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Abstract

“What makes us human?” is a central question of many research fields,
notably anthropology. In this review, we focus on the development of the
human neocortex, the part of the brain with a key role in cognition, to gain
neurobiological insight toward answering this question. We first discuss cor-
tical stem and progenitor cells and human-specific genes that affect their
behavior. We thus aim to understand the molecular foundation of the expan-
sion of the neocortex that occurred in the course of human evolution, as this
expansion is generally thought to provide a basis for our unique cognitive
abilities. We then review the emerging evidence pointing to differences in
the development of the neocortex between present-day humans and Nean-
derthals, our closest relatives. Finally, we discuss human-specific genes that
have been implicated in neuronal circuitry and offer a perspective for future
studies addressing the question of what makes us human.

427


mailto:huttner@mpi-cbg.de
https://doi.org/10.1146/annurev-cellbio-112122-032521
https://doi.org/10.1146/annurev-cellbio-112122-032521
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.annualreviews.org/doi/full/10.1146/annurev-cellbio-112122-032521

428

Contents

INTRODUCTION . ...t 428
Neocortex Expansion and Neuron Numbers ..., 428
Lessons from Microcephaly ...........oooiiiiiiiiiiiiiiiii i 429
Objectives of This Review.........oooiiiiiiiiiiiiiii i, 429

CORTICAL STEM AND PROGENITOR CELLS ... 429
Germinal Zones, Classes, and Types of Cortical Stem and Progenitor Cells.......... 429
Neuroepithelial Cell-Based Foundations of Human Neocortex Expansion......... 431
ARHGAPI 1B, a Human-Specific Gene That Amplifies Basal Progenitors

and Increased the Size of the Neocortex During Hominin Evolution............ 431
NOTCH2NL . ...ooooiiiii e e 435
TBCID3 and TMEMI4B . ...t 437

DIFFERENCES IN NEOCORTEX DEVELOPMENT BETWEEN
MODERN HUMANS AND NEANDERTHALS ..., 440
Apical Progenitor Mitosis and the Fidelity of Chromosome Segregation............ 440
NOVAL . o 442
TKTL1 and Basal Radial Glia................oooooiiiiii 442

HUMAN-SPECIFIC GENE DUPLICATIONS THAT AFFECT
NEURONAL CIRCUITRY ...t 445
SRGAPY .. 445

PERSPECTIVES . ... e 447

INTRODUCTION

Neocortex Expansion and Neuron Numbers

There are various possible answers to the question “What makes us human?” This reflects the
diverse features that characterize us as a species, such as the lack of fur among primates, the in-
creased mobility of the thumb (Karakostis et al. 2021), or the upright walk. Yet, there is general
consensus that the most distinguishing abilities of modern humans have their foundation in the
brain and include, in particular, our cognitive capacities and language. A prerequisite for these
crucial abilities is the expansion of the brain, specifically of the cerebral cortex, and the underly-
ing increase in the number of neural cells, notably neurons, that occurred during the evolution of
Homo sapiens. The increase in the number of neurons, and the accompanying expansion of certain
relevant cortical areas that accommodate them, allowed the development of a neuronal circuitry
that is thought to be unique to modern humans.

The evolutionary expansion of the human cerebral cortex pertains in particular to the neo-
cortex, which comprises around 90% of the human cerebral cortex. The neocortex is involved in
higher-order brain functions such as sensory perception; the generation of motor commands; and,
particularly in humans, cognition, consciousness, spatial reasoning, and language (Galakhova et al.
2022; Rakic 1999, 2009). Seminal work by Suzana Herculano-Houzel and colleagues (Azevedo
etal.2009; Herculano-Houzel 2009, 2012) has established that the human cerebral cortex contains
approximately 16 billion neurons, the highest cortical neuron number of any mammal. For com-
parison, our closest living relative, the chimpanzee, has an approximately 2.7-fold-lower number
of cortical neurons, in line with its brain volume being around one-third that of humans (Stephan
etal. 1981).
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What, then, are the data in support of the notion that the increase in the number of neurons
and the accompanying expansion of the neocortex during human evolution underlie our abilities
to perform the abovementioned higher-order brain functions? The primary lines of evidence are
the lessons from brain developmental disorders, notably microcephaly.

Lessons from Microcephaly

Microcephaly is a human developmental disorder that is associated with impaired brain devel-
opment and results in a reduction of head size (Alcantara & O’Driscoll 2014, Gilmore & Walsh
2013, Jayaraman et al. 2018, Kaindl et al. 2010, Phan & Holland 2021, Zaqout & Kaindl 2022).
Humans born with microcephaly, whose brain may be as small as that of a chimpanzee, typically
exhibit intellectual disability. This supports the notion that the expansion of the brain, notably of
the neocortex, in the course of human evolution is one basis—though clearly not the only one—for
the cognitive abilities that make us human.

Microcephaly has various causes, including mutations in key genes as well as environmental
factors such as alcohol exposure or virus infection. Most of these causes affect the proliferation
or survival of cortical stem and progenitor cells (CSPCs), resulting in their reduced abundance
and consequently the greatly diminished generation of the neural cells that make up the cortical
parenchyma, that is, neurons and macroglial cells (i.e., astrocytes, oligodendrocytes).

Objectives of This Review

In light of the above considerations, this review focuses on cortical development, specifically on
cellular and molecular features of the neocortex that are crucial for our ability to perform higher-
order brain functions. We see two main classes of such features: (#) those that pertain to CSPCs
and (b) those that pertain to neurons and the circuitry they form. These topics are related to the
broad field of neocortical neurogenesis in development and evolution. For a near-comprehensive
treatise of the latter field, readers are referred to the recent book edited by Huttner (2023).

CORTICAL STEM AND PROGENITOR CELLS
Germinal Zones, Classes, and Types of Cortical Stem and Progenitor Cells

A hallmark of the developing neocortical wall (for details, see Figure 1) is its apical-basal polarity
(for reviews, see Andrews et al. 2022, Kalebic & Namba 2021, Kriegstein & Gotz 2003, Taverna
et al. 2014). The apical side corresponds to the ventricular surface of the cortical wall, which
contacts the lumen of the lateral ventricle, whereas the basal side corresponds to the pial surface
of the cortical wall, which contacts the basal lamina. In the developing human neocortex, three
germinal zones can be distinguished: one primary germinal zone and two secondary germinal
zones. The primary germinal zone is the ventricular zone (VZ), the apical-most zone of the
developing cortical wall, which contacts the ventricle. The two secondary germinal zones are
the inner subventricular zone (iISVZ), a zone adjacent to the basal boundary of the VZ, and the
outer subventricular zone (0SVZ) (Dehay et al. 2015, Smart et al. 2002), a zone located basally to
the iSVZ (for reviews, see Kriegstein & Gotz 2003, Taverna et al. 2014). The VZ is the primary
germinal zone because it is originally formed by the primary stem cells of the developing brain,
the neuroepithelial cells (NECs). With the onset of cortical neurogenesis, NECs transform
into apical radial glia (aRG), also called ventricular radial glia (Kriegstein & Gotz 2003, Namba
& Huttner 2017, Taverna et al. 2014). Later in cortical development, aRG become truncated
radial glia (Bilgic et al. 2023, Nowakowski et al. 2016). Another type of CSPC whose cell bodies
also reside in the VZ is the apical intermediate progenitor, previously called the short neural
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Figure 1

Neocortical development in mice and humans. (#) Coronal sections of the human neocortex at early (GW11), mid- (GW17), and late
(GW24) neurogenesis. () Coronal sections of the mouse neocortex at early (E12.5), mid- (E14.5), and late (E16.5) neurogenesis.
Enlarged images of the boxed areas in the coronal brain sections are shown at the top of panel # and at the bottom of panel 4. In both
panels, the rightmost coronal section is the adult brain. Blue and black areas in the coronal sections indicate the gray matter and the
lateral ventricle, respectively. Scale bars of 10 mm and 1 mm apply to human and mouse coronal brain sections, respectively.
Abbreviations: AP, apical progenitor; aRG, apical radial glia; bIP, basal intermediate progenitor; BP, basal progenitor; bRG, basal radial
glia; CP, cortical plate; E, embryonic day; GW, gestational week; iISVZ, inner SVZ; IZ, intermediate zone; oRG, outer radial glia;
0oSVZ, outer SVZ; SVZ, subventricular zone; vRG, ventricular radial glia; VZ, ventricular zone. Figure adapted from Gkini & Namba
(2023) (CC BY 4.0).

precursor. These various CSPC types in the VZ are collectively called apical progenitors (APs)
(for a review, see Taverna et al. 2014).

