
Humans differ from other primates in their ability to 
create, accumulate and transmit cultural knowledge 
between generations1–4. These abilities are the result of 
cognitive and behavioural features that are characteristic 
of humans, such as strong prosocial and cooperative 
behaviour, the extensive use of abstract symbols, spoken 
language and grammar5,6. But what molecular events 
during the course of human evolution gave rise to these 
cognitive changes? Answering this question has been 
anything but simple.

First, we still lack comprehensive knowledge of 
phenotypic differences between humans and other pri-
mates — such as cognitive differences between humans 
and apes — as well as differences in brain anatomy, 
histology and organization (see REFS 7–9 for reviews). 
Originally, chimpanzees were thought to lack many 
cognitive functions found in humans, including altru-
ism, understanding another person’s cognitive state, 
social cooperation, tool use and cultural transmission. 
All of these abilities, however, have subsequently been 
described in various forms in chimpanzees, bonobos 
and other great apes7,10–17, which has stimulated con-
tinuing debate regarding the uniqueness of human 
cognitive traits5,18.

With regard to brain anatomy, the most noticeable 
human feature is the large brain volume relative to body 
size8. In fact, the human brain/body ratio is less than that 
of mice19 but is still unusually high among large mam-
mals. Given how brain/body ratios change with body size 
among primates, the human brain would be expected 
to be ~50% larger than the chimpanzee brain, but it is 
~200% larger20. The increase in volume reflects the 

increase in neuron number21,22, which is hypothesized to 
be a result of increased symmetric neural progenitor cell 
divisions in the ventricular zone19. Brain volume growth 
in human development is accordingly more accelerated 
than in chimpanzees, both at the fetal23 and postnatal 
stages24 (reviewed in REF. 25). Notably, the proportion 
of high-level associative areas of the brain, such as the 
prefrontal cortex (PFC), is also higher in the human 
brain. However, whether this extent of cortical growth 
is expected under allometric brain growth patterns 
common to primates or whether it is an extraordinary 
feature that appeared only in human evolution remains 
unresolved22,26,27. Although an increased neuron number 
in association areas is likely to boost human informa-
tion processing capacity, it is clear that brain size alone is 
unlikely to explain the entire range of cognitive functions 
characteristic of humans (BOX 1).

At the histological level, only a handful of studies have 
so far explored differences in brain cellular organization 
and neural connectivity between humans and apes. These 
studies have identified increased glia to neuron ratios28, 
increased spacing between neurons29, increased astro-
cyte complexity30, and increased neuropile density31 in the 
human brain. Some of these changes, however, may be 
a result of the overall brain size increase on the human 
evolutionary lineage27. Finally, the only comparative 
diffusion tensor imaging study known to us identified 
human-specific changes in the structure of the arcuate 
fasciculus, a white matter tract connecting language-
associated regions in the human brain32. Overall, few 
studies so far have focused on the identification of human-
specific cognitive, anatomical and histological features.  

Neuropile
A synaptically dense region 
between the neuronal and glial 
cell bodies, composed of 
dendrites, axons, synapses, 
glial cell processes and 
microvasculature.
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Abstract | What evolutionary events led to the emergence of human cognition? Although the 
genetic differences separating modern humans from both non-human primates (for example, 
chimpanzees) and archaic hominins (Neanderthals and Denisovans) are known, linking 
human-specific mutations to the cognitive phenotype remains a challenge. One strategy is 
to focus on human-specific changes at the level of intermediate phenotypes, such as gene 
expression and metabolism, in conjunction with evolutionary changes in gene regulation 
involving transcription factors, microRNA and proximal regulatory elements. In this Review 
we show how this strategy has yielded some of the first hints about the mechanisms of 
human cognition.
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Box 1 | Brain size evolution in the archaeological and genetic records

Anatomical differences between human and chimpanzee brains, changes 
in cranial size in the human fossil record, and archaeological records of 
tools and cultural artefacts together present a general picture of the 
evolutionary steps that have led to the emergence of the human brain 
and cognitive abilities. From the most recent common ancestor of 
humans and chimpanzees 6–8 million years ago (mya)33,35 until the dawn 
of the genus Homo approximately 2.5 mya, all early human ancestors had 
ape-like cranial volumes145,146. By contrast, subsequent Homo species  
had both higher absolute cranial capacities and higher cranium-to-body 
ratios (also known as encephalization quotients)145,147,148 (see the figure). 
For example, the early Homo habilis (2.3–1.6 mya) had a cranium that was 
1.5 times larger than that of modern chimpanzees. Homo erectus, a 
hominid species that populated our planet between 1.9 mya and 200 
thousand years ago (kya), had a cranium that was initially twice as 
large147,148. Homo heidelbergensis, another hominin ancestor that 
appeared approximately 1 mya, had a cranial capacity approximately 
three times that of modern chimpanzees, overlapping with that of 
modern humans (Homo sapiens sapiens, 200 kya149), whereas 
Neanderthals (Homo sapiens neanderthalis, from 400–800 kya to 30 
kya35,39) evolved cranial sizes that surpassed those of modern humans147.

Compared to ancestral hominins, increased cranial capacity probably 
augmented the general and social intelligence of Homo species. 
Encephalization might have been the basis for the Oldowan (2.6–1.4 mya) 
and Acheulean (1.8–0.25 mya) stone tool technologies, and could have set 
the ground for the first out-of-Africa hominin colonizations undertaken by 
Homo erectus145,150,151. Tool use for scavenging, hunting and digging tubers, 
and the subsequent control of fire and invention of cooking152 are thought 
to have promoted human encephalization by enriching nutritional 
content and increasing energy input153,154. Technological advance, access 
to high-quality food and encephalization thus appear to have evolved 
hand-in-hand. However, exceptions to this concept of parallel evolution 
might exist, such as the not yet fully understood case of the small-brained 
Homo floresiensis species, who used stone tools but had an ape-like cranial 
volume155.

Recent comparative genomic studies have identified a number of 
mutations in the modern human genome that could underlie the 
evolution of larger brain size and behavioural traits. In agreement with the 
fossil record, these mutations are shared with extinct hominin species, 
indicating that encephalization and certain behavioural changes evolved 

early in the evolution of Homo. For example, a deletion of one enhancer of 
the growth arrest and DNA-damage-inducible gamma (GADD45G) gene, 
which is postulated to have led to brain size expansion, is shared with 
Neanderthals (data from REF. 45). Likewise, a human-specific duplication 
of a truncated version of the gene SLIT-ROBO Rho GTPase activating 
protein 2 (SRGAP2) was dated to approximately 2.4 mya156,157. This 
duplication is predicted to increase dendritic spine density in the cortex 
and could have enhanced signal processing in the hominin brains (see the 
figure). It is also worth noting that both Neanderthals and Denisovans — 
the two extinct hominin species that diverged from the human 
evolutionary lineage 400–800 kya35,40 — differ from other primates by the 
same two amino acid changes as modern humans in the gene encoding 
forkhead box P2 (FOXP2)158,159. As these amino acid substitutions have 
been linked to the evolution of human language160 and changes in brain 
connectivity110, it is conceivable that Neanderthals and Denisovans also 
possessed certain types of human-like linguistic abilities.

Remarkably, although the late Homo species showed an increase in brain 
size to and beyond that of modern humans, their Acheulean technology 
(1.8–0.25 mya), mainly consisting of stone flakes and hand-axes, made only 
limited progress for nearly 1.5 million years150. This cultural and 
technological standstill contrasts with the rapid cultural explosion 
observed in the archaeological record that started approximately 250 kya 
and is associated with the appearance of the first fossil remains of modern 
humans, Homo sapiens sapiens161. The first modern human forms appear 
about 190 kya in East Africa162, which is in agreement with the estimation 
for the origin of modern humans based on population genetic studies149. 
With the rise of modern humans in Africa, between 250 and 50 kya, bone 
tools began to be exploited, and spear heads and fishing appeared163–165. 
Besides technological innovation, this period also witnessed the first 
appearance of unequivocal symbolic artefacts, such as pigment use by 160 
kya166 and shell ornaments and cave engravings by 77 kya167. Producing 
these artefacts involved a large number of steps, and maintaining such a 
culture demanded efficient systems of information transfer across 
generations165. This cultural explosion was soon followed by successful 
colonization of other continents and could have accelerated the extinction 
of other hominin species168. Strikingly, the now-extinct hominins that 
coexisted with Homo sapiens — including Neanderthals — do not appear 
to have produced symbolic artefacts (but see REF. 169), despite 
Neanderthals having a larger cranial capacity than Homo sapiens161. 
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Hominid 
A member of the family 
Hominidae (the great apes), 
including the subfamily 
Homininae (humans, gorillas 
and chimpanzees) and the 
subfamily Ponginae 
(orang-utans).

