nuclear factor
NFIB, PHD and RING finger domains-containing
PHRF1, and kinesin light KLC1 (Suppl. Mat. Table S3 &
S4). Interestingly, most of these are known to be in-
volved in later stages of neurogenesis (differentiation
and migration steps).
Previous work has shown an enrichment of enhancer

and promoter regions within modern human putative
positively-selected regions [8]. For those regulatory re-
gions containing mSNC, a significant over-
representation was found for enhancers (permutation
test; p-value 0.01) and promoters (permutation test; p-
value 10-4) overlapping with modern human candidate
sweep regions [8] (Suppl. Fig. 1; Suppl. Mat. Table S5).
In addition, we found a significant enrichment for en-
hancers (permutation test; p-value 0.04; while for pro-
moter regions p-value 0.08) overlapping with genetic
loci associated to schizophrenia [21]. By contrast, no sig-
nificant overlap was found for enhancers/promoters and
autism spectrum disorder risk variants ([22], retrieved
from [23]) (Suppl. Fig. 1). Single-nucleotide variants can
have an impact on epigenetic signals and transcription
factor binding affinity in regulatory regions, and thus
can alter gene expression levels [24–26]. We also per-
formed motif enrichment analysis for our enhancer/pro-
moter region datasets (Methods section). We found a
motif enrichment in enhancer regions for transcriptional
regulators IRF8, PU.1, CTCF (Benjamini q-value 0.01)
and OCT4 (Benjamini q-value 0.02); while for promoter
regions a motif enrichment was detected for the zinc
finger-containing (and WNT signaling regulator)
ZBTB33 (Benjamini q-value 0.03).

Next, we evaluated relevant gene ontology and bio-
logical categories in our 212 gene list (Methods section).
We identified a substantial proportion of genes related
to β-catenin binding (GO:0008013; hypergeometric test
(h.t.): adj p-value 0.11) and transcriptional regulation
(GO:0044212; h.t.: adj p-value 0.17), and detected a sig-
nificant enrichment from the CORUM protein com-
plexes database for the SETD1A/HMT complex
(CORUM:2731; h.t.: adj p-value 0.01). Indeed, three
members of the SETD1A/HMT complex are present in
our 212 gene list: SETD1A (fixed mSNC in promoter),
ASH2L (mSNC in enhancer) and WDR82 (mSNC in en-
hancer). SETD1A associates to the core of an H3K4
methyltransferase complex (ASH2L, WDR5, RBBP5,
DPY30) and to WDR82, which recruits RNA polymerase
II, to promote transcription of target genes through his-
tone modification H3K4me3 [27]. Furthermore, the
SETD1A promoter and the WDR82 enhancer containing
the relevant changes fall within putative positively-
selected regions in the modern human lineage [8]
(Suppl. Mat. Table S5).
The abundance of transcriptional regulators and the

specific enrichment for the SETD1A/HMT complex led
us to examine the gene expression programs likely under
their influence in neural progenitor cells. From 5 to 20
post-conception weeks, different types of cells populate
the germinal zones of the developing cortex (Fig. 2). We
re-analyzed gene expression data at single-cell resolution
from a total of 762 cells from the developing human cor-
tex, controlling for cell-cycle heterogeneity as a con-
founding factor in the analysis of progenitor populations
(Methods section). We focused on two progenitor cell-
types—radial glial and intermediate progenitor cells
(RGCs and IPCs, respectively)—two of the main types of
progenitor cells that give rise, in an orderly manner, to
the neurons present in the adult brain (Fig. 2). Two clus-
ters of RGCs were identified (PAX6+ and EOMES- cells),
and three clusters of IPCs were detected (EOMES-ex-
pressing cells, with cells retaining PAX6 expression and
some expressing differentiation marker TUJ1), largely
replicating what has been reported in the original publi-
cation for this dataset (Suppl. Fig. 2). We next identified
genetic networks (based on highly-correlated gene ex-
pression levels) in the different cluster of progenitor cells
(except for IPC cluster 3, which was excluded due to the
low number of cells) (Methods section; Suppl. Figs. 3 &
4). This allowed us to identify genes present in the 212
gene list within modules of co-expressed genes whose
biological relevance was assessed through a functional
enrichment analysis using g:Profiler2 R package [29]
(hypergeometric test; see Methods).
An over-representation of genes related to the human

phenotype ontology term ‘Neurodevelopmental abnor-
mality’ was detected in the RGC-cluster 2 turquoise
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module (HP:0012759; h.t.: adj p-value 0.03, Suppl. Mat.
Table S6). Indeed, a considerable amount of genes were
found to be associated to phenotype terms ‘Neurodeve-
lopmental delay’ and ‘Skull size’ (HP:0012758 and HP:
0000240, respectively; h.t.: adj p-value 0.07 and 0.13, re-
spectively; Suppl. Mat. Table S7). These terms have ap-
peared prominently in the human evolution literature in
the context of neoteny and delay brain maturation, brain
growth and the craniofacial phenotype in between

species comparisons [6, 30–32]. Two chromatin regula-
tors with mSNC in regulatory regions are present in
these two ontology terms and are associated to neurode-
velopmental disorders: KDM6A (mSNC in promoter),
which associates to the H3K4 methyltransferase complex
[27], and is mutated in patients with Kabuki syndrome
[33]; and PHC1 (mSNC in promoter), a component of
the repressive complex PRC1 [27], found in patients
with primary microcephaly-11 [18]. Among the total

Fig. 2 Cell-type populations at early stages of cortical development. a Apical radial glial cells (RGCs) populate the ventricular zone and prolong
one process apically to the ventricular surface and another one to the basal lamina, which serves as a scaffold for neuronal migration. RGCs also
proliferate and differentiate to give rise to another RGC, a basal intermediate progenitor (indirect neurogenesis), or a neuron (direct neurogenesis)
[28]. Intermediate progenitor cells (IPCs) are basal progenitors lacking of apical-basal cell polarity. IPCs migrate to the subventricular zone and,
after a couple of self-renewal divisions, differentiate to give rise to two neurons [28]. b The tSNE plot shows twelve clusters detected analyzing a
total of 762 cells. c The violin plots show expression of two markers (PAX6, EOMES) across the different clusters,distinguishing between RGCs and
IPCs. d The miniature tSNE plots show the distribution across the clusters of a selection of genes discussed in the main text.IPC: Intermediate
progenitor cells; NascentN: Nascent neurons; ExN: Excitatory neurons; Astro:Astrocytes; RGC: Radial glial cells; InN: Interneurons; Oligodendrocyte
progenitor cells: OPC;Oligo: Oligodendrocytes; Cl12: Cluster 12 (unidentified cells)
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genes related to the ‘Skull size’ term (n = 109), we found
an over-representation of genes (CDON, GLI3, KIF7,
GAS1) related to the hedgehog signaling pathway
(KEGG:04340; h.t.: adj p-value 0.05). Of these, GLI3
(mSNC in promoter) is perhaps the most salient mem-
ber, highlighted in previous work as a gene harbouring
an excess of mSNC [6]. GLI3 is a gene linked to macro-
cephaly and the craniofacial phenotype [17, 34] and
under putative modern human positive selection [8].
Considering that hedgehog signaling plays a critical role
in basal progenitor expansion [35], we note the presence
in this turquoise module of the outer radial glia-specific
genes IL6ST and STAT3 [36]. The forkhead-box tran-
scription factor FOXP2 is also present in RGC-cluster 2
turquoise module and associated to the ‘Neurodevelop-
mental delay’ ontology term. Its promoter harbors an al-
most fixed (>99%) mSNC. FOXP2 is a highly conserved
protein involved in language-related disorders whose
evolutionary changes are particularly relevant for under-
standing human cognitive traits [37]. This mSNC (7:
113727420) in the FOXP2 promoter adds new evidence
for a putative modern human-specific regulation of
FOXP2 together with the nearly fixed intronic SNC that
affects a transcription factor-binding site [37].
While we did not detect a specific enrichment in the

modules containing SETD1A/HMT complex compo-
nents ASH2L or WDR82 genes, the IPC-cluster 2 mid-
nightblue module, which contains SETD1A, shows an
enrichment for a β-CATENIN-containing complex
(SETD7-YAP-AXIN1-β-CATENIN complex; CORUM:
6343; h.t.: adj p-value 0.05; Suppl. Mat. Table S8) and in-
deed contains WNT-effector TCF3, which harbors
nearly fixed missense mutations in modern humans [6].
SETD1A is known to interact with β-CATENIN [38, 39]
and increase its expression to promote neural progenitor
proliferation [40].

Discussion
By integrating data from paleogenomics and chromatin
interaction and modification, we identified a set of genes
controlled by regulatory regions that are active during
early cortical development and contain single nucleotide
changes that appeared in the modern human lineage
after the split from the Neanderthal/Denisovan lineage.
The regulatory regions reported here significantly over-
lap with putative modern human positively-selected re-
gions and schizophrenia genomic loci, and control a set
of genes among which we find a high number related to
chromatin regulation, and most specifically the
SETD1A/HMT complex. Regulators of chromatin dy-
namics are known to play key roles during cell-fate deci-
sions through the control of specific transcriptional
programs [41–43]. Both SETD1A and ASH2L, core
components of the HMT complex, regulate WNT/β-

CATENIN signaling [38–40, 44], which influences cell-
fate decisions by promoting either self-maintenance or
differentiation depending on the stage of progenitor dif-
ferentiation (Fig. 3).
SETD1A (fixed mSNC in promoter), implicated in

schizophrenia and developmental language impairment
[49, 50], acts in collaboration with a histone chaperone
to promote proliferation of neural progenitor cells
through H3K4 trimethylation at the promoter of β-
CATENIN, while its knockdown causes reduction in
proliferative neural progenitor cells and an increase in
cells at the cortical plate [40]. In addition, one of
SETD1A direct targets is the WNT-effector TCF4 [51],
whose promoter also harbors a mSNC. Similarly, ASH2L
specifically regulates WNT signaling: Conditional knock-
out of ASH2L significantly compromises the proliferative
capacity of RGCs and IPCs by the time of generation of
upper-layer neurons, with these progenitor cells showing
a marked reduction in H3K4me3 levels and downregula-
tion of WNT/β-CATENIN signaling-related genes
(defects that can be rescued by over-expression of β-
CATENIN) [44]. Taken together, depletion of compo-
nents of the SETD1A/HMT complex impairs the
proliferative capacity of progenitor cells, altering the in-
direct mode of neurogenesis, with a specific regulation
of the conserved WNT signaling. Interestingly, in
addition to the aforementioned properties of the regula-
tory regions of the SETD1A complex components found
in modern humans (overlap with modern human posi-
tively-selected regions and containing mSNCs), a re-
cent work studying species-specific differences in
chromatin accessibility using brain organoids reported
that regulatory regions associated to SETD1A and
WDR82 were found in differentially-accessible regions
in human organoids in comparison to chimpanzee
organoids, with the SETD1A region overlapping with
a human-gained histone modification signal when
compared to macaques [52].
The dysfunction of chromatin regulators is among the

most salient features behind causative mutations in neu-
rodevelopmental disorders [53]. Our data highlights
chromatin modifiers and remodelers that play prominent
roles in neurodevelopmental disorders affecting brain
growth and facial features. Along with the aforemen-
tioned chromatin regulators PHC1 (microcephaly) and
KDM6A (Kabuki syndrome), another paradigmatic ex-
ample is the ATP-dependent chromatin remodeler
CHD8 (mSNC in enhancer), which controls neural pro-
genitor cell proliferation through WNT-signaling related
genes [54, 55]. CHD8 is a high-risk factor for autism
spectrum disorder and patients with CHD8 mutations
characteristically present macrocephaly and distinctive
facial features [13]. Intriguingly, another ATP-dependent
chromatin remodeler, CHD2 (mSNC in enhancer),
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presents a motif in the SETD1A promoter region con-
taining the fixed mSNC (16:30969654; UCSC Genome
Browser).
We have focused on the early stages of cortical devel-

opment. While single-cell gene expression data of neural
progenitor cells still remains limited, future integration
of these data with other datasets covering different neo-
cortical regions [56] will shed further light on modern
human changes and cortical areas-specific progenitor
cells. We acknowledge, in addition, that the genetic
changes distinguishing modern humans and Neander-
thals/Denisovans may be relevant at other stages of neu-
rodevelopment, including the adult human brain.
Progress in single-cell multi-omic technologies applied
to brain organoid research will be critical to assess the
impact of such changes in the diverse neural and non-
neural cell-types through different developmental stages.
Moreover, we excluded the examination of regulatory
regions harboring Neanderthal/Denisovan changes due
to the low number of high-quality genomes from
Neanderthal/Denisovan individuals, which makes the de-
termination of allele frequency in these species unreli-
able. We hope that the availability of a higher number of
high-quality genomes for these species in the future will
make such examination feasible.

Conclusions
This study complements previous research focused on
protein-coding changes [4, 6] and helps extend the in-
vestigation of species-specific differences in cortical de-
velopment that has so far relied on detailed comparisons
between humans and non-human primates [52, 57–60].

We provide a list of new candidate genes for the study
of human species-specific differences during the early
stages of cortical development. The study of modern hu-
man evolutionary changes affecting chromatin regulators
integrated with the examination of neurodevelopmental
disorders could be a valuable entry point to understand
modern human-specific brain ontogenetic trajectories.

Methods
Data processing
Integration and processing of data from different sources
was performed using IPython v5.7.0. We used publicly
available data from [6] of SNC in the modern human
lineage (at fixed or above 90% frequency in present-day
human populations) and Neanderthal/Denisovan
changes. [6] analyzed high-coverage genotypes from one
Denisovan and two Neanderthal individuals to report a
catalog of SNC that appeared in the modern human
lineage after their split from Neanderthals/Denisovans.
Similarly, [6] also reported a list of SNC present in the
Neanderthal/Denisovan lineages where modern humans
carry the inferred ancestral allele.
For enhancer–promoter linkages, we used publicly

available data from [61], based on transposase-accessible
chromatin coupled to sequencing and integrated with
chromatin capture via Hi-C data, from 15 to 17 post-
conception weeks of the developing human cortex. A
total of 92 promoters and 113 enhancers were selected
as harboring mSNC and being depleted of Neanderthal/
Denisovan SNC (from a total of 2574 enhancers and
1553 promoters present in the original dataset).
Additionally, we completed the previous dataset filtering

Fig. 3 Progenitor cell-fate decisions shaped by WNT/β-CATENIN signaling. Based on studies in mice, it is hypothesized that early during
neurodevelopment, WNT/β-CATENIN signaling promotes neural stem and progenitor cell self-renewal whereas its depletion causes premature
neuronal differentiation [45–47]; later on, its down-regulation is required for generation of intermediate progenitor cells from radial glial cells [47,
48]. Lastly, WNT/β-CATENIN signaling promotes differentiation of intermediate progenitors to produce neurons [46]
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annotated enhancer-gene linkages via Hi-C from the
adult prefrontal cortex [62] (PsychENCODE resource
portal: http://resource.psychencode.org/). In this case,
enhancers (n = 32,803) were selected for further analyses
if their coordinates completely overlapped with signals
of active enhancers (H3K27ac) (that do not overlap with
promoter signals (H3K4me3)) from the developing human
cortex between 7 to 12 post-conception weeks [63]. A
total of 43 enhancers, containing mSNC but free of Nean-
derthal/Denisovan SNC, passed this filtering. As a whole,
the final integrated dataset covered regulatory regions ac-
tive at early stages of human prenatal cortical develop-
ment and linked to 212 genes. The coordinates (hg19
version) of the regulatory regions containing mSNC are
available in the Supplementary Material Tables S1 & S2.
Human positively-selected regions coordinates were

retrieved from [8].