The CSPCs whose cell bodies reside in the iSVZ or in the 0SVZ are collectively called basal
progenitors (BPs) (for reviews, see Namba & Huttner 2017, Taverna et al. 2014). BPs comprise
two distinct types of CSPCs: (#) basal radial glia (bRG), also called outer radial glia, and () basal
intermediate progenitor cells (bIPs) (Taverna et al. 2014). While APs, notably NECs, may con-
tribute to neocortex expansion (Benito-Kwiecinski et al. 2021), BPs are thought, and in fact have
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been shown, to play the major role in this expansion during development and human evolution.
This is because AP mitoses in the VZ are confined to the ventricular surface, the apical-most re-
gion of this germinal layer. This spatial restriction limits the number of AP mitoses and hence
the production of progeny. In contrast, BP mitoses in the iSVZ and oSVZ can occur anywhere
in these germinal layers, notably in the 0SVZ, which is greatly expanded in the fetal human neo-
cortex. This allows for a massive increase in the production of progeny (for reviews, see Andrews
etal. 2022, Namba & Huttner 2017, Taverna et al. 2014).

The reason why AP mitoses are confined to the ventricular surface lies in an epithelial feature
of these cells, specifically the presence of an apical primary cilium, which results in the tethering
of the centrosomes—the organizers of the mitotic spindle—to the apical cell cortex. Such apical
tethering no longer applies to BPs, as these cells have delaminated from the ventricular surface
and hence no longer exhibit apical primary cilia but rather carry (baso)lateral primary cilia that
usually emerge from the plasma membrane in the vicinity of the nucleus (Taverna et al. 2014,
Wilsch-Briuninger et al. 2012).

In the following sections, we first review recent data suggesting that a human-specific delay
in the transition from NECs to aRG may contribute to human neocortex expansion. We then
summarize data on genes that amplify BPs and that are thought, or have been shown, to be able
to expand the neocortex. In line with the theme of this review, a major focus in this context is on
human-specific genes. The first such gene we discuss is ARHGAPI11B, followed by a discussion
of the gene NOTCH2NL. In addition, we review genes enriched in copy number in the human
genome, such as TBC1D3, and primate-specific genes, such as TMEM14B.

Neuroepithelial Cell-Based Foundations of Human Neocortex Expansion

Irrespective of the limitations of APs with regard to maximizing the number of their mitoses, which
(as explained above) is due to their cell biology, NECs as the primary neural stem cells have a role in
the evolutionary expansion of the human neocortex. Specifically, the longer the phase of symmetric
proliferative divisions of NECs (1 NEC — 2 NECs) lasts (i.e., the later NECs transform into
aRG), the greater will be the number of the founder cells of the radial units of the developing
neocortex (Rakic 1988, 2000, 2009). Interestingly, a recent study (Benito-Kwiecinski et al. 2021)
comparing human, chimpanzee, and gorilla cerebral organoids showed that the transition of NECs
to aRG is delayed in humans compared with the other two great apes. This delay is thought to
underlie the greater NEC founder pool size in the developing forebrain of humans in comparison
to other great apes, and hence constitutes a first step toward the evolutionary expansion of the
human neocortex.

At the molecular level, the transcription factor ZEB2 is a driver of the NEC-to-aRG transi-
tion (Benito-Kwiecinski et al. 2021). Accordingly, ZEB2 expression peaks earlier in gorilla than in
human cerebral organoids (Benito-Kwiecinski et al. 2021). These data provide cell biological and
molecular support for the notion that the first step in the evolutionary expansion of the human
neocortex, the increase in the number of founder cells of the radial units (Rakic 1988, 2000, 2009),
is due to a delay in this transition.

ARHGAP11B, a Human-Specific Gene That Amplifies Basal Progenitors
and Increased the Size of the Neocortex During Hominin Evolution

In this section, we review key features of ARHGAPI1B. These include (#) the origin of the gene,
(&) the ability of ARHGAPIIB to amplify BPs and expand the neocortex, (c) the increase in
cognitive abilities resulting from the ARHGAPI1B-induced neocortex expansion, (d) the cru-
cial functional role of the single C— G nucleotide substitution in the ARHGAPI1B gene, () the
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Figure 2

Evolution and molecular function of ARHGAP11B. (#) Evolution of ARHGAPI11B. Partial gene duplication of ARHGAPI1A

(~5 MYA) and a splice donor site mutation (~2-0.5 MYA) happened after the split of chimpanzee and Homzo lineages but before the
split of the modern human lineage from that of Neanderthals and Denisovans. (b)) Protein structure of ARHGAP11A and
ARHGAP11B. (¢) The role of ARHGAP11B in mitochondria. Abbreviations: aa, amino acid; aKG, a-ketoglutarate; ANT, adenine
nucleotide translocator; BP, basal progenitor; GAP, GTPase-activating protein; Gln, glutamine; Glu, glutamate; mPTP, mitochondrial
permeability transition pore; NLS, nuclear localization signal; MYA, million years ago; T'CA, tricarboxylic acid.

mechanism of action of the ARHGAP11B protein, and (f) the functional synergy of this
human-specific protein with the ape-specific GLUD?2 protein.

Origin of ARHGAPI11B. Pioneering research by Eichler and colleagues (Antonacci et al. 2014,
Dennis & Eichler 2016, Sudmant et al. 2010) demonstrated that ARHGAP11B arose by a partial
segmental duplication of the widespread gene ARHGAPI11A (Figure 2a), which encodes a Rho
GTPase-activating protein (Rho GAP) (Kagawa et al. 2013, Xu et al. 2013, Zanin et al. 2013).
This partial gene duplication comprises the N-terminal ~30% of the protein-coding part of
ARHGAPI 1A, which contains the entire GAP domain (Antonacci et al. 2014, Dennis & Eichler
2016). The partial gene duplication occurred approximately 5 million years ago (MYA), which
is after the lineage leading to our closest great ape relatives, the chimpanzee and bonobo, had
segregated around 7 MYA from the lineage leading to us. However, the origin of ARHGAPI11B
approximately 5 MYA is, of course, much earlier than the time point of the segregation of
the lineage leading to the Neanderthals and Denisovans from the lineage leading to modern
humans, which occurred around 0.5 MYA. These data raised the possibility that ARHGAPIIB
may occur not only in the genome of modern humans but also in the genomes of Neanderthals
and Denisovans. In fact, analyses of the latter two genomes showed that this was indeed the case
(Florio etal. 2016, Meyer etal. 2012, Priifer et al. 2014, Sudmant et al. 2010). Thus, ARHGAPI11B,
usually referred to as a human-specific gene, is actually a hominin-specific gene.

ARHGAP1 1B amplifies mouse and ferret basal progenitors and induces hallmarks of neo-
cortex expansion. An analysis of the transcriptomes of distinct cell populations isolated from the
fetal human neocortex and greatly enriched in aRG, bRG, or neurons revealed that ARHGAP11B
messenger RNA (mRNA) is specifically expressed in aRG and bRG but not in neurons (Florio
et al. 2015). This finding raised the possibility that ARHGAP11B may promote the generation
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of BPs, stimulate BP proliferation, and thus increase BP abundance. Expression of ARHGAPI1B
under the control of a strong constitutive promoter in the embryonic mouse neocortex, used as
a test system, demonstrated that ARHGAP11B exerts all three effects (Florio et al. 2015). As the
overwhelming majority (>90%) of the BPs in the embryonic mouse neocortex are bIPs (Kelava
et al. 2012, Vaid et al. 2018, Wang et al. 2011), these data imply that ARHGAP11B can amplify
bIPs.