Hominin
Member of the tribe Hominini, 
including all species that 
evolved since the last common 
ancestor between humans and 
chimpanzees, and which were 
more closely related to humans 
than to chimpanzees, including 
the genera Ardipithecus, 
Australopithecus, Paranthropus 
and Homo.

Neanderthals
An extinct species of the genus 
Homo, which inhabited Europe 
and parts of western Asia 
between 400,000 and 
30,000 years ago. Notably, 
they had very similar 
morphology to modern 
humans, slightly bigger brains, 
and interbred with Eurasian 
modern humans for some 
period.

Denisovans
A recently discovered extinct 
Homo species identified by 
genome sequencing of a finger 
bone from Siberia. Denisovans 
were more closely related to 
Neanderthals than to modern 
humans.

Furthermore, these studies typically examined very 
limited numbers of individuals. Thus, it is likely that 
additional histological differences between human 
brains and the brains of other primates remain to be 
identified.

Second, although the completion of the human and 
the non-human primate genomes has provided us with 
a nearly complete list of genetic features specific to 
humans, the functional consequences of these features 
remain elusive. Genetically, humans are close to other 
apes: the genetic distance between humans and chim-
panzees or bonobos is on the order of 1–5% (depend-
ing on the types of genetic divergence considered) and 
reflects the recent divergence of the species33–35. By com-
parison, the difference between the common mouse 
and rat species, Mus musculus and Rattus norvegicus, 
respectively, ranges from 20% to 50%36. Nonetheless, the 
relatively small genetic divergence between the human 
and chimpanzee genomes includes ~50,000 amino acid 
changes along with ~30,000,000 point mutations in non-
coding sequences, as well as millions of insertions, dele-
tions, inversions, genomic rearrangements, transposable 
element movements, and others33.

Importantly, most of these genetic changes in all 
likelihood made no contribution to human phenotype 
and, therefore, are evolutionarily neutral37,38. How then 
can we recognize the few genetic changes that were 
responsible for the emergence of human cognition 
among the millions of evolutionarily neutral changes 
separating humans and non-human primates? One 
strategy is to limit the scope of investigation to known 
functional sites and to focus on human-specific genetic 
changes, that is, changes found in the human genome 
but not in the genomes of any other closely related 
primate species, including the extinct hominin species 
Neanderthals and Denisovans39,40. Another strategy is 
to screen the genome for regions that contain unusu-
ally large numbers of human-specific DNA sequence 
changes — an occurrence that implies adaptive evolu-
tion at such loci.

These approaches have led to the identification of 
changes in genes associated with language and speech 
(forkhead box P2 (FOXP2), protocadherin 11 X-linked 
(PCDH11X) and PCDH11Y), genes associated with 
brain size (microcephalin 1 (MCPH1), asp homologue, 
microcephaly associated (Drosophila) (ASPM), CDK5 
regulatory subunit associated protein 2 (CDK5RAP2), 
solute carrier family 2 (facilitated glucose transporter), 
member 1 (SLC2A1), SLC2A4, neuroblastoma break-
point family (NBPF) genes, growth arrest and DNA-
damage-inducible gamma (GADD45G), ret finger 
protein-like 1 (RFPL1), RFPL2 and RFPL3) and genes 
associated with neuronal functionality (dopamine recep-
tor D5 (DRD5), glutamate receptor, ionotropic, NMDA 
3A (GRIN3A), GRIN3B and SLIT-ROBO Rho GTPase 
activating protein 2 (SRGAP2)). Genome-wide scans 
have similarly identified both coding and non-coding 
transcripts and regulatory loci predicted or known to 
affect neural development41–45. These findings have 
shown that studies of human-specific genetic changes 
can be fruitful, especially when the phenotypic roles of 

the affected loci are partially known through studies of 
genetic linkage or association with cognitive disease or 
from experiments in model organisms (reviewed in REFS 
38,46–48). An alternative avenue of the search for evo-
lutionary changes underlying human brain evolution is 
the investigation of human-specific alterations at levels 
intermediate between the genome and phenotype (FIG. 1). 
There are several advantages to this approach. First, 
such data can be scrutinized to determine transcripts, 
proteins and metabolites that show shared patterns of 
species divergence across brain regions, cell types or 
developmental time points. Such coordinated differ-
ences that involve multiple genes may hint at the spa-
tial and temporal rearrangements of existing functional 
processes, as well as the emergence of novel histologi-
cal structures, metabolic fluxes or developmental pat-
terns in the human brain. Second, coordinated changes 
in transcript, protein or metabolite abundance can be 
linked to changes in upstream regulation shared by these 
elements, thus facilitating identification of the causative 
evolutionary changes.

The difficulty of this approach, compared to 
genome-based studies, stems from the need for pre-
cise large-scale measurements conducted in specific 
brain regions and specific cell types, at various ontoge-
netic time points in multiple human and non-human 
primate individuals, and under known environmental 
conditions. The technologies allowing such measure-
ments are available today (FIG. 1). In particular, high-
throughput sequencing technologies, also known as 
next-generation sequencing (NGS), provide com-
prehensive quantification of human and non-human 
primate transcriptomes that are free of biases and 
limitations characteristic of microarray-based meas-
urements49,50. For example, unlike most microarrays, 
NGS allows the identification of novel coding and non-
coding transcripts expressed in the human brain51–55. 
Besides delivering comprehensive transcriptome meas-
urements, NGS provides a means for determining the 
epigenetic states of chromatin, identifying regulatory 
binding sites and even estimating translational rate by 
ribosome profiling (reviewed in REF. 56). In addition 
to NGS, a less recognized area of recent technological 
advances is metabolomics, an approach that allows us 
to obtain high-throughput measurements of hundreds 
of hydrophilic and hydrophobic compounds present in 
the brain using mass spectrometry-based approaches57. 
This has opened new perspectives for the identification 
of functional features specific to the human brain. The 
current challenge to evolutionary studies of the human 
brain is, therefore, not technological. The main limit-
ing factor is the availability of good quality human and 
non-human primate brain samples with precise histo-
logical, ontogenetic and demographic characteristics.

Nonetheless, recent studies based on the investiga-
tion of molecular phenotypes have provided important 
insights into the molecular mechanisms and the genetic 
changes that underlie human cognitive evolution. In this 
Review we specifically focus on a large body of studies 
examining human-specific features of the brain tran-
scriptome, as well as the regulatory mechanisms driving 
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mRNAs
Transcripts encoding 
sequences of protein-coding 
genes. mRNAs serve as 
messengers between genomic 
DNA and the protein 
translation machinery of the 
cell.

Non-coding RNAs
(ncRNAs). Transcripts that do 
not encode proteins but have 
regulatory, structural and 
catalytic roles in cells.

Broca’s area
A region of the brain within the 
inferior frontal gyrus that is 
associated with speech in 
humans and manual gestures 
in other primates. The region 
tends to be larger in the left 
hemisphere.

this transcriptomic divergence. Additionally, we intro-
duce recent findings on human-specific aspects of brain 
functionality stemming from the emerging field of evo-
lutionary metabolome studies.

Transcriptome studies
Transcription of genomic material in the form of mRNAs 
and non-coding RNAs (ncRNAs) represents the first step 
in the transfer of genetic information from the DNA 
sequence to the organismal phenotype (FIG. 1). Below, we 
summarize the results of studies that have investigated 
transcript expression features that are specific to the 
human brain.

Species comparisons of the adult brain. The first studies 
comparing RNA transcript abundance between human 
brains and the brains of closely related non-human pri-
mates such as chimpanzees, orang-utans and macaques 
measured mRNA abundance levels in few adult indi-
viduals and sampled a limited number of cortical areas, 
such as the PFC58, anterior cingulate cortex (ACC)59 or 
the cerebral cortex in general60. Despite such limitations, 
these studies uncovered several features of primate tran-
scriptome evolution. First, they showed that for many 
genes, mRNA abundance variation within a species is 
lower than the divergence between species: that is, in 
the adult cerebral cortex, thousands of transcript abun-
dance signatures are uniquely present in humans but not 
in other primates58. Second, they found that changes in 
mRNA abundance in the brain proceeded at a faster rate 
in the human than on the chimpanzee evolutionary lin-
eage58,60. This observation is consistent with the notion 
that changes in brain functionality on the human evolu-
tionary lineage could have been determined by changes 
in gene expression61,62. However, these and subsequent 
studies suggested that, in a similar way to DNA sequence 
changes, a substantial proportion of gene expression dif-
ferences observed between human and other primates’ 
brains may be unrelated to the cognitive differences 
among species or may have no effect on the organism’s 
phenotype63,64.