Single-cell RNA-seq analysis
The single-cell transcriptomic analysis was performed
using the Seurat package v2.4 [64] in RStudio v1.1.463
(server mode).
Single-cell gene expression data was retrieved from

[63] from PsychENCODE portal (http://development.
psychencode.org/#). We used raw gene counts thresh-
olding for cells with a minimum of 500 genes detected
and for genes present at least in 10% of the total cells
(n = 762). Data was normalized using “LogNormalize”
method with a scale factor of 1,000,000. We regressed
out cell-to-cell variation due to mitochondrial and cell-
cycle genes (ScaleData function). For the latter, we used
a list of genes [65] that assigns scores genes to either
G1/S or G2/M phase (function CellCycleScoring),
allowing us to reduce heterogeneity due to differences in
cell-cycle phases. We further filtered cells (FilterCells
function) setting a low threshold of 2000 and a high
threshold of 9000 gene counts per cell, and a high
threshold of 5% of the total gene counts for mitochon-
drial genes.
We assigned the label ‘highly variable’ to genes whose

average expression value was between 0.5 and 8, and
variance-to-mean expression level ratio between 0.5 and
5 (FindVariableGenes function). We obtained a total of
4261 genes for this category. Next, we performed a prin-
cipal component analysis on highly variable genes and
determined significance by a jackStraw analysis (Jack-
Straw function). We used the first most significant prin-
cipal components (n = 13) for clustering analysis
(FindClusters function; resolution = 3). Data was repre-
sented in two dimensions using t-distributed stochastic
neighbor embedding (RunTSNE function). The resulting
twelve clusters were plotted using tSNEplot function.
Cell-type assignment was based on the metadata from
the original publication [63].

Weighted gene co-expression network analysis
For the gene co-expression network analysis we used the
WGCNA R package [66, 67]. For each cluster of pro-
genitor cells (RGC-1, 34 cells (15,017 genes); RGC-2, 30
cells (14,747 genes); IPC-1, 52 cells (15,790 genes); IPC-
2, 41 cells (15,721 genes); IPC-3 was excluded due to
low number of cells), log-transformed values of gene ex-
pression data were used as input for weighted gene co-
expression network analysis. A soft threshold power was
chosen (12, 12, 14, 12 for RGC-1, RGC-2, IPC-1, IPC-2
clusters, with R2: 0.962, 0.817, 0.961, 0.918, respectively)
and a bi-weight mid-correlation applied to compute a
signed weighted adjacency matrix, transformed later into
a topological overlap matrix. Module detection (mini-
mum size 200 genes) was performed using function
cutreeDynamic (method = ‘hybrid’, deepSplit = 2), getting
a total of 32, 26, 9, 23 modules for RGC-1, RGC-2, IPC-
1, IPC-2, respectively (Suppl. Figs. 3 & 4).

Enrichment analysis
We ranked regulatory regions by mutation density calcu-
lating number of single nucleotide changes per regula-
tory region length (for those regions spanning at least
1000 base pairs). Top candidates were those ranking in
the distribution within the 5% out of the total number of
enhancers or promoters (Suppl. Mat Tables S3 & S4).
The g:Profiler2 R package [29] was used to perform en-
richment analyses (hypergeometric test; correction
method ‘gSCS’; background genes: ‘only annotated
genes’, Homo sapiens) for gene/phenotype ontology cat-
egories, biological pathways (KEGG, Reactome) and pro-
tein databases (CORUM, Human Protein Atlas) for the
gene lists generated in this study. Permutation tests (10,
000 permutations) were performed to evaluate enrich-
ment of enhancers/promoters regions in different gen-
omic regions datasets using the R package regioneR [68].
The Hypergeometric Optimization of Motif EnRichment
(HOMER) software v4.10 [69] was employed for motif
discovery analysis, selecting best matches (Benjamini q-
value < 0.05) of known motifs (n = 428; ChIP-seq-based)
in our promoter and enhancer datasets.
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11

Abstract12

The definition of molecular and cellular mechanisms contributing to evolutionary divergences in13

brain ontogenetic trajectories is essential to formulate hypotheses about the emergence of our14

species. Yet the functional dissection of evolutionary modifications derived in the Homo sapiens15

lineage at an appropriate level of granularity remains particularly challenging. Capitalizing on16

recent single-cell sequencing efforts that have massively profiled neural stem cells from the17

developing human cortex, we develop an integrative computational framework in which we18

perform (i) trajectory inference and gene regulatory network reconstruction, (ii)19

(pseudo)time-informed non-negative matrix factorization for learning the dynamics of gene20

expression programs, and (iii) paleogenomic analysis for a higher-resolution mapping of the21

regulatory landscape where our species acquired derived mutations in comparison to our closest22

relatives. We provide evidence for cell type-specific activation and regulation of gene expression23

programs during indirect neurogenesis. In particular, our analysis uncovers a zinc-finger24

transcription factor, KLF6, as a key regulator of a cholesterol metabolic program specifically in25

outer radial glia. Our strategy allows us to further probe whether the (semi)discrete gene26

expression programs identified have been under selective pressures in our species lineage. A27

cartography of the regulatory landscape impacted by Homo sapiens-derived transcription factor28

binding site disruptions reveals signals of selection clustering around regulatory regions29

associated with GLI3, a well-known regulator of the radial glial cell cycle. As a whole, our study30

contributes to the evidence of significant changes impacting metabolic pathways in recent31

human brain evolution.32

33

Introduction34

A large number of studies has unveiled genetic, molecular and cellular features that contribute to35

species-specific mechanisms of corticogenesis in the primate lineage. These comprise, but are not36

limited to, transcriptomic divergence, emergence of novel genes, substitutions in regulatory ele-37

ments, control of the timing of neural proliferation and differentiation, or progenitor diversity and38

abundance (some recent comprehensive reviews include Pinson and Huttner, 2021; Libé-Philippot39

and Vanderhaeghen, 2021; Pollen, Kilik, et al., 2023; Vanderhaeghen and Polleux, 2023). Addi-40
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tionally, following the availability of genomes from extinct species most closely related to us, the41

elucidation of the molecular underpinnings of unique aspects of brain organization in Homo sapi-42

ens, going beyond sheer brain size, is now on the research horizon (Pääbo, 2014), and suggestive43

evidence for developmental differences is already available (Trujillo et al., 2021; Mora-Bermúdez,44

Kanis, et al., 2022; Stepanova et al., 2021; Pinson, Xing, et al., 2022).45

The large scale and high resolution afforded by single-cell sequencing technologies, coupled46

with increasingly powerful computational approaches, have significantly contributed to our under-47

standing of the identity, heterogeneity and developmental progression of neural progenitors. Yet,48

substantial gaps exist in our knowledge of the regulatorymechanisms implicated in neural progen-49

itor proliferation and differentiation during corticogenesis, and how these mechanisms may have50

been modified over the course of human evolution.51

During neurogenesis, twomain proliferative regions canbe identified in thedorsal telencephalon.52

The ventricular zone is populated by ventricular radial glia (vRG), which serve as a scaffold for the53

growing neocortex as well as a stem cell pool capable of self-renewal and differentiation (Silbereis54

et al., 2016). And, the subventricular zone (SVZ), which subsequently emerges and expands due55

to the asymmetric division of vRG and the self-renewal capacity of basal progenitors sustained56

over a prolonged period (Silbereis et al., 2016). Two main types of basal progenitors can be distin-57

guished: outer radial glial cells (oRG), which retain similar features to vRG, present distinctive mor-58

phologies linked to their self-renewal capacity and typically express markers such as HOPX (Pollen,59

Nowakowski, et al., 2015; Kalebic and Huttner, 2020); and intermediate progenitor cells (IPC), short-60

lived progenitors with characteristic multipolar morphologies and which express EOMES (Pollen,61

Nowakowski, et al., 2015; Pebworth et al., 2021).62

Neurogenesis from basal progenitors, as opposed to the direct route from vRG to neuron, is re-63

ferred to as indirect neurogenesis, and is thought to be responsible for the generation of the vast64

majority of upper layer neurons (Lui, Hansen, and Kriegstein, 2011). Indeed, the developmental65

period for supragranular layer neuron generation coincides with the appearance of a discontin-66

uous radial glia scaffold where the SVZ remains as the main proliferative niche (Nowakowski et67

al., 2016). There is evidence that the neocortical expansion in the primate lineage that most dra-68

matically affected cortical upper layer neurons, and species-specific features of brain organization,69

are intimately connected to the regulatory mechanisms that govern the behavior and modes of70

division of neural progenitor cells (Rakic, 1995; Kriegstein, Noctor, and Martínez-Cerdeño, 2006).71

Here we seek to provide a high-resolution characterization of gene regulatory networks at play72

during indirect neurogenesis and ask whether there is evidence of evolutionary modifications of73

the (semi)discrete gene expression programs emerging from the modular nature of the regula-74

tory networks we identified. To do so, we leverage an integrative computational framework in75

which to perform (i) trajectory inference and gene regulatory network reconstruction, (ii) inference76

of the dynamics of gene expression programs via the implementation of a novel (pseudo)time-77

informed non-negative matrix factorization method, and (iii) a paleogenomic analysis yielding a78

higher-resolution mapping of the regulatory landscape where our species acquired derived single79

nucleotide mutations in comparison to our closest relatives, both extinct and extant, for which80

high-coverage genomes are available.81

Using this framework, we resolve the bifurcation tree defining apical progenitor differentiation82

towards either outer radial glia or intermediate progenitor cells and characterize waves of gene ex-83

pression programs activated differentially among the neural lineages leading to each basal progen-84

itor subtype. Among cell type-specific transcription factor-gene interactions, we uncover a previ-85

ously unnoticed transcription factor, KLF6, as a putativemaster regulator of a cholesterolmetabolic86

program specific to the differentiation route leading to outer radial glia. An evolutionary-informed87

analysis of transcription factor binding site disruptions leads to the hypothesis of a human-specific88

regulatory modification of the KLF6-mTOR signaling axis in outer radial glia, with an important role89

played by transcription factor GLI3, for which we identified changes associated with signals of pos-90

itive selection in our species.91
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Results92

Inferring neural progenitor states during indirect neurogenesis from the develop-93

ing human cortex94

Exploiting the potential of high-throughput single-cell sequencing to capture intermediate cellular95

states during neural cell differentiation, we first sought to characterize themain axis of variation of96

neural progenitor cells from the developing human cortex at around mid-gestation (Trevino et al.,97

2021) (Figure 1A). Principal Component analysis (PCA) reveals a marked distinction among cell clus-98

ters: the first principal component discriminates among progenitor types, that is, radial glial cells99

and intermediate progenitors, while the second principal component captures the differentiation100

state, from ventricular radial glia to basal progenitors (see Figure 1). Among genes that contribute101

the most to each axis, we find markers of progenitor subtypes: e.g., VIM and FOS for ventricular102

radial glia, HOPX and PTPRZ1 for outer radial glia, or EOMES and SSTR2 for intermediate progenitor103

cells (see Figure 1C). Coherently, a differential expression analysis on a coarse clustering identifies104

well-known markers for each subtype (Figure 1 S1A). Samples from different batches intermix in105

the low dimensional space, confirming the absence of a significant contribution of technical arti-106

facts (Figure 1 S1A).107

To test our ability to reconstruct the apical-to-basal neural lineage trajectories, we performed108

principal graph learning and computed a force-directed graphwhereweprojected the inferred tree109

of principal points (Methods & Materials). We obtained a bifurcating tree that resolves the molecu-110

lar continuum describing the progression of ventricular radial glia and branching into either outer111

radial glia or intermediate progenitor fates. The expression of the aforementioned marker genes112

recapitulates the expected dynamics along pseudotime (Figure 1F; as well as that of genes whose113

expression trajectories significantly change along the inferred tree, see Figure 1G), confirming the114

differentiation progression through intermediate cellular states.115

We obtained similar results when an independent dataset was projected into the low dimen-116

sional space obtained before via PCA ((Polioudakis et al., 2019); Figure 1 S1B to F). This provides117

an ideal setting in which to test the validity of our results with time-matched samples around post-118

conception week 16, a developmental stage with active proliferation in both germinal zones and119

at around the transition from continuous to discontinuous radial glia scaffold (Nowakowski et al.,120

2016).121

Apseudotime-informednon-negativematrix factorization to identify dynamic gene122

expression programs123

We next sought to characterize how gene expression programs unfold as indirect neurogenesis124

proceeds. A key analytical challenge associated with high-throughput single cell profiling is the125

ability to extract meaningful patterns from high-dimensional datasets. To overcome this obstacle,126

we developed a two-step computational strategy aimed at recovering the dynamics of gene expres-127

sion programs during neural progenitor cell differentiation (Methods & Materials). Our approach128

consists of:129

1. A pseudotime-informed non-negative matrix factorization (piNMF) as the core algorithm to130

capture the underlying structure of a high-dimensional dataset, explicitly accounting for the131

continuous nature of gene expression trajectories through pseudotime, building on recent132

computational advances on NMF using parametrizable functions (Hautecoeur and Glineur,133

2020); and134

2. An iterative strategy where stable gene expression programs are recovered by performing K-135

means clustering overmultiple replicates of thematrix factorization core algorithm (following136

strategy in Kotliar et al., 2019), thereby addressing the non-uniqueness problem of matrix137

factorization approximation methods.138

Our strategy departs from the standard NMF (hereafter, stdNMF), where matrix decomposi-139
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tion is achieved through a linear combination of vectors that does not model continuous signals,140

such as dynamically changing gene expression trajectories. We evaluated the performance of both141

piNMF and stdNMF approaches on four dominant gene expression programs inferred across cell142

types and datasets (Methods & Materials; Figure 2A,B and Figure 2 S2). Both approaches recover143

programs linked to cell cluster identities, which is expected since cell type signatures significantly144

contribute to the variation detected in single-cell data. However, we observe that expression pro-145

grams at intermediate states towards basal progenitor clusters are not clearly defined by stdNMF,146

while piNMF finely resolves a sequential activation of expression programs (Figure 2A). A compar-147

ison of statistically significant genes associated to each expression program using multiple least148

squares regression reveals a higher congruence in gene module membership for programs linked149

to vRG and oRG cell clusters (especially for outer radial glia, with 79% overlap; 0.35% for IPC) than150

for transient expression programs (<25%; see Figure 2B). In line with this, we find that exclusive,151

top-significant Gene Ontology (GO) terms in transient expression programs captured by piNMF152

provide a better characterization of key biological processes, with terms directly relevant such as153

neuroepithelial differentiation, neurogenesis or cerebral cortex absent in the stdNMF analysis (std-154

NMF instead returns more generic terms related to cell-cycle and chromatin organization; see Fig-155

ure 2 S1).156

A cholesterol metabolic program activated in the radial glial branch157

A comparison of expression modules between oRG or IPC clusters inferred via piNMF reveals neu-158

ral cell biology-specific features. Congruently with the reported roles of gap junctions in coupling159

radial glial cells (Lo Turco and Kriegstein, 1991), we find GO terms related to cell adhesion and gap160

junction in the radial glia branch. Similarly, exclusively for the late expression programs (modules161

3 and 4) of the radial glia branch, we observe terms related to glia identity such as glia cell projec-162

tion or glial cell differentiation, as well as terms related to extracellular matrix, critical for radial163

glia stemness (Fietz et al., 2012; Pollen, Nowakowski, et al., 2015). Among the exclusive terms over-164

represented in the IPC branch we find G1 phase, including a key regulator of basal progenitor G1165

phase-length cyclin D1 (Lange, Huttner, and Calegari, 2009), cell-cell signaling and Notch signaling166

