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Characterising molecular and cellular mechanisms of human brain 
evolution using brain organoids 

Silvia Kima Benito Kwiecinski 

Summary 

The evolutionary lineage of humans is marked by a rapid expansion in brain size. 

Efforts to study human brain evolution have characteristically relied on anatomical and 

genomic comparisons between adult ape brains, meaning that the molecular mechanisms 

underlying human-specific brain expansion remain largely unknown. In this work we show 

that brain organoids can be used to identify and functionally test mechanisms underlying 

human-specific features of brain development. Through a meta-analysis of comparative 

genomics and transcriptomics, we identified candidate regulators of human brain evolution. 

We show that the function of these candidate genes can be queried in human brain organoids 

by analysing the effect of gain-of-function in a subset of radial glial cells. We find that the 

transcriptional regulator, AUTS2, has a dramatic effect on cell fate and tissue architecture. By 

generating organoids with loss-of-function of C-terminal-containing AUTS2 isoforms, we find 

neurogenesis is premature, which may reflect the microcephaly observed in humans with 

disruptions in AUTS2. In order to screen large numbers of human brain evolution candidates 

in parallel, we scale up organoid production in Aggrewell plates and evaluate the use of 

inducible CRISPR-Cas9 hESC lines to perform loss-of-function screens. We show that 

Aggrewell organoids can be used to detect phenotypes affecting early tissue architecture and 

neural progenitor cell (NPC) behaviour. Building on this, we perform comparative analyses of 

early neural morphogenesis using brain organoids derived from human, gorilla, chimpanzee 

and mouse. We find that the differentiation of proliferative neuroepithelial NPCs into 

neurogenic radial glial NPCs is a protracted process in apes and involves a previously 

unrecognised transitioning cell state, characterised by a change in cell morphology. We show 

that human organoids are delayed in this transition and generate more expanded tissue than the 

other species as a result. RNA-sequencing of human and gorilla organoids reveals differences 

in temporal gene expression patterns associated with biological functions. We find a delay in 

human gene expression patterns associated with cell morphogenesis, which in particular 

highlights ZEB2, a transcription factor known as a core regulator of epithelial-to-mesenchymal 

transition. Through gain-of-function in human, we show that ZEB2 is sufficient to trigger the 

transition of neuroepithelial cells which mimics nonhuman ape tissue architecture. Thus, we 

have demonstrated an instructive role of NPC shape regulation in brain evolution and 

established brain organoids as a model to identify and functionally test molecular mechanisms 

governing evolutionary differences in brain architecture. 
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1 Chapter 1: Introduction  
 

1.1 Opening statement 
  

The exceptional cognitive and intellectual abilities of humans are thought to be a result of 

an evolutionary increase in the size and complexity of the neocortex. The six-layered neocortex 

is a dominant structure of the mammalian brain; in humans, it accounts for ~80% of brain 

volume and is involved in higher functions such as sensory perception, spatial reasoning, 

voluntary motor commands, conscious thought and language (Van Essen et al., 2018). 

Although the proportion of the brain occupied by the neocortex is larger in humans than in 

mice, where it occupies 40% of the brain volume, comparisons with nonhuman primates have 

shown that the human brain conforms to primate scaling rules and contains the expected 

number of neurons for a primate brain of its size (Herculano-Houzel, 2012). This means that 

the human brain is a linearly scaled-up primate brain and does not differ significantly to other 

primates in the relative proportion of brain regions, but rather in the sheer number of neurons 

produced, with roughly 3-fold more neurons than our closest living primate relatives, the great 

apes (Herculano-Houzel and Kaas, 2011). Neurons in the six-layered neocortex are organised 

in radial columns that are highly similar in composition and thickness across apes, and it is 

thought that the increase in number and complexity of neuronal networks is echoed by an 

expanded cortical surface area resulting from increased neural progenitor cell populations 

during early neurodevelopment (Rakic, 1988, 1995).  

 

Due to ethical and technical restrictions with performing experimental biology on human 

and nonhuman ape brains, efforts to study human-specific brain evolution have been limited to 

comparative neuroanatomy and genomics, and findings inferred from distantly related model 

organisms. The combination of these approaches has highlighted potential mechanisms of 

human brain expansion, however, the lack of functional studies has resulted in a limited 

understanding of the relationship between genetic changes and cellular phenotypes and 

evolutionary differences remain to be functionally validated in a human context. It has been 

found that a large proportion of human-evolved genetic regions converge on pathways involved 

in cortical expansion and susceptibility to neurodevelopmental disorders (Won et al., 2019). 

Therefore, understanding the molecular mechanisms of human brain expansion is not only 

interesting when questioning what makes us human, but is important in understanding the wide 
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variety of neurological disorders and cancers that result from the dysregulation of human-

specific developmental programmes (Azzarelli et al., 2018). 

 

While model organisms have been instrumental in understanding the basic principles of 

mammalian brain development and shown that cytoarchitectural features and stages are 

broadly conserved across mammals, the resulting function and structure of the brain are 

markedly different in humans compared to mice. This is most evident in size, with human 

brains showing a 1,000-fold increase in total neuron number (Herculano-Houzel et al., 2006). 

Insights into brain development and function gained in model organisms cannot be easily 

extrapolated to humans; this is reflected in the inability to accurately model several 

neurodevelopmental phenotypes in rodents, as well as the failures of clinical trials (Zhao and 

Bhattacharyya, 2018). These highlight the need for better models of human neurodevelopment. 

 

 The development of induced pluripotent stem cells (iPSCs) and brain organoids has 

provided an unprecedented alternative to model human brain development in vitro and has 

enabled researchers to study a variety of neurodevelopmental processes that were previously 

inaccessible (Kadoshima et al., 2013; Lancaster et al., 2013; Pasca et al., 2015; Qian et al., 

2016). Recently, several studies have started tackling evolutionary differences across primates 

through comparative transcriptomics and genetic manipulations in brain organoids, 

highlighting several human-specific features of neurodevelopment (Fiddes et al., 2018; Kanton 

et al., 2019; Mora-Bermúdez et al., 2016; Otani et al., 2016; Pollen et al., 2019). In this context, 

the work in this thesis intends to combine pre-existing data from comparative genomics with 

functional studies in brain organoids, to characterise some of the molecular and cellular 

mechanisms involved in human brain development and evolution.  

 

This introduction will first cover existing knowledge on the origin and mechanisms 

underlying neural tissue development, followed by the formation of the neocortex and 

evolutionary divergence. This will be followed by a discussion on the use of in vitro models to 

study human neurodevelopment and evolution. The final section describes a meta-analysis that 

combined pre-existing comparative genomics and transcriptomics data to identify candidate 

genes involved in human-specific brain evolution. Two of these genes, AUTS2 and ZEB2, are 

described in detail as they are of particular relevance to the work in this thesis. 
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1.2 The embryonic origin of neural tissue  
 

1.2.1 From a zygote to a bilaminar disk 

 

Fertilisation marks the onset of development, with the fusion of haploid gametes 

resulting in the first cell of a new organism, the zygote (Figure 1.1A). After a series of cleavage 

divisions, cells undergo a process of compaction, whereby cells begin to form cell-cell 

junctions, undergo cytoskeletal rearrangements and acquire apicobasal polarity (Clayton et al., 

1999; Vestweber et al., 1987), producing a compact ball of cells known as the morula (Figure 

1.1B). During the morula stage, the first signs of lineage specification take place as cells begin 

to differentiate into two identities: extra-embryonic trophoectoderm (TE), which will form 

placental tissue, and the inner cell mass (ICM), pluripotent stem cells that will give rise to the 

entire fetus. A process of cavitation results in the formation of the blastocyst; a hollow sphere 

of cells surrounding a fluid-filled cavity consisting of an outer epithelium of TE cells and a 

small cluster of cells comprising the ICM (Figure 1.1C). Cells in the ICM will begin to 

differentiate into epiblast and hypoblast cells, with the latter moving to populate the blastocoel-

facing surface of the ICM (Niakan and Eggan, 2013) (Figure 1.1D). During implantation, the 

zona pellucida surrounding the blastocyst is lost and the outer TE cells become embedded to 

the maternal endometrium. By the end of implantation, epiblast cells have undergone 

epithelialisation to surround the dorsally-positioned amniotic cavity, while hypoblast cells have 

stretched around a ventral yolk sack (Sheng, 2015). The bilaminar disk refers to the two-layered 

tissue consisting of columnar epithelial epiblast cells lying at the floor of the amniotic cavity 

and the adjacent cuboidal epithelial hypoblast cells (Figure 1.1E).  

 

1.2.2 Gastrulation  

 

Following bilaminar disk development, posterior cells of the epiblast begin to 

accumulate to form the primitive streak, marking the onset of gastrulation. As cells proliferate 

and migrate towards the midline, this thickening of cells elongates from the posterior end of 

the epiblast towards the centre, forming the primitive streak. At the anterior end of the primitive 

streak, epiblast cells invaginate to form a cavity known as the primitive pit. As the streak and 
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pit continue to elongate, a mass of epiblast cells join the streak at the anterior end, forming the 

primitive node, which becomes an important organising centre that secretes signals for tissue 

patterning (Mikawa et al., 2004). Through an epithelial-to-mesenchymal transition (EMT), 

epiblast cells delaminate and ingress into the primitive streak. The first cells to migrate into the 

primitive streak integrate with the hypoblast to differentiate into the first of the three germ 

layers, the endoderm. The second round of cells to migrate between the endoderm and epiblast 

form the second germ layer, the mesoderm. The remaining epiblast cells will transform into 

the third layer, the ectoderm (Schoenwolf and Smith, 2000) (Figure 1.1F).  

 
Figure 1.1 Early stages of embryogenesis 
Schematic representation of an embryo at various early developmental time points. A. The one-
celled zygote formed as a result of fertilisation, surrounded by the zona pellucida of the ovum 
B. The 8-16 cell morula, roughly 72 hours post-fertilisation C. The pre-implantation early 
blastocyst forms through a process of cavitation, consisting of extra-embryonic 
trophoectoderm (TE) cells and a small cluster of pluripotent cells, the inner cell mass (ICM), 
surrounding a fluid-filled blastocoel. D. During implantation the zona pellucida is lost and the 
ICM differentiates into epiblast and hypoblast cells. E. In the post implantation embryo epiblast 
cells surround a dorsal amniotic cavity, while hypoblast cells are stretched around a ventral 
yolk sac. The apposition of epiblast and hypoblast forms the bilaminar disk. F. Gastrulation 
involves the ingression of epiblast cells through the primitive streak resulting in the formation 
of the three germ layers: ectoderm, mesoderm and endoderm. G. After gastrulation, ectodermal 
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cells overlying the notochord become thickened neuroectodermal cells, forming the neural 
plate. 

 

Of the multiple mesodermal structures that form, cells migrating through the primitive 

pit anterior to the primitive streak form the notochordal process, which continues to elongate 

towards the prechordal plate, developing as a notochordal plate and eventually forming a rod-

shaped structure known as the notochord (De Bree et al., 2018). Through instructive signals 

secreted from the primitive node, notochord and axial mesoderm, ectodermal tissue overlying 

the developing notochord becomes specified to neuroectoderm and thickens into a columnar 

epithelium, known as the neural plate, which will give rise to the entire nervous system (1.1G). 

The surrounding non-neural ectoderm will acquire epidermal fates. 

 

1.2.3 The default model of neural induction 

 

Neural induction marks the earliest fate determination step of the embryonic ectoderm, 

resulting in the decision of cells to acquire neuroectodermal or epidermal fates. Insight into 

neural induction was gained nearly a century ago, when experiments performed by Spemann 

and Mangold discovered an organiser region of the newt embryo that was capable of forming 

a second neural axis when transplanted to the opposite end of an embryo of a closely-related 

newt species (Spemann and Mangold, 1924). The nature of the neural-inducing signals 

remained elusive until later work in Xenopus discovered that several secreted molecules 

(noggin, chordin, follistatin) are required to achieve neural induction and function as inhibitors 

of the bone morphogenetic protein (BMP) signalling pathway (Fainsod et al., 1997; Sasai et 

al., 1994; Smith and Harland, 1992). Simultaneous depletion of noggin, chordin and follistatin 

in Xenopus was shown to prevent neural fates (Khokha et al., 2005). BMP-4 was found to be 

strongly expressed in the ectoderm and functions to induce epidermal and inhibit neuronal fates 

(Wilson and Hemmati-Brivanlou, 1995). BMP is a member of the transforming growth factor 

beta (TGFβ) superfamily, and further work found that inhibition of the receptor for Activin, 

another member of the TGFβ family necessary for mesoderm induction (McDowell and 

Gurdon, 1999), also induced neural fates (Hemmati-Brivanlou and Melton, 1992, 1994). 

Furthermore, dissociated Xenopus ectoderm, in the absence of both the organiser and cell-cell 

signalling, was shown to develop into neural tissue (Grunz and Tacke, 1989). These findings 
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resulted in the ‘default model’ of neural induction which suggests that, in the absence of BMP 

and other signals, the ectoderm will develop into neuroectoderm by default.  

 

BMP and other ligands of the TGFβ family can activate SMAD signalling pathways 

through binding to type I receptor kinases, resulting in the phosphorylation SMADs. These 

activated SMADs can then form complexes with SMAD4 and translocate to the nucleus to 

regulate gene transcription. Seven type I receptor kinases (ALK1-7) exist in humans that can 

be subdivided into two groups: those that respond to TGFβ and TGFβ-like proteins to 

phosphorylate SMAD2 and 3, and those that respond to BMPs to activate SMAD1, 5 and 8 

(Hata and Chen, 2016) (Figure 1.2). It was found that efficient neural induction occurs with 

the continued suppression of both SMAD1 and SMAD2 (Chang and Harland, 2007). Later 

work in human embryonic stem cells (ESCs) found that inhibition of BMP and TGFβ/nodal 

pathways, known as “dual SMAD inhibition”, results in the rapid differentiation of ESCs into 

neuroectoderm (Chambers et al., 2009), further highlighting neural tissue as the default fate 

when external signals are blocked (Figure 1.2). 
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Figure 1.2 Signalling pathways involved in neural induction 
BMPs, Activin and Nodal are secreted ligands of the TGFβ superfamily that antagonise neural 
induction. These ligands induce oligomerisation of type II and type I receptor kinases (ALK), 
resulting in the activation of the type I receptor kinase which in turn phosphorylate 
SMAD1/2/3/5/8 resulting in the formation of a complex with SMAD4 which translocates to 
the nucleus to regulate gene transcription and promote nonneural fates. BMP and TGFβ 
signalling can be antagonised by extracellular inhibitors (Follistatin, Noggin, Chordin). 
Intracellular inhibition of BMP signalling occurs through phosphorylation of SMAD1 by 
MAPK and GSK3 in a manner that inhibits SMAD1/SMAD4 complex formation and nuclear 
translocation. FGF signalling promotes neural induction through the MAPK cascade, while 
Wnt signalling inhibits GSK3 and consequently antagonises neural induction. Cerberus, an 
inhibitor of Wnt promotes neural induction. Neural induction of human ESCs in vitro is 
achieved through “dual SMAD inhibition” (shown in bold) which typically involves treatment 
with SB431542, an inhibitor of ALK4/5/7, and Noggin, an inhibitor of BMPs. 
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Although inhibition of BMP signalling has been clearly shown to be necessary for 

neural induction, it was shown that ectopic BMP inhibition alone was insufficient to induce an 

entire neural axis, which was lacking the head region (Suzuki et al., 1994), suggesting other 

signals are involved in anterior neural induction. It was later found that simultaneous inhibition 

of Wnt and BMP/TGFβ pathways was sufficient to induce ectopic neural axes containing the 

head (Glinka et al., 1997; Piccolo et al., 1999). Fibroblast growth factor (FGF) signalling has 

also been implicated in neural induction, with some studies suggesting that FGF activation can 

induce neural tissue both prior to and independent of BMP (Kudoh et al., 2004; Streit et al., 

2000). These pathways have been neatly tied together by the finding that both activation of 

FGF and inhibition of Wnt signalling pathways inhibit BMP signalling by promoting SMAD1 

phosphorylation in regions that inhibit SMAD1 activity (Figure 1.2) (Fuentealba et al., 2007; 

Pera et al., 2003). 

 

1.2.4 Formation of the neural tube 

  

After neural induction, as the neural plate continues to expand, a series of 

morphological changes occur in the neural plate and surrounding tissue, resulting in the 

formation of the neural tube which is made up of neuroepithelial cells (NECs), precursors to 

the central nervous system, surrounding an apical lumen, precursor to the ventricles of the brain 

and the central canal of the spinal cord. The first morphological change required for neural tube 

closure, aided by extrinsic force provided by the surrounding surface ectoderm (Alvarez and 

Schoenwolf, 1992), involves the bending of the neural plate at the midline, forming the medial 

hinge point (MHP) which is anchored to the notochord (Figure 1.3A). Through intrinsic 

neuroectodermal cell movements and changes in the underlying mesoderm (Chen and 

Behringer, 1995; Zohn et al., 2007), lateral edges of the neural plate are then elevated to 

become the neural folds (Figure 1.3B). Bilateral neural folds then bend to form dorsolateral 

hinge points (DLHP), allowing for the tips of the neural folds to draw closer to one another 

until they fuse, pinching off from the surrounding ectoderm to form the neural tube (Figure 

1.3C) (Juriloff and Harris, 2018). Neural crest cells become specified at the border of the neural 

plate and non-neural ectoderm and, through a process of EMT, delaminate and migrate across 

the embryo (Figure 1.3D), giving rise to a range of cell types, including neurons and glia of the 
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peripheral nervous system, cartilage and bone components of the face, and melanocytes (Le 

Douarin and Kalcheim, 1999). 

 

1.2.5 Mechanisms underlying neural tube closure 

 

Bending of the neural plate commences as NECs at the MHP acquire apically-

constricted and basally-expanded wedge-like shapes with apicobasal cell heightening, while 

cells present in the lateral neural folds maintain columnar/spindle-like shapes found in the 

neural plate (Figure 1.3C) (Schoenwolf and Franks, 1984; Smith et al., 1994). NECs divide by 

interkinetic nuclear migration (IKNM), meaning nuclei migrate apically to divide and return 

basally for S-phase, resulting in a pseudostratified epithelium with nuclei of cells randomly 

distributed throughout the IKNM cycle. Bending in the MHP and acquisition of wedge-shaped 

cells coincides with an increased proportion of NECs displaying basal nuclear localisation due 

to a prolonged S-phase and significantly increased cell cycle lengths relative to non-bending 

NECs (McShane et al., 2015; Smith and Schoenwolf, 1988). Bending in the DLHP appears to 

occur by another mechanism that does not affect nuclear localisation, rather an inward 

‘buckling’ of cells at the tips of the neural folds seems to occur, with cells translocating in a 

ventral to dorsal manner, increasing cell density in these regions (McShane et al., 2015). 

Although the precise signalling is still elusive, MHP bending has been shown to be dependent 

on signalling from the underlying notochord (Smith and Schoenwolf, 1989). DLHP formation 

is simultaneously inhibited by Shh signalling from the notochord and BMP2 from the surface 

ectoderm which is overcome by Noggin (BMP antagonist) secreted from the tips of neural 

folds (Ybot-Gonzalez et al., 2002, 2007). Extracellular matrix (ECM) components are 

deposited to basal surfaces of the neural plate already during early neurulation, resulting in a 

primitive basement membrane surrounding the neuroepithelium. In addition to providing 

architectural support, ECM ligands signal through basal integrin receptors and have shown to 

play an important role in cell polarity, IKNM, cytoskeletal dynamics and neural tube formation 

(Araya et al., 2016; Long and Huttner, 2019; Zagris et al., 2011).  
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1.2.6 Neural tube morphogenesis and the role of SHROOM3 

 

The change in cell morphology, in particular apical constriction in MHP cells, is driven 

by changes in cell adhesion and cytoskeleton rearrangements, supported by defects in neural 

tube closure observed in mice with a range of knockouts affecting actin cytoskeleton-associated 

proteins such as Shroom3, p190RhoGAP and Mena (Brouns et al., 2000; Hildebrand and 

Soriano, 1999; Lanier et al., 1999). Apical constriction of epithelial cells relies on 

rearrangements to the actin cytoskeleton and occurs through the apical accumulation of actin 

filaments (F-actin) into a contractile network, where contraction is driven by non-muscle 

myosin II motor (Figure 1.3E) (Martin and Goldstein, 2014). Myosin II assembles to form 

bipolar minifilaments, and minifilament assembly and activity of the motor domain are 

regulated by phosphorylation of the myosin regulatory light chain (MLC) (Vicente-

Manzanares et al., 2009). The Rho family of guanosine triphosphatases (Rho-GTPases) are 

well-known mediators of cytoskeletal rearrangements (Sit and Manser, 2011). The Rho-

GTPase Rho was found to colocalise with F-actin and phosphorylated myosin II in the bending 

neural plate, and to be necessary for apical constriction and neural tube closure (Kinoshita et 

al., 2008). Rho is thought to promote actin-myosin contraction through Rho-kinase (ROCK)-

mediated phosphorylation of MLC (Amano et al., 1996; Sandquist et al., 2006), and treatment 

of neurulating embryos with a ROCK inhibitor resulted in failure to close the neural tube (Wei 

et al., 2001). Shroom3 is an actin-binding protein that is key to apical constriction. Its name 

derives from the fact that its depletion inhibits MHP formation, causing neural folds to 

“mushroom” outward (Haigo et al., 2003; Hildebrand and Soriano, 1999). Overexpression of 

Shroom3 in naïve epithelial cells induces apical constriction exhibiting increased accumulation 

of F-actin and myosin II and acquisition of wedged cell shapes, with reversion of the phenotype 

occurring with inhibitors of myosin II and ROCK (Haigo et al., 2003; Hildebrand, 2005). It 

was shown that Shroom3 binds directly to ROCK to recruit it apically, and that ROCK-binding 

is essential for MLC phosphorylation, cell shape regulation and neural tube closure (Figure 

1.3E) (Das et al., 2014; Nishimura and Takeichi, 2008). Shroom3 has additionally been shown 

to interact with the microtubule cytoskeleton, distributing microtubule-anchoring γ-tubulin 

apically resulting in radially arrayed microtubules that drive apico-basal cell elongation (Lee 

et al., 2007). 
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In conjunction with bending of the neural plate, a process known as convergent 

extension also occurs, whereby cells of the neural plate intercalate towards the midline in the 

mediolateral axis (converge) to extend tissue along the anteroposterior axis (extension) (Keller 

et al., 1992). The planar cell polarity (PCP) pathway plays a key role in convergent extension 

by establishing polarity of cells in the plane of the tissue rather than apicobasally (Goodrich 

and Strutt, 2011). The PCP pathway is also important for neural tube closure, with PCP 

pathway mutants displaying widened neural plates that fail to close properly (Curtin et al., 

2003; Humphries et al., 2020; Wallingford and Harland, 2002). It has been found that actin-

myosin-dependent apical constriction also occurs in a planar-polarised manner in the bending 

neural plate (Nishimura et al., 2012). Furthermore, it was shown that Shroom3, ROCK and F-

actin were enriched at mediolateral junctions, and that this localisation was involved in planar 

cell arrangement and regulated by an interaction of Shroom3 with Dishevelled 2 (Dvl2), a core 

component of the PCP pathway, thus highlighting an interaction between Shroom3 and PCP 

pathways to control convergent extension and neural plate bending (McGreevy et al., 2015).  

 

 
Figure 1.3 Neural tube morphogenesis 
A-D. Schematic representation of various stages of neural tube closure. A. Bending of the 
neural plate is mediated by surrounding non-neural tissue including the notochord, axial 
mesoderm and non-neural ectoderm. B. Bending occurs at the midline of the neural plate, 
forming the medial hinge point (MHP) and the raised lateral edges are known as neural folds. 
C. Neural folds bend to form dorsolateral hinge points (DLHP) drawing the tips of neural folds 
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closer. Neural crest (NC) cells are specified at the border of the neural plate and non-neural 
ectoderm. Neuroepithelial cells are outlined to show the typical pseudostratification of cells 
with columnar/spindle-like morphology in neural folds, while cells at the MHP show basally 
positioned nuclei and a morphology that is apically constricted and basally expanded. D. 
During neural tube closure neural folds fuse and NC cells delaminate and migrate across the 
embryo. E. Apical constriction at the MHP occurs through contraction of actin filaments (F-
actin) driven by non-muscle myosin II minifilaments (myosin II minifilaments). Minifilament 
assembly is mediated by ROCK. The actin-binding protein SHROOM3 promotes apical 
accumulation of F-actin and ROCK. F. Schematic depicting Cadherin switching: the gradual 
shift in expression between E-cadherin and N-cadherin during neural tube closure, adapted 
from Dady et al., 2012.  
 

1.2.7 Cadherin switching during neural tube closure 

 

Cell-cell adhesion is critical to tissue morphogenesis with the cadherin family of 

adhesion molecules being particularly important in neural development. Cadherins are 

transmembrane glycoproteins that contain an extracellular domain which mediates cell-cell 

adhesion, and an intracellular domain that provides an anchoring site for the actin cytoskeleton 

through binding to catenin. In particular, two classic cadherins differ between ectodermal (E-

cadherin, CDH1) and neural tissue (N-cadherin, CDH2), with a progressive switch from E-

cadherin to N-cadherin expression observed in the neuroectoderm during neural tube closure 

(Figure 1.3F) (Dady et al., 2012; Hatta and Takeichi, 1986; Rogers et al., 2018). Disruptions 

to both E- and N-cadherin during neurulation result in neural tube closure defects (Bronner-

Fraser et al., 1992; Chen and Hales, 1995), suggesting an importance of their regulation in 

neurulation. N- and E-cadherin are structurally and functionally similar, however, their 

extracellular adhesive domains are less conserved and it has been found that the adhesive 

strength of E-cadherin is more than 3-fold higher than N-cadherin, suggesting that the switch 

to N-cadherin might support epithelial differentiation and cell shape changes (Radice, 2013). 

 

1.2.8 Patterning the neural plate 

 

The entire brain has a common origin in the population of NECs occupying the neural 

plate. Although the neural plate appears to consist of a homogenous population of NECs, 

patterning of the tissue into distinct domains that will give rise to specific brain structures is 

already occurring prior to neural tube closure along antero-posterior and medio-lateral axes 
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and is intimately linked to neural induction. This has been shown by differential gene 

expression and fate mapping of individual NECs, which has also revealed high conservation 

across species despite significant differences in structure and size of adult brain regions (Inoue 

et al., 2000; Sánchez-Arrones et al., 2009; Woo and Fraser, 1995). During neural axis 

patterning, BMP and Wnt in particular act in orthogonal signalling gradients to pattern neural 

tissue in a dose-dependent manner (Figure 1.4A). During neural induction, NECs first acquire 

anterior identities, which is then followed by posteriorising signals emitted from the node 

organiser and the establishment of an antero-posterior axis (Stern, 2001). As discussed 

previously, inhibition of Wnt is important for specifying anterior neural fates, and Wnt 

signalling posteriorises neural tissue by setting up an anterior-low and posterior-high antero-

posterior signalling gradient (Kiecker and Niehrs, 2001). In addition to Wnt, retinoic acid (RA) 

and FGF signalling also display important roles in specifying posterior brain regions with 

graded expression along the antero-posterior axis (Maden, 2007; Melton et al., 2004). In the 

medio-lateral axis, which becomes ventro-dorsal once the neural tube closes, there is a gradient 

produced by secretion of BMP inhibitors resulting in medial/ventral-low and lateral/dorsal-

high BMP signalling (Niehrs, 2004). It is thought that BMP stimulates Wnt signalling in the 

dorsal neural tube, resulting in a dorsalising Wnt signalling gradient which counteracts the 

ventralising signalling gradient produced by sonic hedgehog (Shh) secreted from the notochord 

(Figure 1.4B) (Le Dréau and Martí, 2012). 

 

1.2.9 Patterning the dorsal telencephalon 

 

Upon neural tube closure at the anterior end, occurring at roughly 4 weeks post-

conception in humans, three primary brain vesicles form: the prosencephalon (forebrain), 

mesencephalon (midbrain) and rhombencephalon (hindbrain). During the 5th week, secondary 

brain vesicles form, subdividing the hindbrain into metencephalon and myencephalon, and the 

forebrain into telencephalon and diencephalon, with the cerebral hemispheres of the 

telencephalon enclosing the diencephalon on either side (Figure 1.4C) (Shiraishi et al., 2015). 

The telencephalon is the most anterior region of the brain, and at this stage is still a 

pseudostratified neuroepithelium of single-cell thickness that can be distinguished by the 

initiation of expression of the transcription factor gene Foxg1 (Xuan et al., 1995). The 

telencephalon is subsequently subdivided into distinct dorsal and ventral domains which are 



 27 

first indicated by expression of specific genes. The dorsal telencephalon will be further 

subdivided into the neocortex, hippocampus and choroid plexus, while the ventral 

telencephalon will give rise to the basal ganglia and to GABA-ergic inhibitory interneurons 

that will migrate into the cortex. The distinct domains and regional borders of the telencephalon 

arise from signalling gradients produced by organisers along multiple axes. Shh secreted from 

the notochord is important in specifying ventral telencephalic regions and inhibiting dorsal 

identities, with the transcription factor Gli3 expressed dorsally antagonising the ventralising 

Shh gradient (Tole et al., 2000). 

 

Three organisers are found within or near the dorsal telencephalon: the anterior neural 

ridge (ANR), the cortical hem and the anti-hem. The ANR, as its name implies, is located at 

the most anterior region of neural tissue and is known to express several FGF genes which are 

secreted in an antero-posterior gradient (Figure 1.4C) (Maruoka et al., 1998). Loss- and gain-

of-function experiments have revealed FGF signalling to be important in patterning the 

neocortical area map and supporting telencephalic growth (Cholfin and Rubenstein, 2007; 

Storm et al., 2006; Toyoda et al., 2010). The cortical hem, derived from the dorsal roof plate 

of the neural tube which invaginates ventrally in the telencephalon to generate symmetric 

cerebral hemispheres, is located in the dorsomedial telencephalon and, similarly to the dorsal 

roof plate, expresses BMP and Wnt genes (Gupta and Sen, 2016). Structures that develop 

adjacent to the hem are the choroid plexus, which develops ventro-medially, and the 

hippocampal primordium followed by the neocortex, found dorso-laterally (Figure 1.4D). Wnt 

signalling is essential for the induction and patterning of hippocampal tissue (Lee et al., 2000; 

Mangale et al., 2008) and has also been shown to be important in promoting neocortical 

proliferation and delaying neurogenesis (Machon et al., 2007). BMP signalling is crucial for 

the induction of choroid plexus identity with constitutively active BMPR1a receptor expression 

in the forebrain transforming it to choroid plexus, while loss of this receptor resulted in the 

absence of a choroid plexus without any major defects in neocortical tissue (Hébert et al., 2002; 

Panchision et al., 2001). The anti-hem is located laterally in the telencephalon, at the border 

between ventral and dorsal telencephalic regions. Although it is still unclear how the anti-hem 

might contribute to neocortical patterning and development, it secretes several signalling 

molecules, including Wnt inhibitors, suggesting it may be involved in antagonising dorsal 

signals secreted from the hem and to specify ventral telencephalic regions (Assimacopoulos et 
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al., 2003). It has also been suggested that the anti-hem may be important in regulating the 

migration of interneurons from the ventral to dorsal telencephalon (Chapouton et al., 1999). 

 
Figure 1.4 Axial patterning of the brain 
A. The neural plate is patterned by orthogonal antero-posterior (A-P) and medio-lateral (M-L) 
signalling gradients. The default model of neural induction results in anterior neural identities 
and tissue is posteriorised by an A-P Wnt signalling gradient. The secretion of BMP from the 
non-neural ectoderm lateralises the neural plate in a M-L signalling gradient. B. After neural 
tube closure M-L gradients become ventro-dorsal (D-V) signalling gradients. BMP stimulates 
Wnt signalling resulting in a dorsalising BMP/Wnt signalling gradient and Shh secreted from 
the notochord results in a ventralising signalling gradient. C. A side-view of the developing 
brain after neural tube closure and the formation of secondary brain vesicles, indicating the 
location of the anterior neural ridge (ANR) and other organisers involved in brain patterning 
secreting key signalling molecules (BMP, Wnts, FGFs, Shh) and the resulting regional brain 
identities, anterior to posterior: telencephalon (dorsal and ventral), diencephalon, midbrain and 
hindbrain. This schematic is adapted from Benito-Kwiecinski and Lancaster, 2019. D. 
Schematic representation of telencephalic patterning based on a coronal section of a 
telencephalic hemisphere (mouse), showing telencephalic organisers, the hem and anti-hem. 
The hem secretes BMPs and Wnt and patterns the dorsal telencephalon into choroid plexus 
(ChP), hippocampus and the neocortex. The anti-hem is thought to secrete Wnt inhibitors to 
pattern the ventral telencephalon. 
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During the early patterning of the embryonic telencephalon, distinct territories are 

initially only distinguishable by their location and differential expression of molecular markers 

in NECs, which only later begin to differ in behaviour to generate specific tissues. We will 

focus on the development of the neocortex, as this is the structure that is enlarged in primates 

and is responsible for the unique cognitive abilities of humans. 

 

1.3 Generation of the mammalian neocortex 

 

1.3.1 Cortical neural progenitor cells 

 

Despite species-specific differences in overall size and function of the neocortex, the 

basic principles of neocortical development, including the cell types and cytoarchitecture, are 

highly conserved across mammals (Dugas-Ford et al., 2012), with species-specific size 

differences likely coming down to differences in the timing of events. The development of the 

neocortex involves multiple neural progenitor cell (NPC) types from which cortical neurons 

will eventually be derived directly or indirectly. NPC types include neuroepithelial cells 

(NECs), radial glial cells (RGCs), intermediate progenitor cells (IPCs) and outer radial glial 

cells (oRGCs) (Figure 1.5). 

 

1.3.2 Neuroepithelial cells and radial glial cells in the ventricular zone 

 

At the onset of cortical development, the neocortex consists of NECs, which are self-

amplifying NPCs that divide in a symmetric proliferative manner to increase the founding 

population of NPCs. NECs are apico-basally polarised with the apical domain of cells found 

adjacent to the ventricular lumen of the neural tube and the basal domain extending radially to 

the external surface of the neural tube. NECs are columnar/spindle-like in shape, form a 

pseudostratified single-cell layer and display classic epithelial features showing high apico-

basal polarity and expressing markers of adherens junctions, such as cadherins (N-cadherin 

gradually replacing E-cadherin during neural tube closure), and tight junctions, such as 

Occludin and ZO1 (Aaku-Saraste et al., 1996; Dady et al., 2012). Pseudostratification arises 
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from the dynamic movement of cell bodies in concert with their cell cycle, known as 

interkinetic nuclear migration (IKNM): succeeding mitosis at the apical surface, cell bodies 

move basally during G1, are located at the basal surface during S-phase, and during G2, return 

to the apical surface to undergo mitosis (Lee and Norden, 2013). IKNM depends on 

cytoskeletal rearrangements and occurs in response to cell cycle phase (Kosodo et al., 2011; 

Ueno et al., 2006). Pseudostratification and IKNM allow for a greater cell density with multiple 

nuclei sharing the same ventricular area, while ensuring that mitoses occur apically, meaning 

that important apically-located polarity queues are inherited equally between daughter cells 

arising from symmetric NEC divisions (Taverna et al., 2014).  

 

Coinciding with the onset of neurogenesis, at ~E10.5 in mice (Hevner et al., 2003), 

NECs transition into RGCs. RGCs are molecularly very similar to NECs, however, the 

transition is characterised by the downregulation of some epithelial features, such as the tight 

junction protein Occludin, but not ZO1, a thinning and elongation of apico-basal processes 

extending from the cell body, and an onset in the expression of astroglial markers such as 

Vimentin, BLBP, GLAST and GFAP (Aaku-Saraste et al., 1996; Kriegstein and Alvarez-

Buylla, 2009). RGCs can continue to divide in a symmetric proliferative manner, however, 

they also begin to undergo asymmetric and neurogenic divisions, resulting in one RGC 

daughter cell and one more differentiated daughter cell (IPC, neuron, oRGC) that detaches 

from the apical surface and migrates basally. The decision between symmetric versus 

asymmetric divisions relies in part on the equal (symmetric) or unequal (asymmetric) 

inheritance in daughter cells of the basal process of RGCs and the portion of the apical 

membrane containing polarity cues (Matsuzaki and Shitamukai, 2015). Asymmetric 

distribution of these components can be achieved by altering the orientation of the mitotic 

spindle which will decide on the cleavage plane, with symmetric and asymmetric divisions 

arising from planar and oblique orientations of the mitotic spindle respectively (Lancaster and 

Knoblich, 2012). The significance of spindle orientation has been emphasised by a large 

number of mutations affecting mitotic spindle machinery identified in patients with 

microcephaly, which is thought to result from randomised spindle orientations that deplete the 

RGC progenitor pool prematurely due to premature differentiation resulting from increased 

asymmetric divisions (Jayaraman et al., 2018). The role of RGC spindle orientation as causal 

rather than correlative in cell fate determination has, however, been brought into question due 

to a number of studies finding that randomised spindle orientations mainly influence basal 
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localisation of daughter progenitor cells rather than neurogenesis (Insolera et al., 2014; Konno 

et al., 2008).   

 

The presence of RGCs marks the onset of neurogenesis and results in the 

neuroepithelium transforming into a multilayered structure, separating NPCs from the basal 

layers of the cortical wall, which become progressively populated with neurons. The apical 

layer of the cortical wall, lining the ventricular surface, contains the cell bodies of RGCs and 

is known as the ventricular zone (VZ). The IKNM of RGCs only takes place across the 

thickness of the VZ, however, the basal processes of RGCs maintain contact with the basal 

lamina of the cortical wall, becoming progressively elongated as the cortex thickens, and 

providing a scaffold for newborn neurons to migrate basally (Figure 1.5) (Rakic, 1972). In the 

human fetal neocortex, it has been shown that as the cortical wall progressively thickens, a 

discontinuous radial glial scaffold forms as RGCs lose contact with the basal surface, becoming 

‘truncated’ RGCs, with oRGCs providing a scaffold for new-born neurons at these later stages 

(Nowakowski et al., 2016). 

 

1.3.3 Basal progenitor cell populations in the inner and outer subventricular zone 

 

Asymmetric divisions can be considered proliferative in the scenarios where they 

generate more differentiated NPC types such as IPCs or oRGCs. These cells migrate basally, 

lose their apical contact and are known as basal progenitors due to the fact that they divide at 

positions directly basal to the VZ, in a secondary layer known as the subventricular zone (SVZ). 

It has been observed that newly-formed IPCs initially maintain an apical process which rapidly 

delaminates, allowing for the cell cycle to proceed (Borrell et al., 2012; Noctor et al., 2008). 