One approach to study the functionality of gene 
expression changes is to survey human-specific mRNA 
abundance profiles across brain regions with diverse 
functions. The first such study examined mRNA abun-
dance in six human and chimpanzee brain regions — 
the dorsolateral PFC (DLPFC), Broca’s area, primary 
visual cortex (V1), ACC, caudate nucleus and cerebel-
lum — and found surprisingly few differences that were 
specific to a particular brain region65. Transcript abun-
dance differences between humans and chimpanzees 
were distinct among the cerebellum, caudate nucleus 
and the cerebral cortex, but within the cerebral cor-
tex only the V1 showed substantial divergence specific 
to this region. This paucity of human-specific mRNA 
abundance in particular cortical regions, including 
the DLPFC and Broca’s area, was further confirmed 
by modular analysis of co-expression networks based 
on the original expression data66. Functionally, the 
DLPFC, ACC and, particularly, Broca’s area show 
activation when people perform tasks that involve 

Figure 1 | A schematic representation of the 
complete molecular roadmap for deciphering 
human brain evolution. Adult human and 
chimpanzee brains show thousands of mRNA 
abundance differences, which could be relevant to how 
the human CNS develops and functions differently from 
that of other primates. How these expression 
differences are regulated is, however, largely unknown. 
To address this, systematic identification of 
human-specific features at all levels of molecular 
phenotype is needed. Measurements of epigenetic 
regulatory marks, such as histone modifications (a) and 
DNA modifications (b), transcriptome abundance levels 
(c), ribosome positioning (d) and proteome abundance 
levels (e), in combination with metabolite 
concentration measurements (f), will allow us to 
identify the full spectrum of human-specific molecular 
features. With this knowledge we should then be able 
to propose and test mechanisms underlying human 
cognitive evolution. ChIP–seq, chromatin immunopre-
cipitation followed by sequencing; ncRNA, non-coding 
RNA; RNA-seq, RNA sequencing.
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Heterochrony
An evolutionary phenomenon 
involving changes in the rate 
and timing of development.

human-specific cognitive functions, including social 
behaviour, decision-making, attention, creativity and 
language67–71. Furthermore, damage to these brain areas 
results in a loss or decline of these cognitive functions, 
as in Broca’s aphasia72,73. A lack of pronounced human-
specific mRNA abundance changes that are particular 
to these cortical regions indicates that their novel func-
tions evolved in humans without large-scale changes 
in functional organization and/or histological compo-
sition of these regions in the adult brain. This obser-
vation complements histological studies that show 

general homology between the human and macaque 
parietal and frontal cortex areas74,75. Moreover, there is a 
histological homologue of Broca’s area in chimpanzees 
and macaques, but it functions in non-vocal commu-
nication, including gestures and orofacial responses76,77. 
Thus, brain regions involved in human-specific cogni-
tive functions are likely to represent previously existing 
areas that have been recruited for novel functionality8.

Nonetheless, it is important to note that current stud-
ies of brain-region-specific differences between humans 
and non-human primates were based on small numbers 
of individuals and examined bulk cortical samples that 
contained a mixture of functionally distinct cell types. As 
recent studies have demonstrated profound differences in 
transcript abundance between specific histological forma-
tions, such as cortical layers (BOX 2), and between specific 
regions of the human brain78, many human-specific gene 
expression features particular to specific sites or cell types 
within the brain may still be undiscovered.

A developmental perspective. Human cognitive abilities, 
such as language, emerge and develop during childhood 
and adolescence79. Their development requires external 
input, such as interactions with conspecifics, during a spe-
cific developmental period. For example, human infants 
deprived of contact with other humans are not able to 
achieve normal levels of cognitive skills, such as verbal 
communication, when introduced into human society 
later in life80. Further, the potential to develop these abili-
ties is specific to humans: babies of non-human primates 
raised in a human environment do not develop compara-
ble cognitive skills81. Additional insight into the evolution 
of human cognition might, therefore, be gained through 
studies of human brain development.

The first comparative molecular study of primate 
brain development found that more than 70% of genes 
expressed in the human, chimpanzee or macaque brains 
undergo changes in mRNA abundance during postnatal 
development, with the most rapid changes taking place 
in early infancy82. Although the trajectories of these 
developmental changes were conserved across spe-
cies for more than 75% of genes expressed in the brain, 
their timing differed substantially among species — a 
phenomenon termed heterochrony83. On average, such 
timing differences scaled with species’ differences in 
maturation rates. However, this temporal scaling was 
not uniform across genes: for example, when comparing 
humans to chimpanzees, certain genes showed greater 
delay than expected from the difference in maturation 
rates, whereas others showed accelerated changes.

Subsequent studies provided further insights by 
separating gene expression differences among species 
into differences in the mean mRNA abundance level, 
thus preserving the shape of developmental trajec-
tories, and into differences that altered the shape of 
mRNA abundance trajectories during postnatal brain 
development (FIG. 2a). Firstly, this showed that changes 
affecting mRNA abundance levels accumulated at 
similar levels on both the human and chimpanzee line-
ages (FIG. 2b). By contrast, many more changes in the 
shape of developmental trajectories took place on the 

Box 2 | Transcriptome studies at finer layers of cortical organization

Within the cerebral cortex, neurons and their projections form a distinct laminar 
architecture that is commonly classified into six layers (for example, see REF. 170). 
Cortical layers differ from one another with respect to the neuronal types they contain, 
as well as the types of neuronal projections originating from and feeding into these 
layers (see REFS 171–173 for reviews). Recent studies have demonstrated that these 
differences in histology and connectivity are underlined by differential expression of 
genes across the layers. An in situ hybridization-based study investigated the 
expression localization in human cortex for approximately 1,000 genes associated with 
neural functions174. This study revealed profound differences in gene expression across 
the six cortical layers in all three brain regions examined: primary and secondary visual 
cortices, and part of the midtemporal cortex. This finding agrees with findings from 
studies using high-throughput transcriptome analysis methodologies, microarrays and 
RNA sequencing (RNA-seq) in macaques and mice: ~4,900 and 5,800 of examined 
transcripts showed distinct localization across the cortical layers in macaques175 and 
mice176, respectively. Among cortical regions, only 4% of examined genes showed 
differential expression across layers between human secondary visual and midtemporal 
cortices, whereas 18% of genes differed between primary and secondary visual 
cortices174. Similarly, in the rhesus macaque cortex, the primary visual cortex showed 
the most distinct gene expression signature across the layers among all ten cortical 
regions examined175.

Importantly, despite the relatively high similarity of layer-specific gene expression 
profiles across human cortical areas, a comparison with the mouse in situ hybridization 
results reveals the rapid evolution of layer-specific expression pattern across species: as 
many as 21% of the neural-function-related genes examined showed clear differences 
in layer localization between the human and mouse cortices, with most of these genes 
being characteristic of neurons rather than glial cells and being expressed in a 
layer-specific manner in one of the two species174. These differences included a shift in 
the expression of genes involved in signal transduction and cell–cell communication 
from the mouse layer V to the large pyramidal neurons of the human layer III. This is 
interesting because layer V neurons send output projections to subcortical and 
contralateral regions, whereas layer III neurons send projections within the same 
hemisphere (ipsilateral projections). Owing to the enormous increase in brain size, 
layers III and II (which are similarly involved in the formation of ipsilateral projections) 
are greatly expanded in the human cortex and project over far greater distances 
compared to smaller brains, such as in mice177,178. This result highlights the fact that 
despite the apparent basic uniformity of cortical layer organization across mammals at 
the levels of basic histological architecture, neuronal connectivity and developmental 
origins75,179–181, drastic differences in cortical organization exist between species at the 
level of gene expression localization across the cortical layers.

Divergence of layer-specific expression profiles might have important implications 
for the evolution of human cognition. Changes in synaptic density during human 
postnatal development as examined by electron microscopy showed substantial 
differences in the pace of synaptogenesis across cortical layers88. More recently, 
pyramidal neurons in layer IIIc and layer V of the human prefrontal cortex were shown 
to undergo extensive synaptic remodelling until the fourth decade of life182. 
Interestingly, the pace and the scale of this remodelling differ between layer IIIc and 
layer V pyramidal neurons and between different types of dendrites formed by these 
neurons. Given the recent discovery of a human-specific extension of cortical 
synaptogenesis observed in a prefrontal cortex sample homogenate85, it is possible 
that timing of this extension varies among cortical layers, as well as among neuronal 
and projection types within the layers.
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Synaptogenesis
The formation of synapses 
between neurons. In the human 
cerebrum, synaptogenesis is 
especially intense starting from 
30 weeks of pregnancy until 
15 months of age.