(Kawaguchi et al., 2008), as well as axon and cell projection terms (in agreement with a reported167

activation of axogenesis-related genes in basal progenitors in mouse (Bedogni and Hevner, 2021))168

(Supplementary Table ST1). These results indicate that the piNMF implemented here successfully169

captures relevant molecular processes during neural cell differentiation.170

Prominently, themodule that is activated last in pseudotime and that pertains to the acquisition171

of oRG identity returns an over-representation of genes involved in cholesterol metabolism (Figure172

2D). For instance, we observe the activation of the expression of several enzymes of the cholesterol173

biosynthesis pathway, such as the 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) synthase 1,174

which participates in a condensation reaction previous to the production of the cholesterol pre-175

cursor mevalonate; or the mevalonate pyrophosphate decarboxylase (MVD), which catalyzes the176

production of isoprenes for cholesterol synthesis. While the interplay of cholesterol metabolism177

and neural progenitor cells still awaits systematic exploration (Namba et al., 2021), previous studies178

using mice have revealed important roles for cholesterol in the context of cortical radial thickness179

and neural stem cell proliferation and differentiation (Saito et al., 2009; Nourse et al., 2022; Corbeil180

et al., 2010). Importantly, the prominence of cholesterol metabolism in the oRG cluster, absent181

in IPC cluster gene expression modules, is replicated when analyzing an independent dataset (Po-182

lioudakis et al., 2019) and additionally cross-validated by GO terms that are also captured by the183

standard NMF despite gene module composition differences (ST1 and 2).184

A KLF6-centered regulatory network for the activation of a cholesterol metabolism185

program in human radial glia186

We next proceeded to the identification of key regulators of gene expression programs active dur-187

ing neural progenitor cell fate dynamics. We performed a gene regulatory network reconstruction188
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using the CellOracle software (Kamimoto et al., 2023). First, we identified replicated signals across189

single-cell ATAC-seq studies on the developing human brain in order to create a brain atlas of open190

chromatin regions (Methods &Materials). Second, we retained confident TF-target gene links from191

the open chromatin region atlas for each cell cluster, based on a machine learning-based regres-192

sion analysis on the single-cell gene expression data (Methods & Materials).193

We evaluated the prominence of transcription factors and genes within the reconstructed net-194

works for each progenitor subtype cluster according to the following network connectivity mea-195

sures (as proposed in Kamimoto et al., 2023): eigenvector centrality, for overall relevance of a196

given gene in a network according to the quality of its connections to other genes, and between-197

ness centrality, i.e., the influence of a given gene in the transfer of information within a network.198

Consistently across network measures and comparatively among cell clusters, we find the zinc199

finger-containing transcription factor KLF6 as one of the top-ranked genes in radial glial cells (Fig-200

ure 3A,B and Figure 3 S2A). This is consistent with the gene’s association to a super-interactive201

promoter in radial glia (Song et al., 2020), but not in intermediate progenitor cells. Within radial202

glia, KLF6 occupies a more prominent position in the oRG cluster (these results were replicated in203

an independent dataset (Polioudakis et al., 2019); Figure 3 S2A,B).204

To gain further insight into the cell cluster-specific regulatory network associated with KLF6, we205

compared its target genes in vRG and oRC cell clusters. KLF6 targets in vRG are most significantly206

related to biological processes that include responsiveness to abiotic stimulus and organic sub-207

stances, regulation of apoptosis, neurogenesis or cell migration. By contrast, in the oRG cluster,208

the KLF6 transcriptional network is significantly over-represented in genes linked to cholesterol209

and steroid biosynthesis, as indicated by GO terms such as cholesterol metabolism, regulation of210

cholesterol biosynthesis by SREBF, and steroid biosynthesis or steroid metabolic process (Figure211

3C,D; ST3). We performed a similar analysis on an independent dataset (Polioudakis et al., 2019)212

and althoughwe did not obtain a clear discrimination for KLF6 roles in radial glia cell subtypes (with213

few terms related to steroids in radial glia (ST3)), we examined the KLF6 transcriptional network214

reported in (Polioudakis et al., 2019), reconstructed using an independent GRN inference method,215

and reported to be over-represented in outer radial glia and endothelial cell clusters, and here too216

an enrichment for cholesterol metabolism emerged (ST3).217

We find KLF6 target genes across the four sequentially activated gene expression programs218

detected by piNMF, and specifically enzymes of the cholesterol biosynthetic pathway in the latest-219

activated module in oRG. As expected, KLF6 targets present in piNMF modules are enriched in220

cholesterol metabolism exclusively in the latest oRG module (ST4). Lastly, in agreement with the221

reported roles of KLF6 as a regulator of cholesterol metabolism via activation of mTOR signaling222

and sterol regulatory element binding transcription factors (Syafruddin et al., 2019), we detect223

themTOR signaling-related platelet-derived growth factor receptor PDGFRB and insulin-like-growth224

factor binding protein IGFBP2 as well as the GO term ‘activation of gene expression by SREBF’ in225

the late piNMF module 4 (ST4).226

Taken together, our results reveal a previously unnoticed transcription factor, KLF6, acting as a227

central node for the activation of a cholesterol metabolic program in human radial glia.228

A paleogenomic interrogation of regulatory regions active during human cortico-229

genesis230

In light of recent work mentioned in the introduction showing how some protein-coding muta-231

tions (virtually) fixed across contemporary human populations but absent in closely related extinct232

species affect various aspects of neural progenitor cell behavior, we decided to take advantage of233

our comprehensive atlas of open chromatin regions active during human corticogenesis presented234

above and focus on the still less well studied mutations in the regulatory regions of the genome,235

aiming to identify points of divergence among closely related species that achieved similar brain236

sizes (VanSickle, Cofran, and Hunt, 2020), but likely via distinct ontogenies (Hublin, Neubauer, and237

Gunz, 2015), reflected in different neurocranial shapes.238
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To do so, we first isolated a set of regulatory regions that contain high-frequency Homo sapiens-239

derived variants but crucially where the Neanderthals/Denisovans carry the ancestral allele (found240

in non-human primate genomes used as reference). We call these ‘regulatory islands’, and defined241

such regions in terms of a genomic window of 3,000 base pairs around each variant where the242

Neanderthal/Denisovan homolog regions did not acquire species-specific, derived variants (Figure243

4A; Methods &Materials). This led to the identification of a total of 4836 “regulatory islands” linked244

to 4797 genes, complementing and extending recent efforts on regulatory variants derived in our245

lineage (Moriano and Boeckx, 2020; Weiss et al., 2021; McArthur et al., 2022).246

A substantial proportion of top marker genes for the previously characterized piNMF expres-247

sion programs are found associated to regulatory islands, with a more pronounced abundance in248

late, relative to early, modules in the oRG branch, while a more even distribution is observed in the249

IPC branch (Figure 4B; for both datasets studied here, (Trevino et al., 2021) and (Polioudakis et al.,250

2019); Figure 4 and ST6). Among the genes linked to regulatory islands we find key oRG markers251

such as HOPX, PTPRZ1, LIFR or MOXD1 (Pollen, Nowakowski, et al., 2015). We note that some of the252

regulatory islands exhibit additional special properties in the context of recent human evolution253

(ST6): this is the case of a region linked to PTPRZ1 and another linked to RB1CC1, both found in254

genomic region depleted of archaic introgression (so-called large “introgression deserts") (Chen255

et al., 2020). Both genes are direct KLF6 targets specifically in the oRG program uncovered by our256

analysis above; of note, we have also identified a regulatory island associated to KLF6. Other reg-257

ulatory islands are associated with signals of positive selection in the sapiens lineage compared to258

extinct hominins (Peyrégne et al., 2017). This is the case for interacting regulators (T. Yang et al.,259

2002; Sun et al., 2005) for cholesterol biosynthesis such as SCAP (which additionally carries a fixed260

derived missense mutation in Homo sapiens (Kuhlwilm and Boeckx, 2019)) and SEC24D. It is also261

the case for two regulatory islands mapping linked to GLI3. As a matter of fact, GLI3-associated reg-262

ulator islands are the only ones found to be associated with signals of positive selection affecting263

a transcription factor included in our Cell Oracle analysis.264

Differential transcription factor binding analysis exhibits signals of positive selection in265

GLI3 regulatory islands266

Differential transcription factor binding plays a key role in the divergence of gene regulation across267

species (Villar, Flicek, and Odom, 2014; Zhang, Fang, and Huang, 2023), and indeed Homo species-268

specific regulatory variants have been associated to differential gene expression in cell-linemodels269

(Weiss et al., 2021). For this reason we examined whether variants found in regulatory islands270

implicate disruptions of transcription factor binding sites (TFBS) by implementing the motifbreakR271

predictive tool (S. G. Coetzee, G. A. Coetzee, and Hazelett, 2015).272

With this approach we aimed to identify statistically significant relations involving TFs with273

overall reduced, or increased, binding affinity in regulatory islands, and in a manner fine-grained274

enough to discriminate between TFs impacting the regulation of genes found in early vs late mod-275

ules in the piNMF expression programs discussed above (ST6). TFs with the highest number of276

increased binding affinity sites are associated with regulation of the adaptive response to hypoxia277

and various metabolic processes including lipid metabolism (HIF1A, ARNT ), and include a promi-278

nent downstream target of KLF6 in the regulation of cholesterol metabolism: BHLHE40 (Syafruddin279

et al., 2019). Regulatory islands affected by differential BHLHE40 binding include target genes such280

as the aforementioned GLI3 as well as as ITGB8, whose role in PI3K-AKT-mTOR signaling in (outer)281

radial glia in humans has been highlighted in two independent studies (Mora-Bermúdez, Badsha,282

et al., 2016; Pollen, Bhaduri, et al., 2019). Another transcription factor controlling cholesterol home-283

ostasis, SREBF2, exhibits differential binding affinity for a regulatory island linked to PALMD, which284

plays a specific role in basal progenitor proliferation (Kalebic, Gilardi, et al., 2019) and is among285

the very few genes that have accumulated derived mutations in our lineage but none in the Nean-286

derthal/Denisovan genomes (Kuhlwilm and Boeckx, 2019).287

Our analysis reveals differential binding affinity sites for KLF6, including reduced affinity affect-288
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ing a regulatory island linked to SHROOM3, a well-studiedmarker of apical/ventral progenitors. Our289

analysis also predicts a KLF6-associated regulatory variant altering aGLI3 TFBS (chr10:3978704-G-C,290

hg19 genome version), with higher affinity inHomo sapienswhen compared to the ancestral variant291

found in Neanderthal/Denisovan genomes (Figure 4C; ST7). While it is not surprising to find this292

mutual regulation of cholesterol and sonic hedhehog signaling (Blassberg and Jacob, 2017), even in293

the context of basal progenitors (L. Wang, Hou, and Han, 2016), we find this differential binding294

affinity by GLI3 particularly intriguing in the context of the present study. GLI3 is a critical regulator295

of the dorsoventral cell fate specification and the switch between proliferative and differentiative296

radial glia divisions (in different model systems (Hasenpusch-Theil et al., 2018; Fleck et al., 2022)).297

We found GLI3 as one of the genes whose expression trajectory significantly changes through298

pseudotime, and our piNMF analysis places GLI3 prominently at the juncture between early and299

late radial glia modules (program 2). Consistent with this, among GO terms marking the beginning300

of the late piNMF modules (oRG states) we find “hedhehog offstate" (ST4). In addition, the regu-301

latory islands linked to GLI3 and associated with positive selection already mentioned above are302

associatedwith increased binding affinity for genes like ARID3A and LHX2 (and decreased affinity for303

NKX2-1, a ventral forebrain marker) (Figure 4C; ST7). Both ARID3A and LHX2 are known to modulate304

the cell cycle and the tempo of cortical neurogenesis in a 𝛽-catenin-dependent manner (Saadat,305

2013; Hsu et al., 2015). Both TFs have been linked to the regulation mTOR pathway, and this is also306

the case for GLI3 too (e.g., loss of GLI3 is reported to activate mTORC1 signaling in muscle satellite307

cells (Brun et al., 2022), consistent with the transition between early and late RG programs in our308

piNMF analysis).309

It is noteworthy that the GLI3 variants within regulatory islands under putative positive se-310

lection have ClinVar-associated phenotypes (Landrum et al., 2018), with the minor (ancestral) al-311

lele linked to Greig cephalopolysyndactyly syndrome (OMIM:175700) and Pallister-Hall syndrome312

(OMIM:146510), which affect brain size and craniofacial traits among other clinical features. Val-313

idating the impact of these changes in an experimental setting is an important research direc-314

tion emerging from this analysis. We observe in this context that within the KLF6 transcriptional315

networks in our analysis one finds prominent GLI3 targets relevant for the specification of dorsal316

telencephalic progenitors (Fleck et al., 2022), such as: HES1, HES4 or HES5, as well as CTNNB1. In ad-317

dition, experimental perturbation of GSK3𝛽, a kinase that integrates multiple signaling pathways318

(including hedgehog and WNT-𝛽-catenin signaling in mice neural progenitors (Kim et al., 2009)),319

specifically affects cholesterol metabolism and indeed KLF6 expression coincident with the emer-320

gence of the oRG lineage in human cortical organoids (López-Tobón et al., 2019).321

Discussion322

Previous large-scale single-cell studies have extensively characterized neural cells from the devel-323

oping human brain. However, the molecular definition of the lineage tree relating apical progeni-324

tors to basal progenitor populations, as part of an intricated web of complex lineage relationships,325

has remained elusive. By implementing an integrative computational framework for the joint in-326

vestigation of different biological layers of the cell using high-throughput single-cell data, we char-327

acterized gene expression programs sequentially activated during progenitor cell progression and328

identified key transcriptional regulators shedding light onto central processes of neural progenitor329

cell fate dynamics, and evolutionary modifications thereof.330

Our findings uncover KLF6 transcription factor as a central node in human radial glia transcrip-331

tional networks. KLF6 is a member of the zinc finger-containing family of transcription factors332

resembling Drosophila protein Krüppel (Dang, Pevsner, and V. W. Yang, 2000) and whose role in333

human neurogenesis has to date remained largely undescribed. KLF6 has been associated to a334

super-interactive promoter specifically in radial glia (Song et al., 2020) and its targets during neo-335

cortical development were previously reported to be enriched in oRG (Polioudakis et al., 2019),336

consistent with our findings based on GRN recontruction and piNMF. We identified several en-337
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zymes implicated in cholesterol biosynthesis under the KLF6 transcriptional control, prominently338

during the acquisition of outer radial glia identity. Previous studies in other model systems have339

also reported similar gene expression programs regulated by KLF6 related to lipid homeostasis340

(Syafruddin et al., 2019; Z. Wang et al., 2018). Future work is required to elucidate the roles of341

cholesterol metabolism in outer radial glia proliferation and neurogenesis, particularly in light of342

clinical association of KLF6 to glioblastoma (Masilamani et al., 2017), where sustained cholesterol343

synthesis impacts tumor cell growth (Kambach et al., 2017).344

The metabolic control of neural progenitor cell behavior significantly contributes to species-345

specific features of brain evolution (Namba et al., 2021; Iwata et al., 2023), and experimental ev-346

idence already points to significant changes impacting various metabolic pathways in our recent347

evolution (after the split from our closest extinct relatives) (Stepanova et al., 2021; Pinson, Xing,348

et al., 2022). Our evolutionary-informed analysis of transcription factor binding site disruptions349

contributes to this emerging picture by highlighting modifications clustering around cholesterol350

metabolism. In addition, our study highlights the relevance of mutations affecting GLI3. Not only351

did we infer a differential regulation of KLF6 by GLI3, we also uncovered regulatory islands associ-352

ated with signals of positive selection predicted to impact GLI3 expression during cortical develop-353

ment. We find it noteworthy that some of the variants defining the regulatory island around GLI3354

are among the most recent derived high-frequency GLI3 changes in our lineage (Kuhlwilm and355