Expression of ARHGAPI1B in the developing neocortex of the ferret, which in contrast to
the lissencephalic mouse is a gyrencephalic mammal in which approximately half of the BPs are
bRG, demonstrated that ARHGAP11B can also amplify bRG, especially in the oSVZ (Kalebic
et al. 2018). Moreover, ARHGAPI11B expression in the developing ferret neocortex results in an
extension of the neurogenic period and an increased abundance of upper-layer neurons, both
hallmarks of the evolutionary expansion of the neocortex (Kalebic et al. 2018). Accordingly, the
postnatal ferret neocortex was found to be expanded in both the tangential and radial dimensions
(Kalebic et al. 2018).

ARHGAP11B can amplify basal progenitors in chimpanzee cerebral organoids and expand
a fetal monkey neocortex. How are these findings in the developing mouse and ferret neocor-
tex relevant to the evolutionary expansion of the primate neocortex during the evolution toward
H. sapiens? The expression of ARHGAPI11B in ventricle-like structures of chimpanzee cerebral
organoids demonstrated that this human-specific gene increased BP abundance to a human-like
level (Fischer et al. 2022). Conversely, the blockade of ARHGAP11B function in human cerebral
organoids reduced BP abundance to that observed in chimpanzee cerebral organoids (Fischer et al.
2022). These data establish that in the great apes, ARHGAP11B is necessary and sufficient to en-
sure the elevated BP levels that characterize the fetal human neocortex. This in turn implies that
the human-specific gene ARHGAPI 1B had a major role in the tripling of brain size, in comparison
to the chimpanzee, that occurred during human evolution.

Direct evidence that ARHGAPIIB can expand the primate neocortex was provided by its ex-
pression, under the control of its own human promoter, in fetuses of the common marmoset, a New
World monkey (Heide et al. 2020). This physiological expression demonstrated that ARHGAPI1B
not only increases the size of the developing neocortex but also induces its folding in this normally
near-lissencephalic primate (Heide et al. 2020). Remarkably, this ARHGAPI 1 B-induced neocor-
tex expansion was associated with a massive increase in BP abundance, notably in bRG abundance
and particularly in the oSVZ (Heide et al. 2020). As there was no increase in AP abundance, these
data underscore the central role of BPs, especially of those in the 0SVZ, in neocortex expansion.
Moreover, ARHGAPI11B expression resulted in an increase in upper-layer neurons, but not deep-
layer neurons, in the cortical plate, which is a hallmark of evolutionary neocortex expansion (Heide
et al. 2020). Taken together, these findings point to a crucial role for this hominin-specific gene
in the expansion of the neocortex during human evolution.

The ability of ARHGAPI1B to amplify basal progenitors and expand the neocortex is
based on a single C— G nucleotide substitution. The origin of ARHGAP11B from the partial
gene duplication of ARHGAP11A approximately 5 MYA seemingly poses a problem regarding
ARHGAPI11B’s presumptive role in neocortex expansion during human evolution, because the
big surge in this expansion started only around 2 MYA, not 5 MYA. Thus, is ARHGAPI11B sim-
ply too old to have a major role in human neocortex expansion? A solution to this conundrum
emerged when it was realized that the ARHGAPI1B gene as it arose approximately 5 MYA prob-
ably lacked the ability to amplify BPs (Florio et al. 2016). The 47-amino-acid-long C-terminal
sequence of ARHGAP11B is essential for the protein’s ability to amplify BPs (Namba et al. 2020)
(Figure 2b). This C-terminal sequence is human-specific and distinguishes ARHGAP11B from
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the corresponding part of the ARHGAPI11A protein (Florio et al. 2016). This C-terminal se-
quence is the result of a single C—G nucleotide mutation in the ARHGAPI1B genomic DNA
at a position corresponding to ¢.661 in exon 5 of the ARHGAP11A genomic DNA (Florio et al.
2016). This C—G mutation creates a new splice donor site, which in turn leads to the removal
of 55 nucleotides from the ARHGAPI1B mRNA upon splicing, causing a reading frame shift that
leads to the human-specific 47-amino-acid-long C-terminal sequence of ARHGAP11B. Recon-
struction of an ARHGAPI1B complementary DNA lacking this C—G mutation, and hence not
encoding the human-specific 47-amino-acid-long C-terminal sequence, is referred to as ances-
tral ARHGAPI1B, and its expression in the embryonic mouse neocortex showed that ancestral
ARHGAPIIB, in contrast to present-day ARHGAP11B, is unable to amplify BPs (Florio et al.
2016).

Notably, the ARHGAP11B gene present in the genomes of Neanderthals and Denisovans also
contains the C—G mutation (Florio et al. 2016), which has two significant implications. First,
this finding is in line with the fact that the brain of Neanderthals was at least as great as that of
present-day humans (Neubauer et al. 2018, Ruff et al. 1997) and is consistent with the notion that
ARHGAPIIB also contributed to the evolutionary expansion of the Neanderthal brain. Second,
it strongly suggests that the crucial C—G mutation that endowed ARHGAPI1B with its ability
to amplify BPs, and hence to expand the neocortex, occurred before the split of the lineages lead-
ing either to Neanderthals or to modern humans, which (as mentioned above) occurred around
500,000 years ago. We do not know when exactly this C—G mutation in the ARHGAP11B gene
occurred, but it is an attractive thought to assume that it happened around 2 MYA, when the big
surge in hominin brain size expansion started (DeSilva et al. 2021).

Mechanism of action of ARHGAP11B. How, then, does present-day ARHGAP11B amplify
BPs? An unexpected finding was that the ARHGAPI11B protein operates within mitochondria,
being imported into the mitochondrial matrix (Namba et al. 2020). This subcellular localization
of ARHGAP11B is in striking contrast to that of ARHGAP11A, which is localized mainly in
the nucleoplasm (Kagawa et al. 2013, Namba et al. 2020, Pilaz et al. 2023, Xing et al. 2021, Xu
et al. 2013). Interestingly, both ARHGAP11B and ARHGAP11A contain an N-terminal mito-
chondrial import sequence. In ARHGAP11A, however, its function appears to be blocked by the
large C-terminal portion of the protein, which contains nuclear localization signals and is lacking
in ARHGAP11B. In contrast, in ARHGAP11B, this N-terminal mitochondrial import sequence
is functional, as its deletion abrogates the mitochondrial localization of ARHGAP11B, and this
sequence alone suffices to direct enhanced green fluorescent protein to the mitochondrial matrix
(Namba et al. 2020). The localization of ARHGAP11B within the mitochondria is essential for its
ability to amplify BPs (Namba et al. 2020).

Within the mitochondrial matrix, ARHGAP11B interacts, via its truncated GAP domain,
with the adenine nucleotide translocase in the inner mitochondrial membrane (Namba et al.
2020), a known regulator of the mitochondrial permeability transition pore (mPTP) (Figure 2¢).
Via its human-specific 47-amino-acid-long C-terminal sequence, ARHGAP11B inhibits the
mPTP (Namba et al. 2020). This inhibition ultimately results in an increase in the metabolic
pathway called glutaminolysis (Namba et al. 2020), that is, the conversion of glutamine to
glutamate and then to the tricarboxylic acid (TCA) cycle intermediate a-ketoglutarate (aKG)
(Yang et al. 2017). Interestingly, glutaminolysis is known to be a hallmark of cancer metabolism
(Yang et al. 2017). Accordingly, the increase in aKG due to the ARHGAP11B-induced stim-
ulation of glutaminolysis is thought to fuel a so-called three-quarter T'CA cycle, which starts
at aKG and ends at oxaloacetate (Namba et al. 2021). This in turn would allow an increased
synthesis of aspartate, an essential metabolite for cell proliferation (Namba et al. 2021). Thus,
the mitochondrial action of ARHGAP11B in essence promotes an anabolic metabolism required
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for cell proliferation. Consistent with these data, inhibition of the ARHGAP11B-induced stim-
ulation of glutaminolysis completely blocks ARHGAP11B’% ability to amplify BPs (Namba et al.
2020).

