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“Climb the mountains and get their good tidings. Nature's peace will flow into you 
as sunshine flows into trees. The winds will blow their own freshness into you, and 
the storms their energy, while cares will drop off like autumn leaves.”  

John Muir, The Mountains of California 

“This is what we can promise the future: a legacy of care. That we will be good 
stewards and not take too much or give back too little, that we will recognize wild 
nature for what it is, in all its magnificent and complex history - an unfathomable 
wealth that should be consciously saved, not ruthlessly spent. Privilege is what we 
inherit by our status as Homo sapiens living on this planet. This is the privilege of 
imagination.”  

Terry Tempest Williams, The Hour of Land 

“Nothing Lives Long. 
 Except the Earth and the Mountains.” 

Chief White Antelope, Death Song at Sand Creek 
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1: Introduction 
The human brain is known for its rapid increase in size during recent evolution, 
which has been associated with the gain of higher cognitive abilities. However, the 
exact genetic determinants for the size and complexity of the human brain and how 
evolution has played on its basic developmental program remains largely elusive. 
In order for us to understand how our brains are built up in terms of complexity and 
how disease can impact its functioning, we first need a better understanding of how 
our brain evolved and what genetic changes are underlying that. In this thesis, we 
focus specifically on some of the most recent structural variation in our genome, 
which accounts for a major fraction of evolutionary new DNA sequences in the 
human genome. Using a variety of experimental techniques, I interrogated their 
role in normal human brain development in order to form hypotheses about their 
contributions to the evolutionary increase in size and complexity of the human 
brain. As a red line in this thesis, we repeatedly observed that the beneficial effect 
of structural genomic adaptations comes at a remarkable price: These beneficial 
evolutionary adaptations often lead to increased genomic instability, which can 
result in higher vulnerability to disease caused by genetic defects. In the examples 
described in this thesis, it is clear that we cannot have one without the other. For 
human evolution this means that this evolutionary trade-off between beneficial and 
detrimental effects of the same mutation, might have been central to how we 
evolved as a species, and how we will keep evolving in the millions of years ahead.  
 

1.1: A brief history of humankind 
In the past 50.000-70.000 years, anatomically modern humans migrated out of 
Africa, and rapidly spread throughout the continents (Oppenheimer 2012; López et 
al. 2015; Pagani et al. 2016; Posth et al. 2016; Schlebusch and Jakobsson 2018; 
Haber et al. 2019). As a result, virtually every corner of the world has been 
inhabited by humans today. However, it was not the first time human ancestors 
have migrated out of Africa. Fossils and tools indicative of human-ancestor 
presence have been found in the Middle East and Asia dating back 1-2 million 
years ago (Ascenzi et al. 1996; Larick et al. 2001; Carbonell et al. 2008; Ferring et 
al. 2011; Zaim et al. 2011; Zhu et al. 2018). This shows that ancestral human 
lineages, like the Homo erectus, migrated out of Africa before and already 
populated various parts of the world. These lineages were preceded by 
Ardipithecus and Australopithecus species, that lived between 2-7 million years  
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Figure 1. General estimations of migrations by human-ancestors, Neanderthals, 
Denisovans and modern humans. A) Earliest known migrations as indicated by fossil 
findings of Homo species or tools indicating their presence. Mya: million years ago. B) 
Fossil findings indicating dispersal of Neanderthals and Denisova throughout Eurasia, and 
early migration of modern humans. kya: thousand years ago. C) Later, major migrations of 
modern humans throughout the world. kya: thousand years ago. Colored arrows indicate 
approximate time and locations of human dispersal around the world as indicated in the 
legend. 

ago in Africa, and are some of earliest known human-like ancestors (Barnabas 
1990; Alemseged et al. 2006; Wynn et al. 2006; White et al. 2009; Brunet 2010; 
Haile-Selassie et al. 2016; Haile-Selassie et al. 2019). Around 0.6-0.8 million years 
ago, common ancestors in Africa split into lineages closely related to anatomically 
modern humans (Rightmire 1998; Hublin 2009; Tattersall and Schwartz 2009; 
Tattersall 2011). These include lineages like Homo heidelbergensis and 
rhodesiensis, which continued to live and evolve on the African continent. A small 
group of these populations, of which a subset was later identified as Neanderthals 
(Prüfer et al. 2014; Prüfer et al. 2017; Hajdinjak et al. 2018; Slon et al. 2018)  and 
Denisovans (Meyer et al. 2012; Slon, Viola, et al. 2017) , migrated out of Africa 
around 400k-500k years ago and occupied large regions of Europe, Middle East 
and Asia. Evidence for the first presence in Africa of anatomically modern humans, 
Homo sapiens, are dated to around 300k-400k years ago, with many fossils found 
in East Africa dating 100k-200k years ago (Stringer 2016). Interestingly, there is 
some evidence for early migrations of Homo sapiens, from fossils found dating 
back to before the major migration of humans, in Morocco (300kya) (Hublin et al. 
2017), Israel (200kya) (Hershkovitz et al. 2018), Greece (200kya) (Harvati et al. 
2019), China (100kya) (Liu et al. 2015), Sumatra (70kya) (Westaway et al. 2017) 
and Australia (65kya) (Clarkson et al. 2017). This hints at the possibility that human 
origins were not strictly East Africa based, but it is unknown if early humans at 
other geographical locations established stable populations or if these represent 
early pioneers that died out during their early migration. Further fossil findings and 
genetic studies will have to confirm the exact timing and origins of the complex 
human lineages suggested by various studies. Around 50,000-70,000 years ago, 
the later and major migration of Homo sapiens from Africa across the world began. 
Soon after, all other human-ancestor related lineages, including Neanderthals and 
Denisovans, that already lived in various continents for a long time, began to go 
extinct. For now, it can only be speculated what set these peculiar events in motion. 
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Figure 2. Schematics of brain size and development in different species. A) Overview 
of brain size in primates. B) Simplified overview of neocortical development in mouse, 
monkey and man. VZ: Ventricular zone. SVZ: Subventricular zone. IZ: Intermediate zone. 
CP: Cortical plate. iSVZ: Inner subventricular zone. oSVZ: Outer subventricular zone. 
 
1.2: Innovations in human brain development 
The spread of human lineages and the capacity to thrive in many different 
environments has in part been attributed to cognitive advances. These have likely 
been a result of evolutionary changes in brain structures. For instance, the human 
brain has tripled in size when compared to modern great ape species, such as 
chimpanzees (Herculano-Houzel 2009; Hofman 2014) (Figure 2A). Interestingly, 
fossil evidence shows this increase happened in the past 2 million years, during 
the emergence of the Homo species (Holloway et al. 2004; Rightmire 2004) . The 
increase in brain size is thought to be accommodated by increased self-renewal 
potential of neural stem cells and their delayed differentiation into neurons and glial 
cells (Rakic 1995; Lukaszewicz et al. 2005; Kriegstein et al. 2006; Betizeau et al. 
2013; Nowakowski et al. 2016; Rayon et al. 2019). Therefore, the expanded 
progenitor pool has the capacity to generate more cells and larger tissues. Multiple 
subtypes of neural stem cells have been described. The most well-known and 
studied are radial glia cells. These reside with their cell bodies in the ventricular 
zone, and have processes extending to the basal and apical borders of the 
neuroepithelium. The tightly packed organization of radial glia cell bodies within 
the ventricular supports their self-renewing state via cell-cell contacts and multiple 
signaling pathways (Noctor et al. 2002; Lui et al. 2011; Martynoga et al. 2012) . 
Through several rounds of divisions, radial glia cells provide the required amount 
of neural progenitor cells for proper brain development. In later stages of brain 
development, they also produce glial progenitor cells and astrocytes (Kriegstein 
and Alvarez-Buylla 2009) . Recently, much information has been gathered on a 
subtype of progenitor cells, the outer radial glia (Smart et al. 2002; Hansen et al. 
2010). Like typical radial glia, they have the capacity to proliferate and differentiate 
into different cell types of the brain. However, the outer radial glia cells have unique 
molecular profiles and their morphology is different, as they only have a process 
extending to the basal lamina (Fietz et al. 2010; Ostrem et al. 2014; Johnson et al. 
2015; Pollen et al. 2015; Liu et al. 2017) . These cells are largely found in a separate 
region in the developing brain, the outer subventricular zone, which is a specialized 
niche that supports the outer radial glia cells. Outer radial glia cells are 
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characterized by a unique gene expression profile, which is thought to support their 
self-renewal capacity outside of the ventricular zone. Interestingly, especially the 
outer subventricular zone underwent a great expansion in the primate lineage, 
indicating outer radial glia cells had a major contribution to evolutionary expanded 
brain volumes (Figure 2B) (Fish et al. 2008; Dehay et al. 2015; Bakken et al. 2016; 
Borrell 2019). 
 