Boeckx, 2019), and are predicted to have emerged between 200 and 300kya (Andirkó et al., 2022),356

a significant period in our recent evolutionary history (Hublin, Ben-Ncer, et al., 2017; Schlebusch357

et al., 2017; Skoglund et al., 2017). Also, in light of our findings, future researchmay explore further358

the promising interplay between the primary cilia and GLI3 activity in the regulation of cell cycle359

length and cortical size (Wilson et al., 2012), considering as well the evolutionary relevant role of360

mTOR signaling in ciliary dynamics, impacting particularly basal progenitors (Heurck et al., 2023),361

and between cholesterol accessibility and the regulation of hedgehog signaling in the membrane362

of the primary cilium (Kinnebrew et al., 2019).363

Our approach illustrates the relevance of paleogenomes in adding temporal precision to impor-364

tant differences that comparisons between humans and other great apes already revealed (Pollen,365

Kilik, et al., 2023), in particular here the role of mTOR signaling in human cortical development366

(Pollen, Bhaduri, et al., 2019). At a more general level, our work adds to the mounting evidence367

for the importance of regulatory regions in modifying developmental programs in the course of368

(recent) human evolution (Peyrégne et al., 2017; Moriano and Boeckx, 2020; Weiss et al., 2021;369

Gokhman et al., 2020; Mangan et al., 2022; Keough et al., 2023; Kaplow et al., 2023).370

Our work also shows how paleogenomics offers the potential to probe questions about brain371

evolution that go beyond traits that may be recoverable from the (traditional) fossil record, such372

as overall adult brain size or shape. Our evolution-oriented analysis invites the hypothesis that im-373

portant modifications impacting upper-layers of the neocortex took place relatively recently in our374

history. The evidence presented here involving differential regulation of cholesterol signaling in375

outer radial glia, together with independent evidence concerning changes affecting genes specifi-376

cally involved in basal progenitor proliferation (such as PALMD (Kuhlwilm and Boeckx, 2019; Kalebic,377

Gilardi, et al., 2019) or TKTL1 (Pinson, Xing, et al., 2022)), as well as upper-layer neuron markers like378

SATB2 (Weiss et al., 2021), points to the need to probe the nature of associative, cortico-cortical379

connections characteristic of upper-layer neuronal ensembles further.380

Methods & Materials381

Single-cell RNA-seq data processing382

Raw single cell RNA-seq datasets from selected studies were processed using Seurat 4.2.0, guided383

by best practices of single cell analysis (Luecken and Theis, 2019). Seurat objects were created from384

raw count matrices and retention of high quality cells was based on the following cell attributes:385

total counts, expressed genes, percentage of mitochondrial gene counts and percentage of zero386
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counts, requiring a distribution of valueswithin threemedian absolute deviations for each attribute387

and per batch. Actively dividing cells were filtered out based on TOP2A expression. To jointly ana-388

lyze samples from different batches, as well as data from both Trevino et al., 2021 and Polioudakis389

et al., 2019, in a shared low dimensional space, we performed normalization and integration using390

Seurat dedicated functions SCTransform and IntegrateData before computing principal component391

analysis. A common processing was implemented for inferring the branch trajectories and for392

gene regulatory network reconstruction (see below): retaining genes with expression in at least 50393

cells, normalization of cell counts to equal median of counts per cell before normalization, selec-394

tion of 4000 highly variable genes based on Seurat variance-stabilizing transformation algorithm395

(Hafemeister and Satija, 2019), followed by re-normalization and log-transformation. Coarse clus-396

tering was performed using Leiden algorithm and resolution parameter to 0.1. Logistic regression397

was used to identify differentially expressed genes. Cell cluster annotation was based on both398

differential expression analysis and available annotations from the original publications.399

Complementarily, we performed single-cell trajectory reconstruction using python package sc-400

Fates (Faure et al., 2023) on normalized, log-transformed count matrices. A force-directed graph401

was drawn using our previously computed PCA coordinates for initialization. Then we used the402

Palantir software (Setty et al., 2019) included in the scFates toolkit to generate a diffusion space for403

tree learning using the ElPiGraph algorithm. Pseudotime was calculated using FOS gene expres-404

sion for root selection and the genes that significantly change in expression along the inferred tree405

were identified using the scFates cubic spline regression function.406

Gene regulatory network inference and analysis407

Gene regulatory network reconstructionwas performed following the computational framework of408

CellOracle software, combining single-cell ATAC-seq and RNA-seq data modalities for transcription409

factor-target genes inference.410

In order to build an atlas of open chromatin regions active during human cortical development,411

we selected as reference the singleome ATAC-seq dataset from Trevino et al., 2021, containing the412

highest number of ATAC-seq peaks, and required a minimum of 50% overlap with open chromatin413

signals fromeither one of the following datasets: multiomeATAC-seq data fromTrevino et al., 2021,414

ATAC-seq datasets from Markenscoff-Papadimitriou et al., 2020 and Torre-Ubieta et al., 2018. As415

the reference dataset does not contain signals for the X and Y chromosomes, we included these416

data as available in Markenscoff-Papadimitriou et al., 2020 and Torre-Ubieta et al., 2018. At total of417

392961 regulatory regions (hg38 genome version) were used for downstream analyses. We then418

built regulatory region-gene associations based on genomic proximity and literature curated regu-419

latory domains (McLean et al., 2010). Next, we scanned each regulatory region for transcription fac-420

tors motifs using the Hocomoco database version 11 (Kulakovskiy et al., 2018). The resulting tran-421

scription factor-regulatory region-gene associations represent the raw gene regulatory network422

for the machine learning-based regression analysis to impute cluster-specific GRNs (Kamimoto et423

al., 2023). Of the two algorithms available in the CellOracle software, we chose the bagging ridge424

regression model, as it consistently reported better scores for network degree distribution (Figure425

S1). Cluster-specific TF-target gene interactions were obtained by filtering by a p-value threshold426

of 0.001 for connection strength and a maximum of 2000 links per cluster. An evaluation of such427

GRNs was performed on the basis of the centrality measures, including betweenness centrality428

and eigenvector centrality (as proposed in Kamimoto et al., 2023).429

Pseudotime-informed non-negative matrix factorization430

We implemented a matrix factorization analysis to learn the dynamics of gene expression pro-431

grams dependent on pseudotime from single-cell data. Non-negative matrix factorization consists432

in the decomposition of a matrix of n vectors with non-negative values into two lower rank, non-433

negative matrices: the pattern matrix containing basis vectors and the coefficient matrix with the434

coefficients of the non-negative linear combination of the basis vectors, aiming to minimize:435
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𝑑(𝑌 , 𝐴𝑋) (1)
where d is the distance (by a given measure) between the original matrix and the reconstruc-436

tion AX. As our inquiry deals with cellular differentiation events, we sought to decompose a high-437

dimensional single cell dataset accounting for the dynamic nature of gene expression trajectories438

through pseudotime. As the core algorithm, we computed the matrix factorization following the439

original work of Hautecoeur and Glineur, 2020, where the approximation is now:440

𝑦𝑖(𝑡) ≈
𝑟∑
𝑗
𝑎𝑗(𝑡)𝑥𝑗𝑖 (2)

where each vector of y is a function dependent on time t, a contains a set of r non-negative441

functions, and x contains the non-negative coefficient values, for a given factorization rank r and442

1 ≤ 𝑗 ≤ 𝑟, 1 ≤ 𝑖 ≤ n. As with other factorization methods, there is no a priori knowledge of the443

factorization rank (i.e. expected number of patterns in the data), and thus k must be provided by444

the user; measures of stability and error (see below) can guide this selection. Here we chose four445

expression programs as a neat balance between stability across branches and datasets and reso-446

lution of semi-discrete modules along pseudotime (see Figure 2 and S2). We used degree 3 splines447

as the set of functions to model gene expression trajectories, selecting the number of knots (ob-448

taining intervals where to fit trajectories) to 4 (a low number avoids overfitting and better captures449

global trends). The algorithm to solve the factorization problem is based on Hierarchical Alternat-450

ing Least Squares (implemented in Hautecoeur and Glineur, 2020), and a maximum number of451

iterations of 104 and tolerance 10−10 were set as stopping criteria.452

Given that NMF is a matrix approximation method, we followed the iterative and clustering453

strategies presented in Kotliar et al., 2019 as an extended algorithm to recover stable gene expres-454

sion modules. Matrix decompositions from the core algorithm presented above were computed455

over 750 iterations per factorization rank to obtain replicates that were then clustered via KMeans456

clustering based on Euclidean distance to obtain consensus values for the pattern and coefficient457

matrices. Measures of stability and error of thematrix reconstruction were calculated using silhou-458

ette scores and the Frobenius norm of approximation, respectively, following Kotliar et al., 2019.459

Additionally, in order to statistically associate genes to gene expression programs, marker genes460

for each module were identified using the normalized z-score gene expression value of each gene461

for multiple least squares regression against the programs in the pattern matrix, as implemented462

in Kotliar et al., 2019.463

Paleogenomic analysis464

We made use of a paleogenomic dataset (Kuhlwilm and Boeckx, 2019) that catalogs segregating465

sites between Homo sapiens and high quality genomes from two Neanderthals and one Denisovan466

individuals (Meyer et al., 2012; Prüfer, Racimo, et al., 2014; Prüfer, Filippo, et al., 2017), where an-467

cestrality was inferred from publicly available multiple genome aligments (Paten et al., 2008) or,468

when this information was not available, from the macaque reference genome (Yan et al., 2011).469

Allele frequencywas determined from the dbSNP database build 147 (Sherry et al., 2001) and a 90%470

allele frequency threshold was set to retain high-frequency variants for further analyses (Kuhlwilm471

and Boeckx, 2019). In the search for regulatory regions that might have been under selection in472

recent Homo sapiens evolution and differentially impact gene expression, we intersected the reg-473

ulatory regions from our open chromatin region brain atlas with Homo sapiens-derived variants474

where the Neanderthals/Denisovans carry the ancestral allele (using the bedtools suite (Quinlan475

and Hall, 2010)); additionally, to identify genomic regions that may encapsulate Homo-specific reg-476

ulatory mechanims, we required for each variant to be containted within a genomic window of477

at least 3000bp where the Neanderthal/Denisovan homolog regions did not accumulated lineage-478

specific derived changes. A total of n=4836 “regulatory islands” were identified and associated to479
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4797 genes. To evaluate disruptions of transcription factor binding sites, we generated a set of480

genomic coordinates of variants sitting within regulatory islands using a unique identifier based481

on genomic coordinates and allele information. Differences in transcription factor binding affin-482

ity were computed applying the information content method from the motifbreakR package (S. G.483

Coetzee, G. A. Coetzee, and Hazelett, 2015) and using position weighted matrices annotated in484

the Hocomoco motif collection (Kulakovskiy et al., 2018) (consistent with our GRN reconstruction485

analysis). A significance threshold was set to 1e-4 and an even background nucleotide distribution486

was assumed. Redundant motifs were dropped and the resulting TF-variant associations further487

filtered by retaining only those with a predicted affinity difference falling in the 4𝑡ℎ quantile of the488

distribution. Finally, an enrichment score was computed for each TF based on the number of489

strong and total hits identified. GO enrichment analyses were performed on the TF identified as490

described above (using the same Hocomoco motif collection as custom reference set). Analyses491

were performed with the TopGO package (Alexa, Rahnenfuhrer, et al., 2010) using the following492

parameters: ’weight01’ as algorithm, ’Fisher’ as statistics, 8 as ’nodeSize’ and 3 as ’minTerms’; a493

p-value < 0.05 and an enrichment > 1 were set as thresholds to select significant GO terms.494

Limitations of this study495

The (pseudo)temporal ordering of gene expression states from single-cell data presented here al-496

lows us to interpret cell differentiation as a molecular continuum, but it remains to be seen how497

closely this recapitulates the transcriptional dynamics of lineage progression in vivo. Additionally,498

the process of indirect neurogenesis studied here idealizes away from what is a much more com-499

plex network of lineage relationships among neural progenitor subtypes. The reconstruction and500

recovery of regulatory networks and expression programs rely on the identification of a set of501

transcription factors and highly variable genes that only partially represent the higher complexity502

of the cells. This complexity is even more manifest when the temporal differences among neural503

progenitors during the long human gestational period is taken into account. Lastly, future experi-504

mental work is required to validate the predictions derived from the paleogenomic interrogation505

of regulatory variants presented here.506
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Figure 1. Resolving the tree of neural progenitor cell differentiation during human corticogenesis. A) Schematic of analyses implementedin this paper: single-cell trajectory reconstruction of basal progenitor generation, for the inference and recovery of gene regulatory networksand expression programs, illuminated by paleogenomic analysis. This subfigure was created using BioRender.com. B) and C) Identifying the mainaxis of variation using principal component analysis is a powerful strategy to characterize the heterogeneity and transcriptional dynamics ofprogenitor cells (as shown for instance in a comprehensive study in mice (Mukhtar et al., 2022)). Here, we performed PCA on a single-cell datasetof human neural progenitors, which allowed the discrimination of radial glia and intermediate progenitor cell subtypes (coarse clustering, B).Top gene loadings with known markers of neural progenitor subtypes are shown in C). D) and E) Inferred tree of principal points and associateddendrogram capturing the hierarchy of neural cell lineage relationships as inferred from single-cell data. F) Expression trajectory alongpseudotime of three marker genes for ventricular radial, outer radial glia and intermediate progenitor cell clusters. G) Heatmap withrepresentative genes whose trajectories significantly change as pseudotime progresses.
Figure 1—figure supplement 1. Differential expression and complementary analysis on an independent dataset.
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Figure 2. Pseudotime-informed non-negative matrix factorization recovers a sequential activation of gene expression programs. A)Comparatively in PCA plots, piNMF is able to resolve expression programs transiently activated for the lineage branch leading to oRG cluster(same for the IPC branch, see Figure S2), while stdNMF does not recover such clear patterns form the data. B) Genes assigned to modules at theextreme of the lineage tree (vRG and either oRG or IPC) are shared in higher percentage when compared to modules 2 and 3, confirming maindifferences among NMFs algorithms pertain to the transient activation of expression programs along the tree. C) The high values on theeuclidean distance among the four gene expression programs supports, along with the stability and error measures (see Figure S2), thefactorization rank selection. D) Heatmap depicting the sequential activation of expression programs in the radial glia branch, with marker genesfor each module and, for module 4, representative GO terms highlighted in the main text.
Figure 2—figure supplement 1. Comparison of GO terms captured by NMF methods for transiently activated modules
Figure 2—figure supplement 2. Non-negative matrix factorizations on the IPC branch and factorization rank selection.