IPCs are distinguishable by their multipolar morphology and are molecularly different to NECs 

and RGCs, having lost expression of SOX2 and PAX6 and gained expression of the TBR2 

transcription factor (Englund et al., 2005). In rodent brains, the majority of IPCs undergo one 

symmetric terminal division to produce two daughter neurons and have been shown to 

contribute to production of neurons in all layers of the cortex (Noctor et al., 2004; Vasistha et 

al., 2015). TBR2 loss-of-function experiments have demonstrated a clear role of IPCs in 

enhancing cortical neurogenic output (Lv et al., 2019; Sessa et al., 2008).  
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oRGC populations become more prominent at later developmental stages and are 

molecularly similar to RGCs, expressing both PAX6 and SOX2, however, can be separated by 

their transcriptome profile using single-cell RNA-sequencing (scRNA-seq) (Mayer et al., 

2019; Pollen et al., 2015). Morphologically, oRGCs have delaminated from the apical surface 

of the cortical wall and migrated basally into the SVZ, retaining only a basal process contacting 

the basal lamina. In contrast to the IKNM of NECs and RGCs, oRGCs divide by a process 

known as mitotic somal translocation, in which the cell body translocates basally towards the 

cortical plate prior to division (Hansen et al., 2010). oRGCs were first discovered in fetal 

human and ferret neocortices (Fietz et al., 2010; Hansen et al., 2010), due to their high 

abundance in gyrencephalic species relative to mouse, where they were later discovered with 

significantly lower numbers (Shitamukai et al., 2011; Wang et al., 2011). This increased 

abundance of basal progenitors results in a subdivision of the SVZ into inner SVZ (iSVZ), 

which contains a higher proportion of IPCs, and a more basal outer SVZ (oSVZ), containing 

predominantly oRGCs (Figure 1.5). 

 
Figure 1.5 Cell types and cytoarchitecture of the developing neocortex 
Schematic representation of the developing cortical wall at various stages of neurogenesis. At 
the top is a panel of the main cell types involved in corticogenesis. Neural progenitor cell (NPC) 
and post-mitotic neuronal cell types can be characterised by molecular markers, morphology 
and location in the cortical wall. Proliferative neuroepithelial cells (NECs) populate the 
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neuroepithelium prior to neurogenesis. At the onset of neurogenesis NECs have differentiated 
into elongated radial glial cells (RGCs), with cell bodies located in the ventricular zone (VZ), 
that can undergo asymmetric divisions to produce more differentiated cell types. Intermediate 
progenitor cells (IPCs) and outer RGCs (oRGCs) have cell bodies located in the subventricular 
zone (SVZ). Gyrencecphalic mammals produce a large amount of oRGCs during upper layer 
neuron formation resulting in a large SVZ that splits into an inner and outer SVZ (iSVZ and 
oSVZ). Post-mitotic neurons migrate along radial glial scaffolds (migrating neuron) to the 
cortical plate (CP). Cajal-Retzius cells (CRCs) initially populate the preplate. The generation 
of neurons results in the splitting of the preplate into a basal marginal zone (MZ) containing 
CRCs and a subplate (SP) containing subplate neurons. In between the MZ and SP is the 
growing cortical plate (CP). Neurogenesis occurs in a sequential manner with deep layer 
neurons established first in the CP, followed by the inside-out layering of later-born upper layer 
neurons. 
 

1.3.4 The influence of cell cycle regulation on cell fate 

 

Regulation of cell cycle length may have been important for mammalian brain size 

evolution as neurogenic output will ultimately be determined by two factors: the rate of NPC 

divisions and the type of division. A number of studies have implicated cell cycle length in 

regulating the balance between self-renewal and differentiation of NPCs. Progression through 

the cell cycle is regulated by multiple cyclins and cyclin-dependent kinases (CDKs) that are 

expressed dynamically at different stages of the cell cycle, promoting entry into the next phase 

of the cell cycle by phosphorylation of target genes. Cyclin/CDKs are negatively regulated by 

CDK inhibitors that can regulate the speed of cell cycle and promote quiescence (G0 state), 

which is a decision made in G1 (Ding et al., 2020). Several studies have indicated that 

differentiative divisions can be induced by prolonged G1 phases, where G1 phases beyond a 

certain threshold are necessary for sufficient accumulation of fate-determining factors. Firstly, 

a progressive lengthening of the cell cycle, in particular G1 phase, is observed in NPCs over 

time, with IPCs showing significantly longer G1 phases and cell cycles than neurogenic RGCs, 

which in turn are lengthened relative to cell cycles of proliferative NECs/RGCs (Arai et al., 

2011; Calegari et al., 2005; Takahashi et al., 1995). Interestingly, lengthening of cell cycle and 

G1 in neurogenic NPCs was shown to be coupled to a reduced duration of S-phase relative to 

proliferative cells. This decreased duration of S-phase reflects a reduced investment in DNA 

repair, suggesting a need for higher fidelity DNA repair in proliferative NPCs in order to avoid 

passing any errors to a larger progeny of neurons (Arai et al., 2011; Calegari et al., 2005). 

Secondly, studies that have manipulated G1 duration in mouse NPCs by either overexpressing 

cyclin/CDKs that shorten G1 or CDK inhibitors that lengthen G1, have respectively shown 
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increased proliferative and differentiative divisions respectively (Calegari and Huttner, 2003; 

Lange et al., 2009; Lim and Kaldis, 2012; Pilaz et al., 2009). The importance of cell cycle/G1 

regulation in controlling neuronal output is highlighted in humans with a mutation in CCND2 

that causes a stabilised form of the encoded cyclin D2 protein, a mediator of G1/S-phase 

transition, resulting in enlarged megalencephalic brains due to excessive NPC proliferation 

(Mirzaa et al., 2014). 

 

Furthermore, cell cycle regulators have been directly coupled to factors that determine 

neurogenic fate. For example, the ability of the NPC marker, SOX2, to inhibit neuronal 

differentiation and promote proliferation is enhanced through phosphorylation of SOX2 by 

high levels of CDKs, while with decreased CDK activity, non-phosphorylated SOX2 becomes 

truncated and was shown to induce expression of proneural genes (Lim et al., 2017). 

Neurogenin 2 (Ngn2) is a proneural transcription factor that has been shown to be regulated by 

multiple cell cycle regulators. One study found that a CDK inhibitor known to promote cell 

cycle exit, p27kip1, could, independent of its CDK-inhibiting effects, promote neuronal 

differentiation by stabilising Ngn2, and could further promote cortical neuronal migration 

through inhibition of RhoA/ROCK (Nguyen et al., 2006). Another study in Xenopus found that 

CDKs expressed in proliferating NPCs phosphorylate Ngn2 in a manner that inhibits the ability 

of Ngn2 to bind to its proneural gene targets and promote neuronal differentiation (Ali et al., 

2011). In chicks, it was shown that Ngn2 was able to repress the expression of cyclins important 

for G1 progression, suggesting the existence of a feedback loop between Ngn2 and cell cycle 

regulators that promotes neurogenesis as cell cycles lengthen (Lacomme et al., 2012).  

 

1.3.5 Signalling pathways regulating cell fate 

 

FGFs are a family of secreted signalling proteins that signal with different affinities 

through four FGF receptor tyrosine kinases (FGFR). Binding of FGFs to FGFRs leads to the 

activation of multiple signalling cascades which have been shown to play important roles in 

regulating cell survival, proliferation and differentiation (Ornitz and Itoh, 2015). FGF2 is 

thought to be important in promoting NPC expansion in the VZ as microinjections of 

recombinant FGF resulted in increased proliferative divisions of NPCs, causing a later increase 

in neuronal output, while loss-of-function experiments showed depleted numbers of NPCs and 
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later reduced neuron numbers (Vaccarino et al., 1999). A conditional FGFR knockout, taking 

effect prior to neurogenesis, resulted in mice with a notable reduction in cortical surface area 

and total neuron number caused by premature neurogenesis, which surprisingly showed little 

effect on cortical layer identity and structure (Rash et al., 2011). It is thought that FGF2 and 

FGFR activity promote proliferative divisions and inhibit neurogenesis through the Notch 

pathway, as the FGFR knockout phenotype could be rescued by activation of the Notch 

pathway and FGF2 has been shown to upregulate Notch signalling (Faux et al., 2001). Notch 

signalling is a known regulator of neuronal differentiation with Notch activation in NPCs 

resulting in downstream inhibition of proneural genes including Ngn2 (Mizutani et al., 2007). 

Another FGF, FGF10, was found to be transiently expressed by NPCs during the period in 

mice where cells transition from NECs to RGCs. An FGF10 knockout showed a delay in the 

onset of glial RGC markers in NPCs, postponing the onset of asymmetric divisions (IPC and 

neuron production), followed by a later increase in neuronal output (Sahara and O’Leary, 

2009). 

 

Wnt signalling has also been implicated in regulating NPC proliferation. The canonical 

Wnt pathway involves the inhibition of GSK3β activity. GSK3β is a serine/threonine kinase 

that, in the absence of Wnt signalling, phosphorylates β-catenin subjecting it to degradation. 

Unphosphorylated β-catenin is capable of entering the nucleus to regulate gene transcription, 

and this canonical Wnt/β-catenin pathway has been shown to be involved in the proliferation 

of progenitor cells from various tissues (Cadigan and Waterman, 2012). The expression of a 

stabilised form of β-catenin in NPCs of transgenic mice enhanced proliferation of NPCs, which 

led to increased neuronal production and a highly expanded cortical surface area to the extent 

that the brain was folded, in contrast to the naturally lissencephalic (unfolded) brains of mice 

and reminiscent of gyrencephalic (folded) brains of larger-brained mammals (Chenn and 

Walsh, 2002, 2003). Interestingly, FGF and Wnt pathways have been found to converge on 

GSK3β/β-catenin signalling, with GSK3β inactivation, nuclear accumulation of β-catenin and 

activation of Notch signalling observed downstream of FGF2-treated NPCs (Shimizu et al., 

2008). 

 

 



 36 

1.3.6 The inside-out pattern of cortical neurogenesis 

 

The cerebral cortex is made up primarily of excitatory glutamatergic neurons (70-80%) 

with the remaining being made up of GABAergic inhibitory interneurons (20-30%) that 

primarily originate from the ventral telencephalon and that migrate to incorporate into and 

refine cortical neuronal circuits (Sultan and Shi, 2018). Cortical excitatory neurons are 

arranged in six layers with different functional roles: deep-layer neurons project subcortically 

to other brain regions, while upper-layer neurons form intracortical circuits and callosal tracts. 

These layers were originally defined by distinct cytoarchitectural features, but were later shown 

to exhibit a patterned expression of molecular markers that delineate the various cortical layers 

(Molyneaux et al., 2007). Among the first neurons to populate the cortex are Cajal-Retzius 

cells (CRCs), which are thought to originate in large part from telencephalic regions bordering 

the neocortex, colonising the neocortex through tangential migration (Bielle et al., 2005). CRCs 

populate the most basal layer of the cortical wall, initially in a transient layer known as the 

preplate (Figure 1.5). CRCs secrete an extracellular matrix glycoprotein, Reelin, that guides 

the radial migration and invasion of new-born deep layer neurons into the preplate, which form 

a layer of radially aligned neurons known as the cortical plate (CP) that will give rise to the 

multilayered neocortex. The formation of the CP results in the splitting of the preplate into a 

superficial layer called the marginal zone (MZ) and a layer below the CP called the subplate 

(SP), with CRCs remaining in the MZ (Figure 1.5) (Olson, 2014). In Reelin mutants, the 

preplate fails to split and, furthermore, improper cortical migration is observed with neurons 

accumulating in a disorganised inverted ‘outside-in’ manner (Guy and Staiger, 2017). The 

organisation of cortical neurons is said to be ‘inside-out’ as new-born neurons generated in the 

VZ and SVZ migrate past earlier born neurons to basal positions of the CP. Different layer 

identities are generated in a temporal sequence, with deep layer neurons (layers 5-6) generated 

prior to upper layer neurons (layers 2-4), while the most superficial layer 1 will develop from 

the MZ (Figure 1.5) (Molyneaux et al., 2007). The generation of deep layer neurons occurs 

between ~E11-14 in mouse and ~7-11 post-conception weeks in human, followed by upper 

layer neurogenesis terminating at ~E17 and ~20 post-conception weeks in mouse and human 

respectively (Cadwell et al., 2019). The extent to which commitment to specific layers exists 

in early NPCs has been a topic of debate as it was generally considered that NPCs become 

progressively restricted in their laminar fate potential due to the fact that transplantation of late 

progenitors into early tissue and early progenitors into late tissues show a greater proportion of 
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transplanted early progenitors being able to respond to external cues and form upper-layer 

neurons while transplanted late progenitors appear more committed to upper-layer neuronal 

identities (Costa and Müller, 2015; Desai and McConnell, 2000). A recent study, however, 

isolated late progenitors into RGC and IPC populations, finding that the former maintained 

temporal plasticity upon transplantation to early tissue, whereas the latter was committed to 

upper-layer fates (Oberst et al., 2019). 

 

1.3.7 Cortical neuronal migration 

 

Cortical neurons have been observed to migrate into the cortex by distinct locomotive 

behaviours which largely involve the same underlying 3 steps. Neurons first adopt a bipolar 

morphology, extending a neurite basally away from the cell body which becomes the leading 

process. Second, the cell body then translocates into the leading process, by a process known 

as nucleokinesis. Finally, the trailing process of the cell is retracted. These steps are repeated 

until the neuron reaches its destination (Ayala et al., 2007). This locomotion and stabilisation 

of the leading process appear to be guided by RGCs as disruptions to the communication 

between neurons and radial glial fibres have been shown to result in impaired neuronal 

migration to the CP, triggering a loss of bipolar morphologies in migrating neurons with 

abnormal branching of the leading process (Elias et al., 2007; Gupta et al., 2003). N-cadherin 

is expressed in both radial glial fibres and migrating neurons. It was found that the migration 

of neurons along radial glial fibres relies on endocytic trafficking of N-cadherin, resulting in a 

surface distribution that is lower around the trailing process and cell body and higher towards 

the leading process, thus promoting adhesion in the direction of migration (Kawauchi et al., 

2010). 

 

The process of neuronal migration is highly dependent on rearrangements of both actin 

and microtubule cytoskeletons. Nucleokinesis has been shown to rely on movement of the 

centrosome into a swelling of the leading process which, through the microtubule network 

connecting the centrosome to the nucleus, pulls the nucleus towards it by dyneins. 

Nucleokinesis is further mediated by actin-myosin contractions at the rear of the cell that 

generate a pushing force on the nucleus and disrupt cell adhesions (Schaar and McConnell, 

2005). Doublecortin (DCX) is a microtubule associated protein expressed in new-born 
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immature neurons that, when mutated in humans, results in severe pathological conditions as 

a result of improper neuronal migration (Gleeson et al., 1998). DCX has been shown to mediate 

nucleokinesis and elongation of the leading process by binding to tubulin in a manner that 

inhibits depolymerisation of microtubules and promotes their bundling (Ayanlaja et al., 2017). 

The Rho GTPase Rac induces localised polymerisation of actin, forming lamellipodial 

protrusions, that generates a protrusive force thought to be necessary for the formation of the 

leading process, as suppressing Rac activity results in an inhibition of radial migration and loss 

of the leading process (Kawauchi et al., 2003; Yoshizawa et al., 2005).  

 

1.4 Mammalian brain size evolution 

 

1.4.1 Diversity in brain size 

 

We have covered some of the basic mechanisms involved in the formation of the 

mammalian neocortex. Although these common principles are shared, the size, shape, neuron 

number and behavioural function resulting from corticogenesis is a highly variable trait 

amongst mammals. Most of our molecular and cellular understanding of neocortical 

development is based on studies in mice, whose neocortices are lissencephalic (nonfolded) and 

small when compared to the human gyrencephalic (folded) neocortex which contains 1,000-

fold more neurons than the mouse, meaning that our understanding of the developmental 

mechanisms underlying larger brains is limited (Herculano-Houzel et al., 2006). An increase 

in neuron numbers was a general trait selected along the primate lineage, with humans in 

particular having evolved exceptionally large brains. Notably, even when compared to other 

members of the hominid (great ape) family, the human brain contains roughly 3-fold more 

neurons than our most closely related living species, the chimpanzee and gorilla, from which 

genetic and fossil evidence suggests lineage splits occurred ~6 and ~10 million years ago 

respectively (Figure 1.6) (Herculano-Houzel, 2012; Scally et al., 2012). 
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1.4.2 The radial unit hypothesis of cortical expansion 

 

Evolutionary increases in the number of neurons produced during cortical neurogenesis 

will ultimately come down to differences regulating NPC behaviour and fate decisions at the 

level of NECs, RGCs, IPCs and/or oRGCs that will increase the population of NPCs giving 

rise to neurons. The radial unit hypothesis of neocortical expansion proposes two main 

principles by which the number of neurogenic divisions and overall neuronal output can be 

increased (Rakic, 1988). The first is to increase the number of NPCs by enhancing the number 

of symmetric proliferative divisions made by predominantly NECs prior to the onset of 

asymmetric neurogenic divisions, which would lead to a laterally expanded cortex. The second 

is to increase the number of neurogenic divisions that occur per RGC once it begins to divide 

asymmetrically, by enhancing rounds of divisions made by IPCs and oRGCs prior to terminal 

differentiation into neurons, which would lead predominantly to expansion in the radial 

dimension and increased cortical thickness.  

 

1.4.3 The role of basal progenitor cells and the outer subventricular zone in cortical 

expansion 

 

One of the clearest interspecies differences setting apart primates from rodents is the 

expansion of basal NPCs. As mentioned above, in gyrencephalic species and notably primates, 

the SVZ develops into two separate layers, the iSVZ and oSVZ, absent in rodent and most 

lissencephalic mammals (Hansen et al., 2010; Reillo et al., 2011; Smart et al., 2002). While the 

thickness of the iSVZ remains fairly constant over neurogenesis, the oSVZ gradually grows 

thicker as numbers of basal oRGCs increase. This increase of oRGCs is driven by the ability 

of oRGCs to undergo multiple rounds of proliferative divisions in gyrencephalic species, while 

in mice, the vast majority of oRGCs undergo asymmetric neurogenic or terminal neurogenic 

divisions (Figure 1.6) (Betizeau et al., 2013; Gertz et al., 2014; Shitamukai et al., 2011; Wang 

et al., 2011).  
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Figure 1.6 Evolutionary divergence in cortical development and size 
Schematic representation of cortical differences between human, macaque and mouse. At the 
neuroepithelial cell (NEC) stage, prior to neurogenesis, the neuroepithelium of the human 
telencephalon is already significantly larger than macaque and mouse, suggesting increased 
proliferative capacity of NECs (thicker arrow). As development proceeds, differences in the 
behaviour of neurogenic progenitor cells (RGCs, IPCs and oRGCs) distinguishes primates 
from mice with in particular an increased proliferative capacity of basal progenitor cells (IPCs, 
oRGCs) in primates prior to terminal neurogenic divisions. This results in a dramatic 
enlargement of the primate subventricular zone (SVZ) relative to mouse, that is split into an 
outer SVZ (oSVZ) and inner SVZ (iSVZ). The result of a protracted neurogenic period and 
basal progenitor cell expansion is a thicker neocortex, which in primates can show further 
divergence into additional sublayers of upper layer identity (e.g. visual cortex area VI shown 
as example). Adult brain structures are reported to scale, highlighting the dramatic increase in 
human brain size and cortical surface area (dark purple) relative to mouse. Rounded arrows 
next to NECs, RGCs, IPCs and oRGCs reflect estimated self-renewal potential (thick solid line 
is high capacity, solid line is medium capacity, dashed line is limited capacity). The timescale 
of evolutionary divergence is million years ago (MYA) and human divergence from the 
hominids gorilla (~10 MYA) and chimpanzee (~6 MYA), macaque (~25 MYA) and rodents 
(~80 MYA) is shown. This figure was adapted from Giandomenico et al., 2017.  

 

1.4.4 Neuroanatomical comparisons support the radial unit hypothesis 

 

The radial unit hypothesis is driven by the observation that mammals show dramatic 

differences in neocortical surface area by orders of magnitude, without a comparable difference 

in the thickness of the cortex, with cortical thickness between human and mouse differing by 

only 2-fold (DeFelipe, 2011; Rakic, 1995). This difference in thickness is in large part due to 
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a higher occupancy of neurons with upper-layer II/III identity in primates relative to rodents, 

and could be due to the large oSVZ of primates, which expands drastically at stages 

corresponding to upper-layer neurogenesis (Figure 1.6) (Cadwell et al., 2019; DeFelipe et al., 

2002; Hansen et al., 2010). Increased cortical surface areas can also be explained to a certain 

extent by an expanded oSVZ, as increased oRGCs result in a “fanning out” of radial fibres and 

lateral dispersion of neurons in gyrencephalic species when compared to the lissencephalic 

mouse (Reillo et al., 2011). The expanded oSVZ in gyrencephalic species has been proposed 

to drive folding as overproliferation of basal progenitor cells was found to increase cortical 

folding and surface area in ferrets (Nonaka-Kinoshita et al., 2013). Although yet to be 

investigated, differences in basal progenitor populations seem less likely to explain the major 

differences in neurogenic output observed between great apes. Firstly, calculations of MRI-

derived cortical surfaces of adult human and chimpanzee brains showed, despite a more than 

3-fold difference in cortical surface area, there were no significant differences in mean cortical 

thickness (Donahue et al., 2018). Importantly, comparative neuroanatomy between adult brains 

of multiple ape species has shown that, despite differences in overall brain size, the thickness 

of the cortex, and the proportion of the cortex occupied by each of the individual six layers, is 

highly comparable across apes (De Sousa et al., 2010). Seeing as cortical layers are generated 

successively during the neurogenic period, it would imply that the human-ape differences 

governing brain size take place prior to neurogenesis.  

 

Collectively, neuroanatomical comparisons across mammals suggest that, while 

differences in neurogenic divisions of asymmetrically dividing NPCs are certainly important 

in explaining brain size differences between apes and mice to a certain extent, differences in 

the early symmetric proliferative behaviour of NPCs likely play a more pronounced role in 

regulating major differences in brain size, especially between apes. Although the protected 

status of apes has prevented neuroanatomical comparisons of developing neocortical tissue, 

this model of symmetric NPC expansion is further supported by the fact that the 

neuroepithelium of the human telencephalon is already significantly larger than not only 

mouse, but also the rhesus macaque monkey, a primate with roughly 10-fold less neurons than 

humans, prior to the onset of neurogenesis (Figure 1.6) (Herculano-Houzel et al., 2015; Rakic, 

2007). 
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1.4.5 Potential mechanisms of neural progenitor cell expansion 

 

Although the mechanisms underlying potential evolutionary differences in NEC 

expansion remain unknown, certain pathways that affect early NPC expansion and fate 

determination have been found in mice. As described previously, the manipulation of several 

signalling pathways (FGF, Wnt) and cell cycle duration (G1) can significantly affect cortical 

expansion in the lateral dimension without a comparable impact on radial expansion or 

neuronal layering. These studies do not necessarily point towards the pathways involved in 

human brain expansion, but do show how disrupting the expression of one gene during NPC 

proliferative stages can have profound effects on later brain size. Although cell cycle duration 

and the length of G1 in particular has been shown to regulate the decision between NPC 

proliferation versus differentiation, it is important to note that total cell cycle duration, even in 

fast-cycling PSCs, is significantly longer in primates than in mice, meaning that there is not a 

universal duration of G1 that governs differentiation, but that this feature is relative to the total 

cell cycle length of a given species (Hindley and Philpott, 2013). One study found that NPCs 

in the VZ of mice cycle at more than double the pace of macaque during neurogenesis, 

however, when the total duration of neurogenesis in macaques (10-fold longer than in mice) 

was taken into account, each cell cycle of macaque constituted a much smaller fraction of the 

total neurogenic period, showing that more rounds of successive NPC divisions take place 

during macaque neurogenesis by a factor of more than 3 (Kornack and Rakic, 1998). The 

duration of the neurogenic period is clearly a parameter regulating neurogenic output. In 

humans, cortical neurogenesis starts at about 5 post-conception weeks, and is for the most part 

completed by 25 post-conception weeks, while the main neurogenic period in mice occurs 

between ~E10.5 to E17.5 (Bystron et al., 2008; Li et al., 2012), giving humans a substantially 

longer period to expand the cortex.  

 

1.4.6 Genetic basis of human brain evolution 

 

Underlying brain evolution, and all biological diversity, are differences in the genetic 

and epigenetic blueprint of a given organism. Despite recent advancements in the field of 

genomics and comparative genomics, given a phenotypic difference, identifying underlying 

functional genomic changes can be challenging, and the genetic basis of brain size evolution 
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remains poorly understood. The human genome is made up of ~3 billion base pairs (bp) of 

DNA and consists of protein-coding genes, non-coding RNA genes, regulatory elements and 

transposable elements, and genomic rearrangements; variation at the level of all of these DNA 

features has been implicated in mammalian brain evolution. 

 

1.4.7 Protein-coding changes associated with human brain evolution 

 

Several primate and human-specific gene variants affecting protein-coding genes 

involved in brain development have been identified (Florio et al., 2018). For example, a number 

of microcephaly genes involved in spindle orientation and NPC fate determination, including 

ASPM and CDK5RAP2, show evidence of positive selection in primates and cetaceans, and 

positive selection of these genes is correlated with increased brain size. Loss of ASPM exhibits 

a more dramatic microcephaly phenotype in gyrencephalic species and shows a milder 

phenotype in lissencephalic mice (Bond et al., 2003; Fujimori et al., 2014; Johnson et al., 2018). 

Interestingly, while a human ASPM transgene rescues the phenotype in Aspm mutant mice, no 

gain of function is observed, suggesting ASPM is functionally similar in both species, however, 

this conclusion is not clear without the reciprocal experiment as the function of microcephaly 

genes could be background dependent (Pulvers et al., 2010).  

 

Seeing as the majority of genes are selectively constrained, evolutionary generation of 

novel genes and proteins is thought to occur predominantly through gene duplication, exon 

shuffling and retrotransposition events rather than direct changes to the ancestral gene (Hurles, 

2004). Human-specific gene duplications are of particular interest as they may have resulted in 

novel gene function within humans, and several have been shown to be involved in 

neurodevelopment (Sudmant et al., 2010). Among these, SRGAP2, a gene involved in synaptic 

maturation, underwent multiple duplication events since humans diverged from chimpanzees, 

and studies in mice have shown that the human-specific paralog SRGAP2C antagonises the 

ancestral copy, resulting in delayed synaptic maturation and increased synapse density in 

cortical neurons (Charrier et al., 2012). In terms of brain size expansion, human-specific 

duplications of ARHGAP11, TBC13D and NOTCH2NL (discussed later) have been shown to 

play a role in NPC proliferation and fate decisions. TBC13D is an ape-specific gene expressed 

in oRGCs with additional copies in the human genome relative to chimpanzee. Although the 
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role of additional copies in humans has not been elucidated, the expression of TBC13D in mice 

was shown to promote the generation of proliferative oRGCs resulting in the formation of 

increased upper-layer neurons and cortical folding, implying that the evolutionary gain of this 

gene in apes was important for cortical expansion (Ju et al., 2016). ARHGAP11B is a human-

specific gene that arose from a partial duplication of ARHGAP11A. ARHGAP11A is a Rho 

GTPase activating protein localised in the nucleus, while ARHGAP11B has gained a novel 

function, lacking GTPase activity and localising to mitochondria, and has been shown to 

promote basal progenitor (IPC and oRGC) proliferation through regulation of mitochondrial 

metabolism (Namba et al., 2020). Expression of ARHGAP11B in mouse, ferret and marmoset 

resulted in basal progenitor expansion, which caused an in increase in cortical size, folding and 

thickness and an increase in the number of upper-layer neurons (Florio et al., 2015; Heide et 

al., 2020; Kalebic et al., 2018).  

 

1.4.8 Non-coding regulatory changes associated with human brain evolution 

 

Many of the phenotypic differences observed between humans and apes come down to 

differences in the regulation and expression of genes rather than their function. This idea was 

proposed prior to the boom of genomic research, and is based on the observation that the 

number of protein-coding differences between human and chimpanzee are far too few to 

explain the striking phenotypic difference observed across mammals, proposing that noncoding 

regulatory differences affecting the timing or level of gene expression likely have a 

considerable impact on developmental differences between species (King and Wilson, 1975). 

Sequencing of the human genome revealed that protein-coding sequences only make up ~1.5% 

of the genome, whereas at least 5% of the genome is conserved across mammals (Lander, 

2011). This conservation implies that there is more biologically functional DNA that does not 

encode proteins than does. Several comparative genomic studies have provided support for this 

idea in human brain evolution. A meta-analysis looking at positive selection in coding and non-

coding regions of the human genome found a strong correlation between non-coding regions 

undergoing positive selection and proximity to genes involved in neurodevelopment, proposing 

that changes in neurodevelopment and function adapted primarily through non-coding changes 

(Haygood et al., 2010).  
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A number of studies have used comparative genomics to search for genomic regions 

that are both highly conserved across mammals, suggesting functionality, but that have 

significantly changed in humans since our divergence from chimpanzees, revealing thousands 

of non-coding putative regulatory regions known as human accelerated regions (HARs) (Bird 

et al., 2007; Bush and Lahn, 2008; Kim and Pritchard, 2007; Lindblad-Toh et al., 2011; Pollard 

et al., 2006a; Prabhakar et al., 2006). It was found that only 8% of HARs overlap with protein-

coding sequences, with the majority residing in intergenic regions close to protein-coding 

genes or within introns (Capra et al., 2013b). Although some HARs overlap with non-coding 

RNA genes (Pollard et al., 2006b; Suzuki et al., 2018b), at least one-third of non-coding HARs 

are predicted to display regulatory function acting as developmental enhancers (Capra et al., 

2013b). Another study searched for conserved genomic regions with human-specific deletions, 

revealing more than 500 deletions which were almost exclusively in non-coding regions. These 

deletions were enriched near genes involved in steroid function and notably neurodevelopment, 

and included the deletion of an enhancer near the tumour suppressor gene GADD45G, which 

displays enhancer activity in the mouse forebrain with orthologous mouse and chimpanzee 

sequences suggesting decreased activation of GADD45G in humans could contribute to 

increased NPC proliferation and brain expansion (McLean et al., 2011). Using such enhancer 

assays in transgenic mice and zebrafish, several studies have identified cases where HARs, 

compared to orthologous sequences of other species, show distinct patterns of enhancer activity 

in the developing brain (Boyd et al., 2015; Kamm et al., 2013; Oksenberg et al., 2013). 

Recently, high-throughput detection of enhancer activity has been enabled by massively 

parallel reporter assays in cell lines, in which libraries of putative enhancers are cloned into 

DNA-barcoded reporter constructs, providing a read-out of enhancer activity through RNA-

seq (Inoue and Ahituv, 2015). These studies have identified a large number of HARs that 

function as neurodevelopmental enhancers and display differential activity compared to the 

chimpanzee sequence (Ryu et al., 2018; Uebbing et al., 2019), and have additionally found rare 

mutations altering HAR activity to be associated with autism spectrum disorders, further 

supporting important functional roles of HARs in neurodevelopment (Doan et al., 2016). 

 

Although enhancer assays can highlight interesting putative regulatory regions, this 

does not imply an important functional role in the context of developing tissue, especially since 

enhancer activity is often evaluated outside of the genomic context. One study functionally 

characterised the role of a HAR which was found to function as an enhancer of FZD8, a Wnt 
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receptor, in early cortical NPCs. Transgenic mice where Fzd8 expression was driven by the 

HAR sequence showed accelerated cell cycles of NPCs, increased neuronal output and cortical 

surface area relative to wildtype mice and mice where Fzd8 expression was driven by the 

ancestral chimpanzee sequence (Boyd et al., 2015). It is, however, important to note that this 

study used random-integration of transgenes, meaning that the location or number of insertions 

of human versus chimpanzee sequences could influence the phenotype (Ohtsuka et al., 2010). 

Furthermore, studying regulatory effects of human and chimpanzee sequences in the context 

of mice does not confirm a functional effect in apes.  

 

Human-specific gene regulation during corticogenesis can also be studied by genome-

wide spatio-temporal transcriptome analysis, to detect differential gene expression and 

expression patterns by RNA-seq (Keil et al., 2018). Comparative epigenomics of species can 

also be performed genome-wide, to detect differences in the accessibility of regulatory regions 

(ATAC-seq) (de la Torre-Ubieta et al., 2018), or to detect different histone modifications that 

are markers of active or repressed enhancers (Nord et al., 2013; Reilly et al., 2015). These 

studies have been informative in highlighting neurodevelopmental differences in temporal 

gene regulation between human, macaque and mouse and have shown overlap with HARs, 

however, determining whether differences are human-specific will require comparison with 

more closely-related species such as chimpanzee, bonobo and gorilla, which is mostly 

impossible due to technical and ethical limitations with acquiring fetal ape samples. In this 

context, recent advances of recapitulating brain development in vitro are rapidly becoming a 

key tool to study human brain evolution, enabling direct comparisons of early brain 

development across multiple species and the functional testing of theories of human brain 

evolution. 

 

1.5 Modelling cortical development in vitro 

 

1.5.1 Pluripotent stem cells in vitro 

 

The ability to culture human pluripotent stem cells (PSCs) from blastocyst-derived 

embryonic stem cells (ESCs) and later from the adult somatic cells reprogrammed with 
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pluripotency transcription factors into induced pluripotent stem cells (iPSCs), marked a turning 

point for studying human development and disease mechanisms in vitro (Takahashi et al., 

2007; Thomson, 1998; Yu et al., 2007). Human embryo- and reprogrammed-derived PSC lines 

resemble PSCs of the embryonic epiblast, can be cultured indefinitely in the presence of FGF 

and activin, and their pluripotency is proven by the ability to differentiate into derivatives of 

all three germ layers in vitro (Nichols and Smith, 2012). In vivo, epiblast cells are on the verge 

of differentiation and exhibit heterogeneity as they become primed to form specific germ layers 

(Cheng et al., 2019). Although PSCs can be directed to form a wide variety of cell types, biases 

in the differentiation capacity among different iPSC and ESC lines have been observed, 

indicating that certain cell lines can be primed and more readily generate tissue of a specific 

germ layer (Osafune et al., 2008; Strano et al., 2020; Sun et al., 2018). 

 

1.5.2 Embryoid bodies 

 

When grown in suspension, the ability of PSCs to follow developmental trajectories 

becomes evident as cells aggregate to form small spheres known as embryoid bodies (EBs) 

(Evans and Kaufman, 1981; Martin, 1980, 1981). EBs essentially mimic the very early events 

of development that follow the blastocyst stage, as they spontaneously differentiate into 

identities of the three germ layers, reminiscent of gastrulation (Itskovitz-Eldor et al., 2000), 

and thus provide an appealing system for directing early developmental processes in vitro to 

generate tissue derived from specific germ line lineages.    

 

1.5.3 2D neural differentiation  

 

The ability to derive organised neural tissue from mouse and human EBs was first 

demonstrated in 2D. When EBs are spread onto an adhesive substrate and directed towards 

neural lineage in the presence of FGF2, initially tightly packed epithelial cells transform into 

elongated NPCs that self-organise into polarised 2D arrangements known as neural rosettes, 

reminiscent of the embryonic neural tube, radially organised around a small circular apical 

lumen (Okabe et al., 1996; Zhang et al., 2001). Insight into the aforementioned default model 

of neural induction allowed for the EB step to be bypassed and direct differentiation of 2D 
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adherent PSCs into NPCs. The ability of PSCs to differentiate into NPC fate in the absence of 

other signals was first shown by culturing PSCs in a minimal media (Ying et al., 2003). This 

direct differentiation was later shown to be more effective by the addition of inhibitors of BMP 

and TGFβ/NODAL signalling to the media, suppressing non-neural fates through “dual SMAD 

inhibition” (Chambers et al., 2009). While neural induction by dual SMAD inhibition yielded 

primitive NPCs that expressed apical markers, this expression was not polarised. It was later 

found that addition of FGF2 to the media allowed cells to organise into polarised neural rosettes 

(Li et al., 2011). Similar to developing embryonic neural tissue, cell bodies of rosette NPCs are 

pseudostratified and divide by IKNM. At later stages, TBR2+ IPCs are found basally, 

suggesting a rough segregation of progenitors into zones reminiscent of cortical VZ and SVZ 

found in vivo (Shi et al., 2012). NPCs are kept in a proliferative state by FGF2, with withdrawal 

stimulating the onset of neurogenesis in rosette protocols. Impressively, the temporal pattern 

of neurogenesis is maintained and neuronal layer identities are generated in a sequential 

manner in rosette protocols (Kirwan et al., 2015; Shi et al., 2012). 

 

Although neural rosettes exhibit a high degree of self-organisation and recapitulate 

several key features of early brain development in a temporal manner, there are a number of 

limitations associated with studying brain development in 2D. The 3D environment of the 

developing brain in vivo means that cells are normally influenced by cell-cell contact, contact 

with the basal ECM, and additionally are exposed to gradients of patterning and growth factors. 

These are all important features that are lost in 2D cultures, where contact with the culture dish 

prevails over cell-cell contacts and graded growth factor treatment is not possible. This means 

that physiological polarity signals and constraints on cell migration, provided by the ECM in 

vivo, are lacking such that, despite rosettes generating neurons of diverse layer identities, these 

fail to spatially organise into a CP with distinct neuronal layers (Shi et al., 2012). Furthermore, 

the rigid mechanical properties of the culture dish have been shown to alter the rate of 

proliferation, differentiation and response to drugs when comparing tissue in 2D versus 3D 

culture systems (Paşca, 2018). It was clear that more accurate modelling of the complex 

cytoarchitecture of the developing brain would require 3D growth. 
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1.5.4 3D neural differentiation 

 

An important move in the direction of 3D brain culture systems was the SFEBq (serum-

free, floating culture of EB-like aggregate with quick aggregation) method, which, along with 

other modifications to EB-derived rosette methods, cultured EBs for a longer period of time 

prior to plating (Eiraku et al., 2008). This resulted in the development of a polarised 

neuroepithelial sheet on the surface of EBs prior to plating on dishes coated with ECM 

components. When applied to human ESCs, but not mouse, plated SFEBq aggregates did not 

entirely flatten and appeared “dome-like”. This semi-3D culture system resulted in the 

formation of cortical tissue surrounding large and continuous apical lumens, however, the 

formation of a CP with neuronal layering was still not observed. 

 

Pivotal to the progression of the organoid field was the addition of ECM hydrogels to 

support 3D tissue growth, first shown in intestinal organoids (Ootani et al., 2009; Sato et al., 

2009). The most commonly used ECM hydrogel is Matrigel. Derived from a mouse tumour 

that produces abundant ECM, Matrigel is a soluble basement membrane-rich extract that forms 

a 3D gel at 37°C (Kleinman and Martin, 2005; Li et al., 1987). The combination of physical 

properties of the gel along with additional signalling cues present in the basement membrane 

ligands, means that Matrigel can support organoid formation by both acting as a physical 

scaffold for tissue morphogenesis and providing biological functions of a basement membrane, 

such as guiding apicobasal polarity and cell migration (Long and Huttner, 2019). 