1.3: NOTCH signaling in the developing neocortex 
The NOTCH signaling pathway is conserved across animals and is involved in cell 
fate decisions and tissue organization. In mammals, 4 NOTCH receptors 
(NOTCH1-4) and 5 canonical ligands (JAG1, JAG2, DLL1, DLL3 and DLL4) are 
present, each with slightly different features (Figure 3A) (Gordon et al. 2008; 
Andersson et al. 2011). Many non-canonical ligands have also been described that 
can influence NOTCH signaling activity (D’Souza et al. 2010). It is known for its 
relatively simple layout, where activation of the NOTCH receptor via trans-
interaction with a ligand leads to cleavage of the receptor intracellular domain, 
which then translocates to the nucleus to activate expression of target genes 
(Figure 3B). In the developing neocortex, the NOTCH pathway is highly active in 
formation of the neuroepithelium and in the subsequently formed radial glia cells 
in the ventricular zone. Radial glia are tightly packed and have extensive cell-cell 
contacts, including NOTCH receptor - ligand trans-interactions (Imayoshi et al. 
2010; Molnár et al. 2014; Long and Huttner 2019) . Activation of the NOTCH 
pathway leads to expression of several core genes related to maintaining neural 
stem cell identity of radial glia cells. One of the most well-known NOTCH targets is 
the HES1 gene, which is a basic helix-loop-helix (bHLH) transcriptional repressor 
that binds to E-box sequences in gene promoters (Ohtsuka et al. 2001; Kageyama 
et al. 2008; Boareto et al. 2017). HES1 protein has an important role in repressing 
proneural genes, such as NGN2 and ASCL1 (Dennis et al. 2019), to inhibit 
differentiation of radial glia cells and promote self-renewal. HES1 also binds to its 
own gene promoter which creates an autoregulatory negative feedback loop 
(Takebayashi et al. 1994) . This leads to an oscillatory expression of HES1 with a 
period of about 2-3 hours and, via this feedback circuit, also of some of its 
proneural target genes like NGN2 (Figure 3C) (Shimojo et al. 2011). When HES1 
expression is high, NGN2 expression is low and vice versa. Only when sustained 
high NGN2 and low HES1 expression occurs, the steps towards differentiation are 
set in motion. Sustained high HES1 expression is associated with a dormant cell  
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Figure 3. NOTCH signaling dynamics. A) Structure of NOTCH receptors and canonical 
ligands. B) NOTCH-ligand trans-interaction lead to cleavage of NOTCH receptor and 
translocation of NOTCH intracellular domain to the nucleus. C) Feedback mechanisms 
between neighbouring cells cause oscillating activity of NOTCH genes and pro-neural 
genes. D) Dynamic cell states as a result of NOTCH oscillations and neighbour feedback. 
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state, which may be important in border regions within the brain (Baek et al. 2006) . 
Neighbouring radial glia cells in the ventricular zone also regulate HES1 and NGN2 
expression dynamics via NOTCH receptor-ligand trans-interactions. This process 
of lateral inhibition, combined with HES1 autoinhibition, results in continuously 
changing cell states of high and low NOTCH activity in radial glia cells (Figure 3D) 
(Shimojo et al. 2011). The mechanisms regarding cell states in the ventricular zone 
are well characterized, but this is less understood for the more recently discovered 
outer radial glia cells. Several signaling pathways have been identified as possible 
factors in maintenance of outer radial glia cell state, such as signaling via secreted 
factors like LIF, PTN, BMP, FGF (Pollen et al. 2015) , PDGFD (Lui et al. 2014) and 
SHH (Wang et al. 2016) . Also, local interactions via the extracellular matrix 
consisting of integrins, syndecans and Tenascin-C may contribute to this (Fietz et 
al. 2010; Pollen et al. 2015) . Whereas NOTCH lateral inhibition and HES1 signaling 
oscillations are thought to be essential for radial glia cell maintenance in the 
ventricular zone, it is unknown how this is regulated in the different structure of the 
outer subventricular zone. Outer radial glia cells express HES1 and are negatively 
affected in self-renewal by inhibiting gamma-secretase, a protease required for 
cleavage of the NOTCH receptor upon ligand stimulation (Hansen et al. 2010) . 
This suggests NOTCH signaling is active in these cells, but it is not known how this 
is regulated and if, similar to radial glia cells, NOTCH lateral inhibition and HES1 
oscillations are present. As much of these fundamental processes have been 
studied in mouse models, in which generation of outer radial glia cells is much 
more restricted (Shitamukai et al. 2011; Wang et al. 2011; Wong et al. 2015; Vaid 
et al. 2018), there is little knowledge about NOTCH and HES1 dynamics in these 
cells and in the human background in general. 
 
1.4: Segmental duplications as a source of evolutionary adaptation 
While anatomical differences in brain development and morphology have been 
known for some time, the genetic changes underlying these differences have long 
remained elusive. Early comparisons of protein-coding DNA sequences between 
humans and chimpanzees, showed they were highly similar, but these studies only 
had limited genome data available (King and Wilson 1975; Lander et al. 2001; 
Collins et al. 2004; Kitano et al. 2004; Glazko et al. 2005; Mikkelsen et al. 2005; 
Varki and Altheide 2009) . Increased efforts in genome sequencing led to the 
discovery of human-specific genetic adaptations, in both coding and non-coding 
genome sequences, although identification and functional testing of human- 



1

   Introduction 
 

 

19 
 

 
Figure 4. Overview of gene duplication mechanisms. A) Example gene duplication via 
unequal crossing-over. B) Mutations and structural variations determine if a duplicated 
gene is (functionally) lost or gains a new adaptive function. C) Gene conversion between 
two paralogous loci leads to balanced exchange of DNA sequence between loci. Multiple 
rounds of gene conversion leads to patchwork configuration between the paralogous loci. 
 
specific genome variation remains a monumental task. Recently, previously 
unexplored regions of the genome have received attention. These may contain a 
rich source of evolutionary genome variation, but have proved difficult to study. 
They include, among others, retrotransposon derived sequences (Deininger et al. 
2003; Cordaux and Batzer 2009; de Koning et al. 2011; Sundaram et al. 2014) , 
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tandem / simple repeats (Sonay et al. 2015; Sulovari et al. 2019)  and centromere 
repeats (Jain et al. 2018; Miga et al. 2019), structural genome variants (Feuk et al. 
2006; Auton et al. 2015; Audano et al. 2019) and gene duplications (Marques-
Bonet et al. 2009; Sudmant et al. 2010; Dennis and Eichler 2016) . We focus on 
gene duplications as they are the major contributor to evolutionary novel 
sequences in the human genome and they are associated with rapid adaptation of 
biological features involving clusters of gene families (Ohno 1970; Holland et al. 
1994; Lynch and Conery 2000; Crow and Wagner 2006; Han et al. 2009; Dennis 
and Eichler 2016; Lan and Pritchard 2016; Rodrigo and Fares 2018) . Examples 
are expansions of Hox genes, related to body structure in early evolution of 
vertebrates (Wagner et al. 2003; Lynch et al. 2006; Soshnikova et al. 2013) , opsins 
in the evolution of color vision (Carvalho et al. 2017) , protocadherins in the octopus 
related to brain development (Albertin et al. 2015), and zinc-finger genes in 
primates, related to defense against recurrent retrotransposon invasions 
(Tadepally et al. 2008; Nowick et al. 2011; Thomas and Schneider 2011) . 
Duplications occur most frequently in germ cells during meiosis (Baudat et al. 2010; 
Hunter 2015; Zickler and Kleckner 2015; Gray and Cohen 2016)  or during mitosis 
in preimplantation embryos (Ambartsumyan and Clark 2008; Carbone and Chavez 
2015; Bolton et al. 2016) . During the process of cell division and chromosome 
segregation, cross-over between paralogous alleles can occur. DNA repair 
machinery untangles cross-over events, but this may be done erroneously, causing 
imbalanced inheritance of the involved genetic region between chromosome pairs. 
This results in a duplication of the involved locus on one allele, and a deletion on 
the other allele (Figure 4A). Newly duplicated genes often lose their function via 
mutations, as they are functionally redundant and not necessarily under 
evolutionary pressure. However, in some cases the newly duplicated gene is used 
for evolutionary adaptation, where the protein coding sequence is modified to gain 
new functions (Figure 4B) (Hurles 2004). Multiple rounds of duplications can 
cause expanded regions of homology within a genome, each containing the 
common ancestral sequence termed the core duplicon (Marques-Bonet and 
Eichler 2009). Because of their high homology to each other, these regions are 
highly unstable. This often leads to de novo genomic rearrangements resulting in 
a high level of genetic variation of these loci in the modern human population. 
Further complexity can arise from gene conversion, a balanced exchange between 
homologous loci (Figure 4C) (Chen et al. 2007). Because recurrent 
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rearrangements of several of these loci are associated to human diseases, much 
effort is being put into mapping the structural genome variation in the healthy and 
disorder-affected population (Shlien and Malkin 2009; Zhang et al. 2009; Coe et 
al. 2014; MacDonald et al. 2014; Sudmant et al. 2015; Zarrei et al. 2019). Several 
loci that contain evolutionary expanded duplicons are associated with brain 
disorders like autism. Example loci are 1q21.1 (NOTCH2NL / NBPF) (Brunetti-
Pierri et al. 2008; Mefford et al. 2008; Dumas et al. 2012; Bernier et al. 2015; 
Dougherty et al. 2017; Fiddes et al. 2018), 15q13.3 (GOLGA8) (Antonacci et al. 
2014) and 16p11.2 (BOLA2) (Nuttle et al. 2016; Giannuzzi et al. 2019), where past 
gene duplications may explain their present instability. This hints at an evolutionary 
trade-off, where genome instability is an important source of variation, but may also 
have negative effects in part of the population living today. 
 