Moriano et al. 2023 | bioR𝜒 iv | 13 of 20

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 26, 2023. ; https://doi.org/10.1101/2023.06.23.546307doi: bioRxiv preprint 

54



  

A

C D

KLF6 targets enrichment

KLF6

KLF6B

e
ig

e
n

v
e
c
to

r 
c
e
n

tr
a
li
ty

Figure 3. Gene regulatory network reconstruction from human neural progenitor single-cell data A) Pairwise comparisons of eigenvectorcentrality values among single-cell progenitor cell clusters, highlighting top 10 genes in each cluster. Some differentially expressed genes forvRG cell cluster retain some level of expression in basal progenitors and are indeed present among top 10 genes for different GRN connectivitymeasures across clusters (see also Figure S2); this is the case of EGR1, FOS or JUN. In addition to KLF6 for oRG, others genes that are moreprominently associated to specific clusters include ASCL1, SOX9, TFAP2C for vRG when compared to oRG, or neuron differentiation-related basichelix-loop-helix transcription factors NEUROD1, NEUROD2 and NHLH1 between IPC and RG clusters, consistent also with the closertranscriptomic similarity of IP cells to excitatory neurons (Bhaduri et al., 2021). B) KLF6 networks measures across single-cell clusters, with amarked constrast between IPC cluster and RG clusters, and most prominently as central node in outer radial glia (eigenvector centrality). Below,
KLF6 expression along pseudotime, showing upregulation in oRG and downregulation in IPC. C) Top representative genes by network weightamong KLF6 target genes. D) Top GO terms associated to KLF6 targets in outer radial glia and ventricular radial glia, with prominence ofcholesterol metabolism in outer radial glia. Cholesterol metabolism GO terms only appears for vRG cluster KLF6 targets if lowering the p-valuethreshold above 0.01 (see also ST3).
Figure 3—figure supplement 1. Evaluation of gene regulatory networks across algorithms and datasets.
Figure 3—figure supplement 2. Networks measures (eigenvector centrality and betweenness centrality) for two independent datasets.
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Figure 1—figure supplement 1. A) A coarse clustering (leiden algorithm; resolution 0.1) was used
for differential gene expression analysis (logistic regression), which captured known markers for
each progenitor subtype (0: oRG; 1:vRG; 2:IPC). Additionally, samples from different batches ag-
gregate after normalization and integration Butler et al., 2018. B) A comparable dataset from
(Polioudakis et al., 2019) was used to cross-validate findings obtained with the reference dataset
Trevino et al., 2021. Polioudakis et al., 2019 dataset was processed similarly under Seurat analytical
framework and projected into a shared low dimensional space, which allowed the discrimination
of progenitor subtypes as main axes of variation via principal component analysis. C) Genes that
most contribute to the first two principal component analysis in the shared low dimensional space.
D) and E) Force-directed graph of neural progenitors from Polioudakis et al., 2019 dataset and pro-
jected principal tree on the force-directed graph, respectively. F) Recapitulation of the expected
dynamics for three marker genes as pseudotime progresses.
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Top 10 unique GO terms pseudotime-informed NMF – Modules 2 & 3

Top 10 unique GO terms standard NMF – Modules 2 & 3

Figure 2—figure supplement 1. Gene expression modules 2 and 3 captured by piNMF are se-
quentially activated as pseudotime progresses towards basal progenitor cell clusters. GOterms
associated to these modules, for either oRG or IP cell clusters, belong to cardinal biological pro-
cesses relevant for neural progenitor differentiation (upper table), while stdNMF does not fully
resolves transient gene expression programs and GO terms are more generic (bottom table).
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Figure 2—figure supplement 2. A) Similarly to the analysis on the oRG branch, piNMF better cap-
tures the continuous nature of gene expression programs activated along pseudotime on the IPC
branch (see particularly heatmaps on the left), in contrast to stdNMF, specially for transient mod-
ules 2 and 3. B) and C) Factorization rank selection can be guided by a stability measure (silhouette
score) of the resulting components (K-means clustering) over many replicates, and an error metric
(Frobenius norm) to evaluate the distance between the original matrix and the NMF approxima-
tion. We observed, across branches (vRG to either oRG or IPC), datasets (from Trevino et al., 2021
and Polioudakis et al., 2019) and NMF algorithms (pseudotime-informed and standard NMF) fac-
torization rank 4 as a reasonable selection allowing cross-evaluations, according to high stability
and decreasing error. As there is not definitive solution for factorization rank selection, a detailed
examination of the modules recovered is always required.
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Figure 3—figure supplement 1. A) Significant overlaps (hypergeometric test; ST5) but substantial
variability are detected in the TF-target gene pairs recovered by two machine learning-based Re-
gression Models, bagging ridge and bayesian ridge algorithms from the CellOracle software (Kami-
moto et al., 2023), when applied to the reference dataset Trevino et al., 2021 (between 43% to 55%
depending on the cell cluster). More pronounced differences (overlaps between 12% to 14%) are
observed when contrasting GRN Datasets: TF-target gene pairs obtained with CellOracle software
compared to the regulatory networks (regulons) reported in Polioudakis et al., 2019, a compara-
ble dataset based on SCENIC as GRN software (Aibar et al., 2017). B) Among CellOracle regression
models, the bagging ridge model reports higher linear regression-based R2 values for the degree
distribution of the networks (log scale), and it was our choice for GRN analysis.
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Figure 3—figure supplement 2. Networks measures (eigenvector centrality and betweenness
centrality) for two independent datasets: A) Dataset from Trevino et al., 2021 and B) Dataset from
Polioudakis et al., 2019. Genes identified as top 10 in both datasets include KLF6, EGR1, JUN, or FOS
for radial glial clusters and NHLH1, TFAP2C or NEUROD2 in intermediate progenitor clusters.
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A Brain Region-Specific Expression
Profile for Genes Within Large
Introgression Deserts and Under
Positive Selection in Homo sapiens
Raül Buisan1†, Juan Moriano1,2†, Alejandro Andirkó1,2 and Cedric Boeckx1,2,3*

1Universitat de Barcelona, Barcelona, Spain, 2Universitat de Barcelona Institute of Complex Systems, Barcelona, Spain, 3Catalan
Institute for Research and Advanced Studies (ICREA), Barcelona, Spain

Analyses of ancient DNA from extinct hominins have provided unique insights into the
complex evolutionary history of Homo sapiens, intricately related to that of the
Neanderthals and the Denisovans as revealed by several instances of admixture
events. These analyses have also allowed the identification of introgression deserts:
genomic regions in our species that are depleted of “archaic” haplotypes. The
presence of genes like FOXP2 in these deserts has been taken to be suggestive of
brain-related functional differences between Homo species. Here, we seek a deeper
characterization of these regions and the specific expression trajectories of genes within
them, taking into account signals of positive selection in our lineage. Analyzing publicly
available transcriptomic data from the human brain at different developmental stages, we
found that structures outside the cerebral neocortex, in particular the cerebellum, the
striatum and the mediodorsal nucleus of the thalamus show the most divergent
transcriptomic profiles when considering genes within large introgression deserts and
under positive selection.

Keywords: Homo sapiens, deserts of introgression, positive selection, cerebellum, striatum, thalamus, gene
expression

1 INTRODUCTION

The availability of high-coverage genomes from our closest extinct relatives, the Neanderthals and
Denisovans, constitutes a significant advance in the range of questions one can ask about the deep
history of our species (Meyer et al., 2012; Prüfer et al., 2014; Prüfer et al., 2017; Mafessoni et al., 2020).
One of the main themes emerging from this progress is interbreeding. In recent years, a fairly large
number of admixture events between Neanderthals, Denisovans and Sapiens populations have been
postulated. A recent review (Bergström et al., 2021) considers that at least four such events are
supported by strong evidence.

While it is important to ask whether our species benefited from these admixture events (so-called
adaptive introgression, where alleles inherited from other hominins rose to high frequency as a result
of positive selection after gene flow), it is also worth examining regions of the genomes that are
depleted of alleles resulting from gene flow from other hominins (Sankararaman et al., 2016; Vernot
et al., 2016; Chen et al., 2020; Skov et al., 2020; Rinker et al., 2020). Such regions are called
introgression deserts (sometimes also “genomic islands of divergence/speciation” (Wang et al., 2020)
and have now been identified in a range of species (Fontsere et al., 2019).
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There are multiple reasons why genetic differences that arose
after the divergence of populations may not be well tolerated
(Wolf and Akey, 2018): there could be negative selection on
“archaic” variants (deleterious changes on the “archaic” lineage),
or positive selection on human-specific variants (adaptive
changes on the human lineage), or it may be due to drift. It is
reasonable to expect, and indeed has been shown, that the X
chromosome constitutes such a desertic region [not only in our
species (Kuhlwilm et al., 2019; Martin and Jiggins, 2017)]. This
could be due to repeated selective sweeps on this chromosome:
genes involved in reproduction on this chromosome might act as
strong reproductive barriers between populations (Fontsere et al.,
2019).

In the case of modern humans, other genomic regions are
devoid of Neanderthal and Denisovan introgression, for reasons
that are perhaps less obvious, and therefore worth investigating
further. A recent study (Chen et al., 2020) identifies four large
deserts depleted of Neanderthal introgression, partially
overlapping with a previous independent study (Vernot et al.,
2016). As pointed out in (Kuhlwilm, 2018; Wolf and Akey, 2018),
since it is likely that there were several different pulses of gene
flow between us and our closest relatives (Iasi et al., 2021), the
depletion observed in these four regions must have been
reinforced repeatedly, and given the size of the deserts, it is
reasonable that the “archaic” haplotype was purged within a short
time after the gene flow event, as predicted by mathematical
modeling on whole-genome simulations (Veller et al., 2021), and
as evidenced in the analysis of genome-wide data from the earliest
Late Pleistocene modern humans known to have been recovered
in Europe (Hajdinjak et al., 2021).

The presence of FOXP2, a gene known for its role in language
(Lai et al., 2001; Fisher, 2019), in one of these large deserts has
attracted attention (Kuhlwilm, 2018), as it raises the possibility
that the incompatibility between Homo sapiens and other
hominin in such persistent introgression deserts may point to
(subtle, but real) cognitive/behavioral differences. Indeed, the
presence in such deserts of not only FOXP2 but also other genes
like ROBO1, ROBO2, and EPHA3, all independently associated
with language traits (St Pourcain et al., 2014; Wang et al., 2015;
Eising et al., 2021; Mekki et al., 2022), together with an earlier
observation in Vernot et al. (2016) that genes within large deserts
are significantly enriched in the developing cerebral cortex and in
the adult striatum, suggest a possible point of entry into some of
the most distinctive aspects of the human condition (Pääbo,
2014). Such considerations, combined with independent
evidence that introgressed Neanderthal alleles show significant
downregulation in brain regions (McCoy et al., 2017), motivated
us to focus on the brain in this study.

Specifically, we focused on the four largest genomic regions
that resisted “archaic” introgression reported in (Chen et al.,
2020), jointly with the most comprehensive catalog to date of
signals of positive selection in our lineage (Peyrégne et al., 2017)
(see Table 1), a combination that, to our knowledge, has not been
previously studied in detail. Here, we tested if the genes that fulfill
these two conditions (falling within large deserts of introgression
and being under positive selection) follow particular (brain-
region) expression trajectories that significantly deviate from
that of other subsets of genes with evolutionary relevance or
from control genomic regions. We characterized the gene
expression dynamics (including genes falling within either

TABLE 1 | Genomic coordinates used in this study. Large deserts were retrieved from (Chen et al., 2020), and positively-selected regions from (Peyrégne et al., 2017) (see
Section 4). The circos plot on the right shows the distribution of our regions of interest: Blue bloxes: deserts of introgression; Red lines: positively-selected regions within
deserts of introgression. Colored regions within the brain represent structures that figure prominently in this study.
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deserts of introgression or positively-selection regions alone) by
analyzing transcriptomic data from several brain regions
encompassing multiple developmental stages from prenatal to
adulthood. This dataset allows for greater resolution than the
Allen Brain Atlas data used in (Vernot et al., 2016), especially at
early stages of development (see Figure 1). Three of the brain
regions under study showed marked transcriptomic divergence
(i.e., a statistically significant difference when compared to all
other regions, based on the Principal Component Analysis-
derived Euclidean distances): the cerebellum, the striatum and
the thalamus. Among the genes at the intersection of regions
under positive selection and large deserts of introgression, we
found CADPS2, ROBO2, or SYT6, involved in neurotrophin
release, axon guidance and neuronal proliferation, and known
to be expressed in the brain regions our analysis highlights.

2 RESULTS

2.1 Genes in Large Deserts of Introgression
Have Different Expression Levels Relative
to the Rest of the Genome
We set out to understand whether the mean expression of genes
in large deserts of introgression (Chen et al., 2020) and the
positively selected regions within them (extracted from
(Peyrégne et al., 2017)) is significantly different compared to
the rest of the genome, using publicly available transcriptomic
data from the human brain (Li et al., 2018). To this end, we
selected random regions of the genome (n = 1,000), excluding the
large deserts, of the same average length (i.e., 15 million base-
pairs), with a possible deviation of 1 million base-pairs to account
for the length variability between different deserts of

introgression. To avoid genomic regions with low genetic
density that might skew the results, the randomized areas were
required to hold at least as many genes (265) as the desertic
regions reported in (Chen et al., 2020).

The mean expression of genes lying in random regions of the
genome was summarized for each brain structure (and log2-
transformed). A repeated-measures two-way ANOVA shows that
the mean expression of both sets of these regions is significantly
different from the rest of the genome (p < 0.01 for both sets). A
post-hoc pairwise ANOVA (with Bonferroni correction) shows the
difference between a gene expression value in a brain region as
derived from the control set and that obtained from the genes in
our two sets of interest is significant for most structures. An
outlier’s Grubbs test shows that the structures with the highest
and lowest mean gene expression values in large deserts of
introgression and the positively-selected windows within them
fall inside the expected range of variability given the data
(p > 0.01).

2.2 The Cerebellar Cortex, the Striatum and
the Thalamus Show Divergent
Transcriptomic Profiles When Considering
Genes Within Large Deserts of
Introgression and Under Positive Selection
We then investigated the temporal progression of the expression
of genes within large deserts of introgression and putative
positively-selected regions analyzing RNA-seq data of different
human brain regions at different developmental stages (Li et al.,
2018). We found that the median expression of genes within large
deserts and positively-selected regions is higher than those
present in deserts alone, the former peaking at prenatal stages
in neocortical areas and decreasing later on. Outside the cerebral

FIGURE 1 | Study outline. In this study, we used publicly available gene expression data from the psychENCODE project (Li et al., 2018), covering sixteen brain
regions and eight developmental stages, from prenatal to adult (left panel). The data was analyzed following standard procedures and the normalized, log-transformed
gene expression values were then used for further analysis. We focused on gene subsets from genomic regions with evolutionary-relevant properties (middle panel): 1)
positively-selected regions and 2) large deserts of introgression (see also Table 1). We investigated the expression trajectories of genes fulfilling both of these
conditions (twelve genes in total) across brain regions, and proceeded to compare their gene expression values to control genes from length and gene density-matched
random regions, as well as to other subsets of genes. Specifically, we performed a Principal Component Analysis and calculated the Euclidean distance between each
data point (gene expression value for a subset of genes in a particular brain region) per developmental stage to identify statistically significant differences (Wilcoxon rank
sum test with Bonferroni correction) among brain regions. This analysis was complemented with a segmented regression model for a single-gene analysis of gene
expression dynamics (right panel). Collectively, we found the most significant differences for the cerebellum, the striatum and the mediodorsal nucleus of the thalamus.

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 8247403

Buisan et al. Deserts, Positive Selection in H. sapiens

70



neocortex, this pronounced prenatal peak is not observed and,
specifically for the cerebellar cortex, the expression profile of
these genes increases before birth and reaches the highest median
expression from childhood to adulthood in comparison to the
rest of structures (see Supplementary Figure S1).