 

Building on the SFEBq method, adding dissolved Matrigel to EBs directed toward 

retinal fate was successful in supporting the morphogenesis of an ordered optic cup; the first 

example of an entirely 3D self-organising neural tissue (Eiraku et al., 2011). Dissolved 

Matrigel was subsequently shown to successfully support the formation of 3D cortical 

telencephalic tissue from floating SFEBq aggregates (Kadoshima et al., 2013; Nasu et al., 

2012). Alternatively, 3D brain architecture could also be supported by embedding EBs in pure 

droplets of Matrigel (Lancaster et al., 2013, 2017). The addition of Matrigel to EBs post-neural 

induction supports the formation of expanded neuroepithelial ‘buds’, reminiscent of the neural 

tube, with the basal side facing the external ECM-rich environment. As described previously, 

anterior neural tube formation in vivo requires the concerted input of surrounding non-neural 



 50 

tissue, meaning that the morphogenetic mechanism of neural tube closure cannot be 

recapitulated in vitro by tissue that is purely neuroepithelial. These brain organoid protocols 

produce a high level of spatial organisation with NPC proliferative zones separating into clear 

VZ and SVZ, with the latter containing TBR2+ IPCs and dividing oRGCs (Kadoshima et al., 

2013; Lancaster et al., 2013). MZ-like regions containing Reelin+ CRCs at the basal surface 

of cortical tissue have also been detected and primitive inside-out layering of neurons was 

supported, as later-born upper-layer neurons migrated to more superficial destinations than 

earlier-born neurons of deep-layer identity (Kadoshima et al., 2013; Lancaster et al., 2013). 

These neurons were aligned radially into a CP in protocols where dissolved Matrigel was 

included at later neurogenic stages (Kadoshima et al., 2013; Lancaster et al., 2017). This is 

likely due to the fact that the ECM of the pial basement membrane in vivo has been found to 

be critical for proper neuronal migration and localisation within the CP, and this is generated 

by overlying non-neural mesenchyme and thus not present in organoids (Halfter et al., 2002). 

Furthermore, neurons at later stages begin to show signs of neuronal maturation, and are not 

only electrically active, but were shown to synapse onto one another and show bursts of 

coordinated activity, characteristic of network formation (Giandomenico et al., 2019; Qian et 

al., 2016; Quadrato et al., 2017). After the neurogenic period, in late embryonic development 

and continuing after birth, remaining NPCs switch to gliogenesis to form astrocytes and 

oligodendrocytes (Jiang and Nardelli, 2016). Several studies culturing organoids for long 

periods have shown the onset of gliogenesis, detecting astrocytes and oligodendrocyte 

precursor cells (Giandomenico et al., 2019; Pasca et al., 2015; Quadrato et al., 2017; Renner et 

al., 2017). 

 

1.5.5 Cerebral organoids and the generation of non-cortical tissue 

 

In the absence of external patterning factors, differentiation into anterior neural 

forebrain, primarily dorsal telecephalic (cortical), fates occur by default. In protocols using 

large EBs cultured in minimal media containing no patterning molecules, organoids 

spontaneously form distinct regions of primarily forebrain including cortex, choroid plexus, 

hippocampus, ventral telencephalon and retina (diencephalic), in addition to a small amount of 

midbrain and hindbrain tissue (Lancaster et al., 2013; Renner et al., 2017). This method was 

termed cerebral organoids due to the formation of broad regional identities. In cerebral 
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organoids, different regional identities were not randomly interspersed and organisers appeared 

to be present as adjacent regions were separated by clear boundaries mimicking those found in 

vivo. For example, tissue reminiscent of the hem and antihem were found separating choroid 

plexus (TTR+) from cortical (TBR2+) and cortical from ventral telencephalic (GSX2+) tissues, 

respectively. Additionally, hem-like tissue secreted BMPs and Wnts, which directed adjacent 

choroid plexus identity (Renner et al., 2017). In order to generate non-cortical brain organoids 

reliably, protocols have implemented known patterning molecules such as SHH agonists to 

promote ventral telencephalon (Bagley et al., 2017; Birey et al., 2017; Xiang et al., 2017), 

varying levels of BMP and Wnt to produce hippocampus and choroid plexus (Pellegrini et al., 

2020; Sakaguchi et al., 2015), and a combination of Wnt, SHH and FGF8 agonism to produce 

midbrain (Jo et al., 2016; Qian et al., 2016). 

 

1.5.6 Generating brain organoids of cortical identity 

 

Several cortical organoid protocols inhibit heterogeneity in regional identity by 

patterning EBs with dual SMAD inhibitors during neural induction (Kadoshima et al., 2013; 

Pasca et al., 2015; Qian et al., 2016). Modifications to the cerebral organoid protocol (Lancaster 

et al., 2013) involving the use of engineered elongated EBs or simply smaller EBs, also result 

in reliable formation of dorsal telencephalic tissue during neural induction, avoiding the 

addition of small patterning molecules (Giandomenico et al., 2019; Lancaster et al., 2017). 

Notably, the only small molecule added to the modified protocol is, after neural induction, a 3-

day pulse of CHIR99021, an inhibitor of GSK3β and thus indirect Wnt activator, as Wnt 

pathway activation supports expansion of the early cortical neuroepithelium (Machon et al., 

2007).  

 

3D brain organoids generate cortical tissue in a manner that is remarkably faithful to 

early embryonic cortical development both cytoarchitecturally and spatio-temporally with little 

external input (Figure 1.7). Furthermore, a number of studies have compared gene expression 

in organoids to primary human fetal tissue using microarrays (Pasca et al., 2015), RNA 

sequencing (RNA-seq) (Luo et al., 2016; Mariani et al., 2015; Qian et al., 2016) and single-

cell RNA-seq (scRNA-seq) (Camp et al., 2015; Pollen et al., 2019; Quadrato et al., 2017; Sloan 

et al., 2017). These analyses have shown that brain organoid protocols replicate 
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neurodevelopmental gene expression programs particularly well, generating a wide variety of 

cells that share transcriptomic profiles with cells of the developing fetal cortex. 

 

Figure 1.7: Cerebral organoids recapitulate early features of brain development 
Schematic of a timeline showing similarities between in vivo brain development (top) and the 
cerebral organoid protocol (bottom). Pluripotent stem cells (ESC or iPSCs) resembling those 
of the embryonic epiblast are grown in suspension to form embryoid bodies (EBs). EBs are 
reminiscent of the embryonic gastrula, containing cells of the three germ layer identities: 
ectoderm, mesoderm and endoderm. EBs on day 0 are directed to form neuroectodermal tissue 
like cells of the neural plate. In vivo, the neural plate will undergo neurulation which involves 
bending and pinching off from the embryonic ectoderm to form the neural tube. In vitro, day 2 
neuroectodermal organoids are embedded in Matrigel resulting in the formation of multiple 
neural tube-like buds. Both the neural tube and the neural buds of organoids consist of apico-
basally polarised neuroepithelial progenitor cells (NECs) surrounding a fluid-filled lumen 
which will become the future ventricles of the brain. NECs will initially divide in a symmetric 
proliferative manner, expanding neural tissue in the tangential dimension. At the onset of 
neurogenesis, NECs have differentiated into radial glial progenitor cells (RGCs). RGCs will 
divide asymmetrically to produce more differentiated cell types such as intermediate 
progenitors and neurons that migrate basally resulting in growth in the radial dimension. 

 

1.5.7 The use of organoids to study human brain evolution  

 

The ability to generate brain organoids from iPSCs has enabled researchers to study early 

neurodevelopmental processes across previously inaccessible species. The first indication that 
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organoids could be used to model species-specific differences in brain development came from 

observations using the SFEBq method, showing that mouse-derived cortical tissue progress 

through neurogenesis at a much faster rate than human-derived tissue, and additionally formed 

small rosette neuroepithelial structures whereas human NPCs were arranged around large 

continuous apical lumens, reminiscent of an expanded cortex (Eiraku et al., 2008). Recently, a 

number of single-cell transcriptomic studies have started tackling evolutionary differences 

across primates, highlighting human-specific patterns of gene expression (Kanton et al., 2019; 

Mora-Bermúdez et al., 2016; Pollen et al., 2019). Human organoids appear to develop and 

mature at a protracted pace relative to chimpanzee and macaque, with neurons in the latter two 

species, and in particular macaque, showing increased expression of genes related to neuronal 

maturation and increased astrocytes at later stages (Kanton et al., 2019). Comparative analysis 

of organoids derived from these three species found that neurogenesis commences earlier and 

proceeds faster in macaque (Otani et al., 2016), consistent with the smaller brains of macaque 

relative to apes (Herculano-Houzel et al., 2007). A further comparison between human and 

chimpanzee organoids revealed that human RGCs display slightly longer mitotic phases, a 

feature that has been associated with RGCs that favour proliferative divisions over asymmetric 

divisions (Mora-Bermúdez et al., 2016). These findings suggest that human RGCs may favour 

proliferative divisions over neurogenic divisions for a longer period, which would be consistent 

with larger brains. NOTCH2NL are a family of NOTCH2-related genes that arose specifically 

in humans through a series of partial duplication events (Fiddes et al., 2018). Similar to 

NOTCH2, NOTCH2NL is expressed in fetal RGCs and has been shown to enhance Notch 

signalling, promoting proliferation of RGCs in mouse and 2D cultures of human NPCs 

(Nowakowski et al., 2017; Suzuki et al., 2018a). Brain organoids confirmed a role for 

NOTCH2NL in enhancing NPC proliferation, as NOTCH2NL knockout organoids displayed 

premature neurogenesis and neuronal maturation (Fiddes et al., 2018). 
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1.6 A Meta-analysis identifies human brain evolution candidate genes  

 

1.6.1 Methodology of the meta-analysis 

 

Note: the meta-analysis described in this section was performed by Madeline Lancaster. 

 

In an effort to identify genes with potential roles in human brain evolution, we 

performed a meta-analysis of 40 publicly available datasets including comparative genomics 

and transcriptomics, looking for overlapping genes. The rationale was that interesting human 

brain evolution candidate genes would exhibit features of human evolutionary selection at the 

genomic level and would exhibit an expression pattern specific to the human brain. 

 

First, a set of 27 independent comparative genetic analysis datasets were used to identify 

overrepresented genomic regions with features of human-specific evolution. These human-

specific regions were mapped to the reference genome hg38, and were assigned to genes that 

were either overlapping or nearby. Candidate genes were identified by a Poisson test with 

occurrence at greater than or equal to 3 (p<0.01). Second, a set of 13 independent comparative 

transcriptomic analyses were used to identify genes with human-specific brain expression. For 

one of these datasets, we analysed publicly-available microarray and RNA-seq data from the 

Allen Brain Atlas and the NIH Blueprint Non-human Primate Atlas (NHP atlas). Human RNA-

seq data was filtered for genes highly expressed in the dorsal telecephalon (RPKM ≥3) between 

post-conception weeks 8 and 37, correlating with expression of the dorsal telencephalic marker 

gene EMX1. A similar approach was used to compile a list of genes co-expressed with EMX1 

in macaque. A list of genes with human-specific expression was obtained by subtracting genes 

present in the macaque list. This dataset was combined with the 12 other independent 

comparative transcriptomics datasets and, as performed for the genomics datasets, candidate 

genes were identified by a Poisson test with occurrence at greater than or equal to 3 (p<0.01). 

Third, comparative genomic and transcriptomic datasets were intersected to reveal a total of 

139 human brain evolution candidate genes. Finally, these were further filtered for genes 

expressed (RPKM ≥3) in brain organoids at day 20, 40, or 60 of the differentiation protocol 

(Lancaster et al., 2017). This revealed a total of 60 candidate human brain evolution genes that 
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are also expressed in human brain organoids. Of particular relevance to this thesis are two 

candidate genes within this list: AUTS2 and ZEB2. 

 

1.6.2 AUTS2 

 

Autism susceptibility candidate 2 (AUTS2) is a large gene located on chromosome 

7q11.22, spanning 1.2 Mb and containing 19 exons that encode a full-length protein of 1,259 

amino acids. AUTS2 has been implicated in human evolution as it contains several large introns 

harbouring six HARs (Bird et al., 2007; Pollard et al., 2006c; Prabhakar et al., 2006) with an 

additional four HARs and two human-specific deletions located upstream of AUTS2 (Bird et 

al., 2007; Bush and Lahn, 2008; McLean et al., 2011; Pollard et al., 2006a). Several of the 

intronic HARs were predicted to function as neurodevelopmental enhancers, with transgenic 

reporter assays in zebrafish and mice confirming enhancer activity in the developing brain 

(Capra et al., 2013b; Oksenberg et al., 2013), suggesting that altered AUTS2 regulation could 

be associated with human-specific development. 

 

AUTS2 was originally characterised in a pair of monozygotic twins presenting with 

autism spectrum disorder (ASD) and intellectual disability (ID), due to a balanced translocation 

spanning the AUTS2 genomic region (Sultana et al., 2002). Later clinical studies identified a 

large number of patients with genomic disruptions to AUTS2 presenting with a wide variability 

in the combination and severity of phenotypes, converging primarily on ID, craniofacial 

dysmorphisms and microcephaly, and was termed “AUTS2 syndrome” (Amarillo et al., 2014; 

Beunders et al., 2013, 2016). The severity of symptoms has been shown to be associated with 

disruptions to the 3’-end of AUTS2, suggesting an important role for the C-terminal region of 

the protein (Beunders et al., 2013). 

 

1.6.3 Neurodevelopmental roles of AUTS2 

 

In mice, in situ hybridisation and immunofluorescence revealed mRNA and protein is 

highly expressed in cortical neurons of the preplate and CP and in some IPCs, with CP 

expression progressively lost in deep-layer neurons, suggesting a potential role for AUTS2 in 
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neuronal differentiation and maturation (Bedogni et al., 2010). Western blot analysis across a 

time course shows the continuous expression of full-length AUTS2 from early neurogenesis 

(E12) until adulthood although expression levels drop postnatally, while a shorter C-terminal 

isoform is expressed highly during early and mid-neurogenesis and disappears postnatally 

(Hori et al., 2014). Two studies knocked down auts2 in zebrafish using morpholinos, which 

resulted in microcephaly, reduced neuronal output and craniofacial abnormalities, features 

reminiscent of human AUTS2 syndrome (Beunders et al., 2013; Oksenberg et al., 2013). Both 

full-length and C-terminal human AUTS2 mRNA transcripts were capable of rescuing the 

phenotype in morphant fish, further indicating an important role for the C-terminal transcript 

in neurogenesis (Beunders et al., 2013).  

 

AUTS2 has been shown to function as a transcriptional regulator of 

neurodevelopmental genes. A study that performed CHIP-seq and RNA-seq on the developing 

mouse forebrain found AUTS2 interacts with active promoters and enhancers of genes that are 

highly expressed at this stage, and furthermore, found that AUTS2-marked genes were 

significantly enriched for biological processes involved in neurodevelopment and cell 

proliferation (Oksenberg et al., 2014a). Another study found that AUTS2 acts as a 

transcriptional activator by interacting with Polycomb group RING finger 5 (PCGF5) to form 

a Polycomb Repressor Complex 1 (PRC1) containing AUTS2. PRC1 is traditionally involved 

in gene repression, however, the PRC1.5-AUTS2 complex was transformed into an activator 

through AUTS2-mediated recruitment of casein kinase 2, which suppresses PRC1 repressor 

activity, and recruitment of histone acetyltransferase P300, a transcriptional co-activator, 

resulting in the activation of genes associated with neurodevelopment (Gao et al., 2014). The 

study also found that AUTS2 interacts with PCGF3, however, did not characterise the role of 

the PRC1.3-AUTS2 complex. It is also important to note that these experiments were 

performed in the immortalised embryonic kidney cell line, 293T, as a later study found that 

PRC1.5 may be less relevant in the context of brain development as PCGF5 expression is 

negatively correlated with AUTS2 expression in RNA-seq data from fetal human brain, while 

PCGF3 was positively correlated (Monderer-Rothkoff et al., 2019). Interestingly, while 

AUTS2 showed transcriptional activation in 293T cells in a manner dependent on the C-

terminal region, transcriptional repression relying on the N-terminal region was observed when 

a neuroblastoma, N2A, cell line was used, and this result was due to the expression of PCGF3 

in the latter cell line. In a 2D cortical neuron differentiation protocol of mouse ESCs, C-
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terminally truncated AUTS2 was found to accelerate differentiation, consistent with previous 

findings implicating the C-terminus in brain size regulation, while full-length and C-terminal 

AUTS2 delayed neurogenesis and supported cell survival (Monderer-Rothkoff et al., 2019). 

These results show that AUTS2 is clearly involved in regulating the timing of neurogenesis, 

but that the effects are highly dependent on the isoform and cellular context, making it unclear 

how AUTS2 and the various isoforms regulate human brain development. 

 

A study looking at homozygous knockout mice, where the full-length, but not C-

terminal isoform of AUTS2 is disrupted, although neonatally lethal, showed no defects in 

cortical size or NPC proliferation, however, did display impaired cortical neuronal migration 

(Hori et al., 2014). Although AUTS2 is mainly expressed in the nucleus and shows evidence 

of nuclear localisation signals in the N-terminal region (Bedogni et al., 2010), it was found that 

full-length AUTS2, and N-terminal fragments, are expressed in both the nucleus and cytoplasm 

of neurons, while the C-terminal transcript is confined to the nucleus (Hori et al., 2014). Full-

length AUTS2 was shown to activate the Rho GTPase, Rac1, and via this activation to promote 

neuritogenesis and cortical neuron migration. Mice lacking full-length AUTS2 showed 

impaired neuronal migration with abnormal branching of the leading process of migrating 

neurons which was rescued by both full-length AUTS2 and Rac1 (Hori et al., 2014). These 

findings suggest the N-terminal region of the protein plays important roles in cytoplasmic 

regulation involved in neuronal migration, while human mutations, findings in zebrafish and 

2D mouse cortical neurons suggest the C-terminal region is important in regulating neuronal 

differentiation and neuronal output (Beunders et al., 2013; Monderer-Rothkoff et al., 2019; 

Oksenberg et al., 2013). 

 

1.6.4 ZEB2 

 

Zinc finger E-box binding homeobox 2 (ZEB2) is a gene located on chromosome 

2q22.3, spanning a region of 140 kb and containing multiple intronic and nearby HARs (Erwin 

et al., 2014; Lindblad-Toh et al., 2011; Pollard et al., 2006a). Heterozygous disruption to ZEB2 

causes Mowat-Wilson Syndrome (MWS), with more than 300 reported cases thus far, which 

is characterised by a range of neurodevelopmental defects including severe ID, epilepsy, 

microcephaly, agenesis of the corpus callosum and craniofacial dysmorphisms (Ivanovski et 
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al., 2018; Mowat et al., 2003). Despite the severity of human cases, mouse models with 

heterozygous loss of Zeb2 do not display any clear neurodevelopmental defects, which is 

interesting from an evolutionary perspective, as it suggests that humans may be more sensitive 

to ZEB2 dosage than mice (Miquelajauregui et al., 2007; De Putte et al., 2003).  

 

ZEB2 is a complex transcription factor, functioning mostly as a transcriptional 

repressor, characterised by the presence of a homeodomain separating two zinc-finger DNA-

binding domains that have been shown to interact with 5’ regulatory regions of target genes to 

displace transcriptional activators (Remacle et al., 1999; Verschueren et al., 1999). ZEB2 is 

perhaps best known as a master regulator of EMT, primarily through the repression of epithelial 

cell-cell junctions including E-cadherin (CDH1) and several tight junction proteins (Van 

Grunsven et al., 2003; Vandewalle et al., 2005). ZEB2 has been shown to drive several  EMT-

dependent processes in development, such as neural crest delamination from the 

neuroectoderm, and in cancer biology, with EMT driving tumour invasiveness and metastasis 

(Comijn et al., 2001; De Putte et al., 2003; Stemmler et al., 2019). ZEB2 was first identified in 

a yeast-2-hybrid screen due to its ability to interact with multiple active phosphorylated 

SMADs, which as discussed previously, are downstream of TGFβ/BMP signalling 

(Verschueren et al., 1999). It was found that ZEB2 interacts with the transcriptional activating 

SMAD complex to repress transcription of target genes, thus antagonising TGFβ/BMP-

dependent genes with ZEB2 binding sites (Postigo, 2003; Weng et al., 2012). ZEB2 further 

antagonises BMP signalling by binding to the promoter of and repressing BMP4 transcription 

(van Grunsven et al., 2007).  

 

1.6.5 Neurodevelopmental roles of ZEB2 

 

ZEB2 regulates a large number of neurodevelopmental processes and is expressed in a 

number of developing tissues, in particular derivatives of the neuroectoderm, including the 

neural tube, neural crest, early NPCs in the VZ and in neurons of the CP (Miquelajauregui et 

al., 2007; Nishizaki et al., 2014; De Putte et al., 2003). Perhaps unsurprisingly, due to its 

involvement in BMP/SMAD inhibition, ZEB2 plays a role in neural induction, promoting 

neuroectodermal and antagonising mesendodermal fates (Chng et al., 2010). ZEB2 is 

upregulated upon neuroectoderm differentiation, and overexpression and knockdown of ZEB2 
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can enhance and limit neuroectoderm differentiation respectively. Furthermore, it was found 

that ZEB2 expression increases in response to FGF signalling, while Wnt signalling has the 

opposite effect (Chng et al., 2010; Dang and Tropepe, 2010; Nitta et al., 2004). Knockout of 

Zeb2 in mice is embryonic lethal and results in a failure of neural tube closure, with the neural 

plate showing reduced expression of Sox2 and elevated expression of Cdh1 (De Putte et al., 

2003). This implies that ZEB2 could be involved in the gradual E- to N-cadherin (CDH1 to 

CDH2) switch that occurs during neural tube closure, as observations during chick neurulation 

show that Zeb2 exhibits an expression pattern consistent with cadherin switching (Dady et al., 

2012), and morpholino-targetted loss of Zeb2 increases Cdh1 and reduces Cdh2 expression in 

targetted NECs of the neural tube (Rogers et al., 2013). ZEB2, by reducing BMP signalling, is 

also involved in neural crest cell specification and forms a sharp boundary between ectoderm 

and neuroectoderm vagal regions, which is lost in Zeb2 knockout mice (Hegarty et al., 2015; 

De Putte et al., 2003). In cranial regions, ZEB2 is necessary for the cadherin switching and 

EMT that drives neural crest cell delamination and migration (De Putte et al., 2003; Rogers et 

al., 2013). Cranial neural crest will form craniofacial cartilage, bone and facial connective 

tissue, which could explain the craniofacial dysmorphysms observed in MWS patients. 

Although expressed in NPCs of the neural tube, Zeb2 is lost from the VZ upon the onset of 

neurogenesis and begins to be expressed in post-mitotic neurons in the CP. Conditional 

knockout of Zeb2 in cortical neurons results in the premature generation of upper-layer neurons 

at the expense of deep-layer neurons, and it was found that this was due to the role of Zeb2 in 

inhibiting a secreted factor, Ntf3, that signals to promote a switch from apical to basal 

progenitor and deep- to upper-layer neuron cell fates (Parthasarathy et al., 2014; Seuntjens et 

al., 2009). Furthermore, loss of Zeb2 in cortical neurons results in axon growth defects, 

resulting in a failure to form various axonal tracts, including the corpus callosum (the major 

axonal tract connecting cerebral hemispheres), which could explain the agenesis of the corpus 

callosum observed in patients with MWS (Srivatsa et al., 2015). 

 

1.6.6 Parallels between EMT and corticogenesis  

 

During EMT, polarised epithelial cells are converted into mesenchymal cells. The EMT 

process involves a loss of epithelial cell-cell junctions, gain of mesenchymal markers, 

cytoskeletal rearrangements, loss of apicobasal polarity and gained motility (Lamouille et al., 
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2014). Importantly, EMT is both reversible and non-binary, with a plasticity and continuum of 

intermediate cell states between epithelial and mesenchymal observed (Stemmler et al., 2019). 

Over the course of neurodevelopment from early NECs to mature neurons, NPCs proliferate, 

undergo morphological changes, change polarity, delaminate, differentiate and migrate. This 

has led to the idea that corticogenesis may represent a gradual EMT-like process with a 

plasticity of various neural cell types existing along a spectrum between epithelial- and 

mesenchymal-like states (Singh and Solecki, 2015). Firstly, although early NPCs maintain 

apicobasal polarity, the transition from neuroectoderm to NECs to RGCs involves the gradual 

downregulation of epithelial cell-cell junctions (e.g. CDH1, OCLN) and upregulation of 

mesenchymal markers (e.g. CDH2, VIM). RGCs are then able to produce differentiated cells 

that delaminate and migrate from the apical surface, acquiring multipolar mesenchymal-like 

states (IPCs, neurons). Although new-born neurons are initially multipolar, they subsequently 

undergo a partial reversal of the EMT process and become bipolar in order to migrate along 

radial glial processes and align in the CP. 

 

EMT is an important process in morhphogenesis and is largely mediated by a core set of 

transcription factors: Snail, Slug, TWIST1, ZEB1 and ZEB2. Despite their overlapping roles 

in promoting EMT, they have non-reduntant functions and are often expressed in a mutually 

exclusive manner (Stemmler et al., 2019). For example, while Zeb2 is expressed in neurons of 

the cortical plate, Zeb1 is expressed in NPCs during neurogenesis and was shown to regulate 

cell migration in mice (Wang et al., 2019). ZEB2 in particular plays an important role at the 

onset of neurodevelopment as it is the only EMT transcription factor expressed in the neural 

plate and throughout neural tube closure (Dady et al., 2012). 
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1.7 Thesis objectives 

 

The overarching aim of this thesis is to establish brain organoids as a tool to study human 

brain evolution by 1) functionally interrogating genes implicated in human brain evolution and 

2) performing cross-species comparisons between organoids derived from closely-related ape 

species in order to identify human-specific features of brain development. 

 

As detailed above, brain organoids recapitulate many early neurodevelopmental events seen in 

vivo, making them an ideal model for identifying and functionally testing regulators of human 

brain size evolution. Whether through changes in the proliferative capacity or fate 

determination of NECs, RGCs, oRGCs or IPCs, evolutionary increases in neuron number 

fundamentally come down to alterations in NPC behaviour. We therefore reasoned key genes 

regulating early brain development and size determination would likely display an interesting 

effect on the behaviour and fate decisions of NPCs, and ultimately 3D cytoarchitecture, upon 

gain- or loss-of-function. Our lab had identified a large number of human brain evolution 

candidate genes through a meta-analysis described above. We wanted to devise a method to 

interrogate a growing list of human-specific brain evolution candidate genes and screen for 

neurodevelopmental phenotypes in brain organoids. This was approached twofold. The first, 

covered in Chapter 3, was small in scale, consisting of selecting a few promising candidate 

genes from the meta-analysis to screen for gain-of-function effects in organoids, with the aim 

of highlighting one gene for downstream in-depth functional analysis. The second approach, 

covered in Chapter 4, was more ambitious and larger in scale, aiming to analyse hundreds of 

candidate genes by designing a CRISPR-Cas9-mediated loss-of-function functional screen in 

brain organoids. Finally, covered in Chapter 5, we aimed to perform cross-species comparisons 

over a time course of early brain organoid development at the level of 3D cytoarchitecture and 

tissue morphogenesis, followed by comparative transcriptomics in order to identify differences 

in gene regulation. 

 

 

 

 



 62 

2 Chapter 2: Materials and Methods 
 

2.1 Cell lines 
One human ESC line (H9), two human iPSC lines (H21792A and ips(IMR90)-4, 

shortened to IMR-90), four human transgenic ESC lines (EGFPd2 iKO,  HUES8 iCas9, 

HUES9 iCas9 and H9 doxycycline-inducible ZEB2, shortened to cCr-H9, iCr-HUES8, iCr-

HUES9 and HumiZEB2 respectively), two H9 AUTS2 mutant cell lines (AUTS21del9/5del9 and 

AUTS2del15/del15), two chimpanzee iPSC lines (C3651 and Chimp(Jambo), shortened to Chmp-

1 and Chmp-2 respectively), two gorilla iPSC lines (goiPSC clone 1 and gorC1, shortened to 

G1 and G2 respectively), one bonobo iPSC line (boiPSC) and one mouse ESC line (E14TG2a, 

shortened to mESC) were used in this study. H9 and iPS(IMR90)-4 were purchased from 

WiCell. C3651 and H21792A were a gift from Yoav Gilad (Gallego Romero et al., 2015). 

goiPSC clone 1 and boiPSC were a gift from Wolfgang Enard (Wunderlich et al., 2014). 

E14TG2a was a gift from Jason Chin (Hooper et al., 1987). EGFPd2 iKO was a gift from 

Ludovic Vallier (Bertero et al., 2016a). HUES8 iCas9 and HUES9 iCas9 were a gift from 

Danwei Huangfu (González et al., 2014). Doxycycline-inducible ZEB2, AUTS21del9/5del9 and 

AUTS2del15/del15 H9 ESC lines were generated as described in the ‘Genome-edited cell lines’ 

section of the methods. All PSC lines were maintained in StemFlex on Matrigel-coated plates. 

Cells were passaged every 3-4 days using 0.7 mM EDTA.  

 

We generated gorC1 and Chimp(Jambo) using peripheral blood mononuclear cells 

(PBMCs) isolated from leftover blood collected from a female western lowland gorilla and a 

male chimpanzee during a routine check-up at Twycross zoo. Briefly, PBMCs were isolated 

using Lymphoprep (Stem Cell Technologies, 07801), followed by expansion for 9 days in 

Expansion Media composed of Stemspan H3000 (Stem Cell Technologies, 09850) 

supplemented with 50 µg/ml ascorbic acid (Sigma, A4403), 50 ng/ml SCF (Miltenyi, 130-096-

692), 10 ng/ml IL-3 (Invitrogen, PHC0035), 2 U/ml EPO (R&D Systems, 287-TC-500), 40 

ng/ml IGF-1 (Miltenyi, 130-093-885), 1 µM Dexamethasone (Sigma, D8893-1MG). On day 

10, expanded PBMCs were transduced with non-integrating Sendai reprogramming virus 

(Cytotune 2.0, Thermo Fisher, A16517) according to manufacturer’s instructions added to the 

Expansion Media. The next day, the media was changed and two days later the cells were 

collected and plated on gamma irradiated MEF feeders (Gibco, A34181) in human ES media 
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(DMEM/F12 (Invitrogen, 11330-032) with 20% knockout serum replacement (Invitrogen, 

#10828-028), 1:100 Glutamax (Invitrogen, 35050-038), 1:100 NEAA (Sigma, M7145), 3.5 

µl/500ml 2-mercaptoethanol, 20 ng/ml bFGF (Peprotech, 100-18B)) supplemented with 

ascorbic acid, SCF, IL-3, EPO, IGF-1, and Dexamethasone at the above concentrations along 

with iPS Boost Supplements II (Millipore, SCM094). Two days later (5 days after induction), 

media was changed to human ES media without PBMC supplements but with Boost 

Supplements. Cells were maintained in hES + Boost until colonies began to form (10 days after 

induction). The small colonies were then split off MEFs 15 days after induction using 

collagenase and a cell lifter and replated on Matrigel (Corning) coated dishes in StemFlex 

(Thermo Fisher, A334901) for further selection and propagation. Human ESCs used in this 

project were approved for use in this project by the U.K. Stem Cell Bank Steering Committee 

and iPSCs and ESCs were approved by an ERC ethics committee and are registered on the 

Human Pluripotent Stem Cell Registry (hpscreg.eu). Nonhuman primate cells were approved 

by the Animal Welfare and Ethical Review Body (AWERB) of the MRC-LMB. RT-PCR (refer 

to the ‘PCR and RT-PCR analysis’ section of the methods) confirmed pluripotent gene 

expression.  

 

2.2 Plasmid Constructs 

All oligos used for cloning are listed in Appendix 1. All PCR amplification steps were 

done using Q5 polymerase (NEB, M049L), and TOP10 chemically competent E. coli (Thermo 

Fisher, C404010) were used for transformation.  

 

In order to generate the constructs for cDNA overexpression, the coding sequence of 

human transcripts SMARCE1 (NM_003079), DACH1 (NM_024603), BEND5 (NM_024603) 

and AUTS2 (NM_015570) were purchased as Human Tagged ORF Clones in pLenti-C-mGFP 

(Origene, RC209444L2 (SMARCE1), RC221505L2 (DACH1), RC203968L2 (BEND5), 

RC218943L2 (AUTS2)). The cDNA of SMARCE1 was amplified from the pLenti-C-mGFP 

construct using primers cDNA_LENTI_KPNI_F and SMARCE1_MLUI_P2A_AGEI_R, with 

an overhang of 78bp added to the reverse primer, introducing the P2A sequence and AgeI 

restriction site. The resulting SMARCE1-P2A amplicon was cut with KpnI (NEB, R3142) and 

AgeI (NEB, R3552) and ligated into pCAG-EGFP (a gift from Connie Cepko, Addgene 

plasmid #11150, (Matsuda and Cepko, 2004)), resulting in pCAG-SMARCE1-P2A-EGFP. 

The generation of pCAG-DACH1-P2A-EGFP, pCAG-BEND5-P2A-EGFP and pCAG-
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AUTS2-P2A-EGFP was achieved by cutting the cDNA sequence from pLenti-C-mGFP with 

KpnI and MluI (NEB, R0198) and ligating into pCAG-SMARCE1-P2A-EGFP opened with 

the same restriction enzymes to replace the cDNA sequence. Sequences were validated using 

primers CDNA_KPNI and CDNA_P2A, in addition to primers within the cDNA portion 

(SMARCE1_S_1-2, AUTS2_S_1-7). 

 

In order to generate the construct pT2-CAG-mGFP-U6-GFPgRNA, the pMULE-

ENTR-U6-stuffer-sgRNAscaffold-L1-R5 (a gift from Ian Frew, Addgene plasmid 

#62127,(Albers et al., 2015)) was digested with BfuAI (NEB, R0701) to remove the stuffer 

sequence and treated with Shrimp Alkaline Phosphatase (rSAP) (NEB, M0371) to prevent 

religation of the linearized plasmid. GFPgRNA was made by annealing oligos GFP_gRNA_top 

& bottom with 4 bp overhangs to complement BfuAI digested overhangs. GFPgRNA was then 

inserted into the linearized plasmid by ligation with T4 DNA ligase (NEB, M0202). The U6-

GFPgRNA-sgRNAscaffold was then excised from the resulting plasmid with NotI (NEB, 

R3189) and ligated into pT2-CAG-mGFP (Addgene plasmid #108714, (Lancaster et al., 

2017)), linearized with NotI and dephosphorylated with rSAP. The final construct was 

sequence validated. The sleeping beauty transposase plasmid pCAGEN-SB100X used was 

modified as previously described (Lancaster et al., 2017) from pCMV-SB100 (a gift from 

Zsuzsanna Iszvak, Addgene plasmid #34879,(Mátés et al., 2009)).  

 

In order to generate the construct pT2-CAG-fl-STOP-fl-fGFP, the fl-STOP-fl cassette 

was excised from the pHB4 vector (a gift from Jason Chin) by restriction digestion with EcoRI 

(NEB, R3101) and AscI (NEB, R0558) and ligated into the pT2-CAG-fGFP (Addgene plasmid 

#108714, (Lancaster et al., 2017)) opened with the same restriction enzymes. The construct 

AAVS1-Puro-CAG-fl-STOP-fl-Cas9 was generated as follows; the backbone was amplified 

from the Puro-Cas9 donor plasmid (a gift from Danwei Huangfu, Addgene plasmid 

#58409,(González et al., 2014)) with primers AAVS1_CAG_fl_STOP_fl_F & R to introduce 

MluI and KpnI restriction sites and blunt-end ligated to the CAG-fl-STOP-fl cassette, excised 

from the construct pT2-CAG-fl-STOP-fl-fGFP with restriction enzymes AflI (NEB, R0520) 

and AscI (NEB, R0558) and blunted with the Quick Blunting™ Kit (NEB, E1201). The 

resulting intermediate plasmid was then digested with MluI and KpnI and ligated to the cassette 

containing Cas9 and the bGH-poly(A) sequence amplified from pAAV-Neo_CAG-Cas9 (a gift 

from Ludovic Vallier, Addgene plasmid #86698, (Bertero et al., 2016a)) with primers 

Cas9_β_globin_pA_F & R. All ligations to generate this construct were done with the Quick 
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Ligation™ Kit (NEB, M2200S) and the final construct was sequence validated. The construct 

AAVS1-Neo-TRE-CMV-CRE-rtTA was generated as follows; the tight TRE promoter was 

amplified from the Puro-Cas9 donor plasmid (Addgene plasmid #58409) with primers TRE_F 

&R and inserted into the EcoRV (NEB, R0195) restriction site of AAVS1-Neo-M2rtTA (a gift 

from Rudolf Jaenisch, Addgene plasmid #60843, (DeKelver et al., 2010)) to produce the 

intermediate construct AAVS1-Neo-M2rtTA-TRE. A fragment containing CMV-2TO-MCS-

bGH-poly(A) was PCR amplified from pcDNA4/TO (Thermo Fisher, V102020) using primers 

CMV_bGH_F and _R, and inserted into the EcoRV restriction site of AAVS1-Neo-M2rtTA. 

The fragment comprised between the SalI (NEB, R0138) and AleI (NEB, R0685) restriction 

sites, was replaced with the Cre recombinase cDNA amplified from pCAG-Cre (a gift from 

Connie Cepko, Addgene plasmid #13775, (Matsuda and Cepko, 2007)) using primers 

Cre_SalI_F and Cre_KpnI_R. From the resulting plasmid a fragment containing CRE-bGH-

poly(A) was excised with restriction enzymes SalI (NEB, R3138S) and AleI (NEB, R0634) 

and inserted into AAVS1-Neo-M2rtTA-TRE digested with the same restriction enzymes. All 

ligations to generate this construct were done with the Quick Ligation™ Kit (NEB, M2200S). 

The final construct was sequence validated. The PX458-AAVS1 construct used to target the 

AAVS1 locus was generated by cloning the AAVS1_sgRNA sequence into pSpCas9(BB)-2A-

GFP (PX458) (a gift from Fang Zhang, Addgene plasmid #48138) as previously described 

by Ran et al., 2013. In order to generate the construct for inducible ZEB2 expression from the 

AAVS1 site, the coding sequence of the human ZEB2 transcript (NM_014795) was purchased 

as an ultimate ORF clone in the pENTRY221 vector (Thermo Scientific, IOH53645). 

The ZEB2 ORF was amplified with primers ZEB2_IndOE_F & _R and tagged with GFP-Flag 

by Gibson assembly into the pT2-CAG-MCS-2A-Puro plasmid linearized by restriction 

digestion with EcoRI and AgeI. The GFP fragment was amplified and C-terminally Flag-

tagged using primers GFP_IndOE_F & R and the construct pT2-CAG-fGFP (Addgene plasmid 

#108714) as template. While the original design aimed to fuse ZEB2 to GFP via a 4x(GGGGS)-

linker motif, Gibson assembly resulted in motif duplication and produced a 6x(GGGGS)-linker 

between the two coding sequences. The resulting plasmid, pT2-CAG-ZEB2-GFP-Flag-2A-

Puro, was used as template in a PCR reaction with primers ZEB2_GFP_Flag_IndOE_F & _R. 