Synaptic elimination
Also called synaptic pruning, 
this is the developmental 
process whereby immature 
synapses — that is, those not 
subject to activity-dependent 
strengthening — are removed. 
At least half of the synapses 
generated in the infant cortex 
are eventually eliminated.

human lineage compared to the chimpanzee lineage84. 
Secondly, human-specific changes in developmental 
trajectories were approximately 3–5 times more pro-
nounced in the PFC than in the cerebellum84. Thirdly, 
in the PFC the most prominent human-specific devel-
opmental trajectory change affected genes associated 
with synaptic functions85 (FIG. 2c; TABLE 1). In summary, 
these results demonstrate that within the last 6–8 mil-
lion years (see BOX 3 for more information on evolu-
tionary timing), mRNA developmental trajectories 
changed more rapidly in the human PFC than in the 
chimpanzee PFC or human non-cortical regions such 
as the cerebellum. One of the major aspects of this 
remodelling has involved heterochronic expression of 
synaptic genes, resulting in their peak expression at 
approximately 5 years after birth in the human PFC 
compared to several months after birth in chimpanzees 
and macaques.

Implications of extended human synaptogenesis. After 
birth, the cerebral cortex of humans and other primates 
undergoes massive synaptic proliferation (synaptogen-
esis), followed by an extended period of synaptic prun-
ing (synaptic elimination). Studies that directly monitored 
synaptic density changes during human brain develop-
ment using electron microscopy showed that synaptic 
density peaks at 3.5–10 years of age in the PFC and at 
0.4–3.5 years of age in the auditory cortex. In the V1, 
synaptic elimination begins substantially earlier, with 
the maximal synaptic density occurring at approxi-
mately 3 months of age86–88. By contrast, in the rhesus 
macaque brain peak synaptic density is reached shortly 
after birth in all cortical regions examined: that is, 
the prefrontal, visual, motor, somatosensory and lim-
bic cortices89. A comparative examination of synaptic 
density in the PFC of humans, chimpanzees and rhe-
sus macaques, although based on a limited number 

Figure 2 | Expression divergence patterns in the prefrontal cortex. a | There are three types of expression differences 
that distinguish human, chimpanzee and rhesus macaque brain development. Type I: no age-related changes, with 
constant mRNA abundance differences among species. Type II: conserved developmental patterns, with constant mRNA 
abundance differences among species. Type III: differences in the shape of developmental patterns of mRNA abundance 
among species (developmental remodelling). b | Evolutionary trees based on the three types of expression differences 
show that mRNA and microRNA (miRNA) expression during prefrontal cortex (PFC) development changed to a similar 
extent on the human (red) and chimpanzee (blue) evolutionary lineages with respect to Type I and Type II differences.  
By contrast, there are many more Type III differences on the human evolutionary lineage as compared to the chimpanzee 
lineage. The percentages within the panels show the percentage of genes showing this type of expression difference.  
c | An example of developmental remodelling in the human PFC: the average expression profile of 184 genes showing 
synchronized human-specific change in the shape of mRNA expression trajectories (left panel). Functions characteristic 
of these genes are shown in TABLE 1. Expression of this set of genes is correlated with putative regulators. The expression 
profile of one such putative regulator miRNA (miR-92a) is shown in the middle panel. The human-specific changes in 
expression of this set of genes are associated with synaptic functions and suggest extended synaptogenesis in the 
human PFC, a notion supported by direct measurements of synaptic density using electron microscopy (right panel).  
Part b is modified from REF. 84. Part c is modified, with permission, from REF. 85 © (2012) CSHL Press.
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of individuals, demonstrated that the pace of synaptic 
density changes in the chimpanzee PFC was faster com-
pared to that in the human PFC, and resembled the pace 
in macaques85 (FIG. 2c). Human-specific changes in the 
expression of the synaptic genes described above could 
therefore be correlated with synaptic density changes in 
the PFC. Thus, in human infants the PFC remains in an 
immature state with respect to synaptogenesis in com-
parison to chimpanzees and macaques. Furthermore, 
the period of synaptogenesis in the human PFC is 
stretched out over the first 3.5–10 years of childhood 
— a developmental window when most fundamen-
tal human cognitive abilities are formed88 — whereas 
in chimpanzees and macaques it is limited to a few 
postnatal months. Remarkably, the amplitude of this 
heterochronic shift is far greater than the overall devel-
opmental delay observed in humans compared to other 
primates85.

In all three species the initial increase in the expres-
sion of synaptic genes is followed by a decline in their 
mRNA abundance, reflecting synaptic elimination. 
This decline not only starts later but is also slower in 
humans, resulting in a higher expression of synaptic 
genes throughout the human lifespan (FIG. 2c). This 
finding corroborates previous observations in the adult 
human cortex60,90 and may be linked to the higher neu-
ropile density reported in the human frontopolar cortex 
(as well as other cortical areas) compared to adult chim-
panzees29,31. It is appealing to speculate that the greater 
number of cortical neurons22 combined with increased 
neuropile density (an indicator of better neuronal con-
nectivity) might provide humans with improved cog-
nitive abilities. However, the functional consequences 
of this and other observations would need to be tested 
experimentally in animal models.

How well do human-specific developmental changes 
in one region of the PFC correspond to changes in other 
cortical areas? A recent investigation of spatiotemporal 

expression profiles in 11 human cortical regions 
throughout fetal and postnatal development showed 
substantial similarities in the developmental mRNA 
abundance profiles among all cortical regions, except 
the V1 (REF. 91). Within the cerebral cortex, however, 
different cortical layers might have different develop-
mental trajectories (BOX 2). Furthermore, imaging stud-
ies have reported substantial differences in the timing of 
maturation among cortical regions with respect to white 
and grey matter volume changes, with the PFC being 
among the later-maturing areas92,93. Thus, whether 
or not the human-specific shift in the timing of syn-
aptogenesis occurs in the majority of cortical areas 
remains to be investigated.

Human-specific changes in the timing of cortical 
synaptic development and maturation are further sup-
ported by findings that axonal myelination rates differ 
between the human and the chimpanzee cortex dur-
ing postnatal development and maturation. Axonal 
myelination is a sign of mature neuronal connectivity. 
It allows more efficient signal transduction (reviewed in 
REF. 92), potentially at the cost of reduced network plas-
ticity. A recent survey of myelination changes spanning 
the full period of postnatal development from birth to 
adulthood, in histological preparations of four cortical 
regions from humans and chimpanzees, demonstrated 
that in the chimpanzee cortex myelination peaks at 
approximately the age of sexual maturity94. Thus, chim-
panzee cortical myelination trajectories match those 
previously observed in macaques95. By contrast, all four 
regions of the human cortex myelination followed a dif-
ferent trajectory, characterized by a delayed period of 
axonal maturation extending well into the third decade 
of life. Similarly, an MRI study comparing white matter 
volume in humans, chimpanzees and macaques during 
the first decade of life showed a more immature white 
matter state in human infants compared to chimpanzee 
and macaque infants96.

Table 1 | Examples of pathways that underwent developmental remodelling in the human PFC

Database Pathways Genes Adjusted 
P‑value

KEGG Calcium signalling pathway ATP2A2, CALM3, CAMK2B, CAMK4, CHRM1, CHRM3, PPP3CB, 
PRKCB, RYR3, SLC8A2

8.00E-03

Long-term potentiation CALM3, CAMK2B, CAMK4, PPP1CA, PPP3CB, PRKCB 3.50E-02

GO Synaptic transmission AKAP5, BDNF precursor, CAMK4, CHRM1, CPNE6, CRHR1 
precursor, DLG4, GABBR2 precursor, GABRA2 precursor, 
GABRA5 precursor, GABRG1 precursor, GRIA4 precursor, 
GRM8 precursor, NRXN3, PARK2, RASGRF1, SLC6A1, STX1A, 
TAC1, UNC13C

2.44E-04

AKAP5, A-kinase anchor protein 5; ATP2A2, sarcoplasmic/endoplasmic reticulum calcium ATPase 2: BDNF, brain-derived 
neurotrophic factor; CALM3, calmodulin 3; CAMK, calcium/calmodulin-dependent protein kinase; CHRM, muscarinic 
acetylcholine receptor M; CPNE6, copine 6; CRHR1, corticotropin-releasing factor receptor 1; DLG4, discs, large homologue 4; 
GABBR2, GABA type B receptor subunit 2; GABRA2, GABA type A receptor, alpha 2; GABRA5, GABA type A receptor, alpha 5; 
GABRG1, GABA type A receptor, gamma 1; GO, Gene Ontology database; GRIA4, glutamate receptor 4; GRM8, glutamate 
receptor, metabotropic 8; KEGG, Kyoto Encyclopedia of Genes and Genomes; NRXN3, neurexin 3; PARK2, parkinson protein 2, E3 
ubiquitin protein ligase; PPP1CA, protein phosphatase 1, catalytic subunit, alpha isozyme; PPP3CB, protein phosphatase 3, 
catalytic subunit, beta isozyme; PRKCB, protein kinase C beta type; RASGRF1, Ras-specific guanine nucleotide-releasing factor 1; 
RYR3, ryanodine receptor 3; SLC6A1, solute carrier family 6 (neurotransmitter transporter, GABA), member 1; SLC8A2, solute 
carrier family 8 (sodium/calcium exchanger), member 2; STX1A, syntaxin 1A; TAC1, tachykinin, precursor 1; UNC13C, unc-13 
homologue C. Data from REF. 85.
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Metabolome studies
The investigation of human-specific changes in brain 
metabolism is a recent offshoot of research that focuses 
on intermediate molecular phenotypes. Brain metabo-
lites encompass all small molecules present in the brain 
with a molecular weight below 1,500 Da and therefore 

represent all compounds that are involved in brain func-
tionality: that is, the building blocks of proteins and 
polysaccharides, membrane lipids, neurotransmitters, 
energy substrates, as well as intermediate products of 
catabolic and anabolic reactions.