In order to statistically evaluate the differences observed for
each structure and developmental stage (see Figures 2, 3), we
performed a Principal Component Analysis and calculated the
pairwise Euclidean distances between brain regions for each
developmental stage using statistically significant principal
components (p < 0.05) as assessed using the JackStraw
analysis implemented in Seurat (Butler et al., 2018). For genes
within large deserts of introgression overlapping putative
positively-selected regions, we performed dimensionality
reduction on the first two principal components. Due to the
low number of genes at this intersection (n = 12), the second
principal component did not report statistical significance. The
sum of the percentage of variance explained by first and second
components is around 50%. The transcriptomic profile of a brain

region in a given developmental stage was considered “divergent”
if the expression value of the subset of genes under consideration
was significantly different (p < 0.01) in that region when
compared to all other regions (performing a Wilcoxon rank
sum test with Bonferroni correction).

For genes that reside in the deserts of introgression under
consideration, the cerebellum stands out as the structure with the
most divergent transcriptomic profile at postnatal stages, from
childhood to adulthood (Figure 4). For genes under positive
selection that are also found within introgression deserts, the
cerebellum still remains as the most transcriptomically divergent
structure postnatally (birth/infancy, childhood, adolescence and
adulthood; see the caption of Figure 2 for the specific time points
associated to each developmental stage). Moreover, prenatally,
the cerebellum again (fetal stages 1 and 2) and the mediodorsal
nucleus of the thalamus (fetal stage 1; see Supplementary Figures
S2, S3) exhibit the most significant differences in the pairwise
comparisons. Previous research found that genes within large
deserts are over-represented in the striatum at adolescence and

FIGURE 2 |Median expression of genes within large deserts. (A) Comparison of median of gene expression across developmental stages between structures and
(B) Standard deviation per structure, for genes (n = 255) within the four large deserts of introgression. The cerebellar cortex, prenatally, and the mediodorsal nucleus of
the thalamus prenatally and postnatally present the highest expression. The median expression profile of genes within deserts, per chromosome, is shown in
Supplementary Figure S12. Structures: AMY, amygdala; CBC, cerebellar cortex; HIP, hippocampus; MD, mediodorsal nucleus of thalamus; NCX, neocortex;
STR, striatum. Stages: Fetal 1: 12-13 post conception weeks (PCWs); Fetal 2: 16-18 PCW; Fetal 3: 19-22 PCW; Birth—Infancy: 35-37 PCW and 0–0.3 years;
Infancy—Child: 0.5–2.5 years; Childhood: 2.8–10.7 years, Adolescence: 13–19 years; Adulthood: 21–64 years [as in (Li et al., 2018)].
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adult stages (Vernot et al., 2016). In agreement with this finding,
we found that the transcriptomic profile of the striatum for genes
within large deserts is significantly different at adolescence and
adulthood but also at fetal stage 3, while for genes within deserts
under putative positive selection, significant differences are found
at infancy and adolescence (see Figures 4, 5, and Supplementary
Figure S4). Lastly, to disentangle the effect of set of genes within
specific chromosomes, we also evaluated the expression dynamics
of genes within large deserts of introgression for each of the four
chromosomal regions separately (a corresponding evaluation of
the twelve genes under putative postive selection within deserts is
presented in the next section). Overall, and in agreement with the
previous observations, the cerebellum (at perinatal and later
postnatal stages for the four chromosomes) and the striatum
(at adulthoood for three out of four chromosomes, and childhood
for one chromosomal region) are found as the most
transcriptomically divergent structures. The transcriptomic
profile of the mediodorsal nucleus of the thalamus was also

found to be statistically different at fetal stages for
chromosome 1 and chromosome 8 (see Supplementary
Figures S5–S8).

For the sake of comparison, we note that a similar profile
postnatally was obtained for the cerebellum when subsetting for
genes under positive selection not present within large
introgression deserts (marked differences from childhood to
adulthood; see Supplementary Figure S9). When evaluating
the global expression profile (n = 9,358 genes), the cerebellum
shows statistically significant differences also at postanatal stages
(birth, infancy, childhood and adulthood) and the mediodorsal
nucleus of the thalamus at fetal stage 3 and adulthood (see
Supplementary Figure S10). All p-values can be found in the
Supplementary files.

The trajectories of expression across developmental stages in
genes within large deserts of introgression might be affected by
positive selection. To control for this, we analyzed the contrast
between a control group of genes not under positive selection but

FIGURE 3 |Median expression of genes under putative positive selection within large deserts. (A)Comparison of median of gene expression across developmental
stages between structures and (B) Standard deviation per structure, for genes (n = 12) within the four large deserts of introgression and under putative positive selection.
Genes expressed in neocortical areas reach the highest expression at the early fetal stages, whereas the cerebellar cortex, from birth until adulthood, retains its status as
the structure with the highest expression profile. The expression profile of each of the twelve genes under putative positive selection within deserts is shown in
Supplementary Figure S13. Structures: AMY, amygdala; CBC, cerebellar cortex; HIP, hippocampus; MD, mediodorsal nucleus of thalamus; NCX, neocortex; STR,
striatum. Stages: Fetal 1: 12-13 post conception weeks (PCWs); Fetal 2: 16-18 PCW; Fetal 3: 19-22 PCW; Birth—Infancy: 35-37 PCW and 0–0.3 years; Infancy—Child:
0.5–2.5 years; Childhood: 2.8–10.7 years, Adolescence: 13–19 years; Adulthood: 21–64 years [as in (Li et al., 2018)].
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within deserts of introgression compared to those under positive
selection in these same regions. We found that, within large
deserts of introgression, genes under positive selection have an
overall lower expression than those in regions not under positive
selection (p = 0.0007, Kruskal-Wallis test). A linear regression
model predicts that this effect is not structure-specific (p = 0.655),
and that overall variability in the data is not explained by
between-structure differences (p = 0.9904, ANOVA test between
fitted models that do and do not include brain regions as a
variable). Expression linked to specific developmental stages
diverges significantly between genes under positive selection
and those that are not (0.0001, linear regression). However, a
post-hoc TUKEY test (corrected for repeated measures,
Supplementary Figure S11) reveals that this difference holds
only at the fetal stages. In portions of large deserts not under
selection, the fetal period of development is significantly different
from most posterior stages, while in genes under selective

pressures only the first fetal stage is significantly different from
post-fetal stages (with a significance threshold of p < 0.05).

2.3 Gene-specific Expression Trajectories
of Genes in the Overlapping Desertic and
Positively-Selected Regions
As described in section 4, we included in our analyses any outlier
present in the set of genes that are either within the four large
deserts of introgression or under putative positive selection
within large deserts, due to their potential evolutionary
relevance. To evaluate in more detail the expression of specific
genes, we focused on the specific trajectories of genes at the
intersection of large deserts and positively-selected regions (n =
12 genes; Supplementary Figure S13), and performed a
segmented regression analysis (using the Trendy package
(Bacher et al., 2018)) filtering out genes with an adjusted R2

FIGURE 4 | Genes within large deserts. One structure, the cerebellum, reports the most significant differences (pairwise Wilcoxon test with Bonferroni correction)
encompassing postnatal stages: childhood (p = 1.06 × 10−28), adolescence (p = 4.71 × 10−47), adulthood (p = 5.54 × 10−148); also at birth (p = 5.64 × 10−7) and fetal
stage 2 (p = 4, 79 × 10−6). Significant differences are also found for the thalamus (fetal stage 3 and adulthood), the hippocampus (fetal stages 1 and 2) or the striatum (fetal
stage 3, adolescence and adulthood). The boxplots show the values of the pairwise Euclidean distances at each stage for each structure. The line graph represents
the average p-value (log2-transformed for representational purposes) for each pairwise comparison between structures at each stage. The horizontal black line denotes
p = 0.01.
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less than 0.5. As our analysis showed a marked increase of
transcriptomic divergence at different developmental stages for
the cerebellum, the striatum and the mediodorsal nucleus of the
thalamus, we decided to focus on these structures.

For the cerebellum, CADPS2 (chromosome 7) expression is
the one that most closely mimics the observed pattern, with
highest postnatal expression and a marked increased of its
expression around birth and infancy (R2 0.56; see
Supplementary Figure S13 and Figure 6A). This Ca2+-
dependent activator protein is known to regulate exocytosis in
granule cells, particularly neurotrophic factors BDNF and NT-3
release, and its knockout disrupts normal cerebellar development
and causes an autistic-like behavioral phenotype in mice
(Sadakata et al., 2007; Sadakata et al., 2014). In addition,
decreasing expression through developmental stages was also
found for SYT6 and ROBO2 (chromosome 1 and 3
respectively; R2 0.76 and 0.60; see Figure 6A). Two other
genes, KCND2 and ST7 (both in chromosome 7), exhibited
comparatively high expression postnatally, but did not pass
the adjusted R2 threshold (Supplementary Figure S13).

Regarding the thalamus, two genes within the overlapping
desertic and positively-selected regions could be fitted with an
adjusted R2 higher than 0.5: ROBO2 and ST7. Both genes show
higher expressions at prenatal stages, followed by a steady decline
at around birth (R2 0.65 and 0.61, respectively; see Figure 6B).
The roles of Robo2 in the thalamus have been studied as a
receptor of the Slit/Robo signaling pathway which is critically
involved in axon guidance. Indeed, Robo2 is highly expressed in
the dorsal thalamus and cerebral cortex in the embryonic mouse
brain and, in cooperation with Robo1, is required for the proper
development of cortical and thalamic axonal projections (López-
Bendito et al., 2007).

Lastly, for the striatum, three genes within the overlapping
desertic and positively-selected regions could be fitted with an
adjusted R2 higher than 0.5. ST7, ROBO2 and SYT6 follow a
V-shape profile with higher expression at prenatal stages, a
decrease around birth, and increasing levels during later
postnatal stages (R2 = 0.75, 0.57, and 0.53, respectively; see
Figure 6C). While the role of ST7 in neurodevelopment
remains to be elucidated, Robo2 is a receptor of the Slit/Robo

FIGURE 5 | Genes under positive selection within large deserts. The two first principal components were selected to calculate the pairwise comparisons between
structures at each stage (Wilcoxon test with Bonferroni correction). Significant results were obtained for the cerebellummore prominently at childhood p = 1.64 × 10−55,
adolescence p = 1.45 × 10−51, and adulthood p = 5.83 × 10−150. Prenatally the cerebellum and the thalamus show the most significant differences in comparison to the
rest of structures, at fetal stage 1 (p = 2.1 × 1054 and p = 4.47 × 10−45, respectively). Other significant results are found at specific stages for the striatum (infancy
and adolescence), neocortex (fetal stage 2), or the amygdala (fetal stages 1 and 3). The horizontal black line in the line plot denotes p = 0.01.
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signaling pathway which is critically involved in axon guidance
(López-Bendito et al., 2007), but also in the proliferation and
differentiation of neural progenitors with possible different roles
in dorsal and ventral telencephalon (Andrews et al., 2008; Borrell
et al., 2012). Syt6 is another synapse-related gene expressed in the
developing basal ganglia (Long et al., 2009), and in fact linked to
the distinctive expression profile of this structure (Konopka et al.,
2012). Additionally, Syt6 shows a similar expression profile in the
cerebellar cortex although at lower levels (see Figure 6C), a region
where Syt6 has been found, in mice, to be differentially expressed
in a Cadps2 knockout background (Sadakata et al., 2017).

3 DISCUSSION

There are two main findings to take away from our study: the
importance of structures beyond the cerebral neocortex in the
attempt to characterize some of the most derived features of our

species’ brain, and the fact that some of the strongest effects in
these regions takes place at early stages of development. In this
way our work provides complementary evidence for the perinatal
globularization phase as a species-specific ontogenic innovation
(Gunz et al., 2010), and also provides new evidence for the claim
that brain regions outside the neocortex (cerebellum, thalamus,
striatum) significantly contribute to this phenotype (Boeckx and
Benítez-Burraco, 2014; McCoy et al., 2017; Neubauer et al., 2018;
Gunz et al., 2019; Weiss et al., 2021).

To our knowledge this is the first study to reveal the effect of
the cerebellum in the context of large introgression deserts. For
the striatum, previous studies have already highlighted the
relevance of this structure: genes carrying Neanderthal-derived
changes and expressed in the striatum during adolescence exhibit
a higher McDonald-Kreitman ratio (Mafessoni et al., 2020). In
addition, using a different range of introgressed regions and gene
expression data from the Allen Brain Atlas (with lower temporal
resolution than the database used in this study), it had already

FIGURE 6 | Gene-specific trajectories. A segmented regression analysis (Bacher et al., 2018) was performed to characterize the expression dynamics of genes
under putative positive selection within introgression deserts, across developmental stages. Only genes with an adjusted R2 above 0.5 were considered. (A) The
cerebellum and the profile of SYT6, ROBO2 and CADPS2. The profile of CADPS2 was found to closely recapitulate the pattern observed for the cerellebum increasing
from prenatal to postnatal stages (see Figure 3). (B) The mediodorsal nucleus of thalamus, and ROBO2 and ST7, both genes with higher prenatal expression
declining at around birth. (C) The striatum and ROBO2, ST7 and SYT6. The three genes follow a similar expression dynamics peaking at early fetal stages but declining
afterwards, and increasing again postnatally.
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been noted (Vernot et al., 2016) that genes within large deserts are
significantly enriched in the striatum at adolescence and adult
stages, which converges with the life stages highlighted from our
analysis using the most recent report of genomic regions depleted
of archaic variants (Chen et al., 2020).

Naturally, the functional effects of these divergent
developmental profiles for the cerebellum, the prenatal
thalamus or the striatum remain to be understood, particularly
in the context of the possible differences among Homo-species
concerning regulation of the genes highlighted in this study. This
is especially relevant in light of emerging evidence that selection
against DNA introgression is stronger in regulatory regions
(Vilgalys et al., 2021), which in addition have been found to
be over-represented in putative positively-selected regions in
Homo sapiens (Peyrégne et al., 2017; Petr et al., 2019). The
fact that early developmental stages are critical holds the
promise of using brain organoid technology to probe the
nature of these differences, since such in vitro techniques best
track these earliest developmental windows (Muchnik et al., 2019;
Mostajo-Radji et al., 2020; Kyrousi and Cappello, 2020). Our level
of analysis (mRNA-seq data, informed by paleogenetic studies)
can be complemented with other omics data to finely resolve cell-
type specificities of the genes considered here across brain areas,
as with the use of single-cell RNA-seq data, or to infer gene
regulatory networks (from differentially accessible and
methylated regions and chromatin immunoprecipitation data)
that underlie the divergent gene expression trajectories observed.

The fact that FOXP2 expression is known to be particularly
high in the brain regions highlighted here (Lai et al., 2003) may
help shed light on why FOXP2 is found in one of the large
introgression deserts in modern human genomes. As pointed out
in (Kuhlwilm, 2018), this portion of chromosome 7 is not a desert
for introgression in other great apes, nor did it act as a barrier for
gene flow from Sapiens into Neanderthals. As such, it may indeed
capture something genuinely specific about our species.