Functional synergy of the human-specific ARHGAP11B and ape-specific GLUD2 proteins.
Glutamate dehydrogenase 2 (GLUD?2) is an ape-specific protein that also operates in mitochon-
dria and converts glutamate to K G (Shashidharan & Plaitakis 2014, Spanaki etal. 2010). GLUD2
alone does not increase the abundance of BPs, neither bIPs nor bRG (Xing et al. 2024). Interest-
ingly, however, the ability of ARHGAP11B to increase bRG abundance is strongly enhanced by
GLUD? (Xing et al. 2024). Double-transgenic bRG expressing both ARHGAP11B and GLUD?2
show increased production of the proproliferative metabolite aspartate (Xing et al. 2024). As hy-
pothesized (Namba et al. 2021), this increase in aspartate production from glutamate occurs via
aKG and the T'CA cycle. Taken together, these findings imply that, during human evolution, the
human-specific gene ARHGAPI 1B exploited the existence of GLUD2, a gene that emerged earlier
in evolution (i.e., in apes) to increase bRG abundance via a concerted increase in the key metabo-
lite aKG. This functional synergy likely contributed to the expansion of the neocortex during
human evolution.

ARHGAP11B-induced neocortex expansion increases cognitive abilities in mice. Does ex-
pansion of the neocortex due to ARHGAPI1B result in improved cognitive abilities? Behavioral
analyses of genetically modified mice that express the ARHGAP11B protein during embryonic
brain development indicate that this is the case (Xing et al. 2021). Specifically, in these mice, the
neocortex expansion and increase in upper-layer neurons caused by ARHGAPI11B during em-
bryonic development persist into adulthood (Xing et al. 2021). Moreover, these adult mice exhibit
increased memory flexibility, a neocortex-associated trait (Xing etal. 2021). These findings suggest
that an ARHGAPI11B-induced neocortex expansion indeed results in improved cognitive abilities,
which has significant implications for the increase in cognitive abilities during human evolution
and the role of ARHGAPI1B therein.

NOTCH2NL

In this section, we review key features of NOTCH2NL. These include (#) the origin of the gene,
(¥) the ability of NOTCH2NL to maintain the CSPC pool size, and (¢) the mechanism of action
of the NOTCH2NL proteins.

Origin of NOTCH2NL. NOTCH2NL is a human-specific gene consisting of four paralogs,
namely NOTCH2NLA, NOTCH2NLB, NOTCH2NLC, and NOTCH2NLR (Fiddes et al. 2018,
2019) (Figure 34). NOTCH2NL initially arose by a partial segmental duplication of an evolu-
tionarily conserved gene, NOTCH2, which is localized in chromosome 1. The partial segmental
duplication of NOTCH?2, which happened after the lineage split of orangutans from the other
great apes including humans, generated a pseudogene that lacks the promoter region and start
codon of NOTCH?2. After the split of the lineages leading to either chimpanzees or humans, the
NOTCH2NL pseudogene acquired the promoter region and the exon 1 containing the start codon
to become a functional gene, namely NOTCH2NLR, by a gene conversion from NOTCH2. The
functional NOTCH2NLR gene then underwent multiple gene duplications; thus, there are four
paralogs of NOTCH2NL (Fiddes et al. 2018, 2019).

NOTCH2NL maintains cortical stem and progenitor cell pool size. The expression of
NOTCH2NL, in particular of NOTCH2NLA and NOTCH2NLB, is observed mainly in aRG
and bRG (Fiddes et al. 2018, Florio et al. 2018, Suzuki et al. 2018). The ectopic expression of
NOTCH2NLA and NOTCH2NLB in the mouse embryonic neocortex increases the abundance
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of progenitors in the SVZ (i.e., BPs) and in the VZ (i.e., APs), respectively, suggesting that the
expression of NOTCH2NL maintains CSPC abundance in humans (Florio et al. 2018, Suzuki
et al. 2018). Consistent with these results, cortical organoids derived from NOTCH2NLA-
expressing mouse embryonic stem (ES) cells exhibit a delay in neurogenesis (Fiddes et al. 2018).
In contrast, cortical organoids derived from NOTCH2NLA and NOTCH2NLB homozygous and
NOTCH2NLC heterozygous knockout human ES cells show accelerated neurogenesis (Fiddes
etal. 2018).

Patients with a deletion or duplication of chromosome 1q21.1, where NOTCH2NLA
and NOTCH2NLB are located, exhibit various psychiatric abnormalities such as attention-
deficit/hyperactivity disorder, along with microcephaly or macrocephaly (Fiddes et al. 2018,
Mefford et al. 2008, Rosenfeld et al. 2012). These studies suggest that gene deletion or du-
plication of NOTCH2NL is associated with brain size abnormality, corroborating the idea that
NOTCH2NL is important for the maintenance of the CSPC pool size.

Mechanism of action of NOTCH2NL. Although NOTCH2NLB has a signal peptide for entry
into the secretory pathway, whereas NOTCH2NLA and NOTCH2NLC lack a signal peptide,
all three proteins are transported to the extracellular space (Fiddes et al. 2018, Suzuki et al. 2018)
(Figure 3b,). The NOTCH2NL paralogs, irrespective of the presence or absence of a signal
peptide, activate the NOTCH2 signaling pathway. On the one hand, NOTCH2NLB binds to
the Notch ligand Delta-like 1 (DLL1) and activates the main target of the Notch signaling path-
way, the transcription factor HES1 (Suzuki et al. 2018). Since interaction between DLL1 and the
Notch receptor on the same membrane inhibits Notch receptor activity (del Alamo et al. 2011),
NOTCH2NLB mightinterrupt the ¢is interaction between DLL1 and the Notch receptor. On the
other hand, NOTCH2NLA binds to NOTCH2 and activates it (Fiddes et al. 2018). In either case,
NOTCH2NL promotes CSPC proliferation and maintains their stemness by activating Notch

signaling.
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Gene duplications (A, B, C) NOTCH2NLB NOTCH2NLA/C

NOTCH2NL NOTCH2
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r35>< EGF-like repeats
NOTCH2 N terminus = R 1 C terminus
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Figure 3

Evolution and molecular function of NOTCH2NL. () Evolution of NOTCH2NL. Partial gene duplication of NOTCH2 (~8 MYA)
and gene conversion and multiple gene duplications (~4-0.5 MYA). () Protein structure of NOTCH2, NOTCH2NLA and
NOTCH2NLC, and NOTCH2NLB and NOTCH2NLR. (¢) The role of NOTCH2NL in NOT'CH?2 signaling. Abbreviations: AP,
apical progenitor; BP, basal progenitor; DLLI, Delta-like 1; EGF, epidermal growth factor; MYA, million years ago.
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TBC1D3 and TMEM14B

In this section, we review key features of TBC1D3 and TMEMI14B. These include («) the origin
of these two genes, (b) the ability of TBC1D3 to promote the generation and expansion of bRG,
(¢) the ability of TMEM14B to promote the expansion of both bIPs and bRG and to induce neo-
cortex enlargement and folding, and (d) the mechanisms of action of the TBC1D3 and TMEM14B
proteins.

Origin of TBC1D3. TBCID3 (TBC1 domain family member 3) is located on chromosome 17q12,
which is located within one of the core duplicons in the human genome (Jiang et al. 2007).
TBCID3 arose by a segmental duplication of USP6NL, which may have happened sometime af-
ter the split of lineages leading to New World monkeys (which lack TBCID3) and to Old World
monkeys (which contain 7TBC1D3). The TBC1D3 copy number (number of paralogs) is expanded
in humans but not in chimpanzees (Figure 44). As a result of copy number expansion in humans,
there are at least eight TBC1D3 paralogs that produce protein (Hodzic et al. 2006).