Metabolic pathways that are important for brain 
functionality — such as energy metabolism, neuro-
transmitter synthesis and degradation — as well as 
general protein and lipid synthesis pathways are highly 
conserved across diverse taxa97. Nevertheless, several 
observations have suggested that brain metabolism 
may have undergone substantial changes in primates 
and, specifically, on the human evolutionary lineage. 
First, as a result of the increase in brain size, humans 
allocate more of their total body energy to the brain: up 
to 20%, compared to 11–13% for non-human primates 
and 0.5–8% for other vertebrates98. Notably, energy con-
sumption per unit volume is similar between humans 
and macaques99, which is consistent with the constant 
brain metabolic rates across mammals100. It has been 
suggested, however, that the metabolic rate in human 
brains is higher than expected given its size9, and such a 
rise in human brain energy consumption may be linked 
with the higher expression of genes involved in energy 
metabolism59,60 and with possible recent positive selec-
tion of metabolic  genes101. Finally, an additional version 
of glutamate dehydrogenase, GLUD2, which encodes an 
enzyme important for the recycling of glutamate (the 
major brain energy metabolite and excitatory neuro-
transmitter), emerged on the hominoid lineage, support-
ing the idea that brain metabolism has been evolving 
rapidly in humans and apes102–104.

The first study to address this possibility examined 
concentrations of 16 metabolites in the PFC of ten adult 
patients with schizophrenia, 12 healthy adult humans, five 
adult chimpanzees and six adult rhesus macaques using 
proton-NMR (1H-NMR) analysis105. In this study, 7 out 
of 16 metabolites showed statistically significant concen-
tration differences among species. Somewhat contrary to 
the notion of higher metabolic rate of the human brain, 
concentrations of lactate (one of the non-glucose energy 
metabolites used by neurons106) were lower in the human 
brain compared to chimpanzees and macaques, and glu-
tamate did not show concentration differences between 
humans and either chimpanzees or rhesus macaques.

The only other study of metabolic evolution of the 
human brain examined concentrations of 61 annotated 
metabolites by means of gas chromatography coupled 
with mass spectrometry in the PFC and cerebellum of 
49 humans, 11 chimpanzees and 45 rhesus macaques107. 
This study included subjects with ages spanning post-
natal brain development, maturation and ageing, and 
included a controlled assessment of post-mortem 
changes in metabolite concentrations. The results con-
firmed the clear separation of human, chimpanzee and 
macaque metabolic profiles in both brain regions and, 
additionally, demonstrated profound changes in metab-
olite concentrations over the lifespan in all three spe-
cies. Most notably, the PFC showed substantially greater 
numbers of human-specific metabolic changes than 
the cerebellum: 11 (18%) versus three (5%) annotated 

Box 3 | Neoteny hypothesis of human evolution, revisited

The record of fossil remains and cultural artefacts described in BOX 1 suggests 
that the increase in brain size on the human evolutionary lineage substantially 
pre-dated the recent cultural and technological explosion that is commonly 
associated with modern human cognitive abilities. If so, what was the basis of this 
novel behaviour? One plausible explanation could be the extension of the 
childhood period and/or remodelling of synaptic development in modern humans. 
Compared to chimpanzees, modern human infants mature 1.5–2 times more slowly 
and accordingly reach sexual maturity at a later chronological age25,183. However, 
the delay in synaptic maturation observed in the prefrontal cortex — from a few 
months in chimpanzees and macaques to more than 5 years in humans — is much 
more dramatic compared to this overall delay in maturation85. This developmental 
change suggests that humans retain higher numbers of cortical synapses88 and thus 
may have greater neural plasticity for a longer time than other primates184. 
Consistently, adult humans show higher mRNA abundance levels of synaptic genes 
compared to chimpanzees and macaques. The shifted timing of peak synaptic 
density in the human frontal cortex can therefore be considered a form of neoteny, 
providing support for the long-standing hypothesis of human neotenic evolution83 
at the level of the molecular phenotype.

When did the extension of cortical synaptogenesis and, more generally, the extension 
of the childhood period occur? In this regard, the fossil record provides equivocal 
evidence. On the one hand, cranial growth patterns in Neanderthals might have been 
more similar to that of modern humans: both species display a rapid postnatal growth 
not seen in Homo erectus or in chimpanzees24,25. On the other hand, the rate of dental 
maturation in Neanderthals seems to have been rapid, occurring at a similar rate to that 
of Homo erectus and of chimpanzees, and unlike the delayed maturation observed in 
fossils of modern humans185–187 (but see REF. 188). Thus, certain aspects of body and 
cranial growth rates were shared between modern human ancestors and Neanderthals, 
whereas finer changes in developmental patterns may have occurred after the two 
species split189.

There is accumulating evidence that human brain development was fundamentally 
reshaped through several genetic events within the short time space between the 
human–Neanderthal split and the emergence of modern humans. First, a reanalysis of 
the positive selection signature associated with genetic changes in the transcription 
factor forkhead box P2 (FOXP2) has been suggested to involve changes in regulatory 
elements around this gene, rather than amino acid substitutions190. Notably, unlike 
the amino acid substitutions that pre-date the human–Neanderthal split, these 
putative regulatory changes are thought to have occurred within the last 
250,000 years of human evolution. Second, a recent genome analysis noted that 
among 23 genes harbouring amino acid changes at conserved positions that are 
human-specific and not shared with Denisovans, eight have roles in neural and 
synaptic development, including contactin-associated protein-like 2 (CNTNAP2), 
which has been associated with autism159. Finally, a comparison between the modern 
human genome and the genome of Neanderthals revealed that the 50–100 kb 
upstream region of myocyte enhancer factor 2A (MEF2A) — one of the potential 
transcriptional regulators of extended synaptic development in the human cerebral 
cortex — is located in a region that shows an indication of recent positive selection in 
humans85. Specifically, this region contains three times as many modern 
human-derived single nucleotide polymorphisms compared to the genome average. 
Although this is not unequivocal evidence of positive selection, such a polymorphism 
pattern implies that a genetic variant located within this region — for example, a 
single nucleotide substitution leading to a regulatory change — rapidly increased in 
frequency on the human evolutionary lineage after the human–Neanderthal 
separation39,85. This suggests that changes in MEF2A expression, which potentially 
resulted in a delayed peak expression and an increase in the overall mRNA 
abundance of synaptic genes that is characteristic of the prefrontal cortex of modern 
humans, took place within the past half a million years of human evolution and had 
adaptive significance.
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Neoteny 
A type of evolutionary change 
in timing — that is, 
heterochrony — brought about 
by a retardation of somatic 
development, resulting in adult 
features characteristic of the 
juvenile state of ancestors.  
 
Hominoid
Member of the superfamily 
Hominoidea, which contains 
two families of extant species 
— the family Hominidae (the 
great apes, including humans, 
orang-utans, gorillas, 
chimpanzees and bonobos) 
and the family Hylobatidae 
(lesser apes, including gibbons).

Transcription factors
Proteins activating or 
repressing the expression of 
genes by binding to particular 
DNA sequence motifs 
proximal to a gene’s 
transcription start site.

MicroRNAs
(miRNAs). miRNAs are 
commonly single-stranded 
RNA molecules of 20–23 
nucleotides in length, 
generated endogenously from 
a single-stranded hairpin 
precursor. They act as post-
transcriptional inhibitors in 
association with the 
RNA-induced silencing 
complex (RISC). 
 