4 METHODS

Analyses were performed using R (R Core Team, 2019). Putative
positively-selected regions were retrieved from the extended set
of sweep regions in Peyrégne et al. (2017), built from two
independent recombination maps using a Hidden Markov-
based model applied to African and Neaderthal/Denisovan
genomes. Coordinates for (large) deserts of introgression
were retrieved from Chen et al. (2020), and genes within
these two sets of regions were obtained using the BioMart R
package version 2.42.1 (Durinck et al., 2009), using the
respective genomic region coordinates as input and filtering
by protein-coding genes.

mRNA-seq analysis. Publicly available transcriptomic data of
the human brain at different developmental stages was retrieved
from (Li et al., 2018) and analyzed using R (full code can be found
at https://github.com/jjaa-mp/desertsHomo). Reads per kilo base
per million mapped reads (RPKM) normalized counts were log-
transformed and then subsetted to select genes either in large
deserts of introgression or in both deserts and putative positively-

selected regions. The complete log-transformed, RPKM
normalized count matrix was subsetted to select genes with
median expression value > 2, as in (Li et al., 2018), while no
median filtering was employed for the subsets of genes within
deserts and positively-selected regions, due to the potential
relevance of the outliers in these specific regions for the
purposes of our study. To assess transcriptomic variability
between brain regions accounted for by genes either in large
deserts or in deserts and positively-selected regions, we
performed principal component analysis and calculated the
pairwise Euclidean distances between brain regions for each
dataset [following (Li et al., 2018)]. We then statistically
evaluated such differences at each developmental stage using
pairwise Wilcoxon tests with Bonferroni correction. Significant
differences were considered if p < 0.01. Our analysis based on
statistically significant principal components did not make it
possible for us to use the Allen Brain Atlas data for
comparisons with the psychENCODE project dataset used in
this study, due to the more limited resolution, especially at
prenatal stages, offered by the former.

To evaluate the expression profile of genes from our regions of
interest in comparison to other regions of the human genome, we
generated sets of random regions of the same length and gene
density (that do not overlap with the genomic coordinates of
deserts on introgression). These served as control regions for
comparisons of mean expression values using two-way repeated
measures ANOVA, implemented in R. ANOVA tests were performed
taking mean expression values as dependent value, with structure
names as subject identifiers and the different regions of interest
(datasource) as between-subjects factor variable. Posthocs tests
were performed similarly but with the mean expression data
grouped by the datasource, obtaining an ANOVA table for each
structure, with a Bonferroni correction to account for repeated
measures. The stage-version of the ANOVA grouped subject
identifiers by stage. Two Kruskal-Wallis tests were used, one
designed to detect whether non positively-selected genes in
deserts of introgression have different mean expression levels
than genes that are both in deserts and in positively-selected
windows; and the second to determine whether any particular
brain structure has a particularly different expression mean than
the rest, regardless of selection. We also used two two-level linear
mixed-effects regression models, to compare non-positively
selected genes and positively selected genes within
introgression deserts. These models consist of repeated
measures of expression on different brain structures in three
different groups: control, deserts of introgression, and deserts
with selection signals. The same model applies when stages are
taken into account, replacing structure identifiers. Tukey’s test
was then used to fit the model.

Gene-specific expression trajectories. The R package Trendy
version 1.8.2 (Bacher et al., 2018) was used to perform segmented
regression analysis and characterize the expression trajectories of
genes within both deserts of introgression and putative positively-
selected regions (12 genes). The normalized RPKM values [from
(Li et al., 2018)] in the form of a gene-by-time samples matrix was
used to fit each gene expression trajectory to an optimal
segmented regression model. Genes were considered if their
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adjusted R2 was > 0.5. In addition, a maximum number of
breakpoints (significant changes in gene expression trajectory)
was set at 3, minimum number of samples in each segment at 2,
and minimum mean expression, 2.

The permutation tests using gene expression data from (Li
et al., 2018) were done using the regioneR package version 1.26.1
(Gel et al., 2016) at n = 1,000.
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Figure 1: Median expression profile of genes within large deserts, deserts/positively-selected re-
gions and the global dataset, across structures and stages. Genes within deserts/positively-selected
regions have higher expression in comparison to the broader subset of genes within deserts, with a peak of
expression at prenatal stages in neocortical areas. This peak is not observed in non-neocortical areas and, in the
case of the cerebellar cortex, the genes (within deserts/positively-selected regions) show increasing expression
at postnatal stages.
As explained in Methods section, the log-transformed expression values for the global profile was filtered by
setting a threshold of median expression value > 2, as in the original publication [1], since the inclusion of too
many zeros makes the determination of trajectories unreliable. However, for genes from our regions of interest,
no threshold was set in order to detect outliers of potential relevance.
A1C, primary auditory cortex; AMY, amygdala; CBC, cerebellar cortex; DFC, dorsolateral prefrontal cortex;
HIP, hippocampus; IPC, posterior inferior parietal cortex; ITC, inferior temporal cortex; M1C, primary motor
cortex; MD, mediodorsal nucleus of thalamus; MFC, medial prefrontal cortex; OFC, orbital prefrontal cortex;
S1C, primary somatosensory cortex; STC, superior temporal cortex; STR, striatum; V1C, primary visual cor-
tex; VFC, ventrolateral prefrontal cortex.
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Figure 2: The cerebellum’s transcriptomic profile significantly diverges at postnatal stages. For
genes within large deserts of introgression, the cerebellum exhibits the most significant differences when eval-
uating pairwise distances between structures based on the statistically significant principal components. A)
Distribution of structures at the adult stage using the first two principal components. B) P-values (log2-
transformed) obtained from pairwise comparisons among structures at each developmental stage (Wilcoxon
rank sum test with Bonferroni correction). C) Contribution of genes within large deserts of introgression [7],
deserts of introgression under putative positive selection [7, 35], regions under putative selection [35] not within
large deserts, and the raw dataset used in this study [1] to the observed divergence at adult stage for the cere-
bellum, with the greatest value for genes within large deserts.
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Figure 3: The transcriptomic profile of the mediodorsal nucleus of the thalamus significantly
diverges at fetal stage 1 for genes within deserts under positive selection. A) Distribution of structures
at the fetal stage 1 using the first two principal components. B) P-values (log2-transformed) obtained from
pairwise comparisons among structures at each developmental stage (Wilcoxon rank sum test with Bonferroni
correction). C) Contribution of genes within deserts of introgression [7], deserts of introgression under putative
positive selection [7, 35], regions under putative selection [35] not within large deserts, and the raw dataset used
in this study [1], to the observed divergence at adolescence for the striatum. The greatest value is found for
genes within deserts under putative positive selection.
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Figure 4: The striatum’s transcriptomic profile significantly diverges at adolescence for genes
within large deserts. When evaluating the transcriptome of genes within large deserts of introgression, the
striatum reports significant differences postnatally at adolescence and adult stages. A) Distribution of structures
at the adolescence using the first two principal components. B) P-values (log2-transformed) obtained from
pairwise comparisons among structures at each developmental stage (Wilcoxon rank sum test with Bonferroni
correction). C) Contribution of genes within large deserts of introgression [7], deserts of introgression under
putative positive selection [7, 35], regions under putative selection [35] not within large deserts, and the raw
dataset used in this study [1], to the observed divergence at adolescence for the striatum. The greatest value
is found for genes under putative positive selection not within deserts of introgression, an effect also shown in
Supplementary Figure 9.
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Figure 5: Evaluation of transcriptomic divergence considering genes within deserts for chromosome
1. These and the following Supplementary Figures 6, 7 and 8 show the expression of genes within large deserts
for each of the chromosomes harboring deserts of introgression, as reported in [7]. For genes within chromosome
1 desert (n = 132), the sharpest difference is observed for the mediodorsal nucleus of the thalamus at fetal
stage 3. Other structures that show marked statistically significant differences are the cerebellum (fetal stage
1, infancy/childhood, childhood, adulthood), the amygadala (adolescence) and the striatum (adulthood). All
p-values can be found at the online repository https://github.com/jjaa-mp/desertsHomo .
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Figure 6: Evaluation of transcriptomic divergence considering genes within deserts for chromosome
3. For genes within chromosome 3 desert (n = 15), the hippocampus at fetal stage 1 and the cerebellum at
adulthood are the most transcriptomically divergent structures, followed by the striatum (childhood) and the
amygdala (adulthood). All p-values can be found at the online repository https://github.com/jjaa-mp/

desertsHomo
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Figure 7: Evaluation of transcriptomic divergence considering genes within deserts for chromosome
7. In chromosome 7 desert (n = 62), the striatum is found as the most significantly different transcriptome at
adulthood. The mediodorsal nucleus of the thalamus (fetal stages) and the cerebellum (from fetal stage 3 and
birth to adolescence) are also found as statistically divergent structures. All p-values can be found at the online
repository https://github.com/jjaa-mp/desertsHomo
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Figure 8: Evaluation of transcriptomic divergence considering genes within deserts for chromosome
8. Regarding genes within chromosome 8 desert (n = 46), the cerebellar profile, at successive stages postnatally,
stand out as the most divergent transcriptome. The striatum at adulthood and several structures prenatally
(neocortex, hippocampus, mediodorsal nucleus of the thalamus) were also statistically different when considering
their transcriptomic profiles. All p-values can be found at the online repository https://github.com/jjaa-mp/

desertsHomo
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Figure 9: Evaluation of transcriptomic divergence considering genes under positive selection not
within large deserts of introgression. Similarly to what is found in Supplementary Figure4 and 5, the
cerebellum stand out postnatally (birth p = 1.07x10−19, childhood p = 1.95x10−14, adolescence p = 4.11x10−19

and adulthood p = 1.42x10−95). Other significant results are found for the thalamus (fetal stages 1 and 3).
striatum (adolescence) or neocortex (fetal stage 1).
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Figure 10: Global profile of genes across stages and structures. We processed the mRNA-seq data
from [1] filtering out genes with a median across stages and structures less than 2, resulting in a total of 9358
genes. As described in section 4 of the main text, log-transformed, RPKM normalized counts were used to
calculate pairwise Euclidean distances using statistically significant principal components for each stage. The
most significant differences (pairwise Wilcoxon test with Bonferroni correction) are found for the cerebellum
at postnatal stages (birth p = 1.29x10−29; infancy p = 2.53x10−9; adolescence p = 2.44x10−30; adulthood
p = 1.21x10−19), and for the thalamus at fetal stage 3 (p = 6.12x10−14) and adulthood (p = 1.21x10−19) . All
p-values can be found in Supplementary Material. The horizontal black line in the line plot denotes p = 0.01.
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Figure 11: Visualization of a pairwise post-hoc Tukey test comparing the mean expression of genes in
deserts of introgression under the effect of positive selection (left) and in genes not affected by positive selection
(right) in each of the developmental stages included in [1].
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Figure 12: Decomposition of median expression profile of genes within large deserts per chromo-
some. Genes within chromosomes 3 (n = 15) and 8 (n = 46) report higher mean expression values than those
within chromosomes 1 (n = 132) and 7 (n = 62), markedly at prenatal stages (as discussed in Methods section
4, we kept for these analyses possible outliers, including therefore those with low expression values, which are
more abundant in datasets with a higher n. This reinforces the strategies to characterize gene-specific expres-
sion dynamics undertaken in this study). Some structures show specific profiles, as the for mediodorsal nucleus
of thalamus genes within chromosome 1, or the cerebellum in chromosomes 7 and 8. This view complements
Supplementary Figure 13, dedicated to genes under positive selection within introgression deserts.
A1C, primary auditory cortex; AMY, amygdala; CBC, cerebellar cortex; DFC, dorsolateral prefrontal cortex;
HIP, hippocampus; IPC, posterior inferior parietal cortex; ITC, inferior temporal cortex; M1C, primary motor
cortex; MD, mediodorsal nucleus of thalamus; MFC, medial prefrontal cortex; OFC, orbital prefrontal cortex;
S1C, primary somatosensory cortex; STC, superior temporal cortex; STR, striatum; V1C, primary visual cor-
tex; VFC, ventrolateral prefrontal cortex.
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Figure 13: Expression profile of genes within large deserts and positively-selected overlapping
regions. Twelve protein-coding genes were found at the intersection between large deserts of introgression and
putative positively-selected regions. The expression of CADPS2 and KCND2 largely recapitulate the unique
profile shown before (Supplementary Figure S1) for the cerebellar cortex: Increasing expression from prenatal
to postnatal stages, reaching the highest median expression value from childhood to adulthood in comparison
to all other structures.
A1C, primary auditory cortex; AMY, amygdala; CBC, cerebellar cortex; DFC, dorsolateral prefrontal cortex;
HIP, hippocampus; IPC, posterior inferior parietal cortex; ITC, inferior temporal cortex; M1C, primary motor
cortex; MD, mediodorsal nucleus of thalamus; MFC, medial prefrontal cortex; OFC, orbital prefrontal cortex;
S1C, primary somatosensory cortex; STC, superior temporal cortex; STR, striatum; V1C, primary visual cortex;
VFC, ventrolateral prefrontal cortex.
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Temporal mapping of derived 
high‑frequency gene variants 
supports the mosaic nature 
of the evolution of Homo sapiens
Alejandro Andirkó1,2,9, Juan Moriano1,2,9, Alessandro Vitriolo3,4,5, Martin Kuhlwilm6,7, 
Giuseppe Testa3,4,5 & Cedric Boeckx1,2,8*

Large-scale estimations of the time of emergence of variants are essential to examine hypotheses 
concerning human evolution with precision. 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 
specific to various brain regions. We find a recurrent bimodal distribution of high-frequency variants, 
but also evidence for specific enrichments of gene categories in distinct time windows, pointing 
to different periods of phenotypic changes, resulting in a mosaic. With a temporal classification of 
genetic mutations in hand, we then applied a machine learning tool to predict what genes have 
changed more in certain time windows, and which tissues these genes may have impacted more. 
Overall, we provide a fine-grained temporal mapping of derived variants in Homo sapiens that helps to 
illuminate the intricate evolutionary history of our species.

The past decade has seen a significant shift in our understanding of the evolution of our lineage. We now rec-
ognize 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 and quite possibly beyond1–3. Likewise, behavioral char-
acteristics 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’ modernity4. We have also come to appreciate the extent of repeated (multidirectional) gene 
flow between Homo sapiens and Neanderthals and Denisovans, raising interesting questions about speciation5–8. 
Last, but not least, it is now well established that our species has a long history. Robust genetic analyses9 indicate 
a divergence time between us and other hominins for whom 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)10. Such a long period of time is likely to contain enough opportunities for multiple 
rounds of evolutionary modifications. Taken together, these findings render completely implausible simplistic 
narratives about the ‘modern human condition’ that seek to identify a specific geographical location or genetic 
mutation that would ‘define’ us11.

Genomic analysis of ancient human remains in Africa reveal deep population splits and complex admixture 
patterns among populations12–14. At the same time, reanalysis of fossils in Africa15 points to the extended pres-
ence of multiple hominins on this continent, together with real possibilities of admixture16,17. Lastly, our deeper 
understanding of other hominins points to derived characteristics in these lineages that make some of our species’ 
traits more ancestral (less ‘modern’) than previously believed18.
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In the context of this significant rewriting of our deep 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” genomes19, that is, Neanderthal/
Denisovan individuals, used as outgroups. This catalog aims to offer a richer picture of molecular events setting 
us apart from our closest extinct relatives. In order to probe the temporal nature of this data, we took advantage 
of the Genealogical Estimation of Variant Age (GEVA) tool20. GEVA is a coalescence-based method that provides 
age estimates for over 45 million human variants. GEVA is non-parametric, making no assumptions about demo-
graphic history, tree shapes, or selection (for additional details on GEVA, see “Methods”). Our overall objective 
here is to use the temporal resolution afforded by GEVA to estimate the age of emergence of polymorphic sites, 
and gain further insights into the complex evolutionary trajectory of our species.

Our analysis reveals a bimodal temporal distribution of modern human derived high-frequency variants 
and provides 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, tissue-specific changes, and specifically an estimate of the age of emergence of 
(enhancer) regulatory variants associated with different brain regions. Our enrichment analysis uncovers GO-
terms unique to specific temporal windows, such as facial and behavioral-related terms for a period (between 
300 and 500 k years) preceding the dating of human fossils like that of Jebel Irhoud. Our machine learning-based 
analyses predicting differential gene expression regulation of mapped variants (through21) reveals a trend towards 
downregulation in brain-related tissues and allowed us to identify variant-associated genes whose differential 
regulation may specifically affect brain structures such as the cerebellum.