TBC1D3 promotes generation and expansion of basal radial glia. TBC1D3 is expressed in
aRG, bIPs, and bRG (Ju et al. 2016). While TBC1D3 is mainly cytoplasmic in aRG, TBC1D3

a Partial gene duplication
< 55 p 05 TBC1D3
E — Q 20— Modern humans ++
Neanderthals -
Chimpanzees "
Old World monkeys 4+
rTBC domain
b USP6NL N terminus === T 1 C terminus
r TBC domain
TBC1D3 N terminus == T 1 C terminus
C

Nuclear TBC1D3 G9a | H3K9me2 1

bRG proliferation 1
Cytoplasmic TBC1D3 Ras/Raf/MAPK 1
Delamination N-cadherin |

N-cadherin-mediated apical junction

Figure 4

Evolution and molecular function of TBC1D3. (#) Evolution of TBCI1D3, including partial gene duplication
of USP6NL (~40-25 MYA) and copy number expansion (~6-0.5 MYA). (b) Protein structure of USP6NL
and TBC1D3. (¢) The role of TBC1D3 in aRG delamination and bRG proliferation. Abbreviations: aRG,
apical radial glia; bRG, basal radial glia; H3K9me2, dimethylation of lysine 9 in histone 3; MAPK,
mitogen-activated protein kinase; MYA, million years ago; TBC1D3, TBC1 domain family member 3.
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expression in bRG is mostly nuclear. The roles of TBC1D3 are distinct between aRG and bRG.
The ectopic expression of TBC1D3 in the mouse embryonic neocortex by in utero electropo-
ration or in transgenic mice, in which TBCID3 is expressed under the Nestin promoter, induces
delamination of aRG, which in turn transform into bRG. TBC1D3 then promotes bRG prolif-
eration (Ju et al. 2016). As a consequence of the bRG expansion upon TBC1D3 expression, the
neocortex exhibits folding, mainly in the motor cortex (Ju et al. 2016). In contrast, knockdown of
TBCID3 in the human fetal neocortex reduces the abundance of SOX2-expressing BPs, which
presumably are bRG (Ju et al. 2016).

Mechanism of action of TBC1D3. The molecular functions of TBC1D3 appear to differ de-
pending on its subcellular localization (Figure 4b,¢). In the cytoplasm, TBC1D3 activates the small
GTPase Ras, and hence the MAP kinase, leading to a promotion of CSPC proliferation (Ju et al.
2016). In contrast, nuclear TBC1D3 binds to histone methyltransferase G9a through the region
close to the C terminus of TBC1D3 and inhibits the function of G9a (Hou et al. 2021). Since G9a
catalyzes the dimethylation of lysine 9 in histone 3 (H3K9me2) (Tachibana et al. 2005), which
is a suppressive mark for gene expression, the inhibition of G9a reduces the H3K9me2 mark.
Consequently, the expression of genes associated with cell proliferation is upregulated (Hou et al.
2021). In aRG, TBC1D3 reduces the expression of Cdh2 (N-cadherin), thereby inducing aRG
delamination (Ju et al. 2016). This reduction does not seem to be caused by the G9a inhibition
by TBC1D3, and its molecular mechanism needs to be further studied.

Origin of TMEMI14B. TMEMI14B might be a paralog of the evolutionarily conserved gene
TMEM14C. Although TMEM114B is found in the genome of apes, including humans, Old World
monkeys, and New World monkeys, the homology of the protein varies among species (Liu et al.
2017). Great apes’ TMEM14B shares more than 95% of its amino acids with human TMEM14B;
however, the homology drops to 85-95% in Old World monkeys and to only 76-80% in New
World monkeys. Given that the homology between human TMEMI14B and its presumably an-
cestral protein TMEM14C is 73%, TMEMI14B has evolved toward Catarrhini (apes and Old
World monkeys) (Figure 54).

TMEM14B promotes expansion of both basal intermediate progenitors and basal ra-
dial glia, thereby inducing neocortex enlargement and folding. The ectopic expression of
TMEM14B in the mouse embryonic neocortex by in utero electroporation or in transgenic mice,
in which TMEM14B is expressed under the control of the C4AG promoter, promotes cell pro-
liferation of both bIPs and bRG (Liu et al. 2017). Moreover, TMEM14B expression alters the
mitotic cleavage plane orientation of aRG (Liu et al. 2017). Upon its expression, more aRG ex-
hibit oblique mitotic cleavage planes, by which aRG generate bRG, suggesting that TMEM14B
also induces delamination of aRG or the generation of bRG. As a consequence of the BP expan-
sion upon TMEM14B expression, the neocortex contains more neurons, is enlarged, and exhibits
folding (Liu et al. 2017).

Mechanism of action of TMEM14B. While the subcellular localization of TMEM14B has not
been examined, its protein structure indicates that TMEM14B is a plasma membrane protein
(Figure 5b,c). TMEM14B interacts with IQGAP1 (Liu et al. 2017), a multifunctional scaffold
protein (Noritake et al. 2005). Although IQGAP1 contains a Ras GAP domain in its C-terminal
part, it does not act as a GAP for either Racl or Cdc42 due to the lack of the arginine finger that
is critical for the GAP activity (Kurella et al. 2009); rather, IQGAP1 is an effector of Racl and
Cdc42 (Watanabe et al. 2015). TMEM14B expression results in the phosphorylation of IQGAP1
(Liu et al. 2017), presumably by protein kinase Ce (PKCe) at its C-terminal region (Grohmanova
et al. 2004). PKCe-mediated phosphorylation alters the conformation of IQGAP1 and thereby
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Figure 5

Evolution and molecular function of TMEM14B. (#) Evolution of TMEM14B. Gene duplication happened
before the generation of the Simiiformes (e.g., apes, Old World monkeys, New World monkeys). Thereafter,
several amino acid substitutions happened. As a result, the homology to the modern human TMEM14B is
highest in apes, second highest in Old World monkeys, and lowest in New World monkeys. (5) Protein
structure of TMEM14B and TMEM14C. (c) The role of TMEM14B in BP proliferation and AP
delamination. TMEM14B induces the phosphorylation of IQGAP1, thereby attenuating cell adhesion, and
induces G -to-S progression. Abbreviations: AP, apical progenitor; BP, basal progenitor; MYA, million years
ago; P, phosphate.

attenuates its interaction with these small GTPases. The reduced interaction of IQGAP1 with
Racl reciprocally strengthens the binding between IQGAP1 and B-catenin. The IQGAP1-8-
catenin interaction results in weakened cadherin-mediated cell adhesion (Kuroda et al. 1998).
Therefore, it is plausible that TMEM14B induces aRG delamination by attenuating cadherin-
mediated cell adhesion through phosphorylation of IQGAP1.

Although IQGAP1 is localized mainly in the cytoplasm, it can be translocated into nuclei in
the S phase of the cell cycle (Johnson et al. 2011). In the nuclei, IQGAP1 interacts with S-phase
marker proteins, that is, proliferating cell nuclear antigen (PCNA) and replication protein A2
(RPA2), and thereby promotes Gj-to-S progression (Johnson et al. 2011). TMEM14B induces
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nuclear translocation of IQGAP1 and thus enhances the effect of IQGAP1 in Gy -to-S progression,
which leads to BP expansion (Liu et al. 2017).

DIFFERENCES IN NEOCORTEX DEVELOPMENT BETWEEN
MODERN HUMANS AND NEANDERTHALS

The previous section discusses the expansion of the neocortex and the underlying increase in
neuron generation from CSPCs as a basis of what makes us human. Genes that amplify CSPCs
are a focus of that discussion. In the following subsections, we move beyond neocortex size to
discuss CSPC-based differences in neocortex development between modern humans and Nean-
derthals that may contribute to modern human-specific features of the neocortex. We focus on two
lines of research: (#) differences in the behavior of CSPCs between modern humans and Nean-
derthals and (§) differences in neocortex development between modern humans and Neanderthals
due to amino acid substitutions in key proteins.