Cis-elements
DNA sequences, such as a 
transcription binding site, 
directly affecting the 
expression of a gene within the 
same chromosomal region.

Trans-regulator
An RNA or protein that 
regulates the expression of 
another, so-called target gene. 
Unlike a cis-element, it does 
not necessarily reside in the 
same chromosomal region as 
the target gene.

Neutral mutation
A mutation that has no effect 
on evolutionary fitness: that is, 
it is neither positively nor 
negatively selected, so its 
frequency changes only as a 
result of genetic drift.

metabolites, respectively. Also, in agreement with the 
previous study105, glutamate concentrations were simi-
lar among adults of the three species, but were signifi-
cantly lower in the PFC of human newborns compared 
to chimpanzees and macaques.

Despite limitations in the scope of the metabolites 
and brain areas examined, these studies demonstrate 
that a large fraction of the brain metabolome has 
diverged among closely related primates. To what extent 
this metabolome divergence was affected by environ-
mental factors such as diet remain to be investigated. 
Several potential associations between metabolic and 
functional features of the human and non-human 
brains could nonetheless be made on the basis of the 
current data. For example, similar concentrations of 
glutamate in the brains of adult humans, chimpanzees 
and macaques may reflect the similarities in metabolic 
rates per unit of volume reported across mammals100. 
Likewise, lower concentrations of glutamate in the 
human newborns may reflect the slower pace of excita-
tory synapse maturation in the human PFC85, as well 
as the lag in glucose metabolism (which is linked with 
glutamate metabolism108) in the human PFC compared 
to the occipital, temporal and parietal cortices during 
the first 8 months after birth109.

Mechanisms of human-specific changes
The studies summarized above have shown that the 
expression of thousands of genes, as well as the abun-
dance of many metabolites, differs between the human 
brain and the brains of closely related primate species. 
The functional effects of these human-specific differ-
ences could potentially be tested in various experimental 
systems, including cell lines or laboratory animals55,110,111. 
Furthermore, recent advances in the generation of 
induced pluripotent stem (iPS) cells, which can be dif-
ferentiated into various neural cell types, may represent 
a particularly promising experimental platform for the 
identification of key regulators and key genetic changes 
underlying the evolution of human-specific pheno-
types112. First, however, these key regulatory and genetic 
changes driving human-specific transcriptome and 
metabolome divergence need to be identified among 
the thousands of genetic and gene expression differences 
that separate humans from other primate species.

Regulatory mutations can be identified using both 
bottom-up approaches (from the genome to the phe-
notype) and top-down approaches (from the phenotype 
to the genome). Examples of bottom-up approaches are 
genome-wide scans searching for regulatory regions, 
such as promoters and enhancers, which contain unu-
sually high numbers of human-specific mutations. 
Studies have shown that such human-accelerated 
enhancer or promoter regions tend to occur around 
genes involved in neural development that are expressed 
in the brain41,44. Thus, the regulation of gene expres-
sion might have been altered more in the brain than 
in other tissues during human evolution113. However, 
other observations show that non-coding loci affecting 
neural development genes are generally evolving rapidly 
among mammals114.

Top-down approaches search for common regula-
tors of expression patterns specific to the human brain. 
These studies are based on the postulate that genes 
showing correlated expression change profiles across 
various biological states or conditions are co-regulated 
by shared trans-acting regulators (such as transcrip-
tion factors and/or microRNAs (miRNAs)) and may be 
involved in the same biological process (for example, 
see REF. 115). The first study applying this approach to 
analyse human-specific expression in the brain looked 
at correlations of mRNA expression levels across 
human and chimpanzee brain regions with the aim 
of assessing the functional significance of expression 
differences between species66. The authors reported 
general evolutionary conservation of co-expression 
gene modules, and further suggested that changes in 
the co-expression network topology between species 
could be an indication of functional transcriptomic 
differences.

A recent analysis of mRNA and miRNA expression 
divergence during postnatal brain development has indi-
cated that expression changes that affect mean transcript 
abundance levels may have different regulatory origins 
from expression changes that alter the shape of transcript 
abundance trajectories during development84 (FIG. 2a). 
Expression changes that affect the mean mRNA abun-
dance but preserve the shape of developmental trajecto-
ries have been associated with mutations in cis-elements, 
as estimated on the basis of correlations between cis-reg-
ulatory sequence divergence and expression divergence. 
Notably, despite their multiplicity, protein-coding genes 
displaying this type of expression divergence do not 
group into any functional categories, but represent a ran-
dom selection of genes expressed across many human 
tissues. Furthermore, this type of expression divergence 
is equally widespread on both the human and the chim-
panzee evolutionary lineages (FIG. 2b).

By contrast, expression changes that alter the shape 
of mRNA and miRNA abundance trajectories during 
postnatal brain development show distinct evolution-
ary and functional features. First, for both mRNA and 
miRNA, such expression differences are more common 
on the human than on the chimpanzee evolutionary 
lineage84 (FIG. 2b). Second, protein-coding genes dis-
playing these differences have highly conserved amino 
acid and regulatory sequences. Third, these expression 
differences are tissue- and even brain-region-specific 
and show clear associations with specific biological 
pathways that are directly relevant to neural functions 
(TABLE 1). Last, these changes could be associated with 
expression changes of the corresponding trans-regula-
tors, such as transcription factors and miRNAs (FIG. 2c), 
rather than to changes in the sequence of their own 
cis-regulatory elements84.

Thus, in contrast to the common hypothesis postu-
lating a major role for trans-regulation in shaping the 
evolution of the human brain transcriptome61, most 
gene expression differences that separate humans from 
non-human primates probably reflect evolutionarily 
neutral mutations in cis-regulatory elements that have 
spread through the population by genetic drift (FIG. 3). 
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Genetic drift
Random sampling effects, such 
as random variance in the 
number of offspring among 
individuals, that can increase 
or decrease a mutation’s 
frequency in a population 
across generations. Such 
events can cause the loss or, 
more rarely, fixation of a 
neutral or nearly neutral 
mutation.

Zinc finger proteins
A family of proteins containing 
a zinc finger motif, where zinc 
ions take part in stabilizing the 
structure, and which usually 
function in DNA or RNA 
binding. The largest family of 
mammalian transcription 
factors consists of zinc finger 
proteins.

Nevertheless, a small number of mutations that affect 
the expression of trans-regulators might have led to 
coordinated changes in the expression of hundreds of 
genes, thus reshaping certain aspects of human brain 
development. Although these developmental changes 
constitute a minority of expression differences between 
humans and non-human primates found in the brain, 
they are likely to play major parts in the evolution of 
human brain functions. This point is important because 
the total number of genetic changes that have led to 
cognitive adaptations in recent human evolution might 
be limited to a small number of events (BOX 4). Below, 
we explore the potential roles of several types of trans-
regulators in human brain evolution.

Transcription factors. Among trans-regulatory changes 
with a possible contribution to human cognitive evo-
lution, the bulk of evidence involves transcription fac-
tors. This evidence is partly based on genomic sequence 
comparisons between humans and other species and on 
searches for unusual patterns of sequence change, fur-
ther combined with functional information from human 
disease studies. One important example is the discovery 
of two human-specific amino acid substitutions that 
change the regulatory specificity of the transcription fac-
tor FOXP2 (REFS 110,111). In humans, loss of one copy 
of FOXP2 leads to language impairment and abnormal 
cognitive activity116. In mice, expression of the human 
version of the FOXP2 gene resulted in greater dendrite 
arborization and synaptic plasticity in the striatum110. 
The amino acid differences between the human and the 
chimpanzee versions of FOXP2 were also associated with 
a different regulatory potential of this transcription fac-
tor in a human cell line, which could partly explain the 
differences in mRNA abundance between adult human 
and chimpanzee brains111.

Functional analyses of genome scans have revealed 
accelerated sequence evolution of transcription fac-
tors, especially zinc finger proteins, along the primate and 
human lineages42,117. Transcription factors containing the 
zinc finger domain were also found to be over-represented 
among genes that have newly arisen on the human lineage 
through duplications118. Interestingly, an analysis of tran-
scription factor expression differences between humans 
and chimpanzees in the PFC, liver, kidney, heart and tes-
tis revealed strong expression divergence of the Krüppel-
associated box (KRAB) zinc finger proteins in the PFC, 
but not in other tissues119.

Another line of evidence for the role of transcription 
factors in human cognitive evolution comes from stud-
ies showing that brain transcriptome divergence among 
species was associated with differences in the expres-
sion of specific transcription factors. For example, a 
recent study analysed frontal cortex, caudate nucleus 
and hippocampal expression profiles in humans, chim-
panzees and macaques, and reported regulatory roles 
for both FOXP2 and the circadian regulator (CLOCK) 
in driving human-specific gene expression in the PFC49. 
This is interesting, as deregulation of CLOCK is impli-
cated in neuropsychiatric disorders such as mania-like 
behaviours (reviewed in REF. 120).