1.5: Duplications of the KRAB zinc-finger genes in primate evolution 
Zinc finger (ZNF) proteins are the most common type eukaryotic transcription 
factors, involved in a multitude of genome regulatory processes. Examples are 
CTCF, involved in genome organization (Ong and Corces 2014) , GATA genes, for 
specification of the early embryo (Tremblay et al. 2018) and BCL11B, a factor 
essential for gene regulation in brain development (Lennon et al. 2017) . Their 
name is derived from the zinc ion that is required to stabilize the protein structure, 
of which the most common type is a domain organized by 2 cysteine and 2 histidine 
amino acids, the C2H2 ZNF domain (Figure 5A) (Lee et al. 1989). Several other 
types of ZNF domains exist, such as the RING, PHD and LIM types, characterized 
by different structural organization of cysteine and histidine residues around the 
zinc ion (Cassandri et al. 2017). One C2H2 ZNF domain can recognize a triplet of 
DNA via interactions with specific amino acids in the protein sequence 3 specific 
amino acids at positions 6, 3 and -1 interact with one nucleotide each (Wolfe et al. 
2000; Persikov et al. 2009) . It was also identified that additional factors may affect 
ZNF domain binding specificity, for instance an additional contact residue position 
2 and interactions between neighboring ZNF domains (Wolfe et al. 2000; Persikov 
et al. 2009; Najafabadi et al. 2017). Most ZNF proteins contain multiple domains 
organized in arrays (Stubbs et al. 2011), which combined recognize a specific DNA 
sequence (Figure 5B). However, not necessarily every ZNF domain in a ZNF array 
takes part in DNA binding. So, the DNA recognition motif of a ZNF protein is 
defined by the number of ZNF domains and variation in the amino acid contact  
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Figure 5. Structure and DNA binding properties zinc finger proteins. A) Overview of 
one C2H2 zinc finger domain and interaction of contact residues with an example DNA 
sequence. B) Tandem zinc finger array binding to a DNA motif. C) A single amino acid 
substitution of a contact residue can lead to alteration of the corresponding triplet in the 
DNA binding motif. Deletion of one zinc finger domain within the array shifts the recognized 
motif. D) Single nucleotide variant in the DNA binding motif may cause loss of one zinc 
finger domain. An insertion shifts the DNA motif, causing loss of all subsequent zinc fingers. 
Underlined is the new sequence paired with the existing zinc finger domains caused by this 
shift. E) Evolutionary arms race model where KRAB zinc finger protein duplications function 
to counteract recurring waves of retrotransposon invasions. 
 
residues. These parameters make it possible to generate a highly diverse ZNF 
domain array - DNA target motif interactions (Najafabadi et al. 2017). Because of 
their specific modular organization, tandem ZNF arrays may be robust against a 
single amino acid substitutions in a single ZNF domain. Structural variants in ZNF 
arrays can have large effects by shifting binding to a target sequence, for instance 
ZNF domains are deleted or duplicated (Figure 5C). Similarly, a single nucleotide 
variant (SNV) may lead to binding loss of a single ZNF domain out of the complete 
array only. However, insertions or deletions in the target motif can disrupt binding 
of multiple ZNFs in the array, by causing a shift in the DNA sequence (Figure 5D). 
Such changes allow for rapid evolutionary adaptation of ZNF genome-wide targets. 
We focus part of our work on a subset of C2H2 ZNFs in human and primate 
lineages. These are the KRAB zinc finger proteins (KZNFs), which have an N-
terminal Kruppel associated box (KRAB) domain. When bound to DNA, they able 
to establish a repressive epigenetic state with several cofactors like KRAB-
associated protein 1 (KAP1), leading to DNA methylation and histone H3 lysine 9 
trimethylation (H3K9me3) (Urrutia 2003; Turelli et al. 2014). In humans there are 
over 300 KZNF genes present, of which ~170 have emerged since ancestral 
primate lineages around 60 million years ago up to now (Emerson and Thomas 
2009). This gain is attributed to segmental duplications in specific loci harboring 
clusters of KZNF genes, of which many are located on human chromosome 19. 
These clusters are intrinsically unstable, caused by highly homologous zinc-finger 
sequences interspersed with satellite repeats, prone to recombination events 
leading to gene duplications or deletions (Eichler et al. 1998) . In the past decade, 
several insights have been explaining the origin and function for newly duplicated 
KZNFs. There is substantial evidence that KZNF gene duplications are a response 
to repress retrotransposon invasions, maintaining host genome integrity (Thomas 
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and Schneider 2011; Jacobs et al. 2014; Imbeault et al. 2017) . Retrotransposons 
are remnants of viral DNA insertions in the germline genome, which are then 
carried on in the offspring. They also have the capability to copy and paste (type I) 
or cut and paste (type II) themselves within the host genome, proving a potential 
threat to host genome integrity and possible disturbances in gene developmental 
pathways. Recent efforts that mapped genome-wide KZNF binding sites found that 
many KZNFs bind to specific retrotransposons, providing a mechanism to silence 
and prevent harmful retrotransposon activity (Najafabadi et al. 2015; Schmitges et 
al. 2016; Imbeault et al. 2017). Via this repression and DNA sequence erosion over 
time, most retrotransposons are not able to spread throughout the human genome 
anymore today. However, KZNFs and retrotransposons appear to co-evolve in a 
predator-prey mechanism, the so-called evolutionary arms race, where the 
invasion of new primate-specific retrotransposons has been linked to emergence 
of KZNF gene duplications (Figure 5E). Active retrotransposons can escape 
KZNF-mediated repression by acquiring mutations or deletions in the specific 
binding motif within the retrotransposon DNA sequence. Subsequently, newly 
duplicated KZNFs can be modified to recognize mutated or new retrotransposons 
via altered ZNF arrays targeting a new motif (Jacobs et al. 2014; Imbeault et al. 
2017). Unsilenced retrotransposon activity can have major effects on the host 
genome. For instance, the gibbon-specific LAVA element has caused large-scale 
chromosomal rearrangements across the gibbon genome (Carbone et al. 2014) . 
There are also retrotransposons known for acting as gene regulatory sequences 
in the host genome. An example are MER41 elements that are enhancers of genes 
involved in the innate immune system (Chuong et al. 2016). This shows 
retrotransposon insertions may be domesticated to introduce genome variation for 
evolutionary adaptation. Similarly, it is hypothesized that KZNF genes may have 
acquired novel functions in host gene regulatory pathways in primate evolution 
(Nowick et al. 2011; Schmitges et al. 2016; Imbeault et al. 2017; Pontis et al. 2019; 
Farmiloe et al. 2020; Kauzlaric et al. 2020). As KZNFs essentially act as 
transcription factors, the large amount of new KZNFs introduced via segmental 
duplications may also provide a large source of evolutionary innovation able to 
modify existing gene regulatory pathways. 
 