The resulting fragment encoding ZEB2-GFP-Flag was then digested with restriction enzymes 

AgeI and KpnI and ligated into the CAGs-MCS-Enhanced Episomal Vector (EEV) (System 

Biosciences, EEV600A-1) linearized with AgeI and KpnI, using T4 ligase. Next, using primers 

ZEB2_AAVS1 IndOE_F &_R a fragment containing ZEB2-GFP-Flag-WPRE-poly(A) and 

overhangs containing MluI and FseI restriction sites at the 5’ and 3’ end, respectively, was 
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generated. The construct AAVS-Puro-CAG-fl-STOP-fl-Cas9 was linearized with MluI and 

FseI (NEB, R0588) to remove the Cas9 coding sequence, which was then replaced with the 

fragment encoding ZEB2-GFP-Flag-WPRE-poly(A) by ligation with T4 ligase. 

The ZEB2 ORF was verified after every cloning step by sequencing using primers 

ZEB2_Seq_1-9. For simplicity, this overexpressing construct is referred to as ZEB2-GFP 

throughout the text.  

 

2.3 Genome-edited cell lines 

For CRISPR-Cas9 genome editing and establishment of the H9 AUTS21del9/5del9 and 

AUTS2del15/del15 ESC lines, guide RNAs were designed using the online WGE CRISPR Finder 

tool (https://wge.stemcell.sanger.ac.uk/), purchased as Alt-R CRISPR-Cas9 crRNAs (IDT, 

www.idtdna.com/CRISPR-Cas9) and the sequences are listed in Appendix 1 as 

crRNA_AUTS2_exon9, crRNA_AUTS2_intron14 and crRNA_AUTS2_intron15. Adherent 

H9 cells at ~50% confluency in one well of a 24-well plate were transferred to mTesR1 medium 

(StemCell Technologies, 85850) four hours prior to transfection. crRNAs and Alt-R CRISPR-

Cas9 tracrRNA (IDT, 1072532) oligos were reconstituted in nuclease-free duplex buffer (IDT, 

11-01-03-01) to a concentration of 10 µM. Recombinant Cas9 protein, Alt-R S.p. Cas9 

Nuclease V3 (IDT, 1081058), was diluted to 1 µg/µl in nuclease-free duplex buffer. 6 µl 

tracrRNA was mixed with 6 µl crRNA (when using two crRNAs, 3 µl of each was used) in 

equimolar concentration and incubated for 30 minutes at room temperature to allow for 

complex formation. 4 µl of the diluted Cas9 protein was added to the complex and incubated 

for a further 30 minutes at room temperature to form the Cas9 ribonucleoprotein (RNP) 

complex. Cas9 RNP was diluted in 32 µl of either RNase-free PBS or Opti-MEM media 

(Thermo Fisher, 31985070). 2 µl of transfection reagent, Lipofectamine Stem Transfection 

Reagent (Thermo Fisher, STEM00001) or Lipofectamine CRISPRMAX Cas9 Transfection 

Reagent (Thermo Fisher, CMAX00001), was added. During a 10-minute incubation to allow 

formation of transfection complexes, H9 cells were washed twice with RNase-free PBS and 

500 µl fresh mTesR1 was added to the well. The RNP-transfection complex (50 µl) was added 

dropwise to the well with swirling to mix. Cells were incubated overnight and media was 

changed back to StemFlex the following day. To identify mutant H9 AUTS21del9/5del9 ESCs and 

perform enrichment by sib-selection,  a droplet digital PCR (ddPCR) drop-off assay (Findlay 

et al., 2016) was performed as described in the ‘Digital droplet PCR (ddPCR)’ section of the 

methods. Screening to identify AUTS2del15/del15 ESCs was performed by PCR using primers 
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AUTS2_exon15_F & R. Sib-selection consisted of splitting cells at 100 cells/well in a 96 well-

plate and selecting wells that were enriched for mutant populations detected by the ddPCR 

drop-off assay. For clonal selection, cells were dissociated with Accutase (Stem Cell 

Technologies, 07920) and split at 0.5 cells/well across six 96 well-plates coated with 

rhLaminin-521 (Thermo Fisher, A29249) supplemented with RevitaCell to improve single-cell 

survival. For both sib- and clonal selection, once cells reached confluency, cells were split into 

two replica plates: one for DNA extraction/mutant screening, and the other for further 

expansion. The mutant cell lines were confirmed by sequencing by cloning of the edit-sites 

into the pJET1.2 vector (using primers AUTS2_Cas9_screening F & R and AUTS2_exon15_F 

& R). 

 

For establishment of the H9 doxycycline-inducible ZEB2 line (shortened to HumiZEB2), 

plasmids AAVS1-Neo-TRE-CMV-Cre-rtTA (2 µg), AAVS1-Puro-CAG-fl-STOP-fl-ZEB2-

GFP-Flag-WPRE-poly(A) (2 µg) and PX458-AAVS1 (3 µg) were co-electroporated into 

1.3×106 H9 ESCs using the Human Stem Cell Nucleofector Kit 1 (Lonza, VPH-5012). 

Following electroporation, the cells were seeded across 3-wells of a 6 well Matrigel-coated 

plate in StemFlex supplemented with RevitaCell supplement (Thermo Fisher, A2644501). 

After 3 days from electroporation, antibiotic resistant cells were selected with StemFlex 

supplemented with G418 (25 µg/ml) and Puromycin (0.5 µg/ml). After approximately two 

weeks in selection medium, single colonies were picked and screened using three primers pair 

combinations; AAVS1_F & _R, AAVS1_F & Puro_R, AAVS1_F & Neo_R, listed 

in Appendix 1. Individual colonies were tested for ZEB2-GFP transgene induction by western 

blot (details in ‘Immunoblotting’ section of the methods) and immunofluorescence (details in 

‘Immunohistochemical analysis’ section of the methods) following treatment with StemFlex 

supplemented with 1.7 µg/ml Doxycyline for 6 days. 

 

For establishment of the iCr-HUES9 with integrated CAG-mGFP-U6-gRNA, iCr-

HUES9 cells were transfected with a 50 µl solution consisting of:  plasmids pCAGEN-SB100X 

(0.5 µg) and pT2-CAG-mGFP-U6-GFPgRNA (0.5 µg), and 2 µl Lipofectamine Stem 

Transfection Reagent in Opti-MEM I. GFP positive cells were then selected using a 

fluorescence-activated cell sorter.  
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2.4 PCR and RT-PCR analysis 

For applications aimed at amplicon size comparison, GoTaq Green Master Mix 

(Promega, 9PIM712) was used according to the manufacturer’s guidelines. For molecular 

cloning or any other application requiring high sequence fidelity, Q5 High Fidelity 2X Master 

Mix (NEB, M0492S) was used. Genomic DNA (gDNA) was isolated from cells using 

QuickExtract DNA extraction solution (Lucigen, QE0905T), following the product manual. 

RNA was isolated from cells and organoids using RNeasy Mini kit (Qiagen, 74104), following 

the product manual. cDNA was synthesised from RNA using Maxima H Minus cDNA 

Synthesis Master Mix, with dsDNase (Thermo Fisher, M1681), following the product manual. 

RT-PCR analysis of AUTS2 isoforms was done using primers AUTS2_Talt F & R to detect 

the T-alt isoform and EIF2B2_RTPCR_F & R to detect the EIF2B2 control. RT-PCR analysis 

of pluripotency markers was done using the Human Pluripotent Stem Cell Assessment Primer 

Pair Panel (R&D Systems, SC012). 

 

2.5 Digital droplet PCR (ddPCR)  

In order to detect AUTS2 CRISPR-mutants and perform enrichment by sib-selection, a 

TaqMan-based ddPCR drop-off assay was designed . An amplicon of 131 bp overlapping the 

edited genomic region was produced using primers AUTS2_Cas9_screening_F & R. The assay 

was designed so as to have a 5’-HEX-labelled 3’-BHQ1 probe binding to the edited site 

(AUTS2_drop-off_probe) and a 5’-FAM-labelled 3’-BHQ1 probe binding to both edited and 

WT amplicons (AUTS2_reference_probe). The specific sequence of primers and probes used 

in the assay are listed in Appendix 1. The assay was performed using the ddPCR Supermix for 

Probes (Bio-Rad, 1863024) as described in the product’s technical bulletin. Briefly, reaction 

mixes (20 µl/reaction) were prepared as follows: 900 nM primers, 250 nM probes, 1x ddPCR 

supermix for probes and 100-300 ng of genomic DNA (gDNA). The reactions were loaded into 

DG8 cartridges (Bio-Rad, 1864008) with droplet generation oil for probes (Bio-Rad, 1863005), 

the cartridge was then fitted with the DG8 gaskets (Bio-Rad, 1863009) and run on the QX200 

droplet generator (Bio-Rad, 10031907). The droplet-oil emulsions were transferred to a 

ddPCR-compatible 96-well plate that was sealed with the PX1 PCR Plate Sealer (Bio-Rad) and 

the PCR reaction was run on a C1000 touch thermal cycler following the PCR protocol detailed 

in the technical bulletin. After thermal cycling, data were acquired on the QX200 Droplet 

Reader (Bio-Rad) using the QuantaSoft Software (Bio-Rad).  
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2.6 Cerebral organoid culture 

Experiments in Chapter 5 were performed exclusively on organoids generated 

according to the STEMdiff Cerebral Organoid Kit (StemCell Technologies, #08570), with the 

exception that dissolved Matrigel (1:50) was added on day 30 to support the formation of the 

cortical plate, while experiments in Chapters 3 and 4 were performed almost exclusively on 

organoids generated with media formulation and timing as previously described (Lancaster et 

al., 2017). For the generation of cerebral organoids in Aggrewell plates, organoids were 

generated as above with the following modifications. Aggrewell 800 plates (StemCell 

Technologies, #34811) containing 300 microwells, each 800 µm in size, per well, were used to 

reproducibly generate organoids in multiples of 300. Following previously described directions 

for EB generation in Aggrewell plates (StemCell Technologies Document #DX21397), 6 × 

105 cells in 1.5 ml media were plated per well, i.e. 2,000 cells per EB. Fungizone (1:1000) and 

1:100 Penicillin-streptomycin (1:100) were added to the culture media to avoid contamination 

risk associated with repeated plate usage. For ape comparisons, the timing of the protocol 

(StemCell Technologies Document #DX21849) was followed, with the exception of 

chimpanzee EBs being moved to neural induction media 2 days earlier than described. 

Organoids were fed every 2 days during the Aggrewell period prior to Matrigel embedding, 

using an electronic pipette set to the slowest speed in order to avoid flushing EBs out of 

microwells. Matrigel embedding was based on a previously described method (Qian et al., 

2018) with minor modifications. Briefly, organoids were removed from their well, resuspended 

in 300 µl Expansion media and split into 3 tubes where 150 µl Matrigel was added, resulting 

in a 3:2 Matrigel dilution. The contents of each tube were then spread into a well of an ultra-

low attachment 24-well plate (StarLab, #CC7672-7524). After a 30-minute incubation at 37°C, 

1 ml expansion media was added per well.  

 

To achieve sparse labelling of neural progenitor cells, 5 µl CytoTune emGFP Sendai 

fluorescence reporter (Thermo Fisher, #A16519) was added to Aggrewells when the organoids 

were switched to neural induction medium. For ZEB2 overexpression, aggrewell organoids 

generated from the H9 doxycycline-inducible ZEB2 (HumiZEB2) cell line were treated with 1.7 

µg/ml doxycycline (Merck, #PHR1145) during the first 5 days of the protocol. For inducible 

Cas9 expression in iCr-HUES9-CAG-mGFP-U6-gRNA organoids (Lancaster et al., 2017 

protocol), 4 µg/ml doxycycline was added from day 3 of the protocol and throughout all 

following feeding steps. For treatment of organoids with DAPT (10 µM, Sigma, D5942) and 
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VPA (0.9 mM, Sigma, P4543), drugs were added to the media of aggrewell organoids on day 

13 (cultured in the media formulation and protocol described by Lancaster et al., 2017) and 

analysed on day 20. For treatment with LPA (Tocris, 325465-93-8), LPA (22.5 µM) was added 

to the media of aggrewell organoids one day after Matrigel-embedding (3 days post neural 

induction, using the STEMdiff Cerebral Organoid Kit). Media was changed 2x daily, as 

previous studies have reported that LPA activity in culture medium decreases after 10 hours 

(Medelnik et al., 2018), and organoids were fixed for analysis after 48 hours of treatment (5 

days post neural induction). 

 

2.7 Electroporation of organoids 

Between day 32 and 38 of the protocol (Lancaster et al., 2017), organoids were 

transferred to Opti-MEM I media for injection and electroporation of plasmids into the 

ventricle-like lumens. Glass microcapillaries were prepared as previously described 

(Giandomenico et al., 2019) and electroporation was performed as previously described 

(Lancaster et al., 2013). A total of 5 µl of 0.5 µg/µl plasmids (pCAG-EGFP, pCAG-cDNA-

P2A-EGFP) were delivered per organoid. 

 

2.8 Immunohistochemical analysis 

Organoids were fixed in 4% PFA either overnight at 4°C or at room temperature for 

20-60 min, and washed in PBS (3×10 minutes). Samples for cryostat processing were incubated 

overnight in 30% sucrose in 0.2 M PB (21.8 g/l Na2HPO4, 6.4 g/l NaH2PO4 in dH2O), 

embedded in gelatin (7.5% gelatin, 10% sucrose in 0.2 M PB), plunge frozen in 2-methylbutane 

(Sigma-Aldrich, M32631) at ∼-40°C and sectioned at a thickness of 20 µm. Both sectioned and 

whole mount samples were stained as previously described (Lancaster et al., 2013), with the 

exception for whole mounts that all steps were performed in a 24-well plate, and secondary 

antibody incubation was performed overnight at 4°C. Staining of adherent ESCs was 

performed as previously described (Bertero et al., 2015). The In Situ Cell Death Detection Kit 

TMR red (Sigma-Aldrich, 12156792910) was used for Terminal deoxynucleotidyl transferase 

dUTP nick end labelling (TUNEL) staining and was performed as outlined in the product’s 

manual.  
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2.9 Immunoblotting 

Cell and organoid samples were washed twice in ice-cold PBS, pelleted by 

centrifugation (500g, 3 min) and lysed with modified-RIPA (mRIPA: 1% Triton-X, 0.1% SDS, 

150 mM NaCl, 50 mM Tris pH 7.4, 2 mM EDTA, 12 mM sodium deoxycholate) supplemented 

immediately prior to lysis with protease (Thermo Fisher, 78430) and phosphatase (Sigma-

Aldrich, 4906845001) inhibitors. The protein concentration of the samples was measured using 

the Quick Start Bradford Dye Reagent (Bio-Rad, 5000205). Between 3-20 µg of total protein 

per sample were resolved by SDS-PAGE (4-20% gels) and transferred to Amersham Hybond 

P 0.45 PVDF blotting membranes (GE Healthcare, 10600023). Membranes were blocked 

overnight at 4°C in 5% milk or 5% BSA in PBST. Specific blocking conditions were optimised 

for each antibody during the initial validation stages. Primary antibodies were incubated 

overnight at 4°C. HRP-linked goat anti-rabbit (Dako, P0448, 1:3000) and rabbit anti-mouse 

(Dako. P0161, 1:3000) secondary antibodies were incubated for ∼1 hr at room temperature. 

The blots were developed using ECL Prime enhanced chemoluminescent detection reagent 

(GE Healthcare, RPN2232) or alternatively SuperSignal™ West Femto chemoluminescent 

substrate (Thermo Fisher, 34094) and X-ray films (Photon Imaging Systems Ltd, FM024) and 

developer or a Gel Doc XR+ system. 

 

2.10 Antibodies 

Primary antibodies used for protein detection, with their corresponding dilutions for 

immunofluorescence (IF), western blotting (WB) and WB blocking conditions were used as 

summarised in the table below. 

Antibody Use Source 

mouse anti-β-actin WB 1:2000 in BSA Abcam, 8226 

mouse anti-ZEB2 IF 1:150, WB 1:2000 in milk Origene, TA802113 

mouse anti-CDH2 IF 1:500, WB 1:1000 in milk BD Biosciences, 610920 

mouse anti-CDH1 IF 1:500, 1:1000 in milk BD Biosciences, 610181 

rabbit anti-Occludin IF 1:200, WB 1:1000 in milk Abcam, ab31721 

rabbit anti-EpCAM IF 1:300, WB 1:1000 in milk Abcam, ab71916 

mouse anti-Vimentin (V9) IF 1:200, WB 1:1000 in BSA Santa Cruz, sc-6260 
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rabbit anti-AUTS2 IF 1:200, WB 1:1000 in milk ATLAS Antibodies, HPA000390 

goat anti-AUTS2 IF 1:100 Everest Biotech, EB09003 

rabbit anti-AUTS2 N-term IF 1:200 Sigma, SAB2700423 

sheep anti-TBR2 IF 1:200 R&D Systems, AF6166 

rat anti-CTIP2 IF 1:300 Abcam, ab18465 

rabbit anti-NEUROD2 IF 1:200 Abcam, ab104430 

rabbit anti-cleaved Caspase 3 
(D175)(5A1E) 

IF 1:500 Cell Signaling Tech, 9664 

mouse anti-HuCD IF 1:500 Thermo Fisher, A21271 

rabbit anti-TBR1 IF 1:300 Abcam, ab31940 

mouse anti-Nestin IF 1:500 BD Biosciences, G11658 

mouse anti-Cas9 IF 1:200 Abcam, ab191468 

goat anti-DCX (N-19) IF 1:300 Santa Cruz, sc-8067 

mouse anti-human ZO-1 IF 1:300 BD Biosciences, 610966 

rabbit anti-ZO-1 IF 1:200 Thermo Fisher, 33-9100 

chicken anti-GFP IF 1:500 Thermo Scientific, A10262 

rabbit anti-GFP WB 1:1000 in milk Abcam, ab290 

rabbit anti-SOX2 IF 1:200 Abcam, ab97959 

goat anti-SOX2 IF 1:100 Santa Cruz, sc17320 

rabbit anti-SHROOM3 IF 1:200 ATLAS Antibodies, HPA047784 

rabbit anti-alpha Tubulin 
(acetyl K40) 

IF 1:100 Abcam, ab179484 

mouse anti-gamma Tubulin IF 1:100 Sigma, T5326 

Alexa Fluor 568 Phalloidin IF 1:400 Thermo Fisher, A12380 

Alexafluor 405, 488, 568, 647 IF 1:500 Thermo Fisher 

 

2.11 Imaging and image analysis 

All brightfield images were acquired on an EVOS microscope (Thermo Scientific). 

Confocal imaging of fixed cryosectioned samples was done on Zeiss LSM 780 or 880 confocal 

microscopes. Images of fixed whole mount samples were obtained with a Zeiss LSM 780 
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confocal microscope or a Nikon CSU-W1 spinning disk microscope. Immunostained whole 

mount organoids were mounted in Citifluor mountant solution (EMS, #17970), between two 

layers of cover glass separated by a ring of blu tack and sealed with clear nail polish. Z-stacks 

of whole mount organoids were generated by taking images at 8 µm intervals on Zeiss LSM 

780 while the speed of the Nikon CSU-W1 system allowed for higher resolution imaging at 

0.5 µm intervals. For live imaging using spinning disk microscopy, organoids were placed on 

an imaging dish (2BScientific, #6160-30) and were held in place by a drop of Matrigel that 

was allowed to polymerize before addition of expansion media (StemCell Technologies, 

#08570). Time-lapse movies were acquired on an Andor Revolution Spinning Disk microscope 

in an incubation chamber set to 37 °C and 5% CO2. Images were taken at 4% laser power every 

20 minutes and stacked at 2 µm intervals. Live imaging using light sheet microscopy was done 

as previously described (McDole et al., 2018). Briefly, a glass capillary was filled with 

Matrigel, that was allowed to polymerize, and sealed with dental wax. At the stage of Matrigel-

embedding (day 2), organoids were embedded directly on top of the polymerized Matrigel in 

the glass tube and surrounded by a thin Teflon tube filled with expansion media.  

 

To calculate the apical luminal surface area of organoids, folders containing the Z-

stacks of ZO1 stained organoids as an image stack were carried over to Matlab (Mathworks). 

The largest lumen per organoid was measured using a tailor-made code that delineates the 

perimeter of the lumen in each Z-stack by detecting fluorescent intensity, and then combines 

the delineated perimeters into a 3D structure from which the surface area is calculated. This 

code is publicly available (https://github.com/esriis/organoid-lumen-segmentation). The apical 

surface area of individual cells was measured from sections of organoids where cells were 

stained positive for SOX2 and sectioned at their apical surface. ZO1 stain was used as a marker 

of cell perimeters and FIJI (Schindelin et al., 2012) was used to manually delineate perimeters 

and perform surface area measurements. FIJI was also used to measure VZ and CP thickness 

of organoids. Cell counts of electroporated organoids were performed using a FIJI plug-in 

generated by Johannes Schindelin. Representative images in this thesis were selected after 

looking at images from a minimum of 4 organoids unless otherwise specified. Images of whole 

mount organoids obtained on a Nikon CSU-W1 spinning disk microscope were used to 

segment and quantify apical processes of individual GFP+ SOX2+ NPCs that were clearly 

separated from neighbouring labelled cells using the surfaces option in Imaris (Oxford 

Instruments, v9.2). Differences in apical process thickness were derived by cutting segmented 
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cells apical to the cell body (‘cut surface’ in Imaris) obtaining the volume of the isolated apical 

process. To account for topological effects on process volume that do necessarily reflect 

thickness (i.e. process curvature, length), we normalised volume measurements to surface area. 

 

2.12 Cell counts from dissociated organoids 

Organoid dissociation solution was made up of Accumax (Sigma, A7089) and 100 

µg/ml DNase I. Organoids corresponding to one well of an Aggrewell plate (300 organoids) 

were pooled, centrifuged (900 g, 2 minutes), washed in PBS supplemented with 0.04% BSA 

(Thermo Fisher, 15260037), centrifuged (900 g, 2 minutes), resuspended in dissociation 

solution and subjected to 30-40 minutes incubation at 37°C, until fully dissociated to a single-

cell solution. During the incubation, organoids were pipetted up and down to break up tissue 

and cell clumps at 5-10 minute intervals. Once dissociated, an equal amount of PBS 

supplemented BSA and DNase I (P/B/D) was mixed in to stop the reaction, followed by 

centrifugation (300 g, 5 minutes). Cells were resuspended in 5 ml P/B/D, a 10 µl aliquot was 

mixed with an equal amount of Trypan Blue (Thermo Fisher, 15250061) and cells were spread 

onto a haemocytometer for manual counting. 

 

2.13 RNA-seq: sample preparation and sequencing 

Organoids generated from 3 replicate batches of H9 and G1 cell lines were collected at 

7 time points for RNA-seq analysis: 0, 2, 3, 5, 10, 15 and 25 days post neural induction. ∼300 

organoids per replicate were collected at the time points ranging between day 0 and 5, ∼150 

organoids at day 10, ∼100 organoids at day 15, and ∼50 organoids at day 25. Organoids were 

collected in Eppendorf tubes, washed with ice-cold PBS, flash-frozen in liquid nitrogen and 

stored at −80 °C. 

RNA from all 42 samples was isolated in parallel with the Direct-zol-96 RNA kit 

(Zymo Research, R2055), following the product’s manual. cDNA libraries were generated 

according to NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (NEB E7760). 

cDNA was amplified for 12 cycles and barcoded with NEBNext Multiplex Oligos for Illumina 

(NEB E7600). Libraries were tested for quality using the 2100 Bioanalyzer system (Agilent) 

and concentrations were measured using Qubit dsDNA HS Assay Kit (Thermo Fisher, 

Q32851) on Qubit 3 Fluorometer (Thermo Fisher). Samples were pooled together to 15 nM 
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concentration and sequenced with single-end 50 base mode on 3 lanes of an Illumina HiSeq 

4000 instrument. 

 

2.14 RNA-seq data analysis 

RNA-seq analysis was performed using R version 3.5.2 (R Core Team, 2018). RNA-seq 

reads were processed using the PRAGUI pipeline (https://github.com/lmb-seq/PRAGUI). 

Reads were trimmed using Trim Galore! version 0.6.3_dev 

(https://github.com/FelixKrueger/TrimGalore) with Cutadapt version 2.4 (Martin, 2011). 

Default parameters were used. Read quality was analysed by FASTQC version v0.11.5 

(Andrews, 2010). Human and gorilla reads were aligned to GRCh38/hg38 and 

Kamilah_GGO_v0 reference genomes respectively using HISAT2 (version 2.0.0-beta). GTF 

gene annotation files for both of the reference genomes were downloaded and filtered for a list 

of 16,763 orthologous genes that are annotated with identical gene names in both species. 

Reads were assigned to genes in the custom GTF files and counted using HTSeq version 0.11.2 

(Anders et al., 2015). Read counts were then normalised to transcripts per million (TPM) within 

each sample and log2 transformed (log2(TPM+1)). Unbiased clustering of the samples with 

principal component analysis was performed using the 3000 most variable genes. Log2 

transformed TPM values were converted to z-scores, (xi – µ)/σ, where xi is the TPM at a given 

time point, µ is the mean TPM of the gene across all time points and σ is the standard deviation 

of the TPM across all time points. Pearson correlation was performed on z-scaled mean log2 

transformed TPM and on all replicates z-scaled. Hierarchical clustering was done on z-scaled 

means of the 3000 most variable genes of mean log2 transformed TPMs. GO term enrichment 

analysis was performed using the online g:Profiler software (Reimand et al., 2007) 

(https://biit.cs.ut.ee/gprofiler/gost). 

 

2.15 Differential temporal expression analysis 

To assess temporal changes in gene expression between days 3, 5 and 10, the list of 

16,763 genes was first filtered based on the following criteria: 1) genes were expressed at >10 

TPM in at least one time point in all replicates of both species 2) genes displayed a fold-change 

of >1.5 TPM between any two time points in at least one species. This resulted in a list of 3,526 

genes. Log2 normalised TPMs were then z-scaled across the three time points. Next, gene list 

was further filtered in order to remove genes with variable expression patterns across replicates 
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by removing genes with a squared difference >6 in either species. The squared difference value 

was obtained by calculating the squared difference of z-scores per time point between all three 

replicates and then taking the sum of this number for all time points. This list of 2,905 genes 

was used for time course sequencing data analysis using the TCseq package (Wu and Gu, 2020) 

available online (https://rdrr.io/bioc/TCseq/f/inst/doc/TCseq.pdf). Replicates were kept 

separate for the analysis, meaning that the input was 17,430 unique patterns of gene expression 

representing 2,905 genes in 2 species and 3 replicates per species. The TCSeq analysis was run 

using the timeclust function with the settings algo = ‘cm’, k = 10, resulting in the unsupervised 

soft clustering of gene expression patterns into 10 clusters with similar z-scaled temporal 

patterns. Replicates of 563 genes were found to be in 3 different clusters in at least one species 

and were removed from downstream analysis resulting in 2,342 genes. 22.5% of genes, 527 

genes, were found to never be in the same cluster between species showing a robustly different 

expression pattern. Genes were assigned to the cluster where 2 or all of their replicates were 

found per species. 59% of genes were assigned to different clusters between species. GO term 

enrichment analysis was performed on the genes present in each of the 10 clusters generated 

by TCseq per species, resulting in a total of 159 GO:BP terms found in both species, of which 

85 were found to be moving between species. GO term analysis on the 527 genes moving 

robustly between species revealed 67 were linked to enriched cell morphogenesis-related terms 

(“cell morphogenesis”, “cell part morphogenesis”, “cellular component morphogenesis”). 

These genes were intersected with a list of 1,639 confirmed transcription factors (Lambert et 

al., 2018), revealing 8 transcription factors related to cell morphogenesis. The entire list of 527 

genes moving robustly between species were intersected with the list of 139 human brain 

evolution candidate genes from the meta-analysis detailed in the Introduction section, revealing 

3 human brain evolution candidate genes. 
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3 Chapter 3: A small gain-of-function screen identifies AUTS2 as 
a regulator of neurogenesis  

 

3.1 Introduction 
 

Gain-of-function screens using cDNA libraries have been performed for decades in 

simple systems (Prelich, 2012) and demonstrated overexpression to be a useful strategy in 

identifying genes that are sufficient to induce a particular phenotype in cells. While planning 

for a larger-scale genetic screen (Chapter 4), we wanted to already select one human brain 

evolution candidate gene for in-depth functional characterisation. In order to select such a gene 

from the list of candidates, we devised a method to quickly interrogate a small number of 

candidate genes by analysing their effect on NPC behaviour upon overexpression. We therefore 

selected four candidate genes, SMARCE1, DACH1, BEND5 and AUTS2, for cDNA 

electroporation into RGCs of brain organoids followed by analysis of cellular and tissue 

phenotypes. These four genes were chosen as their dysregulation has been linked to brain size 

disorders and/or cancers, so we reasoned they would be more likely than other candidates to 

elicit an effect on cell fate or proliferation. 

 

SMARCE1 is a core component of the multi-subunit BAF complex, a chromatin 

remodelling complex that regulates chromatin landscape and accessibility in ESCs, NPCs and 

neurons (Son and Crabtree, 2014). During development, BAF complexes switch subunit 

composition, and thus regulate different processes, depending on what cell type they are found 

in, with evidence of NPC- and neuronal-specific BAF regulating progenitor self-renewal and 

neuronal maturation respectively (Lessard et al., 2007; Narayanan et al., 2015; Vasileiou et al., 

2015; Wu et al., 2007). Mutations in SMARCE1 have been reported in Coffin-Siris syndrome, 

a developmental disorder with microcephaly (Reed et al., 2020; Tsurusaki et al., 2012; Zarate 

et al., 2016), and altered SMARCE1 expression has also been associated with several cancers 

and metastasis (Balasubramaniam et al., 2013; Liu et al., 2019; Tauziede-Espariat et al., 2018). 

These findings made SMARCE1 a noteworthy candidate gene as they imply regulatory roles in 

cell proliferation and differentiation.  
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DACH1 is a transcription factor expressed in progenitor cells of the neocortex 

(Castiglioni et al., 2019; Nowakowski et al., 2017), and is used as a marker of NECs in 2D 

neural rosette cultures (Elkabetz et al., 2008). DACH1 expression is altered in various cancers 

and has been shown to have tumour suppressive functions (Chu et al., 2014; Wang et al., 2018; 

Watanabe et al., 2011; Wu et al., 2006). The DACH1 drosophila homolog, dachshund, was 

shown to be crucial for normal nervous system development and cell fate determination 

(Mardon et al., 1994; Martini et al., 2000). Although the strong expression of mouse Dach1 in 

neocortical progenitor cells would suggest it is playing an important role, loss of Dach1 showed 

no significant effect on cell proliferation or overall tissue architecture in brains of mutant mice 

(Backman et al., 2003; Davis et al., 2001). We were intrigued by the differing phenotypes in 

developing mouse and fly brains and wanted to see if DACH1 might be playing a more key 

role in human brain development.  

 

Although not much research has been done on the role of BEND5, it is thought to be 

involved in transcriptional repression and may have insulator properties based on similarities 

to drosophila Insv, a neural transcriptional repressor (Dai et al., 2013; Ueberschär et al., 2019). 

BEND5 has also been linked to several cancers (Chmielecki et al., 2017; Lin et al., 2017), 

suggesting a potential role in cell proliferation. 

 

AUTS2 is a transcriptional activator expressed in some NPCs and early differentiating, 

migrating and maturing neurons (Bedogni et al., 2010; Nowakowski et al., 2017). AUTS2 has 

been shown to be involved in transcriptional activation of neuronal genes (Gao et al., 2014; 

Oksenberg et al., 2014b), neuronal migration and neurite outgrowth (Hori et al., 2014). 

Disruptions to AUTS2 have been reported in a range of neurodevelopmental disorders such as 

autism, intellectual disability, microcephaly and macrocephaly (Beunders et al., 2016; 

Nagamani et al., 2013; Oksenberg and Ahituv, 2013; Talkowski et al., 2012). The involvement 

of AUTS2 in brain size regulation made it a particularly interesting candidate gene. A more 

detailed discussion of AUTS2 and its known roles in neurodevelopment and evolution can be 

found in the Introduction section. 
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3.2 Results 
 

3.2.1 Screening human brain evolution candidate genes by cDNA overexpression in RGCs 
 

In utero electroporation is a powerful method for investigating gain-of-function 

neurodevelopmental effects of particular genes in vivo in rodents (Comer et al., 2020; Fukuchi-

Shimogori and Grove, 2001; Vitali et al., 2018), consisting of injecting cDNA overexpression 

constructs into the lateral ventricles of the embryonic brain, followed by electroporation into 

individual RGCs lining the ventricle. In an analogous manner, our lab has mimicked this 

method in brain organoids by injecting genetic constructs into the ventricle-like lumens of 

organoids with subsequent electroporation into the apical RGCs lining these structures (Figure 

3.1A)(Giandomenico et al., 2019; Lancaster et al., 2013, 2017). Previously, our lab had 

analysed cDNA overexpression by co-electroporating a cDNA construct along with a separate 

GFP-expressing reporter construct (Lancaster et al., 2013). By keeping the plasmids separate, 

however, it is not imperative that all GFP positive cells and negative cells in an electroporated 

region will respectively be positive and negative for incorporation of the overexpression 

plasmid as well.  

 

In order to ensure that GFP+ cells analysed post-electroporation were exclusively cells 

that were also overexpressing the candidate gene, we built on the pCAG-EGFP reporter 

plasmid to introduce candidate cDNAs upstream of GFP (Figure 3.1B). In order to separate the 

two translated protein products, we inserted a P2A self-cleaving peptide sequence (Kim et al., 

2011a) in frame between cDNA and EGFP sequences. This avoided the possibility of a tagged 

GFP interfering with protein function (Swulius and Jensen, 2012; Weill et al., 2019) and 

moreover meant we could analyse the morphological effects of cells overexpressing a given 

gene, as the GFP protein was free to spread throughout the entire cell. Finally, the cDNA of 

the pCAG-cDNA-P2A-EGFP overexpression construct was flanked with restriction sites to 

facilitate insertion of candidate genes.  

 

We injected organoids between weeks 5 and 6 of their development as this is a stage 

where ventricle-like lumens are large and easily accessible for injection. Furthermore, it is an 

interesting time point to study as neurogenesis is well underway with RGC progenitors 
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displaying multiple fate decisions of dividing symmetrically to produce two RGC daughter 

cells, or dividing asymmetrically to produce one RGC and a more differentiated cell type such 

as a neuron or an IPC. We analysed cortical tissue by immunofluorescence four days post-

electroporation as this gave cells the chance to undergo a few rounds of division. At four days 

post-electroporation in control conditions (Figure 3.1C), the majority of GFP+ cells had RGC 

identities, with SOX2+ cell bodies making up the pseudostratified VZ and cells displaying the 

typical RGC morphologies with elongated radial processes extended apicobasally. Basally 

above the VZ, there was a small proportion of GFP+ cells that had lost the elongated polarised 

morphology of RGCs. Some of these cells were neurons, staining positive for the pan-neuronal 

marker HuCD, while others, staining negative for both HuCD and SOX2, were presumably 

IPCs. We quantified the proportion of GFP+ cells that were SOX2+, HuCD+ or negative for 

both markers and found that roughly 70% of cells were SOX2 positive RGCs, while 

approximately 20% were neurons, with 10% staining negative for both cell types consisting of 

either IPCs or dying cells (Figure 3.1D-G). 
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Figure 3.1 Overexpression of human brain evolution candidate genes in brain 
organoids reveals changes in neural progenitor cell behaviour 
A. Electroporation schematic, depicting the injection of plasmid solutions into the ventricle of 
an organoid situated in an electroporation chamber. B. Schematic representation of relevant 
regions of plasmids employed in this study. Restriction enzyme sites necessary for molecular 
cloning (see materials and methods) are illustrated with a red dashed line. pCAG-EGFP 
represents the control plasmid, while pCAG-cDNA-P2A-EGFP represents the cDNA 
overexpression plasmid. C. Representative immunofluorescence image of organoids 4 days 
post-electroporation showing the effect relative to control (CTRL) of each of the 
overexpression constructs (SMARCE1-, DACH1-, BEND5-, AUTS2-P2A-EGFP) with 
staining for GFP, SOX2, HuCD and DAPI. Dashed lines delineate apically (cyan) and basally 
(white) the VZ made up of radially aligned SOX2+ cells. Note GFP+ cells in CTRL, 
SMARCE1 and DACH1 overexpressing organoids are primarily NPCs (SOX2+) and show 
characteristic elongated RGC morphology and a few overlying GFP+ neurons (HuCD+), while 
the organisation of GFP+ cells expressing BEND5 and AUTS2 is disrupted. Yellow 
arrowheads indicate SOX2+ cells displaced from the VZ with AUTS2 overexpression. Scale 
bar: 100 µm. D-G. Quantification of the proportion of GFP+ cells staining positive for SOX2, 
HuCD or neither as a percentage of total number of GFP+ cells in organoids analysed 4 days 
post-electroporation overexpressing SMARCE1 (D), DACH1 (E), BEND5 (F) and AUTS2 
(G) relative to CTRL. *P<0.05, ***P<0.001, ****P<0.0001, two-way Anova and post-hoc 
Sidak’s multiple comparisons test, n (D) = 6 CTRL and 3 SMARCE1 ventricles, n (E) = 6 
CTRL and 3 DACH1 ventricles, n (F) = 6 CTRL and 5 BEND5 ventricles, n (G) = 3 CTRL 
and 3 AUTS2 ventricles, mean is plotted, error bars are S.D. H. Representative 
immunofluorescence image of ventricles 4 days post-electroporation with CTRL and BEND5 
constructs with staining for DAPI, GFP and cleaved Caspase-3, showing increased cell death 
in BEND5-electroporated regions. Scale bar: 100 µm. Madeline Lancaster generated the 
schematic in figure A. 
 

3.2.2 Analysis of overexpression-induced phenotypes 
 

Cells overexpressing SMARCE1 or DACH1 were indistinguishable from control 

conditions with no notable effects on cell morphology, identity or surrounding tissue 

architecture (Figure 3.1C). SMARCE1 overexpression had no effect on the proportion of cell 

types present four days post-electroporation (Figure 3.1D). DACH1 showed a slight drop in the 

proportion of SOX2 positive cells, 10 percentage points lower than control, with a concomitant 

increase in cells negative for both neuronal and RGC markers and no effect on the proportion 

of neurons (Figure 3.1E). We did not investigate this further as we were more intrigued by the 

clear effect BEND5 and AUTS2 overexpression had on RGC behaviour. 