Figure 3 | Schematic representation of potential 
contributors to the emergence of novel cognitive 
phenotypes. It has been suggested that evolutionary 
changes in the human cognitive phenotype are more 
often based on changes in gene expression (a) than on 
changes in protein sequence (b)61. Generally, such 
transcriptome changes may arise by two major 
mechanisms. The first mechanism is based on changes in 
the sequence (c) or expression (d,e) of trans-regulators. 
Examples of such regulators include transcription 
factors, regulatory non-coding RNA and 
histone-modifying enzymes. This mechanism commonly 
leads to coordinated changes in the expression of 
multiple genes that are targeted by the same 
trans-regulator. Although some of these regulatory 
changes may not lead to changes in the organism’s 
phenotype (evolutionarily neutral changes, grey arrows), 
coordinated changes in the expression of many genes 
commonly involved in similar functions are often either 
deleterious (and are therefore quickly removed by natural 
selection) or result in phenotypic changes that increase 
the organism’s fitness (advantageous changes, black 
arrows). Notably, environmental differences between 
species, such as differences in diet or social learning, 
might also manifest themselves through this mechanism 
(f). The second mechanism is based on changes in the 
sequence or epigenetic state at the binding sites for 
trans-regulators. These changes usually occur in genomic 
regions that lie proximal to the affected gene and 
therefore are classified as cis-regulatory changes. Most 
genetic changes that affect the expression 
trans-regulators are likely to occur in their own 
cis-regulatory elements (g). Therefore, the distinction we 
are making here is not between cis- and trans-regulatory 
modes in general, but between cis- and trans-effects that 
are directly responsible for differences in mRNA 
abundance between species. Although some of the 
expression differences directly caused by cis-regulatory 
changes may result in advantageous changes to the 
organism’s phenotype (h), most of them are probably 
evolutionarily neutral (i)84.
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Box 4 | Estimating the number of genetic events leading to modern human cognition

One of the crucial questions in human evolution is how many genetic events were responsible for the evolution of human 
cognition8. Although millions of genetic differences separate humans from other species, most of these differences 
probably did not contribute to phenotypic evolution37,191,192. By contrast, mutations underpinning the appearance of novel 
cognitive skills on the human evolutionary lineage could have given the individuals carrying such mutations a selective 
advantage over conspecifics. Such advantageous mutations, after reaching a critical frequency, can sweep through a 
population and fix193.

How many of these positive selection events related to brain functionality could have taken place in the time during 
which modern human cognition is assumed to have emerged, that is, from the split between the Neanderthal and the 
human evolutionary lineages (~400 thousand years ago (kya)39) to the start of cultural and technological explosion that 
accompanied the emergence of modern humans in Africa, ~200 kya161 (BOX 1)? There are several possibilities. First, new 
advantageous mutations require time to occur. Second, such mutations may be lost by chance shortly after their 
appearance owing to the small numbers of individuals that carried them. Third, the adaptive effect of mutations should be 
large enough to allow them to reach fixation — that is, be present in all individuals of the species — within the time frame 
following the human–Neanderthal lineage divergence.

These three possibilities themselves depend on a number of parameters: the number of possible beneficial 
mutations in the genome affecting brain development and functionality; the mutation rate, μ, which is around ~10−8 
per base pair per generation in humans194; the generation time, which is usually assumed to be 20 years for 
humans195; the selection coefficient of a new beneficial mutation, s, which describes its increase in frequency in each 
generation; and the effective population size, N

e
, which refers to the number of reproducing individuals that are 

necessary to produce the observed levels of genetic diversity196.
The two most important factors are s and N

e
. In large populations, the probability of fixation of a new beneficial allele is 

~2s (see REF. 197). Thus, a higher s increases the chance that a mutation eventually fixes. A higher s also results in a shorter 
time required for a mutation to sweep though the population198. How high would s for cognition-related mutations be? 
There are several examples in which selection coefficients of beneficial alleles have been calculated in humans. For 
example, the genetic mutations that affect transcriptional regulation of the lactase gene, which allows adults to digest 
milk, have an estimated s of ~0.10 (REFS 199,200). Notably, this selection event has left one of the strongest signatures of 
positive selection in the modern human genome201. Dozens of similar positive selection signatures have been detected, 
mainly associated with local adaptation to new diets and immune pressures within the past 50,000 years202,203. However, 
these are rare cases of extremely strong selection. Most positive selection events that are detectable in the human 
genome have lower selection coefficients, such as s = 0.00025 (REF. 192).

The second important factor is N
e
. Human N

e
 is estimated to be around 10,000, which reflects the limited genetic 

diversity within humans compared to most other mammals37,204. With a small N
e
, the chance of a new mutation arising 

is smaller. Moreover, slightly beneficial mutations may be more easily lost owing to genetic drift205.
The average waiting time for a new mutation to arise at a 

single locus is 1/(2N
e
μ) generations. Assuming that the total 

number of genomic sites that, when mutated, could 
improve the cognitive abilities of our ancestors towards the 
modern human level is ~1,000, and that one out of the three 
possible substitutions at these sites is beneficial, the waiting 
time for any such mutation to appear would be ~300 years. 
Thus, within 200,000 years, ~700 beneficial mutations could 
arise. However, depending on the selection coefficient s, 
only a fraction of these would reach fixation in the 
population. For example, even if we assume a relatively 
strong selection coefficient for these mutations, s = 0.01, 
only 14 of the 700 beneficial mutations would not be lost 
(based on REF. 197). It would further mean that each event, 
from a new mutation arising until fixation, would take 
50,000 years (based on REF. 198). Thus, if selection events 
related to brain functionality did not overlap (see the 
figure), a maximum of four mutations could fix in human 
ancestors after the human–Neanderthal split. If the 
selection coefficients were closer to the average predicted 
s = 0.00025 (REF. 192) in humans, the number of mutations 
that could fix would be even lower. Although these numbers 
seem to be extremely small, they match analyses of 
Neanderthal and Denisovan genomes, which found only 88 
and 260 amino acid substitutions, respectively, that fixed on 
the human lineage after the species split, and the majority 
of these substitutions are presumed to be evolutionarily 
neutral159,206. Although this analysis involves a large number 
of assumptions, it suggests that the number of genetic 
changes underlying changes in cognitive abilities that took 
place after separation of the human and Neanderthal 
lineages should be on the order of ten, or less.
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RNA editing
A molecular process in which 
the information content in an 
RNA molecule is altered 
through a chemical change in 
the base make-up at the post-
transcriptional level.

RNA-binding proteins
Proteins that bind to RNAs 
through an RNA-binding motif. 
The binding may regulate the 
translation of RNA or induce 
post-transcriptional changes, 
such as RNA splicing and 
editing.

This approach has also been used to analyse the 
regulation of expression divergence during brain devel-
opment. Liu et al. analysed the regulation of a group 
of 184 co-expressed genes involved in synaptogenesis 
and signal transduction that showed a human-specific 
delay in peak expression in the PFC85. In agreement with 
the notion of shared regulation of co-expressed genes 
involved in the same functional process, the promoter 
regions of genes with this human-specific expression 
profile shared binding sites for the transcription factors 
myocyte enhancer factor 2A (MEF2A), early growth 
response 1 (EGR1), EGR2 and EGR3. Notably, all four 
have been shown to be involved in the regulation of 
neuronal functions, including neuronal survival, syn-
aptogenesis and long-term potentiation121–124. As shown 
using sensory stimulation in rats, MEF2A itself is acti-
vated by neuronal activity through dephosphorylation, 
and in turn is predicted to activate transcription of the 
three EGR genes, as well as genes encoding other major 
synaptic proteins125. These studies suggest that MEF2A 
may have a master role in the regulation of the human-
specific delay in the expression of synaptic genes in the 
PFC. Intriguingly, there are indications that human-
specific changes in MEF2A expression might have taken 
place after the human–Neanderthal split (BOX 3).