1.6: Organoids to investigate human brain development and disease 
Much fundamental knowledge about brain development has been acquired in 
studies using model organisms such as mice (Leung and Jia 2016) , zebrafish 
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(Kalueff et al. 2014) and fruit flies (van der Voet et al. 2014), among many others. 
The application of genetic engineering techniques has enabled the study of 
particular genes and regulatory pathways, by modulating their expression and 
activity in various ways in the developing organism. Human-specific genes can be 
introduced in the mouse genome, to investigate their function. In addition, animal 
models are used to model human disease, by introducing a specific disease related 
mutation in the orthologous gene. An important disadvantage of using animal 
models is that human-specific factors are not present in these systems (Markou et 
al. 2009; Nestler and Hyman 2010; Kaiser and Feng 2015; Hodge et al. 2019) . 
Primary human tissues have been used as an alternative, and provided insights in 
basic structures of the human brain on the molecular level (Clowry et al. 2010). 
However, their availability is limited, which also hampers the setup of extensive 
controlled experimental conditions. In recent years, these studies have been 
complemented by a new technique, the derivation of brain structures in vitro from 
human embryonic stem cells, termed organoids (Eiraku et al. 2008; Fatehullah et 
al. 2016). Under the right conditions embryonic stem cells can differentiate into 
specific tissues, including brain tissue (Eiraku and Sasai 2012). Much effort has 
been put in establishing defined culture conditions to generate organoids that 
resemble various structures of the brain, such as the cortex (Lancaster et al. 2013; 
Camp et al. 2015; Otani et al. 2016; Field et al. 2019; Pollen et al. 2019) , 
hippocampus (Sakaguchi et al. 2015), thalamus (Xiang et al. 2019), midbrain, 
cerebellum (Muguruma et al. 2015) and spinal cord (Ogura et al. 2018). A major 
advantage of the use of human stem cell-derived organoids is that experiments 
can now be done in the context of human brain development. The unlimited source 
of tissues opens up high throughput experimental setups while still providing the 
platform for traditional molecular and genetic experimental techniques. Recently, 
organoids resembling the developing human neocortex have been used widely in 
studies of brain evolution (Arlotta and Paşca 2019; Mostajo-Radji et al. 2020)  and 
disease (Di Lullo and Kriegstein 2017). These cortical organoids accurately 
replicate early human cortical development in terms of gene expression and tissue 
structure. Of course, like any model system, also organoid-based model systems 
are not without limitations, especially in long-term cultures (Quadrato et al. 2016; 
Qian et al. 2019; Bhaduri et al. 2020; Lovett et al. 2020). To better understand the 
capabilities and limitations of organoid systems, comparative mapping of 
developmental trajectories using organoids and primary human tissues is being  
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Figure 6. Common strategies to implement organoids in human biology research. A) 
Sources of pluripotent cells for directed differentiation towards organoids. B) Pluripotent 
cells isolated from different species can be used for evolutionary and inter-species 
development comparison. C) Induced pluripotent stem cells capture the genetic 
background of a specific individual, which can be used to model disease features. D) 
Targeted genetic engineering using CRISPR-Cas9 in isogenic cell lines to study gene 
regulatory functions and tissue development. 
 
done (Pollen et al. 2019). Two other major technological advances have made the 
use of organoids even more widespread. First, the ability to generate stem cells 
via reprogramming of somatic cells, such as fibroblasts, which are called induced 
pluripotent stem cells (Takahashi and Yamanaka 2006; Shi et al. 2017; Rowe and 
Daley 2019) . This captures the genetic background of individuals in a cell line, 
including any disease-related variants and any normal genetic variation they might 
carry in their genome. This allows, for example, for comparative studies of cell lines 
derived from individuals carrying a specific disease related allele to healthy 
controls. Second, the developments in genetic engineering using CRISPR-Cas9 
has been used extensively for genome engineering in a multitude of ways (Cong 
et al. 2013; Adli 2018; Pickar-Oliver and Gersbach 2019). The ease of use and 
high efficiency of CRISPR-Cas9 mediated genetic engineering has made this an 
essential tool for investigating gene regulatory pathways in human embryonic stem 
cells and their derived organoid tissues. 
 
1.7: The ancient DNA revolution 
Classically, for reconstructing the evolutionary history of humans, the genomes of 
species living today are compared to infer genetic events that happened in the 
past. Between-species comparative genomics is used to estimate the time when 
two species diverged from a common ancestor, for instance based on their 
accumulated differences in genetic composition over time (Bromham and Penny 
2003; Kumar 2005). With the introduction of next generation sequencing 
techniques this became a very successful approach, as the mapping of genomes 
from many different species provides a wealth of information for evolutionary 
genetic analyses. Still, because the split between humans and chimpanzees is 
estimated at 6 million years ago, reconstructing human-specific genetic changes 
that happened in the last few million years have remained very challenging or even 
impossible for a long time. This field was revolutionized when DNA was first  
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Figure 7. Human, Neanderthal and Denisova phylogeny. A) Comparison of general 
anatomy and brains. LCA: Last common ancestor of humans, neanderthals and 
denisovans. B) Evolutionary relationships and presently available high quality genome 
datasets. † - extinct. 
 
extracted from Neanderthal fossils (Krings et al. 1997), and later used in whole 
genome sequencing (Green et al. 2010). This made genomes available of ancient 
modern humans (Raghavan et al. 2013; Fu et al. 2014; Lazaridis et al. 2014; 
Slatkin and Racimo 2016) , Neanderthals (Prüfer et al. 2014; Prüfer et al. 2017; 
Skoglund et al. 2017; Slon et al. 2018) and Denisovans (Meyer et al. 2014; Slon et 
al. 2017), who lived up to 30,000-150,000 years ago (Douka et al. 2019). These 
data provide a window back in evolutionary time, allowing direct analysis of 
ancestral genomes and any genetic information that was present then, and lost 
today. Since the availability of these ancient genome datasets, there has been 
much interest in identifying genetic regions associated with evolution of 
developmental features in Neanderthals, Denisovans and modern humans. 
Physical properties of Neanderthals have been charted relatively well via discovery 
of skeletal remains in various locations. Shape of the skull and brain of 
Neanderthals appears more elongated compared to humans (Figure 7A) 
(Neubauer et al. 2018; Gunz et al. 2019). Denisovan fossils have been very scarce, 
some finger bones and teeth have been discovered and used for DNA extraction. 
More recently, a fraction of a Denisova skull and jawbone have been bound (Chen 
et al. 2019). Still, the overall limited knowledge about physical and physiological 
features makes it difficult to confidently make genotype - phenotype associations. 
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Another recent study used an intriguing approach to solve this, which predicted 
Denisova physical properties using genetic information (Gokhman et al. 2019). 
They investigated DNA methylation in the Denisova genome, and compared it to 
DNA methylation in chimpanzee genomes, modern human genomes and other 
ancient genomes. Differentially methylated regions were then linked to genotype - 
phenotype information in modern humans from the Human Phenotype Ontology 
database. The major limitation in ancient genome studies is the availability and 
quality of fossil DNA samples (Figure 7B). Over time, DNA degrades and fossils 
are contaminated by microorganisms, which is affected by various environmental 
factors (Allentoft et al. 2012). Certain fossilized materials preserve DNA better than 
others, as it was found that extracts from the petrous bone contains DNA of much 
higher quality and reduced contamination compared to other bones (Pinhasi et al. 
2015). Several advances have been made to improve retrieval of endogenous 
ancient DNA in fossil bone samples, such as hypochlorite treatment (Kemp and 
Smith 2005; Korlević et al. 2015), uracil selection (Briggs et al. 2009; Gansauge 
and Meyer 2014; Rohland et al. 2015), or using probes to capture DNA of interest. 
There have even been successful efforts of retrieving ancient DNA from cave 
sediments (Slon et al. 2017). Also, well-preserved proteins extracted from tooth 
enamel has been used for proteomics on a 1.7 million years old rhinoceros fossil 
(Cappellini et al. 2019) . As fossil samples are scarce and valuable, these technical 
advances help to increase the number of samples suitable for genomics analysis. 
In the human context, the genomic data retrieved from fossil samples has aided in 
more accurately estimating dispersion and  branching of ancient human lineages 
(Schlebusch et al. 2017; Lipson et al. 2019). Furthermore, it revealed multiple 
events of human, Neanderthal and Denisova interbreeding and introgression 
(Racimo et al. 2017; Villanea and Schraiber 2019) , which still affects our genetic 
traits today related to the immune system and metabolism (Huerta-Sánchez et al. 
2014; Nédélec et al. 2016; Quach et al. 2016; Buckley et al. 2017; Enard and 
Petrov 2018). These data also hint at introgression of so-called “ghost” species, 
the presence of genetic variants that were passed on to humans via currently 
unknown extinct ancestral populations (Reich 2018) . Using more recent human 
samples, it has provided major insights into the migratory routes of humans across 
the world, and human population dynamics in the last 50,000 -70,000 years 
(Pickrell and Reich 2014; Nielsen et al. 2017; Skoglund and Mathieson 2018) . 
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1.8: Summary of experimental chapters 
Chapter 2 describes the use of cortical organoids to study fundamental aspects of 
human brain disorders. A loss of function mutation in the CHMP1A gene was 
identified as the cause of microcephaly with pontocerebellar hypoplasia and short 
stature in 3 families. Functional studies involving knockouts of the homologous 
gene in mice and zebrafish showed that CHMP1A is involved in cell secretory 
mechanisms. Specifically, it is part of extracellular vesicles, which can transport 
various signalling proteins across the extracellular space. In the CHMP1A 
knockout models, it was identified that decreased secretion of sonic hedgehog 
protein was one of the molecular features involved in the phenotype. To further 
investigate the microcephaly phenotype, we compared cortical organoids derived 
from human stem cells containing the CHMP1A mutation introduced with CRISPR-
Cas9, to control stem cells. Indeed, features of microcephaly were observed in the 
mutant organoids, when comparing expression profiles using RNA-seq. 
Exogenous activation of the sonic hedgehog pathway with a small molecule, 
hypothesized to rescue the phenotype, had widespread effects on gene expression 
in both mutant and control organoids. Interestingly, in the control organoids, many 
genes involving positive regulation of stem cell self-renewal were upregulated, 
while in the mutant this was much less apparent. This suggests the molecular 
profile and response to signaling factors may be altered in neural stem cells of the 
CHMP1A knock-out organoids. Altogether, this strengthened the evidence that the 
CHMP1A loss of function observed in patients causes defects in neural stem cell 
self-renewal, leading to underdeveloped brain structures. 
 