 

BEND5 overexpression resulted in cortical tissue containing sparsely labelled cells with 

abnormal morphology (Figure 3.1C). The sparsity of the cells combined with the fact that they 
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were of similar GFP intensities could indicate that electroporated cells were not undergoing 

divisions, seeing as in the control condition, some RGCs had lower GFP fluorescence 

intensities than neurons due to the amount of plasmid present per cell getting more diluted with 

each round of division. Although a few cells stained positive for SOX2, these did not display 

typical RGC morphologies, with these normally bipolar cells having lost their basal processes. 

Some cells, negative for both HuCD and SOX2, appeared rounded up, a characteristic feature 

of cells at the onset of apoptosis (Elmore, 2007), indicating that high levels of BEND5 may be 

toxic to RGCs. Nearly 50% of BEND5 overexpressing cells were negative for both HuCD and 

SOX2 markers (Figure 3.1F), and a cleaved caspase-3 staining for apoptosis revealed increased 

cell death in electroporated regions of BEND5-injected organoids versus control (Figure 3.1H).  

 

Overexpressing AUTS2 in RGCs had a strong effect on both cell identity and 

surrounding tissue architecture (Figure 3.1C). Interestingly, AUTS2 overexpression affected 

VZ architecture, with non-electroporated SOX2+ cells being physically displaced basally away 

from the VZ. Observable both by eye and confirmed by subsequent quantification 

(Figure3.1G), there was a significant reduction in the proportion of SOX2+ RGCs, with an 

accompanying increase in the proportion of cells with multipolar identities migrating away 

from the VZ. Although not statistically significant, in accordance with a role of AUTS2 in 

activating neuronal genes, there was a slight increase in the proportion of HuCD+ cells relative 

to control (P=0.12). AUTS2 overexpressing cells showed significantly higher proportions of 

cells that were neither neuronal nor RGC in identity (Figure 3.1G). Staining for TBR2, a marker 

of IPCs (Englund et al., 2005), showed this to be due to a significant increase in the proportion 

of AUTS2 overexpressing cells with IPC identity (Figure 3.2A,B). This is consistent with the 

suggestion that AUTS2 might be expressed during the transition from RGCs to IPCs, due to 

staining in the developing mouse cortex showing that AUTS2 is expressed in only a subset of 

RGCs and IPCs (Bedogni et al., 2010). Additionally, staining for ZO1, a tight junction protein 

that marks the apical surface of NPCs, was weaker in regions overexpressing AUTS2 (Figure 

3.2A), indicating a disruption to the integrity of the apical surface of the VZ and suggests the 

displaced SOX2+ cells have lost apical contact and characteristic NPC polarity. 
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Figure 3.2 Overexpression of AUTS2 leads to increased production of IPCs and 
displaces cells in the VZ 
A. Representative immunofluorescence images of AUTS2 overexpressing organoids 4 days 
post-electroporation relative to CTRL with staining for GFP, apical surface marker (ZO1), 
IPCs (TBR2) and DAPI. White arrowhead indicates reduced ZO1 in AUTS2 overexpressing 
regions. Scale bar: 100 µm. B. Quantification of GFP+ cells staining positive for TBR2, as a 
percentage of total number or GFP+ cells. *P=0.0177, unpaired two-tailed t-test, n = 3 CTRL 
and 3 AUTS2 ventricles, mean is plotted, error bars are S.D. C. Representative 
immunofluorescence image of AUTS2 overexpressing organoids relative to CTRL 7 days post-
electroporation with staining for GFP, SOX2 and AUTS2. Dashed lines delineate apically 
(cyan) and basally (white) the VZ made up of radially aligned SOX2+ cells. Note the lack of 
RGC morphologies and SOX2 immunoreactivity in GFP+ AUTS2 overexpressing cells, in 
addition to the displacement of overlying SOX2+ GFP- cells (white arrowheads). Scale bar: 
100 µm. 
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We were interested to see what would happen to cortical tissue grown for longer periods 

with AUTS2 overexpression. To this end, we analysed tissues one week post-electroporation 

and found that the effects we had observed four days post-electroporation were exacerbated. 

The height of the VZ was shortened in electroporated regions with an even more noticeable 

displacement of non-electroporated SOX2+ cells away from the VZ (Figure 3.2C). While 

control tissue still showed a high proportion of electroporated cells were SOX2+ RGCs, there 

were no SOX2+ AUTS2 overexpressing cells left after seven days of overexpression. Staining 

for AUTS2 confirmed elevated expression in electroporated cells and showed endogenous 

expression was found in neuronal regions basal to the VZ (Figure 3.2C). Due to the striking 

phenotype observed upon AUTS2 overexpression in RGCs, and the high association of AUTS2 

to human-specific evolution and neurodevelopmental disorders, we decided to focus our 

attention on the role of this gene in human brain development and evolution. 

 

3.2.3 Multiple isoforms of AUTS2 are expressed in human fetal and organoid tissue 
 

As our knowledge of the role of AUTS2 in neocortical development is based off studies 

performed on model organisms, we first set out to characterise AUTS2 expression in 

developing human brain tissue, both fetal and organoid. We therefore queried publicly 

available scRNA-seq datasets of developing human cortical tissue (Nowakowski et al., 2017) 

and human brain organoids generated by our lab (Giandomenico et al., 2019). In both fetal and 

organoid datasets, AUTS2 mRNA was found to be expressed highly in neurons and IPCs 

(Figure 3.3A). In the scRNA-seq obtained from fetal tissue, a graded expression was seen with 

lowest expression found in deep layer neurons and higher levels in IPCs, immature neurons 

and upper layer neurons. We stained a coronal section of the dorsal cortex of fetal samples at 

9 post-conception weeks (pcw) and found AUTS2 was expressed in migrating neurons in the 

IZ and some cells in the SVZ (Figure 3.3B). Furthermore, reflecting fetal scRNA-seq, we found 

AUTS2 expressed in the majority of neurons in the upper portion of the CP, with the majority 

of neurons in the deeper portion having lost AUTS2 expression. This is in accordance with 

previous observations in mouse that found AUTS2 to be expressed initially in neurons 

throughout the entire CP, but over time, expression was progressively lost by deep layer 

neurons and only retained by upper layer neurons (Bedogni et al., 2010). This implies that 

AUTS2 is involved in neuronal maturation and lost more rapidly from deep layer neurons that 

are generated and reach maturity earlier.  



 86 

 
Figure 3.3 AUTS2 is expressed in neurons and a subset of IPCs in fetal and 
organoid tissue 
A. Upper left, UMAP plot showing sc-RNAseq clusters of combined cell clusters from human 
fetal cortical tissue (Nowakowski et al., 2017). Shown here are cell clusters for: inhibitory 
neurons (IN), intermediate progenitors/immature neurons (IP/ImmN), radial glia (RG), upper-
layer neurons (UL), dividing progenitors (Div), fibroblasts (FB), Blood, oligodendrocyte 
(Olig), choroid plexus (ChP), endothelial (End), pericytes (Per). Upper right, UMAP plot 
showing sc-RNAseq clusters of combined cell clusters from human cerebral organoids grown 
at the air-liquid interface. Shown are cell clusters for: deep-layer neurons, upper-layer neurons, 
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radial glia, GE/interneurons, intermediate progenitors, dividing progenitors, choroid plexus. 
Lower left, feature plot showing enrichment of AUTS2 in fetal tissue. Lower right, feature plot 
showing enrichment of AUTS2 in ALI-COs. B. Immunofluorescence image of primary human 
cortical tissue (9 pcw) sections with staining for AUTS2(C-term), AUTS2(N-term), Nestin and 
DAPI. Distinct cortical zones are marked with dashed lines starting apically (cyan): VZ, 
SVZ/IZ, CP, MZ. Scale bar: 100 µm. C. Immunofluorescence image of H9-derived day 60 
organoids with staining for AUTS2, CTIP2, TBR2 and DAPI. Distinct cortical zones are 
marked with dashed lines starting apically (cyan): VZ, SVZ, CP. Scale bar: 100 µm. D. 
Schematic of AUTS2 genomic locus with exons indicated as black rectangles and a rough 
representation of intron sizes indicated with dotted lines. Below are the protein-coding 
structures predicted for the various AUTS2 isoforms: T-fl, T-n1, T-n2, T-sh, T-alt. Pink 
indicates exons that are alternatively spliced. Blue indicates exons that differ in sequence to T-
fl. Red dashed line indicates the coding region targeted by Cas9 in AUTS21del9/5del9 mutant 
ESCs. Yellow indicates the coding region knocked out in AUTS2del15/del15 mutant ESCs. E. 
Western blot expression of AUTS2 in H9 ESCs and day 60 organoids reveals increased 
expression in neural tissue and the presence of two main bands at ~130 and ~100 kDa. 
Madeline Lancaster analysed the scRNA-seq data on fetal and organoid data and produced the 
UMAP in figure A. 

 

In organoids, it was not possible to distinguish upper from deep layer neurons by 

AUTS2 scRNA-seq expression levels alone (Figure 3.3A). If AUTS2 expression is required for 

neuronal maturation, this could suggest that the deep layer neurons in our protocol had not yet 

reached full maturity at the time they were sequenced, which would make sense as deep layer 

neurons project subcortically and our organoids are almost entirely cortical in identity, meaning 

that these deep layer neurons are potentially still projecting towards subcortical tissue 

(Giandomenico et al., 2019). Staining for AUTS2 in day 60 organoids of dorsal cortical identity 

(TBR2+) showed expression colocalised with CTIP2, a marker of deep layer V and VI neurons, 

in neurons and a small proportion of TBR2+ IPCs (Figure 3.3C).  

 

AUTS2 resides on chromosome 7 and spans a genomic region of 1.2 Mb, consisting of 

19 exons and large introns separating the first 6 exons, in which HARs and putative enhancers 

are located, (Oksenberg and Ahituv, 2013). The main full-length transcript (T-fl) encodes a 

protein of 1,259 amino acids, but UCSC and Ensembl predict the possibility of multiple 

alternatively spliced isoforms. Previous work in mouse has identified two main isoforms that 

are expressed: a full-length (T-fl), encoding a protein 1,261 amino acids long and a molecular 

weight of 139 kDa, and a shorter C-terminal protein (T-sh) with translation beginning in exon 

8, encoding a protein 804 amino acids long with a molecular weight of 111 kDa. Both isoforms 

are predicted to exist in human, encoding proteins 1,259 and 801 amino acids long for T-fl and 
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T-sh respectively (Figure 3.3D). Data from the FANTOM5 promoterome project indicates 

transcriptional start sites (TSS) for these two isoforms are found upstream of exon 1 for T-fl 

and exon 6 for T-sh (Lizio et al., 2015). One study used 5’ RACE on mRNA from human brain 

samples and found an alternative short isoform (T-alt) with a TSS located in exon 9 and a 

protein coding sequence starting in the end of an alternatively spliced exon 9, which would 

result in a protein of 697 amino acids (Beunders et al., 2013). Although not confirmed in human 

or mouse, two C-terminally-truncated short isoforms (T-n1 and T-n2, Figure 3.3D) with an 

alternative exon 5 are also predicted in genome browsers for both mouse and human. 

 

Western blot analysis of hESCs and day 60 brain organoids (Figure 3.3E) showed 

AUTS2 protein levels were increased in organoids versus ESCs, and we found a similar band 

pattern to that previously observed in the neocortex of developing mice, with a higher 

molecular weight band detected at ~130 kDa and a lower molecular weight band detected at 

~100 kDa, presumably reflecting expression of T-fl and T-sh respectively. Corroborating 

mouse studies that find increased levels of the short isoform relative to the long isoform during 

neocortical development (Hori et al., 2014), we also found band intensity of the shorter protein 

product to be higher than the full-length product in human brain organoids. The western blot 

was performed using an antibody that recognises a sequence in the C-terminal region of 

AUTS2 in exon 19, meaning any potential short N-terminal isoforms, of which there are some 

predicted, would not be detected. We attempted western blot with an N-terminal antibody that 

recognises a sequence between amino acids 500-800, however, this antibody did not work for 

western blot. Previous studies have only used antibodies recognising the C-terminal region of 

the protein and therefore have not reported on and would have missed any isoforms truncated 

C-terminally. Interestingly, when we stained human samples with an N-terminal-recognising 

antibody, we saw cytoplasmic localisation whereas the C-terminal-recognising antibody was 

nuclear (Figure 3.3B). This could suggest the presence of a cytoplasmic C-terminally-truncated 

isoform, or it could indicate a conformational change of the full-length protein that inhibits 

detection with the C-terminal antibody. Interestingly, using the same C-terminal-recognising 

antibody as we have used, but in mice, full-length AUTS2 was found to be expressed in the 

cytoplasm of neurons both by immunofluorescence of fixed tissue and immunblotting of 

cytoplasmic fractions (Hori et al., 2014).  
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3.2.4 Generation of AUTS2 mutant ESCs by CRISPR-Cas9 targeted disruption of exon 9 

 

Having confirmed that AUTS2 expression in brain organoids was similar to expression 

seen in both human and mouse in vivo, we set out to study the role of this gene in human 

neurodevelopment by generating a stable loss-of-function ESC line. We decided to target exon 

9 by CRISPR-Cas9, because, although we cannot form conclusions on the existence of a short 

N-terminal isoform, it has been shown that the severity of symptoms in patients with AUTS2 

syndrome is significantly increased when C-terminal regions between exons 9-19 are disrupted 

relative to disruptions upstream in the N-terminal portion of the protein (Beunders et al., 2013). 

Because immunoblotting had indicated organoids expressed T-fl and T-sh, we designed a guide 

RNA that would cut in the middle of exon 9, impairing T-fl and T-sh transcripts (red dashed 

line Figure 3.3E).  

 

In order to quantify and select cells with successful Cas9 genome editing, we designed 

a droplet digital PCR (ddPCR) and Taqman probe-based assay (Findlay et al., 2016). This 

consisted of PCR amplification of ~200bp surrounding the edited genomic region in 

combination with two Taqman probes. These probes consist of a fluorophore (FAM or HEX) 

attached to the 5’ end of the oligonucleotide and a quencher attached to the 3’ end. Probes that 

have annealed to template DNA will be degraded by the exonuclease activity of Taq 

polymerase, releasing the fluorophore and its proximity to the quencher, thus allowing for 

fluorescence. A HEX-labelled drop-off probe was designed to bind to the site targeted by Cas9 

and to ‘drop-off’ in mutated amplicons and a FAM-labelled reference probe targeting a 

sequence upstream of the Cas9 target site was designed in order to count all copies of both 

mutant and wildtype (WT) amplicons (Figure 3.4A). This assay allowed us to screen for indels 

in bulk-edited populations of cells. In unedited WT cells, both FAM and HEX probes would 

bind to the amplicon resulting in a ddPCR biplot showing two populations of droplets: droplets 

positive for both probes and empty droplets negative for both FAM and HEX fluorescence 

(Figure 3.4B). We performed the ddPCR drop-off assay on cells that had been transfected with 

the Cas9 RNP complex, and a third small population of droplets that were only positive for the 

reference probe and negative for the drop-off probe was detected (Figure 3.4B). These 

represented mutant amplicons and indicated an editing efficiency of ~1% of alleles. We 

assayed cells through sib-selection (McCormick, 1987), which consists of splitting cells into 
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pools and selecting those enriched for mutant amplicons for another round of selection. After 

two rounds of sib-selection, we obtained a pool of cells with a mutant allele frequency of ~20%. 

These cells were then subjected to single-cell cloning, resulting in the isolation of a mutant cell 

line in which all amplicons appeared edited (Figure 3.4B).  

 

Interestingly, the ddPCR biplot for this mutant cell line revealed 50% of droplets 

showed a low level of fluorescence for the HEX-labelled drop-off probe, suggesting that the 

indel present on one of the alleles might be minor, thus allowing the HEX probe to anneal to a 

small frequency of amplicons, resulting in a low level of fluorescence. We confirmed this by 

sequencing the mutant cells which revealed they were compound heterozygous for a 5bp 

deletion on one allele and a 1bp deletion on the other (Figure 3.4C). Both of these deletions are 

frameshift and would result in a premature stop codon in exon 10 and exon 11 for the 5bp and 

1bp deletion respectively. This cell line was named AUTS21del9/5del9. Staining of H9 and 

AUTS21del9/5del9 ESCs revealed a nuclear localisation of AUTS2 in WT cells which was lost in 

mutant cells (Figure 3.4D). 

 

3.2.5 Mutant AUTS21del9/5del9 ESC-derived organoids express T-alt isoforms 

 

We generated brain organoids derived from mutant and WT ESCs and analysed them 

by immunofluorescence. To our surprise, we found neurons (HuCD+) in mutant cortical tissue 

stained positive for AUTS2 using two different C-terminal-recognising antibodies (Figure 

3.4E). This led us to believe that they might be expressing the aforementioned alternative C-

terminal transcript, T-alt, (Figure 3.3D) that had been predicted to be expressed in human brain 

tissue (Beunders et al., 2013). We designed an RT-PCR experiment which would detect the 

presence of T-alt mRNA in our samples. Since the T-alt transcript described by Beunders et al. 

is alternatively spliced to incorporate a short sequence of 21bp, normally part of intron 9-10, 

we designed primers that would anneal to this region of AUTS2 cDNA and to a sequence in 

overlapping exon10/11, which together would result in an amplicon of 98 bp. RT-PCR with 

these primers confirmed our suspicions, showing T-alt transcripts were abundant in both WT 

and AUTS21del9/5del9-derived organoids (Figure 3.4F). Reflecting the absence of AUTS2 by 

immunofluorescence in AUTS21del9/5del9 ESCs, we did not detect T-alt by RT-PCR in mutant 

cells, while a faint band was detected in WT ESCs (Figure 3.4F). 
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Figure 3.4 CRISPR-Cas9 targetting of AUTS2 in exon 9 generates homozygous 
mutants but reveals the presence of an alternative downstream isoform 
A. Schematic of ddPCR drop-off assay screening strategy, where screening was done by 
assaying the frequency of a drop-off HEX-labelled probe (green), binding to the CRISPR-
Cas9-targeted region of exon 9 (red), relative to the frequency of a FAM-labelled probe (blue). 
Primers generating a 131 bp amplicon are shown in purple. B. ddPCR scatterplots where the X 
and Y axes represent HEX and FAM amplitudes respectively, empty droplets are shown in 
black, FAM/HEX positive droplets are shown in orange, and FAM-only droplets are shown in 
blue. Plots represent unedited H9 cells (top left), H9 cells post-transfection (top right), pool of 
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cells enriched for mutant FAM-only droplets after the 1st round (middle left) and 2nd round 
(middle right) of sib-selection, and a clonal population of mutant cells (bottom) obtained by 
single-cell cloning of the enriched cells from the 2nd sib-selection. C. Sequencing confirms 
frameshift mutation on both alleles with deletions of 1 and 5 bp. D. Immunofluorescence image 
of H9 ESCs and AUTS21del9/5del9 ESCs with staining for AUTS2, NPCs (SOX2) and DAPI 
showing loss of AUTS2 in mutant ESCs. Scale bar: 20 µm. E. Immunofluorescence image of 
H9- and AUTS21del9/5del9-derived organoids at day 60 with staining for neurons (HuCD), DAPI 
and AUTS2 using two separate antibodies (rabbit(rb) and goat(gt)).  Note AUTS2 is detected 
in mutant organoids. Scale bar: 20 µm. F. RT-PCR analysis in H9 and AUTS21del9/5del9 ESCs 
and day 60 organoids of T-alt AUTS2 transcripts (98 bp) and EIF2B2 control transcript (111 
bp). G. Western blot expression of AUTS2 in H9 and AUTS21del9/5del9 ESCs and day 60 
organoids. 

 

Western blot analysis of AUTS21del9/5del9-derived brain organoids showed a strong 

expression of the AUTS2 with the two same bands we observed in WT-derived organoids 

(Figure 3.4G). These bands have a molecular weight of ~130kDa and ~100kDa, which we 

originally thought corresponded to expression of T-fl and T-sh isoforms respectively as this 

had been reported in mice. Interestingly, immunoblotting of WT organoid lysates resolved two 

faint bands with molecular weights that were higher than the band detected at ~100kDa. These 

faint bands were lost in AUTS21del9/5del9 organoid lysates, suggesting that these may in fact 

represent the true T-sh isoform that is lost in mutant organoids, while the ~100kDa band might 

have been representing the T-alt isoform all along (Figure 3.4G). Based solely on the number 

of amino acids present in each isoform, we would predict that T-sh and T-alt should be resolved 

at molecular weights of 88 kDa and 76 kDa respectively, however, a number of reasons such 

as post-translational modifications or incomplete denaturation prior to electrophoresis could 

result in the protein running at a higher molecular weight than expected. We cannot explain 

how the band at ~130 kDa, that presumably represents the T-fl isoform, was still detected in 

AUTS21del9/5del9 organoids, perhaps there are more complex splicing mechanisms at play than 

predicted.  

 

3.2.6 Generation of AUTS2 mutant ESCs by CRISPR-Cas9 removal of exon 15 

 

We wanted to study the effect that full disruption to T-fl and C-terminal isoforms would 

have on brain development, so we decided to take an approach that consisted of deleting an 

entire exon, present in all predicted C-terminal-containing isoforms, from the genome. We 

decided to target exon 15, as this is the first exon that is present in T-fl, T-sh and T-alt that is 
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not alternatively spliced and is also not a multiple of 3 (142bp), meaning that removal would 

introduce a premature stop codon in exon 16. Furthermore, exon 15 is located early enough in 

the coding sequence such that removal would disrupt ~50% of the full-length protein coding 

sequence.  

 

Removal of an entire exon meant that we could detect mutant cell lines by a simple 

PCR assay. We designed guides targeting the introns flanking a ~500bp region around exon 15 

and primers that would amplify a ~1kb product in nonedited cells and ~500bp product in edited 

cells (Figure 3.5A). We noticed editing efficiencies were not high when we transfected cells 

with the RNP complex using Lipofectamine Stem transfection reagent, so we transfected the 

exon 15-targeting Cas9 RNP complex into 3 wells of H9 ESCs using either Lipofectamine 

Stem, CRISPRMAX +Opti-MEM or CRISPRMAX +PBS. We found CRISPRMAX increased 

editing efficiency, with mutant amplicons detectable by PCR in bulk-edited cell populations, 

and that there was a higher abundance of edited amplicons in combination when the 

transfection reagent was prepared with Opti-MEM (Figure 3.5B). Seeing as we could detect a 

clear band with this approach, we reasoned editing efficiencies were high enough in these cells 

that we could avoid sib-selection steps and go directly to single-cell cloning. We assayed 45 

clones by PCR and isolated one cell line that was homozygous for loss of exon 15, 

AUTS2del15/del15, and one heterozygous cell line, AUTS2del15/+ (Figure 3.5C). We decided to 

focus on the homozygous mutant, and found AUTS2 was no longer detectable in 

AUTS2del15/del15 ESCs (Figure 3.5D).  

 

3.2.7 AUTS2del15/del15 ESC-derived organoids display premature neurogenesis and cortical 

plate formation 

 

We generated brain organoids derived from both WT and AUTS2del15/del15 ESC lines. 

Immunostaining of organoids with a C-terminal exon 19-recognising antibody revealed 

expression in basal neuronal regions of cortical lobes in WT organoids, which was lost in 

AUTS2del15/del15-derived organoids (Figure 3.5E). A preliminary western blot also showed an 

absence of the two main protein bands detected in WT lysates (Figure 3.5F). There was 

however one faint band detected at an intermediate molecular weight which requires further 

investigation to determine if it is an unspecific band or true protein. Interestingly, and further 
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supporting the potential existence of a previously unrecognised N-terminal isoform, staining 

with an N-terminal-recognising antibody exposed a sparse population of neurons with 

cytoplasmic expression (Figure 3.5G). 
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Figure 3.5 Deletion of AUTS2 exon 15 disrupts the C-terminal isoform and 
results in organoids displaying features of premature neurogenesis 
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A. Schematic of PCR screening assay with Cas9-targeted sequences (red) flanking exon 15 
(blue) with primers generating a 995 bp WT amplicon. B. PCR analysis of untransfected H9 
ESCs (left) and H9 ESCs post- CRISPR-Cas9 transfection using distinct transfection reagents 
(from left to right): Lipofectamine Stem, Lipofectamine CRISPRMAX in OptiMEM I, 
Lipofectamine CRISPRMAX in PBS. Note the faint band at ~500bp indicating presence of 
mutants in cells transfected with CRISPRMAX, stronger when used in combination with 
OptiMEM I (black arrowhead). C. Screening by PCR after single-cell cloning reveals one 
homozygous (AUTS2del15/del15) and one heterozygous (AUTS2del15/+) mutant clone. D. 
Immunofluorescence image of H9 ESCs and AUTS2 del15/del15 ESCs with staining for AUTS2, 
NPCs (SOX2) and DAPI showing loss of AUTS2 in mutant ESCs. Scale bar: 20 µm. E. 
Representative immunofluorescence image of H9- and AUTS2 del15/del15-derived organoids at 
day 60 with staining for AUTS2 and DAPI. Note the absence of AUTS2 in mutant organoids. 
Scale bar: 100 µm. F. Western blot expression of AUTS2 in H9- and AUTS2 del15/del15-derived 
organoids at day 60. Scale bar: 100 µm. G-I. Representative immunofluorescence images of 
cortical lobes of H9- and AUTS2 del15/del15-derived organoids at day 60. G. Staining for an 
antibody recognising the N-terminal region of AUTS2 and DAPI. Note the sparse labelling of 
cells with cytoplasmic AUTS2(n-term) both wildtype and mutant organoids. Scale bar: 200 
µm. H. Staining for neurons (NEUROD2), IPCs (TBR2) and DAPI. Note the increased 
proportion of TBR2+ IPCs and NEUROD2+ neurons in mutant organoids, showing a thick CP. 
Scale bar: 100 µm. I. Staining for SOX2 and DAPI. White and yellow dashed lines delineate 
the CP and SOX2+ VZ respectively. Scale bar: 50 µm. J,K. Measurements of CP thickness (J) 
and VZ thickness (K) in cortical lobes of day 60 organoids derived from H9- and AUTS2 

del15/del15. *P<0.05, ****P<0.0001, unpaired two-tailed t-test, n = 5 cortical lobes from 2 
independent batches per cell line, mean is plotted, error bars are S.D., dots on the barplot 
represent individual lobes. 
 

Immunostaining for a marker of neurons, NEUROD2, showed a prominent increase in 

the quantity of neurons present in organoids lacking exon 15 versus WT (Figure 3.5H). As 

described in the introduction, in vivo, neurons migrate basally along radial glial processes and 

align radially to form a dense basal band known as the cortical plate (CP) (Figure 3.3B), which 

gradually thickens with the arrival of new-born neurons in an inside-out manner to eventually 

develop into the six-layered structure of the neocortex. While WT organoids appeared to be at 

the onset of CP formation with cortical lobes either showing no clear CP at all, or a thin band 

of radially aligned neurons, neurons in cortical lobes of stage-matched AUTS2del15/del15 

organoids were clearly aligned radially into CP morphologies that were several cell layers thick 

(Figure 3.5H). In order to quantify this advanced CP morphology observed in AUTS2del15/del15 

organoids, we compared the thickness of CP in AUTS2del15/del15 organoids to WT tissue where 

a CP had formed (Figure 3.5I). This revealed a 2-fold increase in the thickness of mutant CPs 

(Figure 3.5J) which consisted of radially-aligned neurons that were 3 to 4 cell layers thick, 

while CPs of WT organoids were only 1 to 2 cell layers thick. 
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The increase in CP size observed in AUTS2del15/del15 organoids appeared to occur at the 

expense of SOX2+ radial glial progenitor cells residing in the VZ. We noticed VZs appeared 

smaller in mutant organoids and measurements of VZ thickness confirmed a significant 

decrease in the length of VZs in AUTS2del15/del15 organoids (Figure 3.5K), roughly 80% the 

length of WT VZs.  

 

3.3 Discussion 
 

Cerebral organoids provide a powerful platform to functionally test the role that human-

specific genetic changes have on brain development. We have developed a method to quickly 

interrogate whether a small group of human brain evolution candidate genes are capable of 

eliciting a phenotype on RGCs upon overexpression. This method of course does not rule out 

an important role for genes that do not induce a strong phenotype as they could, for example, 

be playing a role at another developmental stage, in another cell type, or their expression may 

already be elevated in RGCs such that increasing gene dosage would not alter cell behaviour. 

This might possibly be the case with SMARCE1 overexpression as free SMARCE1, 

uncomplexed to the BAF complex, has been shown to be quickly ubiquitinated and degraded 

by the proteasome (Keppler and Archer, 2010). This could suggest that SMARCE1, a core 

component of the BAF complex, is already expressed so highly relative to other subunits of 

the complex, that additional levels would merely be subject to degradation. Given the fact that 

SMARCE1 mutations have been found in patients with Coffin-Siris syndrome and 

microcephaly (Zarate et al., 2016), it would still be interesting to analyse the role of this gene 

in brain development, although a loss-of-function approach would likely be more informative.  

 

DACH1 overexpression showed a subtle phenotype with a reduction in the proportion 

of cells with RGC identity and a concomitant increase in cells that were neither RGC or 

neuronal in identity, potentially representing an increase in IPCs. This would have to be 

investigated further, but given the association of DACH1 to cell proliferation (Wang et al., 

2018), it may be important to have the correct balance of DACH1 expressed in RGCs in order 

to maintain proliferative capacity. Although BEND5 overexpression elicited a striking 

phenotype on cell morphology and viability, which could suggest an interesting role for 

BEND5 in regulating cell death in the developing brain, it is also possible that the phenotype 
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observed was due to artificially high expression levels of the gene being deleterious to cells. 

We therefore did not prioritise BEND5 for further study. 

 

Overexpressing full-length AUTS2 cDNA in RGCs promoted premature differentiation 

of RGCs into IPCs and neurons. Interestingly, organoids derived from AUTS2del15/del15 ESCs 

also showed premature neurogenesis with increased neuronal output and CP maturation that 

occurred at the expense of RGCs in the VZ. Premature neurogenesis and the failure of RGCs 

to fully expand prior to terminal differentiation is a known cause of microcephaly (Alcantara 

and O’Driscoll, 2014; Gabriel et al., 2017; Gruber et al., 2011; Lancaster et al., 2013), and 

microcephaly is a common feature in people with AUTS2 syndrome. Our findings support a 

role for the C-terminal transcript in regulating neurogenesis. The fact that we observe 

premature neuronal differentiation upon disruption to the C-terminal region in AUTS2del15/del15-

derived organoids and also upon overexpression of the full-length protein in RGCs indicates 

that different transcripts of AUTS2 may be playing diverse regulatory roles, suggesting a 

potential pro-neurogenic role of exons present in the N-terminal region of the protein. In line 

with this, a recent study analysed 2D neuronal differentiation of mouse ESCs containing a C-

terminally truncated protein, and found that expression of only the N-terminal region resulted 

in accelerated differentiation (Monderer-Rothkoff et al., 2019). Furthermore, disruptions to 

AUTS2 in patients with neurodevelopmental disorders include a number of patients with 

macrocephaly when CNVs affect N-terminal exons and microcephaly when CNVs affect C-

terminal regions (Oksenberg and Ahituv, 2013; Talkowski et al., 2012). Another study found 

microcephaly as a result of auts2 knockdown in morphant zebrafish could be rescued by co-

injecting human AUTS2 C-terminal mRNA with the morpholino (Beunders et al., 2013).  

 

A study conducted in mice with a mutation that disrupted full-length, but not C-

terminal, transcripts found that mutant migrating neurons appeared abnormal during their 

transition from a multipolar to bipolar shape and failed to form a densely packed cortical plate. 

It was found that full-length AUTS2 functioned in the cytoplasm to promote neurite outgrowth 

and neuronal migration through activation and inactivation of Rac1 and Cdc42 respectively 

(Hori et al., 2014). In both primary human tissue and brain organoids, we did not detect 

cytoplasmic AUTS2 with the same C-terminal-recognising antibodies used in the study, but 

we did with an N-terminal-recognising antibody. Furthermore, we found that, if anything, loss 
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of exon 15, which is present in the full-length protein, resulted in superior CP formation relative 

to WT. This requires further study, but could imply that the N-terminal region of AUTS2 is 

sufficient to regulate neuronal migration and cortical plate formation. 

 

Our findings and previous work suggest that the correct timing of neurogenesis and CP 

formation may rely on a crucial balance in the expression of the various isoforms, and 

disrupting this balance can result in severe neurodevelopmental disorders. In mice, different 

temporal patterns of expression for full-length versus C-terminal transcripts have been 

reported, with the latter only transiently expressed during early development and gradually lost 

by birth (Hori et al., 2014). It will be interesting to compare temporal transcript expression 

patterns between mouse and human ESC-derived organoids as it is plausible that differential 

regulation of expression may play an important role in brain development and size regulation. 

AUTS2 is an interesting human brain evolution candidate gene as it contains human-specific 

differences in multiple otherwise conserved intronic and upstream intergenic regions (Bird et 

al., 2007; Pollard et al., 2006a; Prabhakar et al., 2006), several of which are predicted to 

function as regulatory enhancer roles (Capra et al., 2013a; Oksenberg et al., 2013), suggesting 

that humans may display altered expression patterns of the various AUTS2 isoforms.  
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4 Chapter 4: Scaling up organoid production for phenotypic 
screens 

 

4.1 Introduction 
 

In order to identify genes important for human brain evolution, we aimed to set up a 

medium-throughput CRISPR-Cas9-mediated loss-of-function functional screen for 

neurodevelopmental phenotypes in brain organoids. After CRISPR gene editing was 

successfully shown in mammalian cells (Cong et al., 2013; Mali et al., 2013), CRISPR-based 

methods were quickly applied to perform genome-wide screens in immortalised cell lines 

(Gilbert et al., 2014; Shalem et al., 2014; Wang et al., 2014), and later in stem cell lines and 

2D cultures (Ihry et al., 2019; Koike-Yusa et al., 2014; Li et al., 2019; Tian et al., 2019). 

CRISPR-based genetic screens are typically carried out in either a pooled or arrayed format. 

The former consists of mixed CRISPR libraries being introduced in concert to a population of 

cells, while in arrayed screens, each CRISPR-based perturbation is done separately, with a 

single gene targeted per well of a multiwell plate. The pooled approach typically identifies 

shifts in the representation of CRISPR constructs targeting specific genes after a selection step, 

meaning that, despite being more scalable and cost-effective, pooled screens are limited to the 

search of simple phenotypes such as cell proliferation, identity or survival. Arrayed screens are 

practically more complicated and thus limited in upscaling to large CRISPR libraries, however, 

they allow for the screening of broader and more complex phenotypes by microscopy. Seeing 

as we were not aiming to screen for neurodevelopmental phenotypes genome-wide, but rather, 

were interested in a list of a couple hundred candidate genes, we reasoned that an arrayed 

screen would be suitable for our purposes, allowing us to detect and attribute a wider variety 

of phenotypes to individual genes by high-content screening.  

 

Although 3D organoids have been used to validate hits from screens (Takeda et al., 

2019; Tao et al., 2016), only recently have large-scale CRISPR screens been applied to 

organoids. These studies took a pooled approach to identify genes involved in TGF-β signaling 

resistance in colonic (Michels et al., 2020) and intestinal (Ringel et al., 2020) organoids. This 

approach has also now been taken in brain organoids to identify microcephaly genes regulating 

cell proliferation (Esk et al., 2020). 
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4.2 Results 
 

4.2.1 CRISPR-Cas9 screening strategy in brain organoids  

 

Our strategy for the screen was as follows (Figure 4.1A). We would use an inducible 

Cas9 PSC line. Cells would be transduced with lentiviral vectors encoding puromycin 

resistance and three gRNAs per gene, to ensure efficient knockout. Lentiviral gRNA libraries 

would be rapidly engineered using the MuLE lentivirus toolkit (Albers et al., 2015). After 

puromycin selection for successfully transduced cells, we would generate 300 organoids per 

gene in Aggrewell multiwell plates. Cas9 would be induced after EB formation and early neural 

induction, so as to avoid disturbing early tissue formation and neuroectoderm establishment in 

genes that might also be playing early patterning roles. We would then analyse organoids for 

phenotypes affecting 3D architecture and cell type composition by microscopy. 

 

In order to realise this CRISPR screen plan, we had to test and optimise several aspects 

of the strategy. First, we had to scale up organoid production to reliably and efficiently produce 

brain organoids. Second, we had to devise a method to detect neurodevelopmental phenotypes 

in organoids. Third, we had to optimise a system that would allow for efficient Cas9 induction 

and gene knockout in organoids. 

 

4.2.2 Scaling up organoid production using Aggrewell multi-well plates 

 

Note: Magdalena Sutcliffe helped in optimising the protocol for growing organoids in 

Aggrewell plates. 

 

We have developed a method that allows us to scale up organoid production using 

Aggrewell 800 multi-well plates, in which each 4 cm2 well contains 300 microwells of 800 µm 

diameter. These wells are capable of supporting organoid development during the early stages 

of EB generation and subsequent neural induction. We have simplified the time-consuming 
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step of Matrigel-embedding, which is usually done one organoid at a time (Lancaster and 

Knoblich, 2014), by bulk-embedding Aggrewell organoids in wells of ~100 organoids per well 

(see Methods). The fact that we could generate 300 organoids at a time per condition meant 

that we had a system where organoids from the same group could be split into various 

subgroups for phenotypic analysis with different cell markers and at different time points. 

 

We next wanted to set up a system to detect neurodevelopmental phenotypes in 

organoids. We decided to analyse organoids at early stages corresponding to the onset of 

neurogenesis. We reasoned that early time points would be relevant in detecting genes 

necessary for human-specific brain size evolution relative to other apes, given the radial unit 

hypothesis (detailed in Introduction section) which suggests early differences in NPC 

behaviour are important in ape brain size determination. This early time point also meant that 

it would be technically easier to screen organoids as, not only would they be cultured and 

maintained for relatively short periods, but organoids would also be small enough to analyse 

by whole mount. 
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Figure 4.1 Cerebral organoids grown in Aggrewell plates provide a platform to 
detect phenotypes affecting NPC behaviour 
A. Outline of CRISPR-Cas9 screening strategy for organoids grown in Aggrewell plates. B. 
Representative immunofluorescence images with staining for neurons (TBR1), NPCs (SOX2), 
apical surface (ZO1) and DAPI of the centre of whole mount aggrewell organoids treated with 
10 µM DAPT and 0.9 mM VPA relative to untreated H9 organoids. Note drug-induced 
differences in number of TBR1+ neurons and size of ZO1+ apical lumens. n = 3 organoids per 
condition. Scale bar: 100 µm. C. 3D Matlab reconstruction of apical lumens showing more 
convoluted lumens in VPA-treated organoids and more rounded apical lumens in DAPT-
treated organoids relative to untreated H9. Values on axes are in µm. D. Schematic of the effect 
of DAPT and VPA treatment on NPC behaviour. VPA promotes symmetric proliferative NPC 
divisions resulting in expanded apical lumens, while DAPT promotes asymmetric neurogenic 
divisions resulting in increased neurons at the expense of apical lumens. E. Quantification of 
the largest apical lumen per organoid reveals a preliminary non-significant trend towards drug-
induced differences in mean luminal surface area, requiring larger sample sizes to resolve. 
Kruskall-Wallis and post-hoc Dunn’s multiple comparisons test, n(H9) = 2 organoids, 
n(DAPT, VPA) = 3 organoids. 
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4.2.3 Phenotypes affecting early tissue architecture and neurogenesis can be detected in 

whole mount 

 

Note: the image analysis of 3D apical lumens was performed using a customised MATLAB 

code generated by Erlend Skaldehaug Riis.  