Results
The distribution of derived alleles over time follows a bimodal distribution (Fig. 1a,b; see also Fig. S2 for a more 
elaborated version), with a global maximum around 40 kya (for complete allele counts, see “Methods”). The two 
modes of the distribution of HF variants likely 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 and replacement following the last major out of Africa event22,23, while the older distribution contains 
the period associated with the divergence between Homo sapiens and other Homo species9,24.

In order to divide the data into smaller temporal clusters for downstream analysis we considered a k-means 
clustering analysis (at k = 3 and k = 4 , Fig. S1). This clustering method yields a division clear enough to distin-
guish between “early” and “late” Homo sapiens “specimens”10, with a protracted period overlapping with the split 
with other Homo species. (The availability of ancient DNA from other hominins would yield a better resolution 
of that period.) However, we reasoned that such a k-means division is not precise enough to represent key mile-
stones 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. Our basic division consisted of three 
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Figure 1.   (a) Density of distribution of derived Homo sapiens alleles over time in an aggregated control set (n = 
1000) of random variants across the genome and two sets of derived ones: all derived variants, and those found 
at high-frequency. Horizontal lines mark distribution quantiles 0.25, 0.5 and 0.75. (b) Line plot showing the 
bimodal distribution of high-frequency variants using different generation times (in the text, we used 29 years, 
following62).
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periods (see Fig. 2a): 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 sapiens12; a later 
period from 300 to 500 kya, the period right before the dating of fossils associated with earlier members of our 
species such as the Jebel Irhoud fossil25 and, incidentally, the critical juncture between the first and second tem-
poral windows when comparing the two k-means clustering analyses we performed (Fig. S1); and a third, older 
period, from 500 kya to 1 million years ago, corresponding to the time of the most recent common ancestor with 
the Neanderthal and Denisovan lineages24,26.

We note that the distribution goes as far back as 2.5 million years ago (see Fig. 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 “Methods”), as 
changes over time in human recombination rates might affect the timing of older variants20, or to the fact that 
we do not have genomes for older Homo species. Some of these very old variants may have been inherited from 
them and lost further down Neanderthal/Denisovan lineages.

Variant subset distributions.  In an attempt to see if specific subsets of variants clustered in different ways 
over the inferred time axis, 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’)27,28, and regions under 
putative positive selection29, and mapped the HF variants from19 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 Neanderthal/Denisovan lineages (‘length’ and ‘excess’ lists from19—see 
“Methods”). Finally, we also examined the temporal distribution of introgressed alleles27,30. A bimodal distribu-
tion is clearly visible in all the subsets except the introgression datasets (Fig. 2b). Introgressed variants peak 
locally in the more recent period (0–100 kya). The distribution roughly fades after 250 kya, in consonance with 
the possible timing of introgression events6,16,28,31. As a case study, we focused on those introgressed variants 
associated with phenotypes highlighted in Table 1 of32. As shown in Fig. S3, 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 of27,30, follow a significantly different 
distribution over time ( p < 2.2–16, Kolmogorov–Smirnov test) (Fig. 2c).
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Figure 2.   (a) Selected temporal windows used in our study to further interrogate the nature and distribution 
of HF variants. (b) Distribution of introgressed alleles over time, as identified by27,30. (c) Plots of HF variants in 
datasets relevant to human evolution, including regions under positive selection29, regions depleted of archaic 
introgression27,28 and genes showing an excess of HF variants (‘excess’ and ‘length’)19. Variant counts in (a,c,d) 
are squared to aid visualization. (d) Kernel density difference between the highest point in the distributions of 
(d) (leftmost peak) and the second, older highest density peak, normalized, in percentage units.
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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 (Fig. S4). 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 introgression33. 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 (0–100 kya) that is absent from the deserts of introgression datasets, 
pointing to an earlier origin of alleles found in these latter regions. Also, as shown in Fig. 2d, 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 S5 illustrates this point for two 
genes that have figured prominently in early discussions of selective sweeps since5: 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 in19. In addition, we are 
aware that variants enter the genome at one stage and are likely selected for at a (much) later stage34,35. As such 
our study differs from the chronological atlas of natural selection in our species presented in36 (as well as from 
other studies focusing on more recent periods of our evolutionary history, such as37). This may explain some 
important discrepancies between the overall temporal profile of genes highlighted in36 and the distribution of 
HF variants for these genes in our data (Fig. S6).

Having said this, our analysis recaptures earlier observations about prominent selected variants, located 
around the most recent peak, concerning genes such as CADPS238 (Fig. S7). This study also identifies a set of old 
variants, well before 300kya, associated with genes belonging to putative positively-selected regions before the 
deepest divergence of Homo sapiens populations39, such as LPHN3, FBXW7, and COG5 (Fig. S8).

Finally, focusing on the brain as the organ that may help explain key features of the rich behavioral repertoire 
associated with Homo sapiens, we estimated the age of putative regulatory variants linked to the prefrontal (PFC), 
temporal (TC), and cerebellar cortices (CBC), using the large scale characterization of regulatory elements of 
the human brain provided by the PsychENCODE Consortium40. We did the same for the modern human HF 
missense mutations19. A comparative plot reveals a similar pattern between the three structures, with no obvious 
differences in variant distribution (see Fig. S9). The cerebellum contains a slightly higher number of variants 
assigned to the more recent peak when the proportion to total mapped variants is computed. This may relate to 
the more recent modifications reported for this brain region41, which contributed to the globularized shape of our 
brain(case). 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. S9). We caution, though, that the overall number of missense variants is 
considerably lower in comparison to the other three datasets.
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Figure 3.   (a) Venn diagram of GO terms associated with genes shared across time windows. (b) Top GO terms 
per time window.
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Gene Ontology analysis across temporal windows.  In order to interpret functionally the distribu-
tion of HF variants in time, we performed enrichment analyses accessing curated databases via the gProfiler2 R 
package42. For the three time windows analyzed (corresponding to the recent peak: 0–300 kya; divergence time 
and earlier peak: 500 kya–1 mya; and time slot between them: 300 kya–500 kya), we identified unique and shared 
gene ontology terms (see Fig. 3a,b;  “Methods”). Notably, when we compared the most recent period against 
the two earlier windows together (from 300 kya to 1 mya), we found bone, cartilage, and visual system-related 
terms only in the earlier periods (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 (300–500 k) period (Table S2; Fig. S10). 
Unique gene ontology terms may point to specific environmental conditions causing the organism to react in 
specific ways. A summary of terms shared across the three time windows can be seen in Fig. S11.

Gene expression predictions.  To evaluate the expression profiles associated to our HF variant dataset 
(from19), we made use of ExPecto21, a sequence-based tool to predict gene expression in silico (see description 
in “Methods”). We found a skewness towards more extreme negative values (downregulation) in brain-related 
tissues, which is not observed when analyzing all tissues jointly (as shown in quantile-quantile plots in Fig. S12). 
A series of Kruskal-Wallis test shows that, when either all or just brain-related tissues are considered, statisti-
cally significant differences in predicted gene expression values are found across the three time periods studied 
here (p = 2.2e−16 and p = 4.95e−12, respectively). Overall, the latest period (500 k–1 mya) reports the strongest 
predicted effect toward downregulation (see Fig. 4A). Especially for brain-related terms, some structures show 
the highest sum of variant predicted expression (top downregulation): such as the Adrenal Gland, the Pituitary, 
Astrocytes, or Neural Progenitor Cells (see Fig. S13). Among these structures, the presence of the cerebellum in 
a period preceding the last major Out-of-Africa event is noteworthy (consistent with41).

The authors of the article describing the ExPecto tool21 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 (Fig. 4B). Among these we find genes such 
as DLL4, a Notch ligand implicated in arterial formation43; FGF14, which regulates the intrinsic excitability 
of cerebellar Purkinje neurons44; SLC6A15, a gene that modulates stress vulnerability through the glutamate 
system45; and OPRM1, 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 species19.

We also crosschecked if any of the variants in our high-frequency dataset with a high predicted expres-
sion value (RPKM variant-specific values at log > 0.01 ) were found in GWASs related to brain volume. The 
Big40 UKBiobank GWAS meta-analysis46 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 
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Figure 4.   (A) Sum of all directional mutation effects within 1 kb to the TSS per time window in 22 brain and 
brain-related tisues (red) and the the rest of tissues included by the ExPecto trained model as a control group 
(blue). Significant differences exist across time periods when non-brain and brain-related tissues are compared 
(Kruskal–Wallis test; p = 2.2e − 16 ). (B) Genes with a high sum of all directional mutation effects, and 
cumulative directionality of expression values in brain tissues per time window.
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influence human cortical structure47, one variant (rs75255901) in Table 1, linked to DAAM1, 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 lineage41,48–50, and their associated variants are dated amongst the 
most recent ones in the table.

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 archaeology52 and as detailed a map as possible of the evolutionary history of our species53. 
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 consequences52, 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 in19.

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 evidence for different epochs and classes of variants that define these. But whereas 
different clusters can be identified, the emerging picture is very much mosaic-like in its character, in consonance 
with recent work1,3. In no way do we find evidence for earlier evolutionary narratives that relied on one or a 
handful of key mutations.

Our analysis shows a bimodal distribution of the age of modern human-derived high-frequency variants (in 
consonance with the findings of54 on a more limited set of variants ). The two peaks likely reflect, on the one 
hand, the point of divergence between Homo sapiens and other Homo species and, on the other, the period of 
population dispersal and replacement following the last major out of Africa event.

Our work also highlights the importance of a temporal window right before 300 ky that may well correspond 
to a significant behavioral shift in our lineage, such as increased ecological resource variability55, and evidence 
of long-distance stone transport and pigment use56. Other aspects of our cognitive and anatomical make up 
emerged much more recently, in the last 150 k years, and for these our analysis points to the relevance of gene 
expression regulation differences in recent human evolution, in line with57–59.

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

Methods
Homo sapiens variant catalog.  We made use of a publicly available dataset19 that takes advantage of the 
Neanderthal and Denisovan genomes to compile a genome-wide catalog of Homo sapiens-specific variation. 
The original complete dataset is available at https://​doi.​org/​10.​6084/​m9.​figsh​are.​81840​38. As described in the 
original article, this catalog includes “archaic”-specific variants and all loci showing variation within modern 
populations. The 1000 genomes project and ExAc data were used to derive frequencies and the human genome 
version hg19 as reference. As indicated in the original publication19, quality filters in the “archaic” genomes were 
applied (specifically: 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 aligments60 and the macaque reference sequence (rheMac3)61.

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. S2). All files (including the original full and high-frequency sets and the modified, 

Table 1.   Big40 Brain volume GWAS46 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 in51).

Location rsid Nearest gene(s) GWAS trait Age (GEVA)

20:49070644 rs75994450 PTPN1 Fractional anisotropy measurement, Splenium (Corpus Callosum) 36,735.46

14:59669037 rs75255901 DAAM1 Functional connectivity (rfMRI) 39,543.24

1:22498451 rs2807369 WNT4 Volume of gray matter in Cerebellum (left) 50,060.96

2:63144695 rs17432559 EHBP1 Volume of Corpus Callosum (Posterior) 52,290.48

12:2231744 rs75557252 CACNA1C Functional connectivity (rfMRI) 93,924.62

10:92873811 rs17105731 PCGF5 Volume of inferiortemporal gyrus (right) 255,792.5

17:59312894 rs73326893 BCAS3 Functional connectivity (rfMRI) 418,742.6

22:27195261 rs72617274 CRYBA4 Functional connectivity (rfMRI) 445,477.7

2:230367803 rs56049535 DNER Functional connectivity (rfMRI) 523,629.8

16:3687973 rs78315731 DNASE1 Volume of Pars triangularis (left) 698,856.5
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stricter high-frequency one) are provided in the accompanying code. Controls in 1 were obtained through a 
probabilistic permutation approach with sets of random variants (100 sets, 50,000 variants each).

GEVA.  The Genealogical Estimation of Variant Age (GEVA) tool20 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 ances-
tor 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 the 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 Sup-
plementary document 3 of20), although it decreases the amount of sites that can be looked at. We give estimated 
dates after assuming 29 years per generation, as suggested in62. 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 4,437,804 for our total set of variants, 2,294,023 where mapped in the GEVA dataset (51% of 
the original total). For the HF subsets, the mapping improves: 101,417 (74% of total) and 48,424 (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 tool21. ExPecto is a deep convolu-
tional 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.

gProfiler2.  Enrichment analysis was performed using gProfiler2 package42 (hypergeometric test; multiple 
comparison correction, ‘gSCS’ method; p values 0.01 and 0.05). Dated variants were subdivided in three time 
windows (0–300 kya, 300–500 kya and 500 kya–1 mya) and variant-associated genes (retrieved from19) were 
used as input (all annotated genes for H. sapiens in the Ensembl database were used as background). Following21, 
variation potential directionality scores were calculated as the sum of all variant effects in a range of 1 kb from 
the TSS. Summary GO figures presented in Fig. S11 were prepared with GO Figure63.

For enrichment analysis, the Hallmark curated annotated sets64 were also consulted, but the dated set of HF 
variants as a whole did not return any specific enrichment.

Code availability
All the analysis here presented can be reproduced following the scripts in the following Github repository: https://​
github.​com/​AGMAn​dirko/​Tempo​ral-​mappi​ng.
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Figure 1: K -means clustering analysis of HF variant temporal distribution, for both k = 3 (top) and k = 4
(bottom).
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Figure 2: Density distribution of derived Homo sapiens alleles for different subsets used in this study (related
to Figure 1). From top to bottom, control set of random variants; all derived variants in the Homo sapiens
lineage; those variants at high-frequency (HF); HF variants with an added meta-population filter (see sec. 4);
and variants that reached fixation. A direct comparison of all variants, HF and HF with the added filter can
be found in Figure S2. Horizontal lines mark distribution quantiles 0.25, 0.5 and 0.75.
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Figure 4: Temporal distribution of variants shared with each of the extinct human genomes after applying
specific population frequency filters. These filter include a 10% minor allele frequency cutoff in the African
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Figure 6: Temporal distribution of variants associated with genes highlighted in [4].
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Figure 7: Temporal distribution of variants associated with CADPS2. The most recent variants around 200kya
in particular capture the reasons this gene was highlighted in [5]: “CADPS2 was identified in [3] as a candidate
for selection . . . . The gene has been suggested to be specifically important in the evolution of all modern humans,
as it was not found to be selected earlier in great apes or later in particular modern human populations”.
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Figure 8: Temporal distribution of variants in genes found in putative positively-selected genetic windows before
early Homo sapiens population divergence, as per [6]. Genes belonging to putative positively selected regions
were retrieved from Supplementary Data, section 12 of [6].
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Figure 9: Temporal distribution of high-frequency missense and regulatory variants. Missense variants derived
from [7]; enhancer annotations for the prefrontal, temporal and cerebellar cortices were retrieved from [8]. 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 missense 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 10: GO terms results when thresholding by an adjusted p-value of 0.05. Venn diagram (top) shows
number of unique and shared GO terms across periods. Dot plot (bottom) highlights the top 3 GO terms by
significance for each period.
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Figure 11: GO term reduction of shared terms across time windows (center of Venn diagram in Fig. 3A).
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Figure 12: Quantile-quantile plots of predicted expression values of high-frequency variants, divided in three
time periods (0-300kya, 300k-500kya and 500k-1mya). Applied to both all tissues and only brain-related tissues.
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Figure 13: Violin plots per time window for 22 brain and brain-related tissues, showing the top-4 structures
with strongest predicted downregulation.
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