Apical Progenitor Mitosis and the Fidelity of Chromosome Segregation!

In this section, we discuss the fidelity of chromosome segregation for AP mitosis. We first
review the data showing a longer metaphase in human than chimpanzee APs. We then ad-
dress the issue of lagging chromosomes and the kinetochore proteins involved in the fidelity of
chromosome segregation. Finally, we discuss the significance of the amino acid differences in these
kinetochore proteins between modern humans and Neanderthals with regard to AP metaphase
length and the proportion of lagging chromosomes upon AP mitosis.

Apical progenitor mitosis: metaphase length. A comparative analysis of AP mitosis by live
imaging of slice cultures of human, chimpanzee, and orangutan cerebral organoids, each grown
from induced pluripotent stem cells (iPSCs), revealed a longer metaphase of mitotic human APs
than mitotic chimpanzee and orangutan APs (Mora-Bermidez et al. 2016). The metaphase length
of mitotic human APs in cerebral organoids is essentially the same as that observed in fetal human
neocortical tissue ex vivo (Mora-Bermudez et al. 2016), corroborating the validity of the cerebral
organoid model. As all other phases of AP mitosis are the same for humans, chimpanzees, and
orangutans, the selective lengthening of the metaphase in human APs points to a specific role in
their mitosis.

Apical progenitor mitosis: spindle assembly checkpoint and lagging chromosomes. During
metaphase, the correct (i.e., symmetric) alignment of the mitotic spindle with the chromosomes
is checked. If this checking works fully, the chromosomes will be correctly (i.e., at equal number)
segregated to the two daughter cells during anaphase. However, if this checking is incomplete, so-
called lagging chromosomes may arise that can result in aneuploidy of the daughter cells (Holland
& Cleveland 2012). The increase in the metaphase duration of mitotic human APs in comparison
to mitotic chimpanzee and orangutan APs therefore raised the possibility that the checking of the
mitotic spindle-chromosome alignment may be more rigorous in human APs, resulting in fewer
lagging chromosomes. Intriguingly, this was found to be the case: The percentage of AP mitoses
with lagging chromosomes in humans is half of that observed in chimpanzees (Mora-Bermudez
etal.2022).

Kinetochore proteins KINL1 and KIF18a. The key structure involved in the contact between
the mitotic spindle and the chromosomes is the kinetochore (Foley & Kapoor 2013, Musacchio
& Desai 2017, Musacchio & Salmon 2007). Two kinetochore proteins, KIF18a (kinesin family

I'The studies described in this section were a collaboration between the Huttner and Piiibo laboratories.
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Evolution and molecular function of KNL1 and KIF18a. () Evolution of KNL1 and KIF18a. Amino acid substitutions happened after
the split of the modern human lineage from the Neanderthal and Denisovan lineages. (#) Protein structure of KNL1 and KIF18a.
Amino acid residues with modern human-specific substitution are indicated. (¢) The role of KNL1 and KIF18a in metaphase in
preparation for chromosome segregation. Abbreviations: aRG, apical radial glia; MYA, million years ago.

18a) and KNL1 (kinetochore null 1), also called CASCS5 (cancer susceptibility candidate 5), are
known to be highly expressed in the germinal zones of the developing neocortex (Fietz et al.
2012). Interestingly, there are only three amino acid substitutions in these two proteins in humans
in comparison to chimpanzees (two in KNL1 and one in KIF18a) (Mora-Bermudez et al. 2022)
(Figure 6). As the three amino acids in question in chimpanzee KNL1 and KIF18a are the same
as in the respective mouse proteins, they can be regarded as the ancestral ones. Strikingly, Nean-
derthal KNL1 and KIF18a contain the three ancestral amino acids at the corresponding positions
(Mora-Bermudez et al. 2022).

More lagging chromosomes in Neanderthal than modern human apical progenitor mi-
toses. The functional relevance of the three modern human-specific amino acid substitutions in
KNL1 and KIF18a versus the three ancestral amino acids present in the two Neanderthal, chim-
panzee, and mouse proteins was determined by two approaches. First, mouse Knl1 and Kif18a were
humanized by changing the three amino acids in question to the modern human-—specific variants,
and metaphase length and lagging chromosomes were determined in mitotic APs in the embry-
onic mouse neocortex (Mora-Bermidez et al. 2022). Second, modern human KNL1 and KIF18a
were Neanderthalized (ancestralized) by changing the three modern human—specific amino acids
to the ancestral variants, and metaphase length and lagging chromosomes were determined in mi-
totic APs in human cerebral organoids (Mora-Bermidez et al. 2022). The first approach revealed
that upon the humanization of mouse Knll and Kif18a, mitotic AP metaphase was lengthened
and the percentage of AP mitoses with lagging chromosomes was reduced to half, that is, to a
modern human value (Mora-Bermidez et al. 2022). Conversely, the second approach revealed
that, upon Neanderthalization of modern human KNL1 and KIF18a, mitotic AP metaphase was
shortened and the percentage of AP mitoses with lagging chromosomes was increased approxi-
mately twofold, that is, to the level observed for chimpanzee and mouse APs (Mora-Bermidez
etal. 2022).

Taken together, these findings demonstrate that only three modern human-specific amino acid
substitutions in two kinetochore proteins account for the longer metaphase and fewer chromo-
some segregation errors that characterize the mitoses of APs in the developing human neocortex
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Evolution and molecular function of NOVAL. (#) Evolution of NOVA1. Amino acid substitution happened
after the split of the modern human lineage from the Neanderthal and Denisovan lineages. (b)) Protein
structure of NOVAL. An amino acid residue with modern human-specific substitution is indicated.

(¢) Changes in RNA-binding preference between modern and archaic NOVAL. Abbreviations: MYA, million
years ago; NOVA1, neuro-oncological ventral antigen 1.

versus those in chimpanzee. Moreover, these data imply that the mitoses of APs in the developing
neocortex of Neanderthals were similar to those of chimpanzees and distinct in quality to those
of modern humans. The consequences of these differences in neocortex development between
modern humans and Neanderthals for the structure, functioning, and performance of the adult
human neocortex promise to be an exciting topic of future research.

NOVA1

Approximately 100 proteins exhibit amino acid differences between modern humans and Nean-
derthals, usually showing only one such substitution (Priifer et al. 2014). The splicing regulator
neuro-oncological ventral antigen 1 (NOVALI) is one such protein (Figure 7). NOVA1 contains
an isoleucine-to-valine substitution in modern humans in comparison to Neanderthals. The role
of this single modern human-specific amino acid substitution for brain development was explored
by Muotri and colleagues (Trujillo et al. 2021). These investigators used cortical organoids as a test
system and reported that when such organoids express the archaic, isoleucine-containing NOVA1
variant, they exhibit slower development and changes in synaptic gene expression in comparison to
organoids that express the modern human, valine-containing NOVA1 variant (Trujillo etal. 2021).
However, Piibo and colleagues (Maricic et al. 2021) commented that the iPSCs used to gener-
ate these cortical organoids exhibit heterozygous deletions of target DNA. Muotri and colleagues
(Herai et al. 2021) responded to this comment by stating that upon analysis of NOVAI polymerase
chain reaction products generated from the genomic DNA of the various genome-edited iPSC
clones, only one clone exhibited a deletion. In conclusion, it will be important to exclude, in future
research, the possibility that the organoid phenotypes observed upon NOVAI genome editing of
the iPSCs used to generate the organoids (Trujillo et al. 2021) are due to deletions of target DNA
and to demonstrate that these phenotypes are in fact due to the ancestralization of NOVAL.