 

To test our ability to detect neurodevelopmental phenotypes, we decided to administer 

two drugs, VPA and DAPT, known to have opposing effects on early brain development. 

Valproic acid (VPA) is prescribed to treat epilepsy, bipolar disorder and migraines (Grunze, 

2010; Linde et al., 2013; Tomson et al., 2016). Prenatal exposure to VPA during the first 

trimester of pregnancy has, however, been shown to cause autism and other 

neurodevelopmental defects (Roullet et al., 2013), and studies in rodents have found that, in 

addition to autism-like behaviours, prenatal VPA results in macrocephaly by inducing neural 

progenitor cell proliferation and delaying neurogenesis (Go et al., 2012; Nicolini and 

Fahnestock, 2018). DAPT, a gamma-secretase inhibitor that indirectly inhibits Notch, has been 

shown to have the opposite effect of VPA, inducing premature differentiation of NPCs into 

neurons (Borghese et al., 2010; Nelson et al., 2007).  

 

DAPT and VPA were administered three days after matrigel embedding, a stage where 

organoids are made of expanding neuroepithelial NPC populations, and organoids were fixed 

for analysis after one week of continuous treatment, at a stage where early neurogenesis has 

commenced. Organoids were small enough to image through the entire 3D tissue of 

immunostained whole mounts. Relative to control organoids, drug-induced phenotypes were 

clearly noticeable by eye without the need for quantification (Figure 4.1B). DAPT treatment 

showed a clear increase in the abundance of neurons stained with TBR1, a marker of the earliest 

born neurons in corticogenesis (Hevner et al., 2001). Consistent with the role of VPA in 

delaying neurogenesis, TBR1 was not detected in VPA-treated organoids. Additionally, 

immunostaining for ZO1, a tight junction protein expressed at the apical surface of polarized 

NPCs (Ando-Akatsuka et al., 1999; Medelnik et al., 2018) and thus a marker of the continuous 

ventricular surface of neural buds, showed larger lumens surrounded by a thinner layer of 

SOX2+ NPCs in VPA-treated organoids. Conversely, apical lumens in DAPT-treated 

organoids appeared more rounded and smaller in shape (Figure 4.1B). This difference in apical 
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lumen size is consistent with VPA increasing symmetric proliferative divisions of NPCs, 

resulting in a more laterally expanded neuroepithelium, and DAPT triggering premature 

neurogenesis and thus limiting lateral expansion (Figure 4.1D).  

 

Perturbing early NPC behaviour could have strong implications in later neuronal output 

and overall brain size. We reasoned differences in ZO1 apical lumen structure could function 

as a readout of phenotypes affecting NPC architecture and lateral expansion of the 

neuroepithelium in the early brain. We therefore generated a semi-automated image analysis 

pipeline that delineates ZO1 through serial sections of an organoid and produces a 3D 

visualization of continuous apical lumens. This showed more clearly that apical lumens in VPA 

treated organoids were larger and more convoluted than the control, whereas lumens in DAPT-

treated organoids were rounded and smaller (Figure 4.1C). Measurements of the surface area 

of the largest apical lumen per organoid require larger sample sizes yet further showed a trend 

in luminal size difference between the various treatment conditions (Figure 4.1E).     

 

4.2.4 Assessing effectiveness of inducible CRISPR-Cas9 ESC lines in brain organoids 

 

Having confirmed that phenotypes affecting NPC behaviour and fate determination can 

be detected in Aggrewell-derived organoids, we moved on to the next step of setting up an 

inducible gene knockout system in organoids. We obtained three published ESC lines in which 

CRISPR gene knockout is induced by doxycycline (Bertero et al., 2016b; González et al., 

2014). One of these cell lines, cCr-H9, expressed constitutive Cas9 and doxycycline-inducible 

gRNA expression from safe-harbor loci (Bertero et al., 2016b). The other two cell lines, iCr-

HUES8 and iCr-HUES9, express doxycycline-inducible Cas9 (Figure 4.2B) which allows for 

multiplexable transfection of gRNAs (González et al., 2014). We first tested the ability of these 

cell lines to reliably produce neural tissue in brain organoids. Unfortunately, cCr-H9-derived 

organoids looked unhealthy and developed cysts at early stages (data not shown), potentially 

indicating that constitutive expression of Cas9 in this system may be toxic to early brain 

development. We did not investigate this further as, regardless, the inducible-Cas9 system was 

more suitable to our strategy (Figure 4.1A). Of the two inducible-Cas9 systems, we found iCr-

HUES8 was unreliable in neural tissue formation, while iCr-HUES9 was reliable, thus we 

chose to use the latter ESC line. 
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Figure 4.2 Generation of ESCs with inducible CRISPR-Cas9-mediated knockout 
of GFP reveal a gradual loss of GFP 
A. Immunofluorescence images of uninduced (-Dox) and induced (+Dox) Cas9 in iCr-HUES9 
ESCs after 24-hour doxycycline treatment with staining for Cas9, SOX2 and DAPI reveals 
doxycycline induction results in strong expression of Cas9. Scale bar: 100 µm. B. Plasmid 
maps of the relevant portion of the transgenes in the safe-harbour locus of iCr-HUES9 ESCs. 
Top is a doxycycline inducible promoter, tetracycline response element (TRE), driving 
expression of Cas9. Bottom is the CAG promoter driving expression of the reverse tetracycline 
transactivator protein (M2rtTA) which undergoes a conformational change upon addition of 
doxycycline resulting in binding and recruitment of transcription machinery to TRE. C. 
Plasmid map of the integrating region of the pT2-CAG-mGFP-U6-GFPgRNA transposon 
donor plasmid showing CAG promoter driving membrane GFP (mGFP) expression followed 
by the RNA promoter U6 driving expression of the guide RNA targeting GFP (GFPgRNA). D. 
Fluorescent image of iCr-HUES9 cells with integrated CAG-mGFP-U6-GFPgRNA (iCr-
HUES9-GFP) after FACS sorting. Scale bar: 100 µm.  E. Representative fluorescent and 
brightfield images of uninduced (-Dox) and induced (+Dox) Cas9 in iCr-HUES9-GFP-derived 
organoids following continuous doxycycline treatment on day 3. d-2, 9, 14, 20 and 36 represent 
days since the start of treatment. Note loss of GFP is gradual and only visible after prolonged 
(d14+) treatments. Scale bar: 1000 µm.  F. Representative fluorescent images of uninduced (-
Dox) and induced (+Dox) Cas9 in iCr-HUES9-GFP ESCs after 5 passages (20 days) with 
continuous doxycycline. Note GFP is lower in +Dox cells, but still present. Scale bar: 100 µm. 
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Immunostaining of iCr-HUES9 ESCs treated with doxycycline showed rapid induction 

of Cas9 expression with no leakiness detected in non-treated iCr-HUES9 ESCs (Figure 4.2A). 

Interestingly, despite the Cas9 in this cell line being engineered to contain nuclear localization 

signals (NLSs), Cas9 was predominantly expressed in the cytoplasm with some ESCs 

appearing to lack nuclear expression altogether. We devised a simple method to visualise gene 

knockout in organoids using a GFP reporter disruption assay. iCr-HUES9 ESCs were 

transfected with the Sleeping Beauty transposase plasmid and a transposon donor plasmid 

driving expression of GFP followed by a gRNA targeting GFP (Figure 4.2C), allowing for 

stable integration of the transgene in the genome (Izsvák and Ivics, 2004). GFP+ cells were 

selected by flow cytometry and showed varying degrees of fluorescence intensity, suggesting 

some cells had incorporated more copies of the transgene (Figure 4.2D). Organoids were 

derived from iCr-HUES9-GFP cells and monitored for GFP expression when cultured with 

doxycycline. Although GFP fluorescence was almost entirely gone after 1 month of culture, 

GFP loss was a gradual process, taking more than 10 days of treatment with doxycycline to 

notice a clear difference relative to untreated organoids (Figure 4.2E). This was not merely an 

effect on 3D tissues, but was also observed in 2D ESCs cultured for more than 3 weeks (Figure 

4.2F). Notably, untreated ESCs and organoids also showed a proportion of cells that had lost 

fluorescence after long-term culture, which could imply a degree of Cas9 leakiness, but more 

likely is due to transgene silencing, a common feature of the transposition system (Garrison et 

al., 2007). 

 

4.3 Discussion 

 

We have successfully scaled up organoid production using Aggrewell multi-well plates 

which reproducibly generate organoids of small sizes allowing for whole mount confocal 

analysis. We are able to detect phenotypes affecting early brain architecture and NPC 

behaviour and have generated an image analysis pipeline to analyse neural bud architecture 

and apical lumen shape in 3D. This setup could already be used to screen the effect of 

pharmacological agents on early brain development. Our aim was to use this platform to screen 

for human brain evolution candidate genes in an arrayed CRISPR-Cas9 knockout screen in 

which candidate gene knockout would be induced once neuroectodermal tissue had had the 
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chance to form. This goal will, however, require further optimization, as a GFP reporter 

disruption assay showed the process of GFP knockout was gradual and occurred over the 

course of weeks in both iCr-HUES9-GFP 2D ESCs and 3D organoids. In the upper range of 

reports, GFP has been shown to have a half-life of ~26 hours (Corish and Tyler-Smith, 1999), 

meaning that persistence of existing protein would not explain the delayed loss of fluorescence. 

The slow rate of editing activity could be due to the fact that, despite NLSs being linked to 

Cas9, expression was predominantly observed in the cytoplasm (Figure 4.2A). Improved 

nuclear translocation and editing efficiency have been observed with further Cas9 engineering 

to include a higher number of NLS sequences (Maggio et al., 2020). In a genetic screen, only 

two copies of a gene would need to be disrupted per cell while the Sleeping Beauty 

transposition system does not control for the number of transgene copies inserted, meaning 

more than just two copies of GFP may have to be disrupted in a given cell, further delaying 

GFP disruption. Other studies using CRISPR-Cas9-based inducible GFP disruption assays 

have, however, also shown that the loss of GFP is a delayed process occurring over the course 

of weeks, even when cells are expressing just two copies of GFP (Bertero et al., 2016b; Sun et 

al., 2019). Another limiting factor could be the levels of gRNA expressed relative to Cas9, as 

it has been shown that increasing the concentration of gRNAs 6-fold relative to Cas9 ensures 

all Cas9 proteins form an active RNP complex and increased editing efficiencies (Kim et al., 

2014).  

 

While performing a CRISPR-Cas9 gene knockout screen in early brain organoids will 

require further optimization and engineering of the system to increase editing activity, other 

CRISPR-Cas9-based methods could alternatively be used to screen for gene candidates. The 

catalytically dead version of Cas9 (dCas9) in complex with gRNA maintains binding to target 

DNA sequences and can interfere with gene transcription (Qi et al., 2013). When fused to 

transcriptional activator or repressor domains, dCas9 has been shown to efficiently activate 

(CRISPRa) or repress (CRISPRi) gene expression (Chavez et al., 2015; Gilbert et al., 2014). 

Both CRISPRa and CRISPRi screens have successfully been performed in human cell lines, 

meaning that genome-wide libraries already exist that could be applied to our system (Sanson 

et al., 2018). 
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5 Chapter 5: Comparative analysis of ape-derived brain 
organoids  

 

5.1 Introduction  

 

Compared to mice, the organism from which we have derived most of our 

understanding of mammalian brain development, the human brain consists of more than 1,000-

fold more neurons (Herculano-Houzel et al., 2006). Enlarged brains are a general attribute of 

primate evolution, however, the human brain is clearly an outlier with roughly 3-fold more 

neurons than our closest living relatives, the chimpanzee, bonobo and gorilla (Herculano-

Houzel, 2012). As detailed in the Introduction section, several studies have found differences 

in various features of brain development that explain elements of human brain expansion 

relative to rodents and other distantly related model organisms, however, the molecular 

mechanisms underlying human-specific changes relative to other apes are less understood. 

 

The radial unit hypothesis outlines a model of brain size evolution where increased 

NPC production prior to neurogenesis increases the surface area of the neocortex with a larger 

pool of NPCs giving rise to an increased number of radial columns. Increasing cell production 

during the neurogenic period, however, would increase the number of neurons generated within 

each radial column and thus increase the thickness of the neocortex (Rakic, 1988, 1995). 

Although ethical and technical limitations have prevented us from functionally testing the 

radial unit hypothesis on developing human tissue, neuroanatomical comparisons between 

adult primate brains strongly suggest early changes in NPC behaviour were important in human 

brain expansion, especially relative to other apes. In addition to observations showing that the 

human brain appears to be a scaled-up primate brain and neuronal densities remain constant 

across primate brains (Herculano-Houzel, 2009), it has also been shown that the thickness of 

the cortex is similar across apes without any notable differences in the proportion of cortical 

layers (De Sousa et al., 2010). Seeing as cortical layers are generated sequentially during the 

neurogenic period, this would suggest that human-specific differences critical to increased 

brain size and neuronal output are likely occurring prior to neurogenesis. Furthermore, a study 

comparing the cortex of adult human and chimpanzee brains found that, while mean cortical 

thickness was comparable between the species, there was a 3-fold difference in cortical surface 
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area (Donahue et al., 2018), further pointing towards changes in early lateral expansion of the 

NPC pool prior to neurogenesis being key to human brain size evolution. 

 

The onset of cortical neurogenesis is marked by NPCs transitioning from proliferative 

neuroepithelial cells (NECs) to neurogenic radial glial cells (RGCs). NECs display a columnar 

epithelial morphology and divide in a symmetric proliferative manner, exponentially 

expanding the neuroepithelium in the lateral dimension. The transition to RGCs comprises the 

loss of some epithelial features, such as tight junctions, and a morphological change where the 

bipolar processes that span apicobasally from the cell body become thin and elongated. 

Although RGCs can continue to divide in a proliferative manner, they begin to divide 

asymmetrically to produce one RGC and one more differentiated daughter cell type such as 

intermediate progenitor cells (IPCs) and neurons that migrate basally, resulting in the 

commencement of cortical neurogenesis and growth in the radial dimension. This model of 

NPC differentiation is based on studies in mice, where the NE-to-RG switch is characterised 

by changes in cell adhesion and cell morphology, and appears to occur rapidly between E9 and 

E10 (Kriegstein and Alvarez-Buylla, 2009). How this transition occurs in apes and what 

human-specific differences might exist, however, remain entirely unknown.  

 

Without being able to examine and manipulate early NEC behaviour in apes and 

humans, neuroanatomical comparisons supporting the radial unit hypothesis have remained 

correlative. It would therefore be highly informative to study early NPC behaviour in humans 

and apes prior to neurogenesis, and to extend this comparative analysis to multiple nonhuman 

apes to ensure that we are identifying true human-specific cellular adaptations involved in brain 

size determination rather than, for example, chimpanzee-specific differences. Chapter 4 

describes a system for reproducibly generating organoids in Aggrewell multi-well plates, 

allowing us to easily analyse early neural architecture and NPC behaviour prior to neurogenesis 

in 3D tissue. This chapter will describe using this system to perform comparative analyses of 

early organoids grown from a panel of ape PSCs, in addition to mouse ESCs as an outgroup.  
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5.2 Results 
 

Note: some of the data presented in this chapter have now been published in a bioRxiv 

preprint in ‘Benito-Kwiecinski et al., 2020. An early cell shape transition drives evolutionary 

expansion of the human forebrain. bioRxiv. doi: https://doi.org/10.1101/2020.07.04.188078’, 

with parts of the publication adapted in the figure legends and Materials and Methods. 

 

5.2.1 Assessing cerebral organoid generation from a panel of ape PSCs 

 

To investigate evolutionary differences in brain development and size determination 

across apes, we first had to assess the differentiation capacity of a panel of ape PSCs including 

additional human PSC lines to ensure that the phenotypes we observed were species-specific 

and not specific to a particular cell line of that species. We therefore attempted to generate 

organoids from PSC lines we had available including 3 human, 2 gorilla, 2 chimpanzee and 

one bonobo PSC line in addition to one mouse ESC line to be used as an outgroup. A summary 

of these cell lines and how they fared can be found in Table 5.1. We unfortunately found that 

three of these cell lines, human H21792A, chimpanzee Chmp-2 and bonobo boiPSC, did not 

reliably form neural tissue. This became evident at stages post-Matrigel-embedding, where H9-

derived organoids of neural identity form clear neural buds that protrude from the tissue and 

become more enlarged and pronounced after a couple days of culture (Figure 5.1A). Although 

buds were apparent in organoids derived from H21792A, Chmp-2 and boiPSC one day post-

Matrigel-embedding (day 3), they did not have the clear appearance of neural tissue and there 

appeared to be disorganised non-epithelial tissue growing on the surface of H21792A and 

Chmp-2 organoids. This tissue continued to grow and became more pronounced by day 5 

(Figure 5.1A). Although boiPSC-derived organoids formed buds and did not show the same 

outgrowth of unorganised tissue observed in H21792A and Chmp-2-derived organoids, the 

buds appeared darker and thinner than those observed in H9-derived organoids (Figure 5.1A). 

We reasoned that all three cell lines were failing to reliably differentiate into neural lineages 

and were forming tissues of other lineages. However, seeing as boiPSCs were capable of 

forming buds that appeared epithelial in identity, we decided to investigate this tissue more 

closely. 
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The first steps of brain organoid generation essentially mimic the very early stages of 

embryogenesis, stem cells aggregate to form spherical embryoid bodies (EBs) made up of the 

3 germ layers: ectoderm, mesoderm and endoderm. Transferring EBs to a minimal neural 

induction media should promote the survival and formation of neural ectodermal tissue, 

reminiscent of the neural plate in vivo (Levine and Brivanlou, 2007). One clear indicator of 

neurulation is cadherin-switching, i.e. changes in the proportion of cell adhesion molecules 

present, with a gradual reduction in CDH1 expression replaced by an increase in CDH2 

expression as the ectodermal tissue transitions to neuroectodermal and eventually 

neuroepithelial tissue (Rogers et al., 2018). Immunostaining of H9-derived EBs 2 days post-

neural induction displayed features of early neurulation and neural identity consisting of 

SOX2+ cells that showed increased levels of neural CDH2 versus CDH1 staining (Figure 

5.1B). Immunostaining of boiPSC-derived EBs, however, indicated cells were unable to form 

neural tissue, with strong CDH1 expression accompanied by minimal CDH2 expression and a 

loss of SOX2 expression in some regions (Figure 5.1B). The failure to commit to a neural 

lineage became evident by day 5, where cells in boiPSC-derived organoids were purely made 

up of non-neural CDH1+ SOX2- epithelial cells, while cells in H9-derived organoids had 

formed neural buds made up entirely of SOX2+ NPCs, and had by this point lost all CDH1 

expression (Figure 5.1C).  
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Figure 5.1 Neural differentiation is suboptimal in organoids derived from several 
PSC lines 
A. Brightfield images of organoids derived from H9 (left), H21792A (centre left), Chmp-2 
(centre right) and boiPSC (right) on day 3 (top) and 5 (bottom) post-neural induction. Note the 
generation of disorganised non-epithelial tissue in H21792A- and Chmp-2-derived tissue and 
the presence of thin darkened epithelial tissue in boiPSC-derived tissue relative to the example 
of cleared neuroepithelial buds present in H9-derived organoids. Scale bar: 200 µm. B,C. 
Immunofluorescence image of H9- (top) and boiPSC- (bottom) derived organoids B. 2 days 
post-neural induction with staining for SOX2, CDH2, CDH1 and DAPI revealing reduced 
expression of SOX2 and CDH2 and increased expression of CDH1 in boiPSC-derived 
organoids relative to H9. Scale bar: 200 µm. C. 5 days post-neural induction with staining for 
SOX2, ZO1, CDH1 and DAPI revealing boiPSCs are generating non-neural epithelial tissue 
(CDH1+/SOX2-). Scale bar: 200 µm. 
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Table 1 Summary of the cell lines tested 

 

Cell line 

Shortened 
cell line 
name 

 

Species 

 

Source 

Reliable 
formation of 
neural tissue 

 

Timing 
adjustment 

H9 H9 Human Female ESC (Thomson, 1998) Yes No 

 

ips(IMR90)-
4 

 

IMR-90 

 

Human 

Reprogrammed from female 
fetal lung cells (Yu et al., 
2007) 

 

Yes 

 

No 

H21792A H21792A  

Human 

Reprogrammed from female 
fibroblasts (Gallego Romero et 
al., 2015) 

 

No 

 

No 

goiPSC 
clone 1 

 

G1 

 

Gorilla 

Reprogrammed from female 
endothelial cells (Wunderlich 
et al., 2014) 

 

Yes 

 

No 

 

gorC1 

 

G2 

 

Gorilla 

Reprogrammed from PBMCs 
isolated from blood of a 
female 

 

Yes 

 

No 

 

C3651 

 

Chmp-1 

 

Chimpanzee 

Reprogrammed from female 
fibroblasts (Gallego Romero et 
al., 2015) 

 

Yes 

 

Yes 

Chimp 
(Jambo) 

Chmp-2 Chimpanzee Reprogrammed from PBMCs 
isolated from blood of a male. 

No N/A 

 

boiPSC 

 

boiPSC 

 

Bonobo 

Reprogrammed from 
fibroblasts (Wunderlich et al., 
2014) 

 

No 

 

N/A 

E14TG2a mESC Mouse Male mouse ESC line (Hooper 
et al., 1987) 

Yes Yes 

 

 

When generating organoids from the other chimpanzee PSC line, Chmp-1, we noticed 

that while neural buds were clearly forming, there was also a significant presence of 

unorganised tissue of non-ectodermal lineages (Figure 5.2B). It appeared that Chmp-1-derived 

organoids seemed to be progressing faster through the EB stage, and that the neural lineage 

could be reliably promoted by transferring EBs to neural induction media 2 days prior to human 

and gorilla EBs (Figure 5.2A, 5.2C), potentially reflecting the shorter gestational period of 

chimpanzees relative to the two other apes (Ardito, 1976). With this modification to the 

chimpanzee protocol, we thus concluded that we could reliably form brain organoids in 

Aggrewell multi-well plates from two human PSC lines (H9 and IMR-90), two gorilla lines 
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(G1 and G2) and one chimpanzee line (Chmp-1) (Figure 5.2C). Seeing as G2 had been 

reprogrammed by our lab, we confirmed pluripotency of the cell line by RT-PCR (Figure 

5.2D). All these cell lines were female, thus removing any confounding variables that might 

be introduced through comparing different sexes.  
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Figure 5.2 Reliable cerebral organoid generation in Aggrewell from a panel of ape 
PSCs 
A. Schematic of the timeline for generating brain organoids in Aggrewell from human, gorilla 
and chimpanzee PSCs. Colours represent changes in media and the various stages of the 
protocol and +MG represents Matrigel embedding. Note chimpanzee organoids have an EB 
stage 2 days shorter than human and gorilla. B. Brightfield image of Chmp-1-derived organoid 
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following human protocol timing. Note the presence of non-neural tissue surrounding neural 
buds. Scale bar: 400 µm. C. Representative brightfield images of PSCs and organoids taken 
throughout the differentiation protocol at time points highlighted in red in schematic A. Note 
the more rounded neural buds in day 5 organoids generated from nonhuman ape (Chmp, G1 
and G2) PSCs relative to the more expanded buds in day 5 organoids generated from human 
(H9, IMR-90) PSCs. Scale bar: 400 µm. D. RT-PCR analysis shows expression of pluripotency 
markers (OCT3/4, NANOG, SOX2) and GAPDH loading control in IMR-90, G1 and G2 cell 
lines. -ve is the negative water control. 

 

Our lab had optimised a differentiation protocol for generating brain organoids from 

mouse ESCs (mESCs) which, unsurprisingly considering the rapid gestational period of mice, 

consisted of sped up EB and expansion stages (Figure 5.3A). When we attempted to grow 

mouse organoids in Aggrewell multi-well plates, however, we noticed that tissue post-

Matrigel-embedding appeared disorganised and lacked the clear neural buds that formed in 

mESC organoids grown individually (Figure 5.3B). Immunostaining of Aggrewell-grown 

mESC organoids revealed sparse labelling of SOX2+ NPCs that lacked the polarised radial 

organisation around a lumen as seen in individually-grown organoids (Figure 5.3C). We 

reasoned that the failure of mESC-derived organoids to grow properly when generated in 

Aggrewell could come down to adhesive properties of mouse cells. During the neural induction 

period there is a certain amount of cell death that occurs as cells in the EB of mesodermal and 

endodermal lineages are not supported. Normally, in ape-derived organoids, these cells would 

sink to the bottom of the well and not impact the developing neuroectodermal tissue. However, 

we noticed that in mouse tissue, there was a layer of dark non-neural cells that were adhering 

to the surface of the developing EBs 3 days post-neural induction (Figure 5.3B). These 

adhesive dark cells were also noticeable in individually-grown mESC EBs, however, not to the 

same extent as seen in Aggrewell, where a thick layer appeared to coat the entire surface of the 

EB. This difference is likely due to the fact that these cells are more free to disperse in the large 

space provided to individually-grown organoids and, in fact, dispersed cells could be seen 

distant to EBs. Aggrewell plates provide a more confined space per EB, meaning these non-

neural cells have less freedom to disperse and are thus more likely to aggregate to one another. 

After Matrigel-embedding, individually-grown organoids formed clear neural buds with no 

visible remnants of the dark non-neural cells, however, Aggrewell-grown organoids were 

clearly compromised in their development and the tissue appeared unhealthy (Figure 5.3.B). 

Dark masses were still visibly attached to Aggrewell-grown organoids, and although some 

buds had formed, it is likely that the non-neural cells were becoming engulfed into the tissue 

during Matrigel-induced bud formation and thus disrupting the identity and tissue architecture 
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of organoids resulting in the disorganised tissue observed at day 5 (Figure 5.3B, 5.3C). 

Regardless of the precise mechanism by which Aggrewell growth disrupts neural development 

in mESC-derived tissue, we concluded that we could not reliably form mESC organoids in 

Aggrewell, and that future comparisons using this mouse cell line would need to be performed 

on individually-grown organoids. 

 

 

Figure 5.3 Neural differentiation of mouse PSC-derived organoids is impaired in 
Aggrewell 
A. Schematic of the timeline for generating brain organoids in Aggrewell from mouse ESCs 
(mESCs). B. Brightfield image of mESC-derived organoids at days 3, 4 and 5 grown 
individually (top) and in Aggrewell (bottom). Note the increased presence of debris in 
Aggrewell-grown organoids and the compromised buds formed post-Matrigel embedding 
relative to individual-grown organoids. Scale bar: 400 µm. C. Immunofluorescent staining for 
DAPI and SOX2 on day 5 revealing impaired neural (SOX2) differentiation and lack of 
organised bud formation in Aggrewell- versus Individually-grown organoids. Scale bar: 100 
µm. 
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5.2.2 Human telencephalic organoids show size differences relative to nonhuman apes 

despite similar cortical thickness 

 

The first thing we noticed when growing organoids from human, chimpanzee and 

gorilla PSC lines was that the human organoids were consistently larger than the other apes 

(Figure 5.4A). The presence of TBR2+ IPCs confirmed organoids were primarily generating 

tissue of neocortical identity (Figure 5.4B, 5.4A). However, we noticed chimpanzee organoids 

contained a significant amount of tissue with Choroid Plexus identity, characterised by a highly 

folded cuboidal epithelial structure (Figure 5.4A) (Pellegrini et al., 2020). A certain degree of 

Choroid plexus formation in organoids is not unusual to see, given that both the neocortex and 

Choroid plexus develop from the same pseudostratified epithelium of the dorsal telencephalon, 

which gradually differentiates into disparate identities.  

 

Given that chimpanzee brain organoids generate a disproportionate amount of Choroid 

plexus relative to human and gorilla, we reasoned this could influence the size of organoids 

and that we could thus not accurately compare the overall size of chimpanzee organoids to the 

other apes. Seeing as Aggrewell-grown organoids have a propensity to fuse to one another over 

the course of development due to the culture conditions (Figure 5.2C), we compared the sizes 

of individually-grown human and gorilla organoids (Figure 5.4E). We found at the two time 

points imaged, the area occupied by human organoids was significantly larger than gorilla by 

nearly two-fold (Figure 5.4F,G). Despite differences in the overall size of human organoids 

relative to the nonhuman apes, individual cortical lobes across the three species were 

comparable both in terms of overall thickness (Figure5.4B,C) and in the relative proportions 

of SOX2+ RGCs in the VZ (Figure 5.4D). This difference in overall size, but not cortical 

thickness, is consistent with the radial unit hypothesis, suggesting early differences in NPC 

behaviour may account for later differences in overall size. We therefore decided to compare 

early telencephalic development across the three species of ape. 
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Figure 5.4 Human telencephalic organoids show size differences relative to 
nonhuman apes despite similar cortical thickness 
A. Immunofluorescence image of 5-week organoids stained for NPC marker SOX2 (red), 
dorsal telencephalic/IPC marker TBR2 (grey), neuronal markers TUJ1 (H9) and HuCD (G1, 
Chmp) in yellow and DAPI revealing human (H9) derived organoids become larger in overall 
size than gorilla (G1) and chimpanzee (Chmp). Note the presence of choroid plexus cuboidal 
epithelium in Chmp-derived organoids (white arrowheads). Scale bar: 1000 µm. B. 
Representative immunofluorescence image of 5-week human, gorilla and chimpanzee 
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organoids with staining for NPCs (SOX2), IPCs (TBR2) and DAPI showing cortical lobules 
of similar thickness and proportion of cell types. Scale bar: 100 µm. C.D.Measurements of 
cortical thickness (C) and VZ thickness (D) in cortical lobes of 5-week organoids derived from 
human, gorilla and chimpanzee. one-way Anova and post-hoc Tukey’s multiple comparisons 
test, n(human, chimpanzee) = 4 cortical lobes, n(gorilla) = 6 cortical lobes, mean is plotted, 
error bars are S.D. E. Brighfield images of individually-grown human (H9) and gorilla (G1) 
organoids at day 25 and day 32 showing larger overall size of human tissue relative to gorilla. 
Scale bar: 1000 µm. F,G. Quantification of the area occupied by H9 and G1-derived organoids 
in brightfield at day 25 (D) and day 32 (E). ***P<0.001, unpaired two-tailed t-test, n (day 25) 
= 4 organoids from 2 independent batches per cell line, n (day 32) = 6 organoids from 2 
independent batches per cell line, mean is plotted, error bars are S.D. 
 

5.2.3 Human telencephalic organoids show expanded apical lumens prior to neurogenesis 

 

In order to decipher the stage at which size differences become apparent, we examined 

the development of organoids from the earliest stages of neural tissue formation. While for the 

main comparative analyses we used human H9, gorilla G1 and chimpanzee Chmp-1 PSC lines, 

we also verified human and gorilla findings in additional human IMR-90 and gorilla G2 cell 

lines. After Matrigel-embedding, organoids of all species displayed well-formed neural buds 

of similar appearance (Figure 5.2C, 5.5A). Staining for ZO1, a tight junction protein that marks 

the apical surface of polarised epithelia (Ando-Akatsuka et al., 1999; Medelnik et al., 2018), 

revealed similar tissue architecture across species, with SOX2+ NPCs organised in a narrow 

layer around ZO1+ apical lumens (Figure 5.5B). At day 5, however, we observed clear 

differences in tissue architecture between human organoids and those of the other apes. Whilst 

gorilla and chimpanzee organoids presented more rounded circular neural buds, human 

organoids showed neural buds that were more elongated (Figure 5.5A, 5.2C). ZO1 staining 

revealed that the more circular buds of gorilla and chimpanzee organoids corresponded to more 

rounded apical lumens, whereas human organoids consisted of lumens with more convoluted 

shapes (Figure 5.5C, 5.5F). Using the custom image analysis pipeline outlined in Chapter 4, 

we delineated and reconstructed ZO1+ apical lumens in 3D, revealing species-specific 

differences in luminal shape and size, with human lumens appearing larger and more 

convoluted (Figure 5.5D). Quantification revealed significantly enlarged luminal surface areas 

in human organoids, with mean surface area two-fold larger than nonhuman apes (Figure 5.5E). 

This result was consistent when luminal surface areas were quantified in additional human 

IMR-90 and gorilla G2 cell lines (Figure 5.5G). 
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Figure 5.5 Human organoids show expanded apical lumens 
A. Brightfield images of ape organoids at day 3, 5 and 10 showing human (H9, top) differences 
in tissue architecture arising at day 5 with more elongated neural buds relative to the more 
circular buds seen in nonhuman ape organoids (G1, Chmp, middle and bottom). Scale bar: 200 
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µm. B,C. Representative immunofluorescence images of the centre of whole mount human 
(H9), gorilla (G1), and chimpanzee (Chmp) -derived organoids with staining for ZO1 and 
SOX2 showing polarised NPCs organised around ZO1+ apical lumens at day 3 (C) and day 5 
(D). Note the presence of less rounded ZO1+ apical lumens (white arrowheads) in human 
relative to nonhuman ape organoids at day 5. Scale bar: 100 µm. D. Representative 3D Matlab 
reconstruction of apical lumens of day 5 organoids showing more convoluted luminal shapes 
found in human versus nonhuman ape-derived organoids. Values on the axes are in µm. 
Luminal surface area of reconstructed examples: human (H9) = 63,394 µm2; gorilla (G1) = 
15,146 µm2; chimpanzee (Chmp) = 19,730 µm2. E. Quantification of the surface area of the 
largest apical lumen per day 5 organoid reveals significantly expanded luminal surface areas 
in human (H9) versus nonhuman ape (G1, Chmp). Mean luminal surface area: human (H9) = 
51,243 µm2; gorilla (G1) = 15,437 µm2; chimpanzee (Chmp) = 19,632 µm2. **P = 0.0012, 
****P<0.0001, one-way Anova and post-hoc Tukey’s multiple comparisons test, n (H9 and 
G1) = 11 organoids from 5 independent batches, n (Chmp) = 8 organoids from 2 independent 
batches, mean is plotted, error bars are S.D. F. Representative immunofluorescence images 
from of the centre of whole mount organoids at day 5 from additional human (IMR-90) and 
gorilla (G2) cell lines with staining for ZO1 and SOX2 showing G2 apical lumens are more 
rounded and IMR-90 more convoluted. Scale bar: 100 µm. G. Quantification of the surface 
area of the largest apical lumen per day 5 organoid showing additional human (IMR-90) and 
gorilla (G2) derived organoids plotted with data from figure E showing additional cell lines 
follow the trend of more expanded apical lumens in human versus nonhuman ape. Mean 
luminal surface area: human (IMR-90) = 78,463 µm2; gorilla (G2) = 27, 426 µm2. n (IMR-90) 
= 8 organoids from 5 independent batches, n (G2) = 8 organoids from 4 independent batches. 

 

We next sought to focus on the cell biological mechanisms that might explain these 

early differences in tissue architecture. In order to ensure a robust comparative analysis, we 

decided to focus primarily on human and gorilla organoids and only included chimpanzee in 

some comparisons, as human and gorilla organoids exhibited identical developmental 

progression (Figure 5.2A) during all stages prior to size differences at day 5 and later formed 

telencephalic tissue of primarily neocortical identity (Figure 5.4A). Given current knowledge 

of early cortical development, the most likely explanation for the expanded lumens observed 

in human organoids would be a delay, relative to gorilla, in the switch from symmetrically 

expanding NECs to neurogenic RGCs. We therefore tested whether at this stage, gorilla 

organoids had already switched to generating neurons, by staining for neurogenic TBR2+ IPCs 

and DCX+ newborn neurons. Surprisingly, in both human and gorilla organoids, neither cell 

type was present at day 5, only becoming clearly evident between days 10 and 15 (Figure 

5.6A). This implies that a faster neurogenic switch in gorilla compared to human does not 

explain the difference in size of cortical tissues. 
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Figure 5.6 Ape NPCs undergo a transition in cell shape prior to neurogenesis 
A. Representative immunofluorescence images through the centre of whole mount organoids 
derived from human (H9) and gorilla (G1) at days 5, 10 and 15 post-neural induction with 
staining for IPCs (TBR2), newborn neurons (DCX), ZO1 and DAPI, showing that neurogenesis 
has not started by day 5, is commencing at day 10 and is underway by day 15. Scale bar: 100 
µm. B,C. Representative immunofluorescence images from whole mount organoids of human 
(H9, IMR-90), gorilla (G1, G2) and chimpanzee (Chmp) demonstrating the morphology of 
NPCs (SOX2+), polarized around apical (ZO1+) lumens, revealed by sparse labelling with 
viral GFP. Scale bar: 20 µm. B. Day 3 cells are columnar in shape and display typical NEC 
shapes. C. Day 5 human (H9, IMR-90) NPCs still appear columnar, whereas nonhuman ape 
(G1, G2, Chmp) NPCs show a thinning of apicobasal processes consistent with tNEC 
morphology. D. Representative immunofluorescence images through whole mount human 
(H9) and gorilla (G1) organoids with superimposed individual segmented cells (white) 
showing the 3D morphology of individual GFP+ progenitors on days 3 and 5. Note the thinning 
of apical processes observed in gorilla at day 5. Scale bar: 100 µm. E. Quantification of the 
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volume normalised to surface area of the apical processes of human and gorilla NPCs on days 
3 and 5, showing significantly reduced apical volumes in gorilla relative to human at day 5. 
The apical processes of segmented cells directly below the cell body were used for 
quantification. Mean apical process volume:surface area ratio: human day 3 = 1.21, gorilla day 
3 = 1.31, human day 5 = 1.23, gorilla day 5 = 0.76. Mann-Whitney U, two-tailed, ****P<0.001, 
n (day 3 human) = 10 cells, n (day 3 gorilla) = 8 cells, n (day 5 human) = 14 cells, n (day 5 
gorilla) = 16 cells. Error bars are SD. 
 

5.2.4 The NEC-to-RGC switch involves a transitioning NEC morphology that is delayed in 

humans 

 

Another possible explanation for the difference in tissue morphology may be a 

difference in cell shape. We therefore examined cell morphology of SOX2+ NPCs in organoids 

derived from all ape cell lines using sparse viral labelling with GFP. At day 3, labelled cells of 

all species exhibited a wide, columnar shape characteristic of NECs (Figure 5.6B). At day 5, 

however, when the differences in tissue architecture first become apparent, we observed a clear 

difference in the shape of labelled cells between human and nonhuman ape (Figure 5.6C). 