In Chapter 3, we describe the identification of a human-specific gene cluster, the 
NOTCH2NL genes. These emerged after various segmental duplication and 
recombination events, and functional copies of NOTCH2NL genes are only found 
in the human lineage. 3 of the NOTCH2NL genes reside in the 1q21 locus. 
Reciprocal copy-number variations of this locus have been associated with 
microcephaly and macrocephaly, among other phenotypes. Using CRISPR-Cas9, 
NOTCH2NL genes were removed from the genomes in human embryonic stem 
cells. In essence, this converts the genome back to an ancestral state before the 
gain of NOTCH2NL genes. Comparative profiling using cortical organoids we find 
that NOTCH2NL genes contribute to self-renewal neural stem cells, where knock-
out of NOTCH2NL leads to premature depletion of the neural stem cell pool. In an 
extensive series of follow-up experiments, we show that the role of NOTCH2NL in 
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neural stem cell self-renewal is likely mediated by enhancing the NOTCH pathway, 
a well-known gene-regulatory system involved in the maintenance and 
differentiation of progenitor cells. In patients that carry neurological disease 
associated 1q21 copy-number changes, we find evidence that the genomic 
breakpoints are located within NOTCH2NL genes. This hints at an evolutionary 
trade-off, where NOTCH2NL genes have benefited adaptation of brain 
development, but also cause increased genome instability linked to disease. 
 
Chapter 4 explores recent evolution of NOTCH2NL genes, using DNA data from 
Neanderthals, Denisovans and ancient modern humans. We find that many 
Neanderthals have an extra copy of a NOTCH2NL gene. Also, Neanderthals and 
Denisovans have unique protein-coding variants, virtually absent in modern human 
populations today. These variants appear to modify the structure of function of the 
protein. The Denisova genome shows a very unusual configuration of NOTCH2NL 
genes, which we did not find in any modern humans we analyzed. This 
configuration is predicted to produce an extremely low dose of NOTCH2NL protein. 
Surprisingly, analysis of 279 whole-genome datasets and 49,599 exome datasets 
of modern humans revealed specific NOTCH2NL protein-coding variants which all 
act to reduce functional NOTCH2NL protein level. These variants appear to 
synergistically and cooperatively decrease the level of functional NOTCH2NL 
protein. The combined results from the study of ancient DNA and modern human 
genomes indicate that NOTCH2NL gene configuration was highly variable in 
recent evolution, and may still be under evolutionary pressure today. This also 
highlights a potential importance for analysis of 1q21 related neuronal disorders, 
which are associated with NOTCH2NL genes. From our findings, both copy-
number variations and the presence of the specific gene variants have to be 
analyzed. This combined data will give a better insight in how NOTCH2NL dosage 
may affect various 1q21 related neurological disease phenotypes. 
 
In Chapter 5, we study a specific member of the KRAB zinc-finger (KZNF) genes, 
ZNF675. During primate evolution, the KZNF gene family has expanded 
dramatically via segmental duplications. The human genome contains 
approximately 350 KZNF genes, of which 170 are uniquely present in primates. 
The canonical function of KZNFs is to bind retrotransposons via specific DNA-
binding zinc-finger domain arrays, and to establish repressive epigenetic 
landscape mediated by the KRAB domain to silence retrotransposon activity. The 
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expansion of the KZNF family is seen as a response to repeated invasions of 
retrotransposon in primate evolution, also described as the evolutionary arms race 
between the host genome and retrotransposons. One region in the KZNF cluster 
on chromosome 19 was of particular interest, the 19p12 locus. Copy number 
variations of this locus, which contains only the two KZNF genes ZNF675 and 
ZNF681, result in a variety of neurodevelopmental disorders. We find that ZNF675 
binds to a specific class of retrotransposons, following the evolutionary arms race 
model. To explore the disease mechanism, we deleted ZNF675 using CRISPR-
Cas9 from human embryonic stem cells and generated cortical organoids. 
Surprisingly, the disease phenotype did not appear to be linked to dysregulation of 
retrotransposons. Instead, we found ZNF675 also binds a number of neuronal 
gene promoters. One of these was the promoter of the HES1 gene, an important 
factor of the NOTCH pathway, which was also differentially expressed in ZNF675 
knock-out organoids. Following up on this effect, we validated in functional assays 
that ZNF675 alters HES1 expression dynamics, indicating that regulation of 
endogenous genes may have become an essential function of ZNF675. In a 
separate study, we further explored this for other KZNFs and find several examples 
that, like ZNF675, may have acquired a role in endogenous gene regulation 
(Farmiloe et al. 2020). This highlights the importance of KZNF genes in primate 
and human evolution. 
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Summary 
Endosomal Sorting Complex Required for Transport (ESCRT) complex proteins 
regulate biogenesis and release of extracellular vesicles (EVs), which enable cell-
to-cell communication in the nervous system essential for development and adult 
function. We recently showed human loss of function (LOF) mutations in ESCRT-
III member CHMP1A cause autosomal recessive microcephaly with 
pontocerebellar hypoplasia (Mochida et al., 2012), but its mechanism was unclear. 
Here, we show Chmp1a is required for progenitor proliferation in mouse cortex and 
cerebellum, and progenitor maintenance in human cerebral organoids. In Chmp1a 
null mice, this defect is associated with impaired Sonic Hedgehog (Shh) secretion 
and intraluminal vesicle (ILV) formation in multivesicular bodies (MVBs). Further, 
we show CHMP1A is important for release of an EV subtype that contains AXL, 
RAB18, TMED10 (ART), and SHH. Our findings show CHMP1A loss impairs 
secretion of SHH on ART-EVs, providing molecular mechanistic insights into the 
role of ESCRT proteins and EVs in the brain.   
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Introduction 
EVs are increasingly recognized as essential mediators of specialized cellular 
secretion, but the mechanisms of EV function are not well understood, in part 
because of the diversity of EV subtypes (Bobrie et al., 2012; Kowal et al., 2016) 
and the lack of tools to specifically disrupt individual EV subtypes. EVs are 
essential for cell-to-cell communication by allowing hydrophobic signaling 
molecules (Korkut et al., 2009), RNA (Tietje et al., 2014), and other specialized 
cargo (Budnik et al., 2016) to travel through an aqueous extracellular environment. 
At the Drosophila neuromuscular junction, EV-mediated wingless secretion is 
required for synapse growth, EV-mediated Synaptotagmin 4 secretion for 
retrograde signaling, and EV-mediated transfer of Arc1 for synapse maturation 
(Koles et al., 2012; Korkut et al., 2013, Ashley et al., 2018). Cultured mammalian 
neurons (Lachenal et al., 2011), oligodendrocytes (Fruhbeis et al., 2013), and 
microglia (Antonucci et al., 2012) secrete EVs and recent work showed EVs play 
an active role in synaptic plasticity by mediating neuron-to-neuron transfer of Arc 
mRNA, a master regulator of activity-dependent glutamate receptor trafficking 
(Pastuzyn et al., 2018). There is also evidence that EVs may mediate pathological 
transfer of prion-like proteins and Tau (Asai et al., 2015). However, these functions 
in mammalian neurons remain somewhat speculative because of a lack of in vivo 
vertebrate models that selectively disrupt EV function.  
 
Shh is a hydrophobic secreted factor essential for embryonic development, serving 
as a morphogen (Cohen et al., 2015; Roelink et al., 1995), a mitogen (Nielsen and 
Dymecki, 2010; Dahmane and Ruiz i Altaba, 1999), an axon guidance molecule 
(Wilson and Stoeckli, 2013; Charron et al., 2003), and a regulator of synapse 
formation (Harwell et al., 2012). In developing cerebellum, Shh stimulates 
proliferation of precursors that generate granule neurons (GCPs), the most 
abundant neuron in brain (Zhou et al., 2007), and loss of Shh causes profound 
cerebellar hypoplasia (Corrales et al., 2006). Whereas the source of secreted Shh 
that regulates GCP proliferation is Purkinje cells (PC) (Wechsler-Reya and Scott, 
1999), the mechanism of Shh secretion is unclear because studies have reported 
multiple different secretion mechanisms including oligomeric complexes (Zeng et 
al., 2001), lipoprotein particles (Panakova et al., 2005), and extracellular vesicles 
(Matusek et al., 2014; Vyas et al., 2014). 
 