TKTL1 and Basal Radial Glia2

In this section, we discuss the role of transketolase-like 1 (TKTL1) in human neocortex devel-
opment. Modern human TKTL1 differs by only one amino acid substitution from Neanderthal

2The studies described in this section were a collaboration between the Huttner and Piiibo laboratories.
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Evolution and molecular function of TKTLI. (2) Evolution of TKTL1. Amino acid substitution happened
in the modern human lineage after its split from the Neanderthal and Denisovan lineage. () Protein
structure of TKTL1. An amino acid residue with modern human—enriched substitution is indicated. (¢) The
role of modern TKTLI in cell metabolism. Abbreviations: bRG, basal radial glia; MYA, million years ago;
PPP, pentose phosphate pathway; TKTL1, transketolase-like 1.

TKTL1. We first review the data showing that modern human TKTLI, but not Neanderthal
TKTLI, increases bRG and cortical neuron abundance, an effect essential for the maintenance
of the physiological level of bRG and neuron generation in the fetal human neocortex. We then
address the metabolic pathways involved in TK'TL1 action. Finally, we discuss the implications for
human neocortex development of the fact that TK'TL1 expression in the fetal human neocortex
is highest in the frontal lobe.

Modern human, but not Neanderthal, TKTL1 increases basal radial glia and upper-layer
neuron abundance. TKTLI is another of the approximately 100 proteins that exhibit amino
acid differences between modern humans and Neanderthals (Pinson et al. 2022) (Figure 84,b).
Specifically, the TKTL1 typically found in modern humans contains an arginine residue in the
middle of the polypeptide chain, whereas the TKTL1 of Neanderthals contains a lysine residue
at this position (Pinson et al. 2022). Although these two amino acids are related in that both carry
basic side chains, this single-amino-acid substitution in TK'TL1 is of great functional significance,
as described in the following subsection. Relevant for this analysis of TKTL1 function is the
finding that human TKTLI is expressed in all three germinal zones of the fetal human neocortex
but not in the cortical plate (Fietz et al. 2012).

Expression of either the arginine-containing modern human TKTL1 (hTKTLT1) or the lysine-
containing Neanderthal TKTL1 (aTKTL1, for ancestral, as the lysine residue is the ancestral one)
in the embryonic mouse neocortex revealed that neither TK'TL1 variant affects the abundance
of APs in the VZ or of bIPs in the SVZ (Pinson et al. 2022). Remarkably, however, "\TKTL1,
but not aTKTLI, massively increases the abundance of bRG in the SVZ (Pinson et al. 2022).
This specific increase in bRG abundance has important implications for cortical neurogenesis. As
neurogenic divisions of bRG are asymmetric self-renewing—in contrast to neurogenic divisions
of bIPs, which are symmetric consumptive—neurogenic bRG divisions generate more neurons
over time than do neurogenic bIP divisions (Fietz et al. 2010). Accordingly, "\TKTL1 expression
in the embryonic mouse neocortex leads to an increase in upper-layer neuron generation (Pinson
etal. 2022).

How relevant is this finding from the embryonic mouse neocortex, used as a test system, for
the fetal human neocortex? CRISPR/Cas9-mediated gene disruption of /TKTLI in fetal human
neocortical tissue ex vivo causes a significant reduction in bRG abundance (Pinson et al. 2022).
Moreover, Neanderthalization of TK'TL1 in human cerebral organoids by changing the relevant
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arginine residue back to lysine using genome editing lowers bRG abundance to about half of the
normal level and significantly decreases the level of neurons (Pinson et al. 2022). Taken together,
these findings demonstrate that h\TKTL1 makes an essential contribution to the physiological
levels of bRG, and the neurons generated therefrom, in the developing human neocortex.

The relevance of cell processes for cortical stem and progenitor cell proliferative capacity.
The observation that the h"TKTL1-induced increase in BP abundance is specific for bRG (which
retain radial processes through mitosis) and does not pertain to bIPs (which lack any cell processes
at mitosis) leads us to the issue of the relevance of cell processes for the proliferative capacity of
CSPCs. Indeed, an in-depth study of this topic (Kalebic et al. 2019) revealed that an increase in
the proliferative capacity of BPs is linked to an increase in BP process number.

Furthermore, the morphoregulatory protein Palmdelphin has been identified as a driver of
BP process growth and, consequently, of increasing their proliferative capacity (Kalebic et al.
2019). The concept emerging from this research is that the increase in BP cell processes allows
for an increase in receiving proproliferative signals from the microenvironment; these signals are
extracellular matrix based and are transduced into the BP via integrin receptors (Kalebic et al.
2019).

Metabolic action of hTKTLI1. How does hTKTL1 achieve its effects on bRG abundance?
The enzyme closely related to the hTKTL1 protein, transketolase (TKT), is known to act in
the pentose phosphate pathway (PPP) (Schenk et al. 1998). Experiments with inhibitors of this
metabolic pathway in ATKTLI-transfected embryonic mouse neocortical tissue ex vivo indicate
that hTKTL1 acts in the PPP, as inhibition of the PPP blocks the ability of h"TKTL1 to in-
crease bRG abundance (Pinson et al. 2022) (Figure 8c). Specifically, " TKTL1 has been proposed
to promote the conversion of xylulose 5-phosphate, a metabolite in the PPP, into glyceraldehyde
3-phosphate and acetate, the latter of which is then activated to become acetyl-CoA (Diaz-Moralli
et al. 2016). One role of acetyl-CoA, the level of which in bRG increases upon h/TKTL1I expres-
sion (Pinson et al. 2022), is to serve as a substrate in the first step of fatty acid synthesis. Indeed,
experiments with inhibitors of fatty acid synthesis in #TKTLI-transfected embryonic mouse neo-
cortical tissue ex vivo indicate that fatty acid synthesis is required to allow h"TKTL1 to increase
bRG abundance (Pinson et al. 2022). The precise reason for the need for fatty acid synthesis re-
mains to be elucidated, but an attractive possibility is that it reflects the requirement to synthesize
certain membrane lipids that are involved in the generation of the radial processes of bRG, which
in turn promote bRG proliferation (Kalebic et al. 2019, Pinson et al. 2022).

TKTL1 expression in the fetal human neocortex and its implications for modern humans.
TKTLI mRNA levels in the fetal human neocortex rise concomitantly with the increase in cortical
neurogenesis (Pinson et al. 2022). Remarkably, TKTL1 mRNA levels in the fetal human neocortex
are highest in the developing frontal lobe (Pinson et al. 2022). Thus, taken together, the TKTLI
findings imply greater neurogenesis during fetal development in the frontal lobe of the neocor-
tex in modern humans than in Neanderthals. It remains to be investigated whether—and, if so,
to what extent—this greater neurogenesis during the fetal development of the frontal lobe has
consequences for the adult human brain.

The functional relevance of the hTKTL1-mediated greater neurogenesis in the developing
frontal lobe in modern humans compared with Neanderthals has been questioned by Muotri and
colleagues (Herai et al. 2023). They emphasized the known facts that (#) a minority of present-day
humans, who apparently lack any overt phenotypes, carry the ancestral TKTL1 allele (Priifer et al.
2014, 2017; Reardon 2022), and (b) because TKTLI is on the X chromosome (Coy et al. 2005),
males carrying the ancestral TKTLI allele would only be able to express the lysine-containing
TKTLI1 variant. As stated above and published in response to the comment by Muotri and
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colleagues (Pinson et al. 2023), it remains to be investigated whether (and, if so, to what extent)
the hTKTLI1-mediated greater neurogenesis in the developing frontal lobe in modern humans
compared with Neanderthals has consequences for the adult human brain. In this context, in light
of the complexity of human brain development, it should be realized that certain genetic effects
during the development of the neocortex may be influenced, modified, or perhaps compensated
for by the action of other genes (Pinson et al. 2023). Also, an in-depth analysis of specific aspects
of brain performance in human individuals expressing only the lysine-containing TKTL1 variant,
to the best of our knowledge, has not yet been done.