Whilst in human organoids the majority of cells still displayed wide and columnar NEC-like 

shapes, in gorilla and chimpanzee, cells exhibited more constricted apicobasal processes than 

their human counterparts. In order to quantify changes in NPC shape, we performed higher 

resolution spinning-disk confocal microscopy on whole mount human and gorilla organoids 

allowing us to segment individual NPCs in 3D (Figure 5.6D). This revealed similar NEC-like  

morphologies of NPCs at day 3 in both species, while gorilla NPCs at day 5 showed reduced 

apical process volumes relative to human due to the more constricted morphology (Figure 

5.6D,E). We imaged human and gorilla cells at later stages and found that human NPCs started 

to show morphologies with more apicobasally constricted processes by day 8 (Figure 5.7A). 

By day 10, processes of NPCs in both species had become further narrowed and elongated, and 

labelled cells exhibited the stereotypical morphology of neurogenic RGCs (Figure 4.7B,C,D). 

These findings suggest that the transition from NEC to RGC involves a change in cell shape 

resulting in an intermediate cell morphology prior to the switch to neurogenic fate. 

Furthermore, this elongated transition state, herein referred to as transitioning NEC (tNEC), 

appears delayed in human organoids relative to nonhuman ape organoids. 
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Seeing as the transition in morphology involves a progressive thinning of apical 

processes, we quantified differences in cell shape by measuring the apical surface area of 

individual progenitor cells using ZO1 immunostaining, as ZO1 expression delineates apical 

edges of NPCs at the lumen (Figure 5.7E). At day 3, the apical surfaces of cells were large and 

indistinguishable between human and gorilla. Between days 3 and 10, a period where cells 

appear to have fully transitioned from NEC- to RGC-like morphologies in both species, the 

apical surface of progenitors reflected this transition, decreasing seven-fold in size (Figure 

5.7E,F). The transition was, however, accelerated in gorilla, where already by day 5, the apical 

surface of cells was significantly more constricted compared to human (Figure 5.7E), with a 

mean surface area roughly half that of human cells (Figure 5.7F). We quantified day 5 apical 

surface areas in all of the ape cell lines and found chimpanzee cells displayed a similarly 

constricted apical surface area to gorilla cells (Figure 5.7G). Overall, these results reveal a 

more rapid switch to apically constricted tNE morphologies in gorilla compared with human 

(Figure 5.7H). The fact that chimpanzee-derived organoids resemble gorilla organoids 

cytoarchitecturally at this stage, suggests that this feature is a human-specific delay rather than 

a gorilla-specific hastening.  
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Figure 5.7 The NEC-to-RGC switch involves a transitioning NEC morphology 
that is delayed in humans 
A,B. Representative immunofluorescence images NPCs from whole mount human (H9) and 
gorilla (G1) organoids with staining for GFP, SOX2 and DAPI at day 8 (A) and day 10 (B). 
Note NPCs in both species show tNEC morphologies on day 8 and RGC-like morhphologies 
on day 10 with stereotypical elongated and narrowed apicobasal processes. Scale bar: 20 µm. 
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C. Representative immunofluorescence images through whole mount human and gorilla day 
10 organoids with superimposed individual segmented cells (white) showing 3D morphology 
of individual GFP+ RGC progenitors. Scale bar: 10 µm. D. Quantification of the volume 
normalised to surface area of the apical processes of human and gorilla NPCs on day 10. Mean 
apical process volume:surface area ratio: human = 0.66, gorilla = 0.65. Mann-Whitney U, two-
tailed, n = 8 cells per species. Error bars are SD. E. Immunofluorescent staining for ZO1 on 
the surface of apical lumens showing apical surface areas of individual NPCs at day 3, 5, 8 and 
10. Perimeters of some individual progenitor cells of day 5 organoids are delineated in white, 
highlighting the more constricted apical surface seen in gorilla organoids. Note how apical 
surface areas gradually become more constricted by day 10. Scale bar: 10 µm. F. Quantification 
of the surface area of individual human (H9) and gorilla (G1) NPCs between day 3 and 10 
showing a gradual reduction in apical surface area over time in both species by 7-fold. Mean 
apical surface area/cell: human day 3 = 13.82 µm2; gorilla day 3 = 14.80 µm2; human day 5 = 
9.39 µm2; gorilla day 5 = 4.48 µm2; human day 8 = 3.86 µm2; gorilla day 8 = 2.46 µm2; human 
day 10 = 1.92 µm2; gorilla day 10 = 2.13 µm2. **** P<0.0001, Kruskal-Wallis and post-hoc 
Dunn’s multiple comparisons test, n (day 3, H9) = 164 cells from 8 organoids and 2 batches, n 
(day 3, G1) = 176 cells from 8 organoids and 2 batches, n (day 5, H9) = 341 cells from 8 
organoids and 2 batches, n (day 5, G1) = 321 cells from 9 organoids and 2 batches, n (day 8, 
H9) = 171 cells from 4 organoids, n (day 8, G1) = 55 cells from 2 organoids, n (day 10, H9) = 
68 cells from 3 organoids, n (day 10, G1) = 74 cells from 4 organoids, error bars are min-max 
values, dots on the boxplot represent individual cells, line of the boxplot is at median. G. 
Quantification of the apical surface area of individual NPCs of day 5 organoids show 
significantly smaller apical surface sizes of nonhuman ape (G1, G2, Chmp) compared to human 
(H9, G1). Mean apical surface area/cell: IMR-90 = 8.53 µm2; G2 = 4.54 µm2; Chmp = 3.55 
µm2; H9, G1 reported in figure D. **** P<0.0001, Kruskal-Wallis and post-hoc Dunn’s 
multiple comparisons test, n (IMR-90) = 121 cells from 4 organoids, n (G2) = 172 cells from 
5 organoids, n (Chmp) = 277 cells from 6 organoids and 2 batches; n (H9,G1) = reported in 
figure G. error bars are min-max values, dots on the boxplot represent individual cells, line of 
the boxplot is at median. H. Schematic summarising the morphological changes in NPCs 
observed in human and gorilla organoids. NPCs of both species undergo a gradual transition 
from NEC to tNEC to RGC-like morphologies. Human cells maintain columnar NEC 
characteristics for a longer period while gorilla cells show tNEC morphologies (blue 
background) earlier than human. I. Quantification of the apical surface area of individual NPCs 
at day 4, 5 and 6 following day 3 Matrigel-embedding of organoids derived from mouse ESCs 
(mESCs) showing apical surface areas rapidly reducing in size. Mean apical surface area/cell: 
day 4 = 5.97 µm2; day 5 = 2.66 µm2; day 6 = 1.86 µm2. n (day 4) = 120 cells from 3 organoids, 
n (day 5) = 127 cells from 3 organoids, n (day 6) = 172 cells from 3 organoids, error bars are 
min-max values, dots on the boxplot represent individual cells, line of the boxplot is at median. 
J. Changes in mean apical surface area over time showing differences in the rate of apical 
constriction for H9, G1 and mESC derived organoids. Data for H9 and G1 is the same as in 
figure D and mouse the same as in figure G. Note that mESC mean apical surface areas are 
already half the size of apes one day post Matrigel embedding (day 4 mouse, day 3 ape). 

 

A tNEC state has, to our knowledge, not been identified in the mammalian cortex and 

studies in mouse essentially describe the switch from proliferative NECs to neurogenic RGCs 

as occurring overnight. We therefore wanted to observe how NPCs in mouse-derived organoids 

transitioned from NECs to RGCs and if there might be a brief, hitherto unrecognised, tNE state. 
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We found the sparse viral labelling we used for ape-derived organoids was less efficient in 

mouse tissue, so we have not yet carefully assessed cell morphology in early mouse organoids. 

We did, however, quantify the apical surface area of cells at early stages post-Matrigel-

embedding. One day after Matrigel-embedding when neural buds have formed, day 4 following 

the mouse protocol (Figure 5.3A), mean apical surface areas of mESC-derived NPCs were 

already 2-fold smaller than those of ape-derived organoids one day post-Matrigel-embedding 

(Figure 5.7I,F). Apical surfaces continued to become more constricted, reducing two-fold in 

size by day 5 and nearly 3-fold by day 6, where mean apical surface areas of mouse NPCs were 

akin to those of neurogenic ape RGCs (Figure 5.7I,F). These results show that mouse NPCs 

are transitioning to more apically-constricted morphologies at a faster pace than ape NPCs 

(Figure 5.7J), however, analysis of labelled cells will be necessary to confirm if a tNEC 

morphology is present between days 4 and 6, or if mouse organoids rather contain a 

combination of NECs and RGCs with no intermediate at this stage.  

 

5.2.5 Cell counting of dissociated organoids hints at faster growth rates of early human 

neural tissue 

 

The fact that we observe human NPCs transition to tNEC morphotypes at a slower pace 

than gorilla is interesting from an evolutionary perspective. Delaying the differentiation of 

NECs could be a mechanism by which the human brain expanded relative to other apes. As 

mentioned in the introduction, in the developing mouse cortex, there is an existing correlation 

between NPC differentiation and cell cycle duration, with a progressive lengthening of 

progenitor cell cycles observed over time (Calegari et al., 2005; Takahashi et al., 1995). If this 

correlation held true during early differentiation of ape progenitor cells, it could mean that 

more immature NECs proliferate at a faster rate than more differentiated tNECs, allowing 

human organoids to expand more rapidly than gorilla organoids at these early stages. With an 

aim of comparing the growth rate of organoids, we cultured multiple Aggrewells of human and 

gorilla organoids in parallel, and dissociated organoids to single cell solutions (Figure 5.8A) to 

count the number of cells present per organoid at days 3, 5 and 10. The number of cells present 

per organoid at day 3 varied depending on the batch, we therefore normalised the number of 

cells present at days 5 and 10 as a ratio of those from the same batch present at day 3 (Figure 

5.8B,C). This method proved to be quite variable in the number of cells counted, especially at 
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day 10. This was potentially due to the fact that we were counting cell numbers from organoids 

of the same batch grown in parallel wells of Aggrewell plates, meaning that any slight 

differences in the starting number of cells per well would be exacerbated by later time points. 

Despite the variability in cell number, we noticed human organoids tended to grow at a slightly 

faster rate than gorilla organoids (Figure 5.8B), a trend also present at day 5, when human and 

gorilla NPCs display NEC and tNEC morphotypes respectively (Figure 5.8C). This roughly 

four-fold increase in human cell numbers suggests cells have divided an average of two times 

over the course of the 2-day period and slightly less in gorilla. Differences in growth rates of 

organoids could come down to higher levels of cell death occurring in gorilla versus human 

rather than proliferative differences. TUNEL staining at days 5 and 10, however, found no 

notable differences in the proportion of apoptotic cells present in human versus gorilla 

organoids (Figure 5.8D). 

 

 
Figure 5.8 Preliminary cell counts of dissociated organoids hint at faster growth 
rates of early human tissue 
A. Brightfield image of dissociated cells from a day 3 human (H9) organoid spread in a 
haemocytometer for manual counting. Scale bar: 400 µm. B,C. Quantification of the mean 
number of cells per human (H9) and gorilla (G1) organoid as a ratio of cell numbers present at 
day 3 calculated within batches. B. Line graph showing growth rate of organoids plotted on 
day 3, 5 and 10. C. Comparison of cell count ratio at day 5, when cell morphotypes differ. n 
(H9) = 5 independent batches of organoids, n (G1) = 4 independent batches of organoids. D. 
Immunofluorescent image showing apoptotic cells with TUNEL staining and DAPI showing 
comparable levels of cell death between human and gorilla tissue on day 5 and day 10. Scale 
bar: 50 µm. 
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5.2.6 Capturing NPC behaviour through live imaging 

 

In order to see how differences in cell shape arise between human and gorilla before 

day 5, and to more accurately analyse the implication of cell morphotype on cell cycle, we 

attempted to track the behaviour of labelled cells by live imaging between days 3 and 5. We 

found settings that our lab had previously used to image growing neurons in organoids using a 

laser-scanning confocal microscope (Giandomenico et al., 2019), resulted in a high degree of 

phototoxicity when applied to early stage organoids with NECs rapidly dying, even at the 

lowest laser power where cells were detectable (data not shown). We found imaging early 

organoids on a spinning disk confocal microscope reduced phototoxicity of NECs and cells 

appeared to behave normally when laser powers below 5% were used on the spinning disk. 

This low laser setting meant that the quality of the images was compromised, giving cells a 

grainy appearance (Figure 5.9A). We were still, however, able to capture the behaviour of some 

cells in each species that remained within the imaging plane over the time course. 

 

As previously observed in dividing human NECs (Subramanian et al., 2017), we 

observed a transient loss of the basal process during NEC divisions in both human and gorilla 

samples (Figure 5.9A). Following the division, NE daughter cells in both species initially 

displayed a thinner apical process than the parent cell. However, the apical processes of the 

human daughter NECs gradually began to widen again, whereas gorilla daughter NECs did not 

regain apical thickness after division. This suggests an active reacquisition of a wide, columnar 

morphology in the human at this stage, whereas gorilla cells had already transitioned to the 

more elongated and narrowed tNEC morphotype. The fact that after dividing NECs form a thin 

apical process that gradually thickens explains the large spread in apical surface areas measured 

at early NEC stages in both species (Figure 5.7D). We were able to track an entire cell cycle 

of a small number of human and gorilla cells and found cell cycles ranging between 19 to 24.5 

hours in both species (Figure 5.9B), similar to the ~20hr length cycles reported recently by 

light-sheet imaging nuclear-labelled cells of early brain organoids (He et al., 2020). While the 

sample number is still too low to determine any significant differences in cell cycle length 

between human and gorilla, it is intriguing that from this small sample number, gorilla cells 

have a mean cell cycle duration 2 hours longer than human cells.  
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In order to optimise the quality of live imaging and to be able to capture a larger area 

of tissue comprising more cells and cells that may change planes during tissue morphogenesis, 

we have recently tested live imaging of organoids using light-sheet microscopy. Light-sheet 

microscopy has been shown to be beneficial in imaging sensitive developing cell types as it 

greatly reduces the amount of light that tissue is exposed to, enabling long-term high-resolution 

imaging (Icha et al., 2017). Using a light-sheet microscope designed for culturing and imaging 

early mouse embryos (McDole et al., 2018), we found we could image early organoids for at 

least a week at high-resolution without compromising tissue viability (Figure 5.9C). We have 

thus far only performed one preliminary test round of imaging; however, we plan to use this 

system to further characterise how cell shape differences arise and the impact of cell 

morphology on cell cycle duration. 

 
Figure 5.9 NPC behaviour is captured through live imaging 
A. Still frames of live imaging of NPCs sparsely labelled with GFP (greyscale) in human (H9) 
and gorilla (G1) organoids beginning on ~day 3.5 and ending on day 4. Note the appearance 
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of apico-(red arrowheads) basally (blue arrowheads) polarised NPCS with columnar NEC 
morphology at the onset of the video with apical division (03:00) with loss of a basal process 
during cell division. Note NPC daughter cells (yellow arrowheads) initially show thin apical 
processes (red arrowheads, 06:20), which in human gradually thicken to regain columnar NEC 
morphology (09:00, 10:00), while in gorilla apical processes remain thin (09:00, 10:00). 
Images acquired every 20 minutes, time of still frame is shown in hours:minutes. Scale bar: 50 
µm. B. Quantification of cell cycle duration in human (H9) and gorilla (G1) NPCs imaged for 
the full duration between two mitoses occurring between day 3 and 5. n (H9) = 5 cells from 3 
independent batches, n (G1) = 6 cells from 2 independent batches. C. Still frame maximum 
intensity projection acquired from light-sheet imaging showing sparsely labelled GFP (cyan) 
NECs in multiple human (H9) organoids at day 5 after 3 days of imaging (starting day 2). 
Images were acquired every 5 minutes. Scale bar: 50 µm. 

 

5.2.7 RNA-seq analysis across multiple early time points of human and gorilla organoid 

development 

 

To identify what factors might be controlling changes in cell shape, we examined the 

transcriptome profile of human (H9) and gorilla (G1) organoids over time. While there are a 

number of published cerebral organoid single cell RNA-seq datasets, including from human 

and chimpanzee (Kanton et al., 2019; Mora-Bermúdez et al., 2016; Pollen et al., 2019), those 

collected to date have only focused on a few time points, failing to capture the specific NEC to 

RGC transition. Since we were interested in identifying high confidence differentially 

expressed genes, which requires high coverage sequencing, and since early stage organoids are 

less heterogeneous in terms of cellular make-up than later stages, we decided to perform bulk 

RNA-seq. Furthermore, because we wanted to capture the temporal expression dynamics of 

genes during differentiation of NPCs from NECs to RGCs, this approach enabled us to assay 

a large number of organoids across many time points and replicates. In total, we performed 

RNA-seq on 42 samples of approximately 9,000 organoids. 3 replicates per species were 

collected at 7 time points from day 0, corresponding to EBs pre-neurulation, up until day 25, 

corresponding to a neurogenic period (Figure 5.10A). By immunostaining a subset of day 25 

organoids from all 6 batches sent for sequencing, we confirmed that samples from both species 

consisted of primarily cortical tissue with TBR2+ IPCs. Non-cortical tissue remained dorsal 

telencephalicic in identity, showing choroid plexus morphology (data not shown). 

 

Human reads were aligned to GRCh38 reference genome. For gorilla reads, we tested 

two reference genome assemblies, gorGor4 and Kamilah_GGO_v0, both built using DNA 
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from the same female gorilla (Scally et al., 2012). We found ~10% reduction in the proportion 

of reads assigned to genes in gorilla versus human when using gorGor4, however, using the 

newer Kamilah_GGO_v0 genome assembly, we found improved gene assignment relative to 

gorGor4 with a similar proportion of reads being assigned to genes as with human reads using 

GRCh38 (Figure 5.10B). We therefore decided to use Kamilah_GGO_v0. Reads were 

processed using the PRAGUI pipeline (Figure 5.10C). In order to compare expression of genes 

annotated in both species, TPMs were calculated using a filtered list of annotated genes for 

which an orthologous gene was present in both species (Figure 5.10C). 

 

 
Figure 5.10 RNA-seq analysis across multiple early time points of human and 
gorilla organoid development 
A. Schematic of the timeline for human and gorilla brain organoids with RNA-seq collection 
time points shown in red. 3 independent batches of organoids derived from human (H9) and 
gorilla (G1) PSCs were collected at each of the 7 time points. B. HTSeq count assignments as 
a percentage of total reads mapping to assigned (blue), ambiguous (black) or no (orange) 
genomic features, showing read counts from 21 samples per species aligned to GRCh38 
(human, left), gorGor4 (gorilla, top right) and Kamilah_GGO_v0 (gorilla, bottom right) 
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genome assemblies. The line in fuschsia represents mean percentage of reads assigned to 
features. Note the improved feature count in gorilla when reads are aligned to 
Kamilah_GGO_v0 versus gorGor4. C. Workflow summarising the RNA-seq analysis pipeline 
(see methods). D. PCA performed using log2-transformed TPMs. Samples are colour-coded 
by time point and species. Graph of PC1 vs PC2 (left) shows biological replicates grouping 
together, samples separating by species along PC1 and separating by time point along PC2. 
Plotting PC2 vs PC3 (right) shows samples separating by time point.  
 

Principal component analysis of the samples showed biological replicates grouping 

together, highlighting the robustness and reproducibility of the protocol (Figure 4.10D). At the 

same time, it also showed samples separated by species along the first principal component, 

followed by grouping by time along the second and third principal components. PC1 was likely 

driven by technical artefacts arising from read mapping, as well as differences in annotation 

coming from the reference genomes of the two species. It is also feasible that there could be a 

certain degree of variability in basal expression levels of certain genes across different cell 

lines, let alone species. Seeing as we were more interested in comparing gene expression 

dynamics rather than attempting to compare absolute expression levels between species, the 

expression of each gene was normalised over time by z-scaling across the entire time course. 

This meant that gene expression was normalised within each species, allowing us to compare 

differences in temporal gene expression pattern. 

 

5.2.8 Z-scaling RNA-seq data captures temporal gene expression dynamics 

 

Principal component analysis of z-scaled normalised data showed samples of the same 

time point grouped together across species (Figure 5.11A). Furthermore, hierarchical clustering 

on mean z-scores (Figure 5.11B) and Pearson’s correlation analysis (Figure 5.11C) also 

showed grouping by time rather than species. An initial look at a panel of genes with 

characteristic temporal developmental roles showed expected patterns of expression in both 

species with a rapid reduction in the expression of non-neural ectoderm markers (GATA3, 

CDH1), paralleled by a rapid increase in the expression of NPC markers (CDH2, VIM), and at 

later neurogenic stages, an increase in IPC (TBR2/EOMES) and neuronal (TBR1) markers 

(Figure 5.11D). These data further confirm the proper identity and developmental trajectory of 

organoids from both species, and demonstrate they are highly comparable. 
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Although organoids collected at the same time point appeared highly correlated across 

species, the PCA biplot revealed a small degree of separation between species at days 5, 10, 

and 25 (Figure 5.11A). To identify what might be contributing to these differences, we 

performed gene ontology (GO) term enrichment analysis on the top 300 genes driving the 

variance between species at these time points. GO terms at all time points were generally 

associated with nervous system development. However, while the terms associated with the 

earlier day 5 time point primarily covered organ development and morphogenesis, day 25 GO 

terms were associated with neuronal compartments such as dendrites and synapses, as well as 

neurogenesis (Figure 5.11E). Day 10 seemed to exhibit overlapping GO terms, suggesting 

these represent an intermediate stage. Previous studies have reported differences in the rate of 

neuronal maturation at later time points in humans relative to other apes (Kanton et al., 2019; 

Liu et al., 2012; Marchetto et al., 2019). We therefore examined more closely the expression 

patterns of some of the genes driving the variance at day 25 and saw a steeper rate of increase 

in genes associated with synaptic formation and maturation in gorilla (Figure 5.11F).  
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Figure 5.11 Z-scaling RNA-seq data captures temporal gene expression dynamics 
associated with telencephalic development 
A. PCA biplot of PC1 vs PC2 performed on Z-scaled log2-transformed TPMs of the 3000 most 
variable genes. Samples are colour-coded by time point and species. Note samples separating 
primarily by time point with a slight separation between samples of different species at day 5, 
10 and 25, highlighted by ellipses (black for human, fuchsia for gorilla). B. Heatmap with 
hierarchical clustering based on shared expression pattern (Z-scores of log2-transformed TPMs 
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of the 3000 most variable genes) between samples. The dendogram shows samples clustering 
by time point. Low Z-scores are darker red while high Z-scores are lighter yellow. C. Pearson’s 
correlation map using Z-scaled log2-transformed TPMs of all genes. Darker blue depicts 
stronger positive correlation between samples and darker orange a stronger negative 
correlation. Red boxes highlight the correlation between samples at matched time points. Note 
slightly lower correlation between species at day 5 and 10. Pearson’s correlation coefficient: r 
= 0.66 (day 0); 0.63 (day 2); 0.66 (day 3); 0.52 (day 5); 0.40 (day 10); 0.62 (day 15); 0.66 (day 
25). D. Temporal expression pattern (z-scaled) of characteristic developmental markers show 
predicted expression dynamics. Non-neural ectoderm markers (GATA3, CDH1) are lost 
rapidly, followed by a gain in NPC markers (CDH2, VIM), and a later increase in IPC (TBR2) 
and early-born neuron (TBR1) markers. Shaded error bar is S.D. E. GO term enrichment 
analysis on the top 300 genes driving species variance at day 5, 10 and 25 (time points separated 
by PCA in figure A). The 8 most significant (P<0.05) enrichments for GO categories molecular 
function (GO:MF, red), cellular compartment (GO:CC, orange) and biological process 
(GO:BP, blue) are shown. F. Temporal gene expression pattern (z-scaled) of genes related to 
synaptic formation and maturation (GRIA2, GRIK2, SNAP25, SNAP91). Shaded error bar is 
S.D. 
 

5.2.9 Species-specific differences in gene expression and biological processes during NEC-

to-RGC transition 

 

In addition to showing a higher degree of separation on the PCA biplot, the Pearson’s 

correlation coefficient was also lower at day 5 (r = 0.52) and day 10 (r = 0.40) than any of the 

other time points (Figure 5.11C). This weaker correlation further pointed to species-level 

differences during these stages, coinciding with observed differences in cell shape during the 

transition from NEC to RGC. In order to identify the key players driving these observed cell 

biological differences, we decided to focus on gene expression changes arising from day 3 to 

day 5, through day 10, which would cover the time taken in both species for progenitors to 

transition from NEC through tNEC to RGC morphologies. To assess temporal changes in 

expression, we analysed abundantly expressed genes (TPM >10) with highly reproducible 

expression patterns between biological replicates for each species (squared difference <6). We 

also focused on genes with more dynamic expression patterns over the three time points (fold 

change >1.5 between any two time points in at least one species). This resulted in a list of 2,905 

genes that were then subjected to analysis by TCseq (Wu and Gu, 2020), which clustered genes 

with similar temporal patterns. Focusing on 3 time points meant that temporal patterns could 

be represented by and separated into 10 clusters with distinct shapes which we ranked in order 

of similarity (Figure 5.12A). During TCseq analysis, biological replicates were kept separate 

in order to further filter out genes with variable expression patterns, i.e. genes where replicates 
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were split into 3 different clusters in either species. This yielded a list of 2,342 genes per species 

(the overlap of 2,612 and 2,581 human and gorilla genes respectively) that were then assigned 

to the cluster where ≥ 2 of the replicates were located. 

 

In order to assign biological processes to the identified temporal patterns, and to see if 

any of these processes were shifted in human versus gorilla, we performed GO term enrichment 

analysis on each TCseq cluster, keeping human and gorilla genes separate. We focused on GO 

terms within the biological process ontology (GO:BP) that were found in both species and 

examined whether each GO:BP term was found in the same cluster for both species, or different 

clusters which would indicate a species-specific change in temporal dynamics for that 

biological function. This revealed a number of GO:BP terms associated with clusters common 

to both species (Figure 5.12A), for example, GO:BP terms related to “neurogenesis” were 

found in cluster 1 in both species, with a predictable expression trajectory that gradually 

increased between days 3 and 10. Conversely, GO:BP terms related to “RNA processing” were 

found in clusters 4 and 6 with gradually decreasing temporal patterns in both species. 

 

There were a number of GO:BP terms associated with a particular expression pattern 

in one species, but associated with a different pattern in the other species. These represented 

particularly interesting biological functions as they could be processes regulating differential 

timing of cell shape changes seen in human versus gorilla. To help visualise the major shifts in 

temporal expression patterns between human and gorilla, we generated a weighted network 

graph of GO:BP terms that were uniquely present for one species in a given cluster, but present 

in a different cluster for the other species (Figure 5.12A). The largest shift of GO:BP terms 

was between human cluster 4 and gorilla cluster 6, where terms such as “Ribonucleoprotein 

complex assembly” and “ncRNA processing” were linked to a pattern showing a more gradual 

decrease in expression in human cluster 4, while in gorilla, they were associated with an 

expression pattern that dropped sharply after day 3 (Figure 5.12B). These terms were linked to 

the umbrella term, “RNA processing”, which was found in both species in both clusters, but 

showed higher enrichment in gorilla cluster 6 and human cluster 4. This more pronounced drop 

in the expression of genes related to RNA processing between days 3 and 5 in gorilla compared 

to human could point to changes in RNA processing, such as alternative splicing, potentially 

driving morphological changes. This difference is intriguing as previous studies have 
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highlighted alternative splicing as a key driver of evolutionary differences across primates 

(Bush et al., 2017). 
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Figure 5.12 Capturing species-specific differences in temporal gene expression 
associated with biological processes during NEC-to-RGC transition 
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A. Clustering genes by temporal expression dynamics shows species differences in GO:BP 
term enrichment. Columns from left to right: Clustered gene expression patterns: TCseq 
clustering results are visualised, showing genes clustering together based on temporal 
expression dynamics (z-scaled). The expression pattern of each gene assigned to a cluster is 
plotted and colour-coded by membership value (degree to which data points of a gene belong 
to a cluster, pink represents high membership values). The 10 clusters are ordered (top to 
bottom) based on similarity in expression pattern. Representative GO:BP terms: A 
representative GO:BP term from shared (purple), human-exclusive (black) or gorilla-exclusive 
(fuchsia) terms for each cluster is shown. Representative terms were not selected for conditions 
where only one GO:BP term was enriched (i.e. gorilla-exclusive clusters 9 and 8, human-
exclusive cluster 6). Number of GO:BP terms associated with cluster: GO term enrichment 
analysis performed separately on human and gorilla genes present in each cluster identifies 
biological process (GO:BP) terms enriched (P<0.05) in each cluster. Barplots show the number 
of enriched GO:BP terms found in both species (purple), exclusively in human (black) or 
gorilla (fuchsia) per cluster. Axis range: 0 to 8 (cluster 2,5,7,8); 0 to 15 (cluster 9,10); 0 to 20 
(cluster 1); 0 to 25 (cluster 3); 0 to 50 (cluster 4); 0 to 80 (cluster 6). Interspecies shift in 
GO:BP term cluster membership: Weighted arc network graph visualising interspecies 
differences in the enrichment/membership of specific GO:BP terms per cluster. The bases of 
the arc are aligned to both a human (black) and a gorilla (fuchsia) bar from the barplot in the 
adjacent panel, highlighting the species-specific shifts in expression patterns associated with 
specific GO:BP terms. Weight/thickness of the arc is dictated by the number of GO:BP terms 
enriched in a species-exclusive manner “moving” between clusters in a defined pattern. B-D. 
Mean temporal expression pattern (z-scaled) of genes in clusters enriched for: B. 
‘Ribonucleoprotein complex assembly’-related GO:BP terms (human cluster 4, gorilla cluster 
6) C. ‘cell-cycle’-related GO:BP terms (human cluster 8, gorilla cluster 4) D. ‘cell 
morphogenesis’-related GO:BP terms (human clusters 1, 9, 10 and gorilla cluster 3). 

 

Another interesting shift in GO terms was “cell cycle” moving from a cluster where 

expression levels were similar between days 3 and 5 in human (cluster 8), to a cluster where 

expression levels had already started declining by day 5 in gorilla (cluster 4) (Figure 5.12C). 

This suggests that the transition from NEC to tNEC and RGC morphologies might be coupled 

with changes in cell cycle length. As mentioned previously, a progressive lengthening of cell 

cycle would have implications for brain expansion, as a shift to longer cell cycles in tNECs 

and RGCs relative to NECs would slow down NPC proliferation. 

 

Of the GO:BP terms showing differential expression patterns between human and 

gorilla, we were, however, most intrigued by the shift in terms such as “cell morphogenesis” 

and “cellular component morphogenesis”, which were present in clusters 1, 9 and 10 of human, 

but shifted to cluster 3 of gorilla (Figure 5.12A). Seeing as differences in cell morphogenesis 

were precisely what we had observed in our characterisation of human and gorilla organoids, 

genes underlying this shift may help explain the observed differences in tissue size and cell 
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shape. Furthermore, we found these GO:BP terms were associated with genes whose 

expression increased much more rapidly between days 3 and 5 in gorilla than in human (Figure 

5.12D), matching the more rapid transition in cell shape observed in gorilla at these time points 

relative to human. 

 

One of the “cell morphogenesis”-related genes exhibiting species-specific expression 

patterns that immediately stood out to us was SHROOM3 (Figure 5.13A). This is due to the 

known role of SHROOM3, detailed in the Introduction section, in inducing apical constriction 

and cell lengthening, through polarised assembly of both F-actin and γ-tubulin in various 

epithelial tissues, including the neuroepithelium (Haigo et al., 2003; Hildebrand and Soriano, 

1999; Lee et al., 2007; Nishimura and Takeichi, 2008). Immunostaining of SHROOM3 at day 

5 confirmed the differences detected by RNA-seq, with strong SHROOM3 localisation visible 

along the whole apical surface of neural buds in gorilla NPCs, whereas apical surfaces of 

human NPCs showed minimal to no staining (Figure 5.13B). By day 10, strong staining of 

SHROOM3 was observed apically in both species (Figure 5.13C). γ-tubulin accumulates near 

the apical surface of epithelial cells in centrosome-like foci, serving as anchors to stabilise 

radial microtubule arrays (Müsch, 2004). SHROOM3 has been shown to direct accumulation 

of γ-tubulin apically in neuroepithelial cells of Xenopus, increasing apicobasal arrays of 

microtubules in elongating cells (Lee et al., 2007). Despite the difference in SHROOM3 

expression, immunostaining of day 5 organoids showed γ-tubulin was located apically in both 

species in centrosome-like foci (Figure 5.13D) and microtubule arrays visualised with 

acetylated α-tubulin also appeared similarly dense in both species (Figure 5.13E). This suggests 

that, in our system, apical accumulation of SHROOM3 is not necessary to initiate the process 

of cell elongation and, in fact, day 5 human NECs and gorilla tNECs both appear to have 

lengthened relative to day 3 NECs, despite human cells not displaying apically-constricted 

tNEC morphotypes (Figure 5.6B,C). SHROOM3 is an actin-binding protein and has been 

shown to induce apical accumulation of F-actin, driving actin-based apical constriction (Dietz 

et al., 2006; Hildebrand and Soriano, 1999). F-actin localisation was visualised with Phalloidin 

and, although apical localisation was observed in both species, staining was notably stronger 

in gorilla relative to human at day 5 (Figure 5.13F). By day 10, however, when NPCs have 

transitioned to apically constricted RGC morphologies, strong staining of Phalloidin was 

observed apically in both species (Figure 5.13G). This implies that SHROOM3 could be 

directing the acquisition of tNEC morphologies through actin-based apical constriction. 
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Figure 5.13 Differential expression pattern of SHROOM3 linked to differences in 
actin but not microtubule cytoskeleton at day 5 
A. Temporal expression pattern (z-scaled) of SHROOM3, a gene involved in cell 
morphogenesis and apical constriction, shifted between cluster 1 (human) and cluster 3 
(gorilla) (Figure 5.12A). B,C. Immunofluorescent stain for SHROOM3 and DAPI showing 
strong apical expression in gorilla (G1), but not human (H9) on day 5 (B) and strong apical 
expression in both species by day 10 (C). Scale bar: 40 µm. D. Immunofluorescence image of 
apical regions in day 5 human (H9) and gorilla (G1) organoids with staining for γ-tubulin 
revealing centrosome-like foci at the apical surface in both species. Scale bar: 10 µm. E. 
Immunofluorescent stain for acetylated α-tubulin and DAPI showing dense radially aligned 
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microtubule arrays in both species. Scale bar: 40 µm. F,G. Immunofluorescent stain for F-actin 
(Phalloidin) and DAPI of human and gorilla organoids on day 5 (F) and day 10 (G) showing 
weaker apical accumulation in human versus gorilla at day 5 with strong apical accumulation 
observed in both species by day 10. Scale bar: 40 µm. 

 

We were interested in other pathways displaying the same shifted expression pattern 

between species as the “cell morphogenesis” GO:BP term. A careful inspection of genes 

showing an earlier increase in expression in gorilla (cluster 3) than human (cluster 1, 9, 10), 

revealed a group of genes involved in epithelial-to-mesenchymal transition (EMT) (Figure 

5.14A). This was particularly interesting to us as the process of corticogenesis, all the way from 

NECs to neurons, is characterised by a progressive and gradual loss of epithelial features and 

a gain of some mesenchymal features, reminiscent of EMT (Singh and Solecki, 2015). One 

such epithelial feature that is lost is the presence of the epithelial tight junction protein Occludin 

(OCLN) (Aaku-Saraste et al., 1996). In day 3 organoids of both species, when NPCs are still 

columnar and epithelial in shape, OCLN was spread along the entire apico-basal axis of 

individual cells (Figure 5.14B). OCLN was reduced and limited apically by day 10 in both 

species (Figure 5.14D), lacking characteristic epithelial localisation along the cortical wall. 

Day 5 organoids, however, showed species differences in OCLN localisation. Human OCLN, 

similar to day 3, was still expressed along the length of cells, while gorilla OCLN had already 

begun transitioning to a more apical localisation (Figure 5.14C), a redistribution that could 

allow NPCs to lose their columnar epithelial-like morphologies and exhibit shape changes 

consistent with observed tNECs. These differences in EMT and cell-cell junction factors could 

therefore help explain the more rapid acquisition of tNEC morphologies in nonhuman ape 

versus human organoids. 
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Figure 5.14 Differences in expression pattern of EMT-related genes and loss of the 
epithelial tight junction protein Occludin is associated with differentiation of 
NECs 
A. Temporal expression patterns (z-scaled) of EMT-related genes enriched for WP term 
‘Epithelial to mesenchymal transition in colorectal cancer’ MAPK12, MEF2D, PIK3RI and 
MAPK11, robustly changing pattern between species in the same manner as enrichment of ‘cell 
morphogenesis’-related GO:BP terms changes pattern between species. B-D. 
Immunofluorescent stain for Occludin (OCLN) and DAPI in human (H9) and gorilla (G1) 
organoids at B. day 3, showing expression along the apicobasal length of NPCs in both species 
C. day 5, showing expression spread along apicobasal length of human NPCs, but limited 
apically in gorilla D. day 10, showing lowered and apically limited expression in both species. 
Scale bar: 40 µm. E. Venn diagram summarising search for cell morphogenesis-related 
transcription factors with species-specific expression patterns in any cluster. 

 

In order to identify upstream regulators that may be responsible for EMT and cell-cell 

junction differences, we queried the set of genes in all clusters showing robust differential 

temporal dynamics between species that belonged to the “cell morphogenesis” GO:BP term 

for genes predicted to be transcription factors. This revealed a set of 8 genes: ETV1, FEZF1, 
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LHX2, MSX1, NR2E1, SIX4, SRF and ZEB2 (Figure 5.14E). Several of these genes are 

interesting in terms of describing cell shape differences between species. For example, FEZF1 

is a transcriptional repressor expressed in NPCs that has been shown to regulate differentiation 

of NPCs in the mouse telencephalon (Shimizu et al., 2010). SRF is also interesting as it is a 

known regulator of the actin cytoskeleton (Miano et al., 2007) and upregulation of this gene 

has been shown to promote expression of tight junction proteins with a study finding that 

treating neural rosettes with lysophosphatidic acid (LPA), which acts through and upregulates 

SRF, promoted the apical expansion of NPCs and apical lumens (Medelnik et al., 2018). 