2

The ESCRT-III protein CHMP1A mediates secretion of sonic hedgehog on a distinctive 
subtype of extracellular vesicles 
 

51 
 

ESCRT machinery regulates EV formation and release as well as other membrane 
remodeling processes in the cell. ESCRT members are grouped into four subunits 
(0 to III) that drive different steps in membrane remodeling including deformation, 
budding, and scission (McCullough et al., 2013). The ESCRT-III complex 
comprises eleven subunits designated CHMPs (Charged Multivesicular Body 
Proteins) particularly important for membrane scission. Several conflicting potential 
mechanisms have been proposed to explain why LOF mutations in an ESCRT-III 
member, CHMP1A, cause microcephaly with pontocerebellar hypoplasia and short 
stature in humans (Mochida et al., 2012; Howard et al., 2001). Here, we show that, 
analogous to Drosophila (Matusek et al., 2014), CHMP1A is an essential mediator 
of vertebrate SHH secretion during brain development. Chmp1a null mice show 
widespread defects in forebrain and hindbrain development with evidence of 
disrupted Shh signaling, which can be rescued by activation of downstream 
signaling. Further, Shh protein level in the cerebrospinal fluid (CSF) of Chmp1a 
null embryos is markedly reduced compared to littermate controls. Chmp1a is 
specifically required for vesicular SHH secretion. Chmp1a loss impairs EV 
biogenesis by reducing ILVs within MVBs and disrupts secretion of a unique SHH-
positive EV subtype we call ART-EVs. The Chmp1a null mouse highlights the 
diversity of EV subtypes, but also provides a crucial vertebrate model to dissect 
the various functions of EVs in the nervous system. 

 
Results 
 
Chmp1a is required for embryonic development 
We created a Chmp1a gene trap (GT) mouse line as shown in Figure S1 that 
completely removes Chmp1a protein. A gene trap cassette (Stryke et al., 2003) 
inserted in intron 1 of Chmp1a contains a strong splice acceptor from En2 fused to 
the coding sequence for beta-galactosidase (Figure S1A). ES cells containing this 
GT allele were injected into mouse blastocysts to generate Chmp1a GT chimeras, 
which were outcrossed to create germline Chmp1a GT allele carriers. DNA 
sequencing confirms that in homozygous GT embryos, Chmp1a intron 1 is fused 
to En intron 1 (Figure S1C). Heterozygous GT mice show reduced Chmp1a protein 
expression compared to wild type (WT) and homozygous GT mice express no 
detectable Chmp1a protein (Figure S1B), confirming a null mutation. Chmp1a is 
required for normal embryonic development and postnatal survival in mice, with 
Chmp1a null embryos being 32% smaller than littermate controls at birth (two- 
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Figure 1: Chmp1a is essential for brain development in mice 
(A) P0 Chmp1a null pups are smaller than littermate controls. (B) P0 Chmp1a null pups 
have smaller brains than controls. Note smaller olfactory bulbs and shorter A-P length of 
the cortex. (C) Body mass is reduced in Chmp1a null embryos, P0: Control: n=19, Chmp1a 
null: n=3. (D) Brain mass is reduced in Chmp1a null embryos, E14.5: Control: n=10, 
Chmp1a null: n=5; E17.5: Control: n=23, Chmp1a null: n=4; E18.5: Control: n=20, Chmp1a 
null: n=3; P0: Control: n=9, Chmp1a null: n=3. (E) The cortical plate is 13% thinner in 
Chmp1a null embryos at E18.5, Control: n=11, Chmp1a null: n=5. (F) Striatum area is 
reduced by 25% at E18.5 in Chmp1a null embryos compared to controls, Control: n=8, 
Chmp1a null: n=3. (G) P0 midline section shows cerebellar hypoplasia (21% reduction of 
perimeter) in Chmp1a null pups compared to control littermates, Control: n=7, Chmp1a 
null: n=4. (H) Quantification of E-G. Two-tailed t-test, * p < 0.05, ** p < 0.01, *** p < 0.001.  
 
tailed t-test, p < 0.0001; Figures 1A, 1C). Chmp1a null mice die at or soon after 
birth (Figure S1D), with brains that are 14% smaller than controls (two-tailed t-test, 
p = 0.01, Figures 1B, 1D), while Chmp1a heterozygous mice are indistinguishable 
from wild type controls, and hence are combined with WT in all analyses (Figures 
S1E, S1F). Chmp1a null mice have smaller olfactory bulbs, a smaller and thinner  
cerebral cortex, smaller striatum, and a smaller cerebellum with reduced foliation 
(Figures 1E-H, S1G). Together, reduced body size, microcephaly, reduced basal 
ganglia, and cerebellar hypoplasia in Chmp1a null mice closely models the 
phenotype of CHMP1A null patients (Mochida et al., 2012; Figure S2). 
 
Chmp1a is expressed in postmitotic neurons and choroid plexus during 
brain development 
Insertion of lacZ into the Chmp1a locus provided crucial information about normal 
expression that suggested potential mechanisms. Heterozygous GT mice show 
expression of Chmp1a-lacZ in developing cerebellum and hindbrain choroid plexus 
(ChP) (Figures 2A, S3C). At postnatal day (P) 4, the peak of GCP proliferation, 
Chmp1a-lacZ is specifically expressed in PC layer (Figure 2A) and is undetectable 
in GCPs. Immunofluorescence confirmed the localization of Chmp1a protein in 
ChP and in PCs in the developing cerebellum with little expression in GCPs of the 
external granule layer (EGL) (Figures 2B, S3D). RNAscope in developing human 
cerebellum (gestational week (GW) 20) confirmed CHMP1A expression in the PC 
layer, identified as the cell layer expressing SHH and superficial to PTCH positive 
internal granule layer (Figure 2C), and further showed that SHH, CHMP1A, and 
CD63 are expressed in the same cell population, suggesting co-expression in PCs  
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Figure 2: Chmp1a is expressed in neurons and ChP epithelial cells in developing 
brain. (A) In P4 cerebellum, Chmp1a-LacZ is detected in Purkinje cell layer and absent 
from EGL. LacZ is also strongly expressed in hindbrain ChP. (B) Chmp1a immunoreactivity 
in cerebellar Purkinje cells (P4). Merge of Calbindin and Chmp1a highlights Chmp1a in 
Purkinje cell cytoplasm and dendrites (arrowhead) with absence in the nucleus (asterisk). 
(C) RNAscope expression of CHMP1A, SHH, and PTCH in developing human cerebellum. 
(D) RNAscope expression of CHMP1A, SHH, and CD63 in developing human cerebellum. 
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(E) Mouse Chmp1a protein is expressed in post-mitotic neurons (Ctip2) in the cerebral 
cortex but not in progenitors (Sox2) at E14.5. (E) CHMP1A, PTCH, and CD63 expression 
in developing human cortex by RNAscope shows analogous localization. All panels are 
representative image of ≥2 experiments. 
 
(Figure 2D). Immunostaining showed Chmp1a expression in AQP1-positive 
choroid plexus epithelial cells (Figure S3A), confirming RNA-sequencing from 
purified epithelial cells (Lun et al., 2015). In developing mouse cerebral cortex, 
Chmp1a immunoreactivity is enriched in postmitotic neurons of the cortical plate 
compared to ventricular zone progenitors (Figure 2E), and RNAscope in 
developing human cortex (GW20) confirmed CHMP1A expression in the cortical 
plate along with CD63, whereas the downstream SHH target PTCH is expressed 
in a complementary fashion in dividing progenitors of the ventricular zone (Figures 
2F, S3B). The similar expression patterns of SHH, CD63, and CHMP1A in 
postmitotic neurons, with the complementary expression of PTCH in progenitors, 
suggest non cell-autonomous roles for CHMP1A in proliferation via regulation of 
one or more secreted factors, such as SHH. 
 