MicroRNAs. Along with transcription factors, small 
regulatory RNAs, such as miRNAs, have roles in 
neuronal development (reviewed in REFS 126,127). 
Although an initial study of miRNAs expressed in 
human and chimpanzee brains reported substantial dif-
ferences in the miRNA repertoire between the two spe-
cies51, subsequent studies indicated that most miRNA 
genes are highly conserved among primates in terms 
of both sequence and expression128. miRNA expression 
changes during postnatal cortical development were 
also generally conserved among humans, macaques 
and mice129. Likewise, among more than 300 miRNAs 
expressed in the human, chimpanzee and macaque 
PFC, only ~30 showed expression differences between 
humans and chimpanzees, with the differences being 
approximately equally distributed between the human 
and chimpanzee evolutionary lineages130. Using the 
binding site enrichment and regulator-target expression 
correlation approach described above, these miRNA 
expression differences were estimated to explain 2–4% 
of mRNA expression divergence and 4–6% of protein 
expression divergence between the human and chim-
panzee PFC. One of these miRNAs, miR-184 — which 
is abundantly present in the PFC and cerebellum of 
humans but not chimpanzees and macaques — had 
previously been shown to be an important driver of 
neural stem cell proliferation131. Another study used the 
same approach to search for miRNA regulators of genes 
showing species-specific changes in developmental tra-
jectories of mRNA abundance in the PFC84. According 
to this analysis, about 10% of such species-specific devel-
opmental changes (140 genes) in gene expression may be 
explained by inversely correlated changes in the expres-
sion of their regulatory miRNA (17 miRNAs from 11 
miRNA families). Notably, some of these miRNAs (for 

example, miR-92a, miR-320b and miR-454) were not 
previously known to have a role in brain development 
regulation. Similarly, an evolutionarily novel miRNA 
(miR-941) that is not present in the chimpanzee or 
other non-human primate genomes but is present in 
multiple copies (2 to 11 copies) in the modern human 
and Denisovan genomes was recently implicated in the 
regulation of genes linked to neuronal functions55.

Chromatin structure. Only a modest proportion of 
mRNA expression divergence between species can be 
explained by miRNA or transcription factor expression 
divergence. This could be due, in part, to a poor knowl-
edge of the actual transcription factor and miRNA 
targets in the brain, and to a lack of understanding of 
trans-regulatory roles in the context of an entire regu-
latory network. Another reason could be the potential 
prevalence of expression changes caused by mutations 
in cis-regulatory elements, rather than by the action 
of trans-regulators. Cis-regulatory changes can affect 
transcription directly (by altering transcription factor 
binding) or indirectly (by altering DNA methylation or 
histone modification patterns). Both types of modifi-
cations can strongly affect transcription by opening or 
condensing chromatin, are necessary for healthy brain 
development and are known to be dysregulated in cogni-
tive disorders132,133.

The first genome-wide scan of DNA methylation was 
recently conducted using bisulphite sequencing in three 
human and three chimpanzee PFC samples134. Despite 
high intra-species variation, CpG methylation levels were 
found to be higher in chimpanzees relative to humans. 
Higher methylation at promoter CpG sites was inversely 
correlated with gene expression levels, and the affected 
genes were associated with neural functions and neural 
disorders. Together with the reported crucial role of pro-
moter DNA methylation in brain development133, these 
results imply that promoter methylation differences may 
contribute to human-specific expression divergence.

Another recent genome-wide survey measured levels 
of a histone modification associated with active promot-
ers — histone H3 lysine 4 trimethylation (H3K4me3) 
— in neuron nuclei isolated from PFC samples from 
infant and adult humans, as well as from adult chim-
panzees and macaques135. The authors identified 410 
loci with human-specific gain and 61 loci with human-
specific depletion of the H3K4me3 mark. One of the 
most intriguing findings was human-specific gain of two 
H3K4me3 marks around the dipeptidyl-peptidase 10 
(DPP10) gene, which has been associated with autism 
and schizophrenia136. The study further described a 
complex regulatory mechanism of DPP10 expression 
regulation in the human PFC that is potentially medi-
ated by the expression of a short non-coding RNA from 
the reverse strand of the gene.

Additional levels of regulation. Other regulatory mech-
anisms that may have contributed to the emergence of 
human-specific expression changes include RNA splic-
ing, RNA editing, post-transcriptional regulation medi-
ated by RNA-binding proteins and regulation mediated 
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by various types of ncRNA, such as PIWI-interacting RNA 
(piRNA) and large intergenic non-coding RNA (lincRNA). 
To date, a limited number of studies have investigated 
divergence between human and non-human primate 
brains at these levels of molecular phenotype. Two 
comparative studies of mRNA splicing in the brain have 
identified, using microarray technology, dozens to hun-
dreds of differently spliced genes, including genes that 
encode transcriptional and post-transcriptional regu-
lators137,138. Many human-specific splicing differences 
may, however, still remain unidentified by these studies 
owing to the limitations of microarray technology. A 
survey of RNA editing of Alu sequences located within 
six genes in the human, chimpanzee and macaque cer-
ebellum found higher levels of A-to-I Alu editing in the 
human brain139. Nonetheless, a genome-wide survey of 
RNA editing features characteristic to the human brain 
is still lacking, despite the fact that, among several tis-
sues, RNA editing is most widespread in the frontal 
cortex140 and levels of editing are regulated during brain 
development141.

With respect to ncRNA, it is notable that the first 
genome-wide scan for genetic loci that are conserved in 
primates and mammals but show many human-specific 
mutations identified a brain-expressed ncRNA, named 
human accelerated region 1F (HAR1F), as a primary 
candidate. Expression of this ncRNA was localized to 
Cajal–Retzius neurons in the fetal human brain, and its 
human-specific mutations were predicted to substan-
tially change its secondary structure. The authors thus 
suggested that human HAR1F ncRNA might contribute 
to changes in the cortical layer organization142.

In addition, genome-wide transcriptome profiling 
conducted in the brains of humans and non-human pri-
mates using tiling arrays or RNA sequencing have identi-
fied large numbers of novel ncRNA transcripts, many of 
which show human-specific expression53,54,143. Although 
these studies imply important roles for regulatory ncRNA 
in shaping human-specific gene expression and func-
tional differences between species, additional studies are 
needed to form a more complete picture of the regulatory 
mechanisms that underlie gene expression patterns that 
are specific to the human brain.

The road ahead
A decade of molecular studies of human brain evolution 
has yielded a fair selection of discoveries, and answers 
to the genetic basis of human cognition are gradu-
ally emerging. RNA and metabolite profiling studies 

conducted in post-mortem brains of humans and non-
human primates have illustrated how this approach can 
illuminate specific processes that may underlie human-
specific cognitive abilities, such as extended cortical syn-
aptogenesis that could boost learning abilities in human 
infants. Follow-up studies have further predicted the 
regulatory effects directing these processes. These results 
now await additional investigations aimed at confirm-
ing the identified trans-regulators and determining the 
genetic mutations driving these regulatory changes. The 
functional effects of these human-specific regulatory 
changes must also be tested in animal models.

With respect to the trajectory of human brain evo-
lution, the existing data suggest two distinct phases: a 
long and gradual increase in brain size that was accom-
panied by cortical reorganization, followed by a more 
recent phase of region-specific developmental remod-
elling. This second phase, which led to the emergence 
of the cognitive traits that produced the human cultural 
explosion ~200,000 years ago, may have been driven 
by only a few mutations that affected the expression 
and/or primary structure of developmental regulators.

However, the emergence of cognitive skills that 
allowed humans to create, accumulate and transmit cul-
tural knowledge between generations might have had a 
cost. A rapid phase of cognitive evolution may not have 
provided sufficient time to fine-tune these processes and 
to render them robust against environmental and natural 
genetic perturbations, and this may have resulted in the 
high frequency of human psychological disorders associ-
ated with abnormal brain development144. Accordingly, 
a number of recent studies have reported that many 
more neuropsychiatric disorder-associated genes than 
would be expected by chance show differential expres-
sion between humans and non-human primates49,136.  
The study of the molecular mechanisms of human cog-
nitive evolution may therefore contribute to novel treat-
ment and prevention strategies for common cognitive 
dysfunctions.

Although the findings obtained to date are encourag-
ing, it is certain that at present we are only at the very 
beginning of a long journey towards understanding the 
evolution of human cognition. More studies conducting 
comparative analyses of human and non-human primate 
brains in different regions, cortical layers and cell types, 
surveying various stages of brain ontogenesis, and meas-
uring all possible levels of the molecular phenotype are 
needed to build a complete roadmap of the molecular 
events leading to the emergence of the human brain.

PIWI-interacting RNA
(piRNA). A class of small 
non-coding RNA molecules of 
26–31 nucleotides in length 
with a bias for a 5’ uridine, 
which is abundant in the germ 
line and has been implicated in 
the maintenance of genomic 
integrity by both epigenetic and 
post-transcriptional silencing of 
transposable elements and 
other genetic elements.

Large intergenic non-coding 
RNA
(lincRNA). Non-protein coding 
transcripts of more than 200 
nucleotides in length, which are 
characterized by the 
complexity and diversity of 
their sequences. lincRNAs have 
emerged as key molecules 
involved in the control of 
transcriptional and post-tran-
scriptional gene regulatory 
pathways.
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