Species differences in temporal expression dynamics of SRF, shifted from cluster 6 in human 

to cluster 4 in gorilla, show SRF decreasing gradually from day 3 to 10 in gorilla while human 

expression was similarly low at days 5 and 10 relative to day 3 (Figure 5.15A). Although this 

differential expression pattern would initially suggest that gorilla organoids may retain higher 

levels of SRF relative to human at day 5 (Figure 5.15A), a comparison of log2-normalised 

TPM values across the entire time-course actually indicates that the difference in TCseq-

detected expression patterns is due to humans maintaining a higher level of SRF expression in 

general post-Matrigel-embedding, and not decreasing to the same extent as gorilla between 

days 3 and 10 (Figure 5.15B). In order to test if there might be species level differences in SRF 

signalling, we treated organoids post-Matrigel-embedding with LPA. While we observed no 

significant effects on tissue morphology of human-treated organoids at day 5, we found gorilla-

treated organoids looked more human-like in tissue architecture (Figure 5.15C). LPA treatment 

of gorilla organoids resulted in the appearance of the tight junction protein OCLN expressed 

in an NEC-like manner, along the apicobasal axis of cells, while untreated gorilla organoids 

showed OCLN localized more apically (Figure 5.15C). Furthermore, ZO1 staining of the apical 

surface of gorilla NPCs revealed more expanded apical domains relative to untreated 

organoids, similar to the apical surfaces of NPCs in both LPA-treated and untreated human 

organoids (Figure 5.15C,D). This suggests that higher expression of SRF in humans may be 

involved in maintaining NEC shape.  
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Figure 5.15 Differences in expression pattern of SRF and treatment with LPA, a 
positive regulator of SRF, suggest involvement in NEC maintenance 
A. Temporal expression pattern (z-scaled) of SRF, a gene involved in tight-junction protein 
regulation, shifted between cluster 6 (human) and cluster 4 (gorilla). B. Temporal expression 
pattern of SRF (log2 normalised TPM +1) across the entire RNA-seq time course showing 
expression levels in gorilla drop more rapidly. C. Immunofluorescence images of human (left) 
and gorilla (right) day 5 organoids untreated (-LPA) and treated (+LPA) with 22.5 µM LPA 
(starting day 3) with staining for OCLN, ZO1 and DAPI. Note the LPA-induced effect on 
gorilla tissue showing NEC-like distribution of OCLN along the apicobasal axis of cells 
(arrowheads) and expanded apical surfaces of individual progenitors (ZO1) delineated in white. 
Scale bar: 40 µm. D. Quantification of individual delineated ZO1 cell perimeters. Mean apical 
surface area/cell: human – LPA = 5.36 µm2, human + LPA = 5.25 µm2, gorilla – LPA = 2.44 
µm2, gorilla + LPA = 4.73 µm2. *P<0.05 ****P<0.0001, Kruskal-Wallis and post hoc Dunn’s 
multiple comparisons test, n (human – LPA) = 146 cells from 3 organoids of 1 batch, n (human 
+ LPA) = 200 cells from 3 organoids of 1 batch, n (gorilla – LPA) = 375 cells from 7 organoids 
and 2 independent batches, n (gorilla + LPA) = 457 cells from 10 organoids and 2 independent 
batches, box and whisker plots show median with min-max values, data points represent 
individual cells. 
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5.2.10 ZEB2 is expressed during the NEC-to-RGC transition and expression is delayed in 

human organoids 

 

Note: the Western blot analysis described in this section was conducted by Stefano 

Giandomenico. 

 

Of the 8 “cell morphogenesis”-related transcription factors showing species-specific 

temporal expression, ZEB2 stood out in particular from an evolutionary perspective. As 

detailed in the introduction section, ZEB2 has a well-described role as an EMT master regulator 

through its repression of epithelial adherens and tight junction genes (Peinado et al., 2007; 

Stemmler et al., 2019), and mutations have been shown to cause an array of 

neurodevelopmental defects including microcephaly (Baxter et al., 2017). Importantly, ZEB2 

was also the most significant hit in the meta-analysis we had performed searching for human 

brain evolution candidate genes, meaning that several comparative genomics analyses have 

pulled out ZEB2 as a human gene under selective pressure, exhibiting various genomic regions 

that have specifically changed in humans since our divergence from other apes (Erwin et al., 

2014; Lindblad-Toh et al., 2011; Pollard et al., 2006a). We intersected the list of genes showing 

robust species differences in temporal dynamics with the 139 human brain evolution candidate 

hits from the meta-analysis, revealing 3 human brain evolution candidate genes: ADGRL2, 

TPGS2 and ZEB2 (Figure 5.16A). Although ADGRL2 is an intriguing gene, as it was shown to 

be mutated in a fetus with extreme microcephaly and to regulate the actin cytoskeleton (Vezain 

et al., 2018), neither ADGRL2 nor TPGS2 belonged to the “cell morphogenesis” GO:BP term 

(Figure 5.14E) and have not been implicated in EMT. Furthermore, ZEB2 showed a shift from 

TCseq cluster 1 in human to cluster 2 in gorilla, revealing an earlier peak of expression in 

gorilla compared to human (Figure 5.16B), thus matching the expected expression pattern of a 

gene that could be initiating the tNEC shape transition. A comparison of the full time-course 

of log2-normalised TPMs confirmed that this was not an artefact of Z-scaling, revealing higher 

RNA expression in gorillas, which peaked at day 5, whereas the human peak was detected at 

day 10 (Figure 5.16C). 
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Figure 5.16 Expression of the human brain evolution candidate gene ZEB2 is 
delayed in humans at the level of mRNA and protein 
A. Venn diagram summarising search for human brain evolution (HBE) candidate genes with 
species-specific expression patterns in any cluster identifies ZEB2. B. Temporal expression 
pattern (z-scaled) of ZEB2, shifted between cluster 1 (human) and cluster 2 (gorilla). C. 
Temporal expression pattern of ZEB2 (log2 normalised TPM +1) across the entire RNA-seq 
time course showing higher expression levels peaking at day 5 in gorilla and peaking at day 10 
in human. D. Western blot expression time course from PSCs to day 25 derived from human 
(H9) and gorilla (G1) PSCs reveals a premature onset and higher levels of ZEB2 protein 
expression in gorilla compared to human. This is accompanied by a premature expression of 
RGC (and mesenchymal) marker Vimentin, and premature downregulation of the epithelial 
markers CDH1 and EpCAM in gorilla relative to human. E-G. Immunofluorescent stain for 
ZEB2 and DAPI in human (H9) and gorilla (G1) organoids at E. day 3, showing clear nuclear 
expression in all gorilla cells and a weaker stain in a proportion of human cells F,G. day 5 (F) 
day 10 (G) showing nuclear staining in both species. Scale bar: 40 µm. Stefano Giandomenico 
performed the Western blot in figure D. 
 

Western Blot analysis from PSCs to day 25 confirmed differences detected by RNA-

seq at the protein level, revealing an earlier and stronger onset of ZEB2 expression in gorilla 

versus human (Figure 5.16D). This was accompanied by an earlier loss of epithelial markers, 
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CDH1 and EpCAM, and an earlier expression of the RGC and mesenchymal marker, Vimentin 

(Figure 5.16D). These results indicate that human organoids preserve epithelial characteristics 

for a prolonged period and that the transition to RGCs is reminiscent of EMT. Immunostaining 

for ZEB2 showed that, while clear nuclear expression of this transcription factor was 

established by day 3 in gorilla organoids, human NPCs showed a weaker stain with some cells 

showing no ZEB2 expression (Figure 5.16E). By days 5 and 10, however, nuclei of NPCs in 

both species were clearly expressing the protein, with staining appearing slightly weaker by 

day 10 relative to day 5 (Figure 5.16F,G). The fact that we could not clearly visualise the 

differences detected by immunoblotting and RNA expression at day 5 by immunostaining 

(Figure 5.16F) is supported by work that has been done in parallel by another lab member, 

finding that in ZEB2 heterozygous loss-of-function organoids, despite seeing a 50% reduction 

in protein levels by immunoblotting, the reduction in protein levels is not observable by 

immunostaining (data not shown). Furthermore, work performed on this ZEB2 mutant cell line 

has also shown delayed loss and gain of epithelial and mesenchymal markers respectively, 

further supporting a potential role of ZEB2 in triggering the differentiation of NECs into RGCs.  

 

Figure 5.17 Inducible ZEB2 expression in human ESCs 
A. Plasmid maps of the relevant portion of the transgenes in the AAVS1 safe-harbour locus in 
doxycycline-inducible ZEB2 H9 ESCs (HumiZEB2). Top is the doxycycline-inducible promoter, 
tetracycline response element (TRE) driving Cre recombinase and a CAG promoter driving 
expression of the reverse tetracycline transactivator protein (M2rtTA). Bottom is the CAG-lox-
STOP-lox-ZEB2-GFP-FLAG expression construct which allows the ZEB2 portion to be 
expressed through Cre recombinase-mediated excision of the floxed STOP sequence. B,C. Test 
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for transgene induction in HumiZEB2 ESCs untreated (-Dox) and treated (+Dox) with 
doxycycline for 6 days B. by western blot for ZEB2, GFP and β-actin in untreated (-Dox) and 
treated (+Dox) cells C. by immunofluorescence with staining for ZEB2 and DAPI showing 
doxycycline induction results in ZEB2 expression and nuclear translocation of. Scale bar: 20 
µm. D,E. Immunofluorescence images of 6-day induced (+Dox) and uninduced (-Dox) 
HumiZEB2 ESCs D. stained for GFP, Vimentin and EpCAM revealing a reduction in the 
epithelial marker EpCAM and an increase in the mesenchymal marker Vimentin following 
expression of ZEB2-GFP E. stained for DAPI, CDH1 and CDH2 revealing a reduction in 
CDH1 expression and an increase in CDH2 expression following induction. Scale bar: 20 µm. 
Magdalena Sutcliffe and Stefano Giandomenico performed the molecular cloning to generate 
plasmids in figure A, Stefano Giandomenico characterised the cell line and generated figures 
B-E. 

 

5.2.11 Forced ZEB2 expression triggers tNEC morphotypes resulting in nonhuman ape 

morphology 

 

Note: the generation of plasmids for the inducible ZEB2 was done by Magdalena Sutcliffe and 

Stefano Giandomenico. The generation and characterisation of ZEB2 induction in ESCs was 

done by Stefano Giandomenico. 

 

We decided to focus on ZEB2 for further functional studies in order to test whether it 

may be responsible for the species-specific differences in cell shape. Given these species 

differences in ZEB2 expression dynamics, we next tested whether changing ZEB2 expression 

dynamics to match the earlier dynamics of the gorilla would be sufficient to trigger a precocious 

transition to tNECs in human organoids. We generated a human (H9) PSC line for doxycycline 

inducible overexpression of ZEB2-GFP (Figure 5.17A). We observed robust and tight 

expression of ZEB2 following doxycycline treatment, both by western blot and 

immunofluorescence (Figure 5.17B,C). Undifferentiated pluripotent stem cells express 

epithelial markers (Eastham et al., 2007), however, doxycycline-treated cells showed a 

reduction in epithelial EpCAM and CDH1 staining, accompanied by an increase in 

mesenchymal VIM and CDH2 staining relative to the un-induced control (Figure 5.16D,E), 

supporting the role of ZEB2 in directing EMT. 

 

We generated organoids from these inducible ZEB2 human (HumiZEB2) cells, and 

treated with doxycycline to induce ZEB2 expression at an earlier stage, comparable to gorilla. 
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This induction resulted in a salt-and-pepper expression of ZEB2-GFP with the majority of NPC 

nuclei staining positive by day 5 (Figure 5.18A). Examination of tissue architecture at day 3 

revealed indistinguishable tissue morphology between un-induced HumiZEB2, induced 

HumiZEB2, and gorilla organoids (Figure 5.18B). By day 5, however, neural buds generated in 

induced HumiZEB2 organoids were more similar to gorilla in shape, appearing smaller and more 

rounded, while un-induced HumiZEB2 organoids exhibited buds with more elongated shapes 

typical of human organoids (Figure 5.18B). This change in tissue architecture at day 5 was also 

accompanied by a change in SHROOM3 expression and localisation (Figure 5.18A), 

reminiscent of the precocious expression observed in gorilla (Figure 5.13B). Whilst un-induced 

HumiZEB2 NPCs showed little to no staining for SHROOM3, induced HumiZEB2 NPCs exhibited 

SHROOM3 accumulation at the apical surface (Figure 5.18A), indicating that ZEB2 

overexpression may be promoting actin-based apical constriction.  
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Figure 5.18 ZEB2 overexpression triggers a nonhuman ape-like phenotype in 
human organoids 
A. Immunofluorescent staining of uninduced (-Dox) and induced (+Dox) HumiZEB2 organoids 
for GFP, SHROOM3 and DAPI. Note the salt-and-pepper expression of ZEB2-GFP and apical 
accumulation of SHROOM3 in induced organoids. Scale bar: 50 µm. B. Representative 
brightfield images of HumiZEB2 and gorilla organoids at day 3 and day 5 showing 
indistinguishable tissue architecture between organoids at day 3, while day 5 induced HumiZEB2 
organoids show smaller neural buds that are more rounded in shape, similar to gorilla (G1), 
whereas uninduced HumiZEB2 organoids show more elongated buds typical of human. Scale 
bar: 200 µm. C. Representative immunofluorescence images through day 5 whole mount 
HumiZEB2 uninduced (-Dox), induced (+Dox) and gorilla (G1) organoids stained for GFP, ZO1 
and SOX2. Sparse labelling with viral GFP shows ZEB2 induction triggers the constriction of 
apicobasal processes in NPCs, resulting in a premature acquisition of tNEC morphotypes, 
similar to gorilla NPCs at day 5. Scale bar: 50 µm. D. Immunofluorescent staining for ZO1 on 
the surface of apical lumens showing the apical surface areas of individual progenitor cells in 



 155 

day 5 organoids derived from HumiZEB2 uninduced (-Dox), induced (+Dox) and gorilla (G1) 
PSCs. Apical perimeters of some individual NPCs of day 5 organoids are delineated in white 
highlighting the more constricted apical surface areas seen in gorilla and human upon ZEB2 
induction compared to uninduced HumiZEB2 organoids. Scale bar: 10 µm. E. Quantification of 
the surface area of individual NPCs of day 5 organoids show significantly smaller apical 
surface sizes of induced (+ Dox) versus uninduced (- Dox) HumiZEB2 derived organoids. 
Measurements were performed on delineated ZO1 cell perimeters such as those seen in figure 
D. Gorilla measurements from two cell lines (G1, G2) combined are shown for comparison. 
Mean apical surface area/cell: HumiZEB2(-Dox) = 9.62 µm2; HumiZEB2(+Dox) = 3.08 µm2; 
gorilla (G1, G2) = 4.50 µm2. Mann-Whitney U = 2277, ****P<0.0001, two-tailed, n (-Dox) = 
180 cells from 8 organoids from 2 independent batches, n (+Dox) = 199 cells from 8 organoids 
from 2 independent batches, error bars are min-max values, line of the boxplot is at median, 
dots on the boxplot represent individual cells. 
 

To examine the effect of ZEB2 overexpression on NPC morphotype, we performed 

sparse viral labelling with GFP, which revealed that SOX2+ NPCs of induced 

HumiZEB2 organoids were less columnar and displayed morphologies with thinner apicobasal 

processes than un-induced cells (Figure 5.18C). This morphology was highly similar to gorilla 

tNECs in day 5 organoids (Figure 5.18C). Cell shape differences and apical constriction were 

quantified by measuring apical surface area using ZO1 to delineate the apical periphery (Figure 

5.18D). This revealed a remarkably similar apical constriction in human ZEB2 overexpressing 

organoids to gorilla organoids, which actually slightly exceeded gorilla constriction, with 

apical domains that were 1/3 the size of the apical domains of NECs in un-induced human 

organoids (Figure 5.18E). These findings imply that premature expression of ZEB2 in human 

organoids is sufficient to recapitulate the precocious tNEC shape change seen in gorilla versus 

human organoids, thus revealing ZEB2 as a key regulator of species-specific human NEC 

expansion (Figure 5.19). 
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Figure 5.19 ZEB2 regulates differentiation from NEC to tNEC  
A. Schematic summarising the morphological changes that occur in NPCs of human and gorilla 
derived organoids over time as they transition from NECs to tNECs (purple background) to 
RGCs. ZEB2 is highlighted as a driver of NPC differentiation, which involves apical 
constriction through rearrangements in the actin cytoskeleton (actin, magenta) and the 
downregulation of epithelial features, notably tight-junction proteins (TJs, green). Madeline 
Lancaster generated this illustration. 
 

5.3 Discussion 

 

Cerebral organoids provide unique access and functional insight into the early stages 

of ape neural development previously inaccessible due to both technical limitations of 

accessing such early fetal tissue and the protected status of apes, making prenatal primary ape 

tissue completely inaccessible. Primary human cortical tissue has been collected at early stages 

for analysis of the transcriptome (Nowakowski et al., 2017; Werling et al., 2020) and growth 

as organotypic slice cultures (Subramanian et al., 2017), however, these and the vast majority 

of studies on primary fetal brain tissue have corresponded to stages after the onset of cortical 

neurogenesis, which is thought to commence roughly 5 weeks post-conception (Bayer et al., 

1993). Only a handful of studies have reported RNA-seq on samples as early as 4 post-

conception weeks (de Kovel et al., 2017; Lindsay et al., 2016), which is likely too late to 

capture the full transition of NECs to RGCs. Furthermore, NECs and RGCs exhibit very similar 

molecular profiles (Götz and Huttner, 2005), and the differentiation process we observe is 
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characterised by a progressive change in cell morphology, apical constriction and a loss of 

typical epithelial features reminiscent of early EMT. Although it would be highly useful to 

confirm our findings in organoids with primary fetal tissue, the high degree to which later stage 

organoids recapitulate fetal brain development (Camp et al., 2015; Luo et al., 2016; Pollen et 

al., 2019) suggests it is safe to assume that the earlier stages of the self-organising process of 

brain organoid generation would follow human brain development with high fidelity as well. 

 

We have found that we are able to reliably generate cortical brain tissue from several 

nonhuman ape cell lines, and that the limitation in organoid generation does not appear to come 

down to the species, but rather the specific PSC line in question. It has been noted that during 

reprogramming of somatic cells into PSCs, residual epigenetic and transcriptional signatures 

of the tissue of origin can be retained (Kim et al., 2011b; Strano et al., 2020), causing some 

cell lines to be restricted in their differentiation capacity, thus hindering reliable organisation 

into brain organoids. Some brain organoid protocols promote the acquisition of 

neuroectodermal fates by treating EBs with inhibitors of the SMAD pathway (Kadoshima et 

al., 2013; Pasca et al., 2015; Qian et al., 2018), which could potentially be useful in promoting 

neural differentiation in some of the ape PSC lines which performed badly in our protocol. 

However, seeing as we were interested in analysing early neural tissue, we did not want to 

compromise normal developmental trajectory and self-organisation process of organoids by 

the addition of small molecules. This is especially important considering, as discussed in the 

Introduction section, that ZEB2 is known to interact with various SMADs (Verschueren et al., 

1999; Weng et al., 2012). 

 

Our results provide novel insight into how NPCs transition from proliferative NECs 

into neurogenic RGCs, highlighting an intermediate tNEC state, hitherto unidentified in the 

mammalian neocortex. A previous study described disparities in mitotic behaviour between 

NECs and RGCs at different stages in human brain organoids (Subramanian et al., 2017), 

however, they did not analyse intermediate stages or characterise the process of differentiation 

from one cell type to the other. Interestingly, a transitioning NEC type has been described in 

Drosophila optic primordia during the differentiation of NECs to neuroblast cells (Orihara-Ono 

et al., 2011). This transition involves features analogous to those we have observed in ape 

organoids, displaying changes in morphology, apical constriction and a loss of epithelial 

characteristics, in addition to cell cycle changes, raising the intriguing possibility that such a 

transition is evolutionarily conserved.  
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Although in mice NECs are described as rapidly transitioning to RGCs, this does not 

remove the possibility of a brief unidentified tNEC stage and our study calls for careful 

morphological characterisation of mouse NPCs during the NEC-to-RGC transition. We have 

yet to characterise cell shape changes in mouse organoids, however, we did find a rapid yet 

progressive reduction in NPC apical surface areas, suggesting the possible existence of a brief 

tNEC stage. The temporal progression of events involved in NPC differentiation point to a 

change in cell morphology and acquisition of tNEC shapes preceding other changes associated 

with RGC identity, making it difficult to separate NECs and tNECs without careful analysis of 

tissue architecture. RNA-seq supports this, revealing the acquisition of RGC molecular identity 

and ability to generate neurons and IPCs only after the shift from tNEC to RGC. 

 

With regard to brain size evolution, the extended duration of the tNEC morphotype 

observed in both human and apes is intriguing, suggesting mechanisms are at play delaying the 

onset of full RGC transition and onset of neurogenesis in order to augment proliferative NPC 

divisions, increasing the founding population of NPCs and surface area of the early brain. The 

importance of evolutionary modifications at these early time points of brain expansion is 

highlighted by the calculation that mouse brains would theoretically achieve the 1000-fold 

difference in neuron numbers relative to human by less than 7 additional cycles of proliferative 

NPC divisions (Rakic, 2007).  

 

The protracted shift from NEC to tNEC morphotypes we observed in human organoids 

relative to gorilla and chimpanzee could explain to a large degree the linear scaling of the 

human brain compared to other apes. The most obvious explanation would be a progressive 

lengthening of cell cycle coupled to NPC differentiation. Gradual lengthening of NPC cycle 

has been observed during later RGC stages in the developing mouse cortex (Calegari and 

Huttner, 2003; Takahashi et al., 1995). At earlier stages, the folding of the neural plate during 

neurulation is brought about by NECs at hinge points undergoing a shape transition from 

columnar to wedge-like shapes that are apically-constricted and basally-expanded. 

Interestingly, this change in NEC shape has been shown to be accompanied by a significant 

lengthening of the cell cycle (McShane et al., 2015; Smith and Schoenwolf, 1988), supporting 

the coupling of NEC shape changes to altered cell cycle dynamics.  
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If it held true that cell cycles lengthened as NECs transition to tNEC morphotypes, the 

protracted shift to tNEC shapes would explain why comparative neuroanatomy of human 

relative to other apes shows expanded brains in the lateral, but not radial dimension and would 

furthermore explain why we observe larger human organoids relative to gorilla, without any 

differences in the timing of neurogenesis or later cortical thickness. In our study, the species 

differences we observed in temporal expression of genes related to the “cell cycle” GO:BP 

term support a potential lengthening of cell cycle upon the NEC-to-tNEC transition, showing 

an expression pattern that declined as gorilla cells acquire tNEC morphologies, while “cell 

cycle”-related genes remained elevated during the protracted NEC stage in humans, only 

declining at later stages. We have collected preliminary data suggesting early human organoids 

proliferate at a faster rate than gorilla by cell counting and live imaging, however, this remains 

inconclusive and requires further detailed analysis. This will be achieved by the recently 

optimised live imaging using light-sheet microscopy in addition to EdU/BrdU labelling to 

analyse differences in cell cycle phases between NPC morphotypes. 

 

Through RNA-seq, we identified ZEB2 as a key factor regulating species-specific timed 

exit of NEC states and entry to tNEC states. We found that by mimicking the earlier expression 

detected in gorilla, we were essentially able to “gorillize” human organoids and trigger 

precocious tNEC morphotype acquisition. The next step will be to see if we can effectively 

“humanize” gorilla organoids solely by reducing and delaying the onset of ZEB2 expression or 

if additional factors to lowered ZEB2 expression are important in maintaining NEC states in 

humans. We are currently working on disrupting ZEB2 expression through both generating a 

heterozygous loss-of-function gorilla PSC line and shRNA-mediated gene knockdown. In 

order to confirm that the differences we observe in expression dynamics are human-specific 

and not gorilla-specific, it will also be important to characterise ZEB2 expression dynamics in 

additional ape-derived organoids. Importantly, as detailed in the Introduction section, 

the ZEB2 locus exhibits signatures of evolutionary selection, and recent scATAC-seq data 

from organoids has identified 6 differentially accessible regions between human and 

chimpanzee associated with ZEB2 (Kanton et al., 2019). These changes in noncoding regions 

point to differences in gene regulation in human and chimpanzee, which could also underlie 

the expression level differences we observe between human and gorilla organoids. Ultimately, 

it would be interesting to target evolutionarily distinct noncoding regions of ZEB2 in order to 

determine their regulatory function. Putative regulatory or enhancer regions could be queried 

using enhancer-targeting CRISPR-based epigenetic editing systems (Li et al., 2020). 
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Differences in micro RNA (miRNA) expression could provide another source of differential 

ZEB2 regulation as ZEB2 has been shown to undergo post-transcriptional regulation by 

multiple miRNAs (Gregory et al., 2008) and several studies have highlighted evolutionary 

differences in expression of miRNAs across primate brains (Hu et al., 2011; Somel et al., 2011). 

 

ZEB2 has been implicated in multiple developmental events, including early germ layer 

fate (Chng et al., 2010; Eisaki et al., 2000; Stryjewska et al., 2017), neural tube morphogenesis 

(Miyoshi et al., 2006), neural crest differentiation (Yasumi et al., 2016), and cortical laminar 

fate (Epifanova et al., 2019), but it is most well known as a key driver of EMT (Fardi et al., 

2019). The transition we observe from NECs to tNECs to RGCs resembles a partial EMT 

process with progressive change in cell morphology, apical constriction and a reduction in 

epithelial cell-cell junctions. There is increasing recognition that EMT, both in the context of 

normal development and cancer metastasis, is not a binary switch in cell identity, but rather a 

continuum with several intermediate stages (Nieto et al., 2016; Pastushenko and Blanpain, 

2019). Furthermore, apical constriction is the first morphological change associated with EMT 

in several tissues (Gracia et al., 2019; Saunders and McClay, 2014; Williams et al., 2012). 

Several studies have shown that EMT is linked to actin cytoskeleton remodelling involving F-

actin assembly (Haynes et al., 2011; Peng et al., 2018), and our observations of increasing 

expression and accumulation of SHROOM3 and F-actin apically demonstrate that NPC shape 

transition is coupled to such cytoskeletal rearrangements, resulting in apical constriction (Chu 

et al., 2013). Our findings also support a link between ZEB2 and cytoskeletal targets and, 

although it remains to be revealed whether this is downstream of a ZEB2-induced partial EMT 

process or whether through direct regulation, several reports have confirmed cross-regulation 

between ZEB2 and the actin cytoskeleton (Wiles et al., 2013; Yuan et al., 2019).  

 

As discussed in the Introduction section, Rho kinase signalling has also been shown to 

be a crucial regulator of actin cytoskeleton dynamics, and interacts with SHROOM3 to drive 

actin-based NPC shape changes (Nishimura and Takeichi, 2008). We found LPA treatment 

was able to induce human NEC-like cytoarchitectures in gorilla organoids at a stage when 

untreated organoids display tNEC cell shapes, and LPA-mediated morphological changes have 

also been shown to be mediated through activation of Rho-signalling pathways which activate 

SRF expression (Hill et al., 1995; Medelnik et al., 2018). Epithelial cell-cell junctions, such as 

CDH1, are dynamically linked with the actin cytoskeleton, and changes in CDH1 localisation 

have been shown to regulate actin dynamics, Rho kinase signalling and SRF expression 
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(Busche et al., 2008; Nakagawa et al., 2001). This complex interplay between epithelial cell-

cell junctions and actin cytoskeletal rearrangements further supports the finding that ZEB2, 

through triggering partial EMT coupled to cytoskeletal rearrangements, could be a key 

regulator of NEC differentiation in the developing brain with evolutionary importance.  
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6 Conclusion 
 

In summary, we have validated in vitro brain organoids as a tractable model to functionally 

interrogate the relationship between genes implicated in human-specific evolution and cellular 

phenotypes. We have shown in a human context that the human brain evolution candidate gene, 

AUTS2, is a regulator of neurogenesis. We found that loss of the C-terminal region of AUTS2 

results in premature neurogenesis, a common feature of microcephaly. This is in line with 

previous work in other model systems that highlight C-terminal isoforms in brain size 

regulation. The potential evolutionary divergence in isoform expression remains to be 

elucidated, but given the number of human-evolved genomic regions in the AUTS2 locus, it is 

likely that this gene is regulated differently during human development.  

 

We have developed a method to culture organoids in a highly reproducible and scaled-

up manner in Aggrewell plates, showing that phenotypes affecting early NPC behaviour and 

tissue architecture can be analysed and detected in 3D. This culture and analysis system 

provides a platform to perform future phenotypic screens. We used the Aggrewell culture and 

analysis system to perform comparative analyses across organoids derived from human, gorilla 

and chimpanzee PSCs. We focused our comparisons on early neural morphogenesis prior to 

neurogenesis, a period implicated in human-specific brain expansion but previously 

unexplored in the context of apes. We found that the differentiation of proliferative NECs into 

neurogenic RGCs is a protracted process in apes and involves a previously unrecognised 

transitioning NEC (tNEC) state, characterised by a change in cell morphology, loss of epithelial 

cell-cell junctions and a redistribution of the actin cytoskeleton, features reminiscent of a partial 

EMT. Human organoids were found to be delayed in this transition and generated more 

expanded tissue than nonhuman apes as a result, suggesting an evolutionary delay in the 

transition to tNEC morphotypes could be involved in human brain expansion. 

 

In an attempt to identify regulators of the NEC to RGC transition and to identify human-

specific features underlying the delayed transition, we performed temporally resolved RNA-

sequencing of human and gorilla organoids. This revealed a delay in the expression pattern of 

human genes associated with cell morphogenesis, and highlighted the human brain evolution 

candidate gene and EMT transcription factor ZEB2 as a potential regulator of NEC 
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differentiation. By inducing earlier expression of ZEB2 in human organoids, we found ZEB2 

was sufficient to trigger the transition of NECs into tNECs. Future work will be necessary to 

conclusively determine whether ZEB2 and cell shape is coupled to cell proliferation and 

cortical expansion, but is supported by preliminary data suggesting that NECs proliferate at a 

faster rate than tNECs, the fact that human tissue is expanded relative to nonhuman apes and 

that ZEB2 gain-of-function organoids mimic nonhuman ape tissue architecture. Overall, our 

findings suggest that an evolutionary delay in ZEB2 expression could be one mechanism by 

which humans evolved larger brains.  
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7 Appendix 1 
Table 2 Oligos used in this study 
Oligo Sequence Application 

AUTS2_reference_probe 
[FAM]CCAGCACCAGCACACCCACC
[BHQ1] 

Probe for ddPCR drop-off assay on 
AUTS2 exon 9 edits 

AUTS2_drop-off_probe 
[HEX]CGCCCTACCTGCGGACCGAG
[BHQ1] 

Probe for ddPCR drop-off assay on 
AUTS2 exon 9 edits 

AUTS2_CAS9_screening_
F TGGCCTCTCAGAGTGCTGAC 

Primer for ddPCR drop-off assay 
on AUTS2 exon 9 edits 

AUTS2_CAS9_screening_
R GAACGGCGTGAAGGTGTGCT 

Primer for ddPCR drop-off assay 
on AUTS2 exon 9 edits 

crRNA_AUTS2_exon9 
AACUCGGUCCGCAGGUAGGGGUU
UUAGAGCUAUGCU 

crRNA targetting exon9, contains 
the target-specific 20 nt 
protospacer domain and a 16 nt 
sequence complementary to 
tracrRNA 

crRNA_AUTS2_intron14 
GCAUCUGUUUCUACACAGCAGUU
UUAGAGCUAUGCU 

crRNA upstream of exon 15, 
contains the target-specific 20 nt 
protospacer domain and a 16 nt 
sequence complementary to 
tracrRNA 

crRNA_AUTS2_intron15 
GCUUGCAAGGGCAGAUCGGAGUU
UUAGAGCUAUGCU 

crRNA downstream of exon 15, 
contains the target-specific 20 nt 
protospacer domain and a 16 nt 
sequence complementary to 
tracrRNA 

AUTS2_exon15_R CCTCCCTATCACAGACCATACT 
Primers flanking AUTS2 exon 15 
for edit screening and sequencing 

AUTS2_exon15_F GAGGCAGGAGAAGCATTTGA 
Primers flanking AUTS2 exon 15 
for edit screening and sequencing 

AUTS2_Talt_F ACCTCCCATGGTGCGTA 
Amplification of AUTS2 T-alt 
mRNA for RT-PCR 

AUTS2_Talt_R CAGGAGGATAGGAATGGAAGAGA 
Amplification of AUTS2 T-alt 
mRNA for RT-PCR 

EIF2B2_RTPCR_F TCCGGGAGGAGTATGGCAG 
Amplification of EIF2B2 mRNA 
for RT-PCR analysis 

EIF2B2_RTPCR_R AATGGAAGCTGAAATCCTCG 
Amplification of EIF2B2 mRNA 
for RT-PCR analysis 

cDNA_LENTI_KPNI_F ATCCGGTACCGAGGAGATC 

Amplification of SMARCE1-P2A 
for construction of pCAG-
SMARCE1-P2A-EGFP 
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SMARCE1_MLUI_P2A_
AGEI_R 

AGGAACCGGTGCAGGTCCAGGGTT
CTCCTCCACGTCTCCAGCCTGCTTC
AGCAGGCTGAAGTTAGTAGCTCCG
CTTCCCGTACGCGTTTCTTTTTTC 

Amplification of SMARCE1-P2A 
for construction of pCAG-
SMARCE1-P2A-EGFP 

CDNA_P2A GCTGAACTTGTGGCCGTTTAC 
Sequence validation of pCAG-
cDNA-P2A-EGFP constructs 

CDNA_KPNI GGCAAAGAATTCTGCAGTCG 
Sequence validation of pCAG-
cDNA-P2A-EGFP constructs 

AUTS2_S_1 CTCCGACAAGGAAGACAAT 
Sequence validation of AUTS2 
cDNA 

AUTS2_S_2 ACAGGCTACTTCTGTGACA 
Sequence validation of AUTS2 
cDNA 

AUTS2_S_3 ATTGTCAGCCTACAACAGC 
Sequence validation of AUTS2 
cDNA 

AUTS2_S_4 AGCACCTCCCATGTTTGAC 
Sequence validation of AUTS2 
cDNA 

AUTS2_S_5 AGCCTTTTAATCGGCCGTC 
Sequence validation of AUTS2 
cDNA 

AUTS2_S_6 ACGAGCACAAGGCGAAAGA 
Sequence validation of AUTS2 
cDNA 

AUTS2_S_7 GACAGGACTCGCATGATGA 
Sequence validation of AUTS2 
cDNA 

SMARCE1_1 CATGAGGTACAGCAGAAAG 
Sequence validation of SMARCE1 
cDNA 

SMARCE1_2 CAGCTAGAATGCAGGTCCT 
Sequence validation of SMARCE1 
cDNA 

GFP_gRNA_bottom 
AAACTTTACGTCGCCGTCCAGCT
C 

Oligos for GFP gRNA annealing 
The 20 base-pairs gRNA sequence 
is in bold, while other sequence 
provide the necessary overhangs 
for the cloning. 

GFP_gRNA_top 
ACCGGAGCTGGACGGCGACGTA
AA 

Oligos for GFP gRNA annealing 
The 20 base-pairs gRNA sequence 
is in bold, while other sequence 
provide the necessary overhangs 
for the cloning. 

AAVS1_CAG_fl_STOP_f
l_F 

ACGCGTAGTCGGTACCTTACTAGG
GACAGGATTGGTGACAG 

Amplification of plasmid backbone 
for construction of AAVS1-Puro-
CAG-fl-STOP-fl-Cas9  

AAVS1_CAG_fl_STOP_f
l_R  CTCGACCCATAGAGCCCAC 

Amplification of plasmid backbone 
for construction of AAVS1-Puro-
CAG-fl-STOP-fl-Cas9 
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Cas9_β_globin_pA_F 
ATAACGCGTATGGACTATAAGGAC
CACGACGG 

Amplification of Cas9-b-globin-
poly(A) and addition of resriction 
sites 

Cas9_β_globin_pA_R  
ATAGGTACCATTTGCCCTCCCATA
TGTCCTTC 

Amplification of Cas9-b-globin-
poly(A) and addition of resriction 
sites 

TRE_F 

(P)-
CTAGTAAAGCTTAGTACTGTCGAG
TTTAC 

Amplification of tight TRE 
promoter 

TRE_R 

(P)-
TTAGTCGACACAGGCGATCTGACG
GTTC 

Amplification of tight TRE 
promoter 

CMV_bGH_F 
(P)-
GCTACAACAAGGCAAGGCTTGACC 

Amplification of CMV-2TO-MCS-
bGHpoly(A)  

CMV_bGH_R 
(P)-
TTCTTTCCGCCTCAGAAGCCATAG 

Amplification of CMV-2TO-MCS-
bGHpoly(A)  

Cre_SalI_F 
TTGTCGACGCAACGTGCTGGTTAT
TGTGCTG Amplification of Cre 

Cre_KpnI_R 
ATGGTACCTCATCCATCGCCATCT
TCCAGCAG Amplification of Cre 

ZEB2_IndOE_F 

AACGTGCTGGTTATTGTGCTGTCT
CATCATTTTGGCAAAGATGAAGCA
GCCGATCATGGCGGA 

Amplification and tagging of the 
ZEB2 ORF 

ZEB2_IndOE_R 

CACCGCCACCGGATCCACCGCCAC
CGGATCCACCGCCACCCATGCCAT
CTTCCATATTGTCTTCCT 

Amplification and tagging of the 
ZEB2 ORF 

GFP_IndOE_F 

GGTGGCGGTGGATCCGGTGGCGGT
GGATCCGGTGGCGGTGGATCCATG
GTGAGCAAGGGCGAGGA 

Amplification and tagging of the 
ZEB2 ORF 

GFP_IndOE_ R  

CTCTCCGCTGCCAGAACTCTCGAG
GCCCTGTGGACGCGTACCGGTCTT
ATCGTCGTCATCCTTGTAATCGGA
TCCACCGCCACCCTTGTACAGCTC
GTCCATGCCG 

Amplification and tagging of the 
ZEB2 ORF 

ZEB2_GFP_Flag_ 
IndOE_F 

ATACGCACCGGTATGAAGCAGCCG
ATCATGGCG 

Amplification of ZEB2-GFP-Flag 
for subcloning 

ZEB2_GFP_Flag_ 
IndOE_R 

ATACGCGGTACCTTACTTATCGTC
GTCATCCTTGTAATCGGATCC 

Amplification of ZEB2-GFP-Flag 
for subcloning 

ZEB2_Seq_1 GCATGACCATCGCGTTCCTC 
Sequence validation of the ZEB2 
ORF 

ZEB2_Seq_2 CACCCCTGGCACAACAAC 
Sequence validation of the ZEB2 
ORF 
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ZEB2_Seq_3 GAGGAACGCGATGGTCATGC 
Sequence validation of the ZEB2 
ORF 

ZEB2_Seq_4 TTTGCCTACCGCACCCAG 
Sequence validation of the ZEB2 
ORF 

ZEB2_Seq_5 TGCTCAGAGTCCAATGCAGCA 
Sequence validation of the ZEB2 
ORF 

ZEB2_Seq_6 TCAAGGCGGTCCTGCAGC 
Sequence validation of the ZEB2 
ORF 

ZEB2_Seq_7 AGGAGCTCCAGGCTGAGC 
Sequence validation of the ZEB2 
ORF 

ZEB2_Seq_8 ACAAGACTACATGTCAGGCCTAG 
Sequence validation of the ZEB2 
ORF 

ZEB2_Seq_9 ACGGATCCCGAAACGATACGAG 
Sequence validation of the ZEB2 
ORF 

Modifications:  
(P) 5'-phosphorylation 
(HEX) 5'-HEX fluorophore 
(FAM) 5'-FAM fluorophore 
(BHQ1) 3'-black hole quencher 1 
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