Chmp1a is essential for neuroprogenitor proliferation 
Chmp1a null mouse embryos show defects in progenitor proliferation in 
cerebellum, cortex, and basal ganglia (Figure 3). At P0, the latest age we can 
study due to lethality, GCP proliferation in the developing cerebellum is significantly 
impaired in Chmp1a null mice with 38% fewer mitotic GCPs than littermate controls 
(labeled with phosphorylated histone H3 (pH3), two-tailed t-test, p = 0.0001; Figure 
3A). This deficit is twice as large as the reduction in mitotic progenitors in the 
developing cortex and matches human CHMP1A null patients, whose cerebellar 
hypoplasia is strikingly severe in relation to more modest microcephaly (Mochida 
et al., 2012; Figure S2). The overall size of the cerebellum is already reduced at 
P0 in Chmp1a null mice (Figures 1G, 1H), with a 23% reduction in mitotic GCP 
density compared to controls (two-tailed t-test, p = 0.0003; Figure 3A), whereas 
PCs are not detectably affected in mutant mice (Calbindin positive area: 37% vs 
37%, two-tailed t-test, p = 0.97; Figures S4A, S4B). Chmp1a null embryos have 
decreased anterior to posterior cerebral cortex length (Figure 1B), a 13% thinner 
cortex (two-tailed t-test, p = 0.03), and defects in cortical layers (Figures 1E, 1H); 
all suggesting defects in cortical neurogenesis. Superficial cortical layers (II-IV, 
Cux1-positive neurons) are reduced by 25% in the mutants (two-tailed t-test, p =  
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Figure 3: Chmp1a is required for progenitor proliferation in telencephalon and 
hindbrain. (A) Chmp1a null P0 pups have 38% fewer mitotic GCPs than control littermates, 
Control: n=7, Chmp1a null: n=4. (B) 19% reduction in pH3 positive mitotic cortical 
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progenitors at E14.5 Chmp1a null embryos, Control: n=13, Chmp1a null: n=10. (C) E13.5 
Chmp1a null embryos have 26% fewer Tbr2 positive intermediate progenitors than 
controls, Control: n=6, Chmp1a null: n=6. (D) MGE and LGE show 43% fewer pH3 positive 
mitotic progenitors in Chmp1a null embryos, Control: n=3, Chmp1a null: n=3. (E) ISH for 
Ptch shows reduced expression in Chmp1a null P0 cerebellum. Control: n=8, Chmp1a null, 
n=3. (F) CSF concentration of Shh in 4th ventricle at E14.5 is reduced 38% in Chmp1a null 
embryos, Control: n=10, Chmp1a null: n=5.  Two-tailed, unpaired t-test, * p < 0.05, ** p < 
0.01. 
 
0.002), while deep cortical layers (V-VI, Ctip2-positive neurons) are less affected 
(9% reduction, two-tailed t-test, p = 0.08; Figures 1E, 1H). Preferential reduction 
of upper cortical layers commonly reflects defects of cortical neurogenesis 
(Lizarraga et al., 2010), since cortical layers form in an inside-out sequence, with 
deep-layer neurons born first and upper-layer neurons born last (Greig et al., 
2013). Quantification of mitotic ventricular zone progenitors at embryonic day (E) 
14.5 showed 19% fewer mitotic ventricular zone progenitors in mutants compared 
to controls (two-tailed t-test, p = 0.004; Figure 3B) and, at E13.5, mutant embryos 
had 26% fewer Tbr2-positive intermediate progenitors than controls (two-tailed t-
test, p = 0.035, Figure 3C). Chmp1a null embryos had no detectable increase in 
cleaved caspase-3 positive apoptotic cells (Figures S4C, S4D) and intact epithelial 
structure with normal localization of key proteins such as aPKC and beta-catenin 
(Figure S4E), suggesting that the microcephaly and cortical thinning result from 
decreased progenitor proliferation. Mutant embryos also showed normal 
progression of cytokinesis in cortical progenitors measured by the ratio of pH3-
positive early mitotic cells to aurora A-positive cells undergoing abscission 
(Figures S5A, B) and normal DNA content measured by Propidium iodide staining 
of embryonic fibroblasts (MEFs) (Figure S5D). These data suggest loss of 
Chmp1a causes defects in proliferation, but not cytokinesis, a process in which the 
ESCRT complex has also been implicated (Carlton et al., 2012). In late-embryonic 
ventral telencephalon, the striatum is 25% smaller in the absence of Chmp1a (two-
tailed t-test, p = 0.0004; Figures 1F, 1H), which results from decreased progenitor 
proliferation at E12.5 in MGE and LGE. Immunostaining for pH3 during MGE and 
LGE neurogenesis (E12.5) shows a dramatic 43% reduction in pH3 positive 
progenitors in Chmp1a null embryos (two-tailed t-test, p = 0.016; Figure 3D), 
revealing essential roles for Chmp1a in ventral telencephalon that are also seen in 
humans with CHMP1A mutations (Figure S2). 
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Chmp1a is essential for Shh-mediated progenitor proliferation 
Since Shh is the primary mitogen that drives GCP proliferation (Corrales et al., 
2004; Dahmane and Ruiz i Altaba, 1999), reduced GCP proliferation in Chmp1a 
null mice prompted examination of whether Chmp1a is required for Shh-mediated 
proliferation. In control mice at birth, Shh signaling is more active anteriorly than 
dorsally in the cerebellum (Corrales et al., 2004), with almost twice the number of 
mitotic GCPs (pH3+) in anterior EGL compared to dorsal EGL. In Chmp1a null 
mice, this difference was substantially reduced to 1.28-fold (two-tailed t-test, p = 
0.005; Figures S4F, S4G) consistent with defective Shh signaling. In situ 
hybridization for Ptch, a downstream target of Shh signaling, revealed lower Ptch 
expression in Chmp1a null cerebellum that was especially pronounced in the Shh-
responsive EGL (Figure 3E), providing further evidence for decreased Shh 
signaling in the absence of Chmp1a. 
 
Chmp1a is required for Shh secretion in vivo 
Direct measurement of total Shh protein concentration with a highly sensitive 
ELISA assay showed 38% less Shh in embryonic CSF from Chmp1a null mouse 
embryos compared to controls at E14.5 (two-tailed t-test, p = 0.009; Figure 3F), 
providing direct evidence that Chmp1a is required for Shh secretion in the 
developing brain. In parallel, SAG stimulation of Chmp1a null and control MEFs 
showed no significant defect in downstream Shh signaling as measured by Gli1 
activation (two-tailed t-test, p = 0.39; Figure S5H), consistent with Chmp1a acting 
upstream of Shh. Furthermore, we performed a rescue experiment with a Ptch 
heterozygous null mouse, a genetic tool that increases Shh signaling in vivo 
(Goodrich et al., 1997), and found that Chmp1a null embryo microcephaly at E18.5 
was reversed in Chmp1a null : Ptch heterozygous embryos and not significantly 
different from control (two-tailed t-test, p = 0.22, Figure S5G). This result provides 
additional evidence that microcephaly in Chmp1a null mice reflects decreased Shh 
function. 
 