HUMAN-SPECIFIC GENE DUPLICATIONS THAT AFFECT
NEURONAL CIRCUITRY

In the preceding sections, we have focused on human-specific genomic events that affect primarily
CSPCs and the cortical neurons they generate. The increase in the number of neurons resulting
from these genomic events and the accompanying expansion of neocortical areas constitute one
line of contributions to what makes us human. Another line pertains to specific aspects of the neu-
ronal circuitry that likely is unique to modern humans. A comprehensive discussion of the latter
topic would exceed the scope of this review. However, we highlight one set of key findings that
pertain to neurons and influence their ability to form neuronal networks—the seminal research
of Franck Polleux and colleagues (Charrier et al. 2012, Fossati et al. 2016, Guerrier et al. 2009) on
the human-specific gene SRGAP2C.

SRGAP2

In this section, we discuss SRGAP2. We first review the origin of the SRGAP2A paralogs
SRGAP2B, SRGAP2C, and SRGAP2D. We then address the role of the SRGAP2B and
SRGAP2C proteins in regulating neuronal maturation by inhibiting SRGAP2A. Finally, we
discuss the mechanism of action of SRGAP2B and SRGAP2C.

Origin of SRGAP2B, SRGAP2C, and SRGAP2D. SRGAP2B arose by a partial gene duplica-
tion of SRGAP2A (Slit-Robo GTPase-activating protein 2A) approximately 3.4 MYA. SRGAP2B
underwent further gene duplications around 2.4-1 MYA, resulting in SRGAP2C and SRGAP2D
(Dennis et al. 2012) (Figure 9). Due to the lack of a large portion of the 5’ sequence, including
the start codon, SRGAP2D is a pseudogene. Given the times when these gene duplications oc-
curred, the implication is that all of them happened after the split of the lineages leading either to
humans or to chimpanzees but before the split of the lineages leading either to modern humans
or to Neanderthals and Denisovans (Figure 94). Therefore, SRGAP2B/C/D, often referred to as
human-specific genes, are—like ARHGAPI11B—hominin-specific genes.

SRGAP2B and SRGAP2C regulate neuronal maturation by inhibiting SRGAP2A. A key
role of SRGAP2B and SRGAP2C is to inhibit SRGAP2A function during neuronal maturation
(Charrier et al. 2012). After their generation by CSPCs, newly generated neurons initially ex-
hibit a multipolar morphology and then become bipolar neurons with leading processes (future
dendrites) versus a trailing process (future axon) in order to migrate toward the cortical plate
(Namba et al. 2015, Vanderhaeghen & Polleux 2023). After settling in the cortical plate, neurons
develop spines to form synaptic connections (Namba et al. 2015, Vanderhaeghen & Polleux 2023).
SRGAP2A is known to be involved in all of the abovementioned events of neuronal maturation
(Gonda et al. 2020, Guerrier et al. 2009, Martins et al. 2018). Overexpression of SRGAP2A by
the in utero electroporation of the mouse embryonic neocortex increases the number of neu-
rons with multipolar morphology in the intermediate zone, suggesting that SRGAP2A inhibits
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Figure 9

Evolution and molecular function of SRGAP2. (#) Evolution of SRGAP2B, SRGAP2C, and SRGAP2D.
Partial gene duplication of SRGAP2 (~3.4 MYA) generated SRGAP2B, and multiple gene duplications
(~2.4-1 MYA) generated SRGAP2C and SRGAP2D. (b) Protein structure of SRGAP2A, SRGAP2B, and
SRGAP2C. (¢) The role of SRGAP2A and SRGAP2B/C in spine maturation. SRGAP2B/C inhibit the
functions of SRGAP2A on spine maturation. Abbreviation: MYA, million years ago.

the multipolar to bipolar transition (Guerrier et al. 2009). After establishing bipolarity, neurons
overexpressing SRGAP2A extend many branches on their leading processes; therefore, neuronal
migration is inhibited (Guerrier et al. 2009). In contrast, the suppression of SRGAP2A reduces
the number of processes and accelerates their migration. SRGAP2A also regulates spine devel-
opment. Overexpression of SRGAP2A induces spine maturation, and in contrast, suppression of
SRGAP2A delays spine maturation and immature spine formation.

Since the expression of SRGAP2B or SRGAP2C results in delayed spine maturation and an
increased density of immature spines, which are similar to the phenotype upon SRGAP2A sup-
pression, the function of SRGAP2B or SRGAP2C is thought to be an inhibition of SRGAP2A
(Charrier et al. 2012). Notably, the effects are significantly stronger with SRGAP2C than with
SRGAP2B, suggesting that SRGAP2C might dominantly influence the evolution of human
neuronal network formation (Schmidt et al. 2019).

Interestingly, delayed neuronal maturation is a characteristic feature in humans compared with
other great apes such as chimpanzees (Marchetto et al. 2019, Schoérnig et al. 2021, Somel et al.
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2009). Since human iPSC-derived neurons exhibit delayed synaptic maturation compared with
chimpanzee iPSC-derived neurons under 2D culture conditions (Marchetto et al. 2019, Schérnig
etal. 2021), this neoteny is intrinsically encoded in the human genome. The human-specific genes
SRGAP2B and SRGAP2C may provide a molecular basis of such neoteny. Further studies are
needed to provide a holistic mechanistic insight into human-specific features, such as neoteny. In
this context, recent studies using cerebral organoids from human and ape iPSCs with compre-
hensive multiomic approaches will likely provide cues for further understanding human neuron
neoteny (Kanton et al. 2019, Wang et al. 2023).

Mechanism of action of SRGAP2B and SRGAP2C. SRGAP2A is an effector of the Robo re-
ceptor and has two main functions in this regard (Guerrier et al. 2009). One function is plasma
membrane bending through its F-BAR domain. Notably, although the SRGAP2A’s BAR domain
is highly homologous to the F-BAR domain, its function resembles the I-BAR domain, in that
it bends plasma membrane into filopodia (Guerrier et al. 2009). The other function is to inhibit
Racl through its Rho GAP domain (Guerrier et al. 2009). Upon the activation of the Robo re-
ceptor by its ligand Slit, the Rho GAP is activated and thereby inhibits Racl. The phenotype in
neuronal polarity observed upon SRGAP2A overexpression might be partially explained by its
Rho GAP activity toward Racl because Racl plays a critical role in neuronal polarization (i.e., the
multipolar-to-bipolar transition) (Namba et al. 2014, Tahirovic et al. 2010).

Since the F-BAR domain of SRGAP2A interacts with Homerl, a postsynaptic scaffold pro-
tein for excitatory synapses, SRGAP2A induces spine maturation at the postsynaptic domain
(Fossati et al. 2016). In addition, SRGAP2A inhibits spine formation through the inactiva-
tion of Racl, which finally limits spine density. SRGAP2B and SRGAP2C bind to SRGAP2A
and inhibit all of the abovementioned functions of SRGAP2A, hence delaying spine matura-
tion while inducing spine formation (Charrier et al. 2012, Fossati et al. 2016, Schmidt et al.
2019).

PERSPECTIVES

As described above, one approach toward elucidating what makes us human has been, and con-
tinues to be, the study of proteins exhibiting a very small number (usually only one) of amino
acid substitutions between modern humans and Neanderthals and the analysis of the functional
implications of these substitutions. An additional approach could be to compare the genomes of
present-day humans and modern humans who lived several tens of thousands of years ago. There
is evidence that the shape of the brain of Neanderthals was elongated, whereas that of present-day
humans is more globular. Interestingly, the shape of early modern humans was elongated rather
than globular (Ganapathee & Gunz 2023). These observations suggest that during the evolution
from early modern humans to present-day humans, there were mutations in the human genome—
which might have occurred only a few tens of thousands of years ago—that had an impact on the
shape of the brain and, perhaps, on brain performance such as cognitive abilities. As the genomic
differences between early modern humans and present-day humans are likely to be fewer than the
number of nucleotide differences between present-day humans and Neanderthals (Kuhlwilm &
Boeckx 2019; Priifer et al. 2014, 2017), comparative functional analyses of the genomes of early
modern humans and present-day humans promise to provide further insight into what makes us
human.
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