CHMP1A is essential for human cerebral organoid formation 
To further examine CHMP1A’s role in SHH-driven neuroprogenitor proliferation, 
we generated CHMP1A null human cerebral organoids using CRISPR/Cas9 
mutagenesis and found impaired progenitor maintenance and premature neuronal 
differentiation (Figures 4A, S6A). Immunostaining of day 38 organoids for PAX6 
and CTIP2 showed a 65% decrease of PAX6-positive progenitor cell area and 
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130% increase of CTIP2-positive postmitotic neuron area (two-tailed t-test, CTIP2: 
p = 0.001, PAX6: p = 0.003, Figures 4B, 4C). RNA sequencing of iPSCs before 
differentiation, organoids at day 14 during differentiation, and organoids at day 38 
after differentiation (Figure S6B, S6C) further defined the defect in organoid 
formation as impaired progenitor maintenance and premature neuronal 
differentiation. GO pathway analysis of upregulated genes in CHMP1A null 
organoids showed enrichment of terms for neuronal differentiation (Figure 4D). 
RNA sequencing revealed distinct groups of up- and down-regulated genes in the 
absence of CHMP1A including loss of progenitor markers (SOX1, SOX2, HMGA1, 
and HES5) and early induction of differentiated neuron markers (DCX, SYT4, 
ROBO2, and NRXN1) (DESeq2 adjusted p-value, each gene: p < 0.05, Figures 
4E, 4F, Tables S1, S2). CHMP1A null day 38 organoids correlated more closely 
with RNA sequencing data from GW12 human cortex (Allen Institute), while control 
organoids correlated more closely with GW9 cortex, providing additional evidence 
for premature differentiation (Figure 4G). By RNA sequencing at day 38, CHMP1A 
null organoids show decreased expression of progenitor marker PAX6 and 
increased expression of postmitotic neuron marker CTIP2 (Figures 4H). RNA 
sequencing revealed impaired SHH signaling with 48% reduction of GLI1 
expression in mutant iPSCs at the start of organoid differentiation (DESeq2 
adjusted p-value, iPSC: p < 0.0001, Figure 4I). Activation of SHH signaling with 
exogenous administration of SAG on differentiation day 35 (with harvest on day 
38, Figure 4A) induced GLI1 and PTCH expression equally in WT and CHMP1A 
null organoids (two-tailed t-test, GLI1: p = 0.75, PTCH: p = 0.84), suggesting no 
downstream SHH signaling defect in the absence of CHMP1A (Figure 4J). Rather, 
SHH signaling activation rescued decreased expression of PAX6 in CHMP1A null 
organoids, a defining marker of impaired progenitor maintenance in the absence 
of CHMP1A (DESeq2 adjusted p-value, PAX6 no treatment: p < 0.0001, PAX6 
+SAG: p = 0.11, Figure 4K), although some gene expression differences were not 
rescued (Figure S7). These data suggest that progenitor proliferation and 
maintenance defects in the absence of CHMP1A result from upstream impairment 
of SHH signaling via decreased SHH secretion, although other functions of 
CHMP1A may also play a role. 
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Defective ILV and MVB structure in Chmp1a null embryos 
As Shh secretion has been reported on EVs and ESCRT-III is involved in ILV 
biogenesis in MVBs, we used three-dimensional focused ion beam scanning 
electron microscopy (FIB-SEM, Xu et al., 2017) to examine choroid plexus (ChP) 
epithelial cells, a primary source of Shh in embryonic mouse brain (Nielsen and 
Dymecki, 2010; Lun et al., 2015), and found abundant MVBs near the ventricular 
surface. SEM revealed the ChP’s remarkable structure as a monolayer of epithelial 
cells forming grape-like clusters that maximize ventricular surface area (Figure 5A) 
and transmission EM (TEM) showed the ventricular surface cross-section (Figure 
5B). FIB-SEM imaging revealed that 75% of MVBs in ChP epithelial cells were 
located within 2 µm of the ventricular surface, raising the possibility that some could 
be secretory MVBs (Figures 5C, 5D). Supporting this idea, one MVB was in 
contact with the ventricular surface membrane (Figure 5E). CHMP1A 
immunoreactivity in human hindbrain ChP epithelial cells distributed together with 
CD63-immunoreactive MVBs near the ventricular surface (Figure S8A) providing 
additional evidence of secretory MVBs. MVB fusion with the plasma membrane 
releases ILVs as EVs and exosomes (Tietje et al., 2014). Thus, our imaging 
provides evidence that ChP epithelial cells are a source of EVs in the developing 
brain. TEM showed disrupted MVB structure in Chmp1a null embryonic ChP. The 
number of ILVs per MVB was 37% lower in mutant ChP epithelial cells than in 
control (Mann-Whitney test, p = 0.0003; Figures 5F, 5G, S8C), and some Chmp1a 
null MVBs contained abnormally large ILVs (Figure 5F, arrowhead), a known 
consequence of impaired ILV budding (Lee et al., 2007). Apart from the observed 
defects in EV biogenesis, the ChP ventricular surface and microvilli appeared 
otherwise normal in Chmp1a null embryos (Figures S8B). As in ChP epithelial 
cells, P0 mutant cerebellar PC MVBs showed 24% fewer ILVs per MVB compared 
to controls (Mann-Whitney test, p = 0.0005; Figures 5H, 5I, S8D). These data raise 
the possibility that defective Shh secretion from ChP in CSF and from PCs in 
cerebellum may involve defective ILV formation in the MVB. In addition, we did not 
observe defects in two other ESCRT functions, cytokinesis and epidermal growth 
factor receptor (EGFR) degradation, in the absence of Chmp1a. As described 
above, cytokinesis was not impaired in Chmp1a null cortical progenitors and 
CHMP1A null iPSCs (Figures S5A – S5C). We measured degradation of EGFR 
following EGF stimulation – an established measure of ESCRT-mediated MVB-to-
lysosome maturation (Slagsvold et al, 2006) – in Hela cells and found no detectable 
difference in EGFR degradation in CHMP1A depleted cells compared to controls 
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(Figures S5E, S5F). TEM showed MVBs are abundant in dendrites of both PC and 
cortical projection neurons. At P4, cerebellar PC MVBs are common in the 
dendrites that extend towards the EGL where Shh-responsive GCPs are located 
(Figure S9A). In mouse cerebral cortex, serial reconstruction of hundreds of TEM 
images of cortical pyramidal neurons (Lee et al., 2016) shows that MVBs are 
surprisingly abundant in pyramidal cell dendrites (Figure S9B). The dendritic arbor 
and axon of a single pyramidal cell contained at least 80 MVBs, often near 
synapses, which could be interpreted as active dendritic EV secretion sites. 
Indeed, Shh released from pyramidal cell dendrites during postnatal development 
is required for synapse formation between layer V corticofugal projection neurons 
and callosal projection neurons in the cortex (Harwell et al., 2012). These finding 
suggest EV-mediated secretion is widespread across multiple time points and 
anatomic regions of the developing brain. 
 
CHMP1A is required for vesicular SHH secretion in vitro  
To dissect the mechanism underlying regulation of SHH secretion by CHMP1A, we 
used the human fetal glial cell line SVG-A and generated CHMP1A null monoclonal 
lines through CRISPR/Cas9 mutagenesis (Figures S10A, S10B). TEM of mutant 
cells showed a 57% reduction of ILVs per MVB in CHMP1A null cells compared to 
WT (Mann-Whitney test, p = 0.005; Figures 6A, 6B), confirming our in vivo results 
from choroid plexus and Purkinje cells (Figure 5). Serial ultracentrifugation of 
conditioned medium obtained from SHH-expressing SVG-A cells enabled EV 
collection and initial separation based on size (Kowal et al, 2016, Methods, and 
Figure 6C): large EVs and cell debris pelleted in the 2K fraction, medium-sized 
EVs in the 10K fraction, and small EVs, including microvesicles and exosomes, in 
the 100K fraction. The exosome-enriched markers CD9, CD81, CD63, TSG101 
and Syntenin were either restricted to or highly concentrated in the 100K pellet, 
while exosome-excluded markers, such as actin and ER-resident protein GP96 
were absent from this fraction (Figure 6D), confirming previous reports (Lotvall et 
al., 2014). In the CHMP1A null 100K pellet, CD63 was decreased 36% and 
Syntenin was decreased 55% (two-tailed t-test, CD63: p = 0.001, Syntenin: p = 
0.037), while CD9, CD81, and TSG101 were not detectably changed (two-tailed t-
test, CD9: p = 0.42, CD81: p = 0.75, TSG101: p = 0.61, Figure 6E). Although SHH 
was detected in all vesicular fractions, it was significantly decreased only in the 
100K EV fraction derived from CHMP1A null cells (49% reduction, two-tailed t-test, 
p = 0.003, Figure 6F). Similar results were obtained using a heterogeneous pool  
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Figure 5: Chmp1a is essential for ILV formation in developing mouse brain. (A) SEM 
of mouse embryonic hindbrain ChP. (B) TEM of mouse embryonic hindbrain ChP. (C) FIB-
SEM of mouse ChP revealed accumulation of MVBs near epithelial cell ventricular surface. 
(D) Quantification of MVB distribution within epithelial cells. (E) MVB fused with plasma 
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membrane of ChP epithelial cell (arrowhead). Zoom shows two sequential z-slices. (F) 
Fewer ILVs in Chmp1a null ChP MVBs and abnormally large ILVs (arrowhead). (G) 
Quantification of (F), Control: n=88 MVBs (7 embryos), Chmp1a null: n=39 MVBs (2 
embryos). (H) Fewer ILVs in Chmp1a null Purkinje cells. (I) Quantification of (H), Control: 
n=88 MVBs (6 embryos), Chmp1a null: n=65 MVBs (2 embryos). G, I: Mann-Whitney test, 
*** p < 0.001. 
 
of CHMP1A null cells (Figure S10C) instead of a monoclonal population. 
Importantly, the 100K fraction contained biologically active SHH that induced Gli1 
expression in NIH3T3 cells. At equal protein content, the signaling potency of the 
100K EV fraction from CHMP1A null cells was reduced 79% compared to EVs of 
WT cells (6 µg protein, two-tailed t-test, p = 0.008, Figure 6G), demonstrating that 
CHMP1A is required for secretion of active SHH-containing EVs. 
 
SHH is secreted on a specific EV subtype  
Because the 100K pellet formed following ultracentrifugation is a complex mixture 
of several distinct EVs subtypes, we used immunoisolation to determine which 
subtype was SHH-positive (Kowal et al., 2016; Figure 7A). We immunoisolated 
with anti-CD9 or anti-CD63 antibodies to test for the presence of SHH on 
exosomes. Western Blot (WB) analysis of bound and unbound material showed 
modest SHH amounts on CD9-positive EVs and minimal SHH on CD63-positive 
EVs (Figure 7B). Similarly, we observed minimal co-localization of SHH and either 
CD9 or CD63 by confocal immunofluorescence microscopy (Figure 7C), 
suggesting that most SHH in the 100K fraction is secreted on vesicles distinct from 
classical exosomes. To then define the hallmark of SHH-bound vesicles, we 
immunoisolated SHH-positive EVs from the 100K pellet and subjected the bound 
material to mass spectrometry analysis to identify other components of these EVs 
(Figure 7D). This analysis revealed a unique set of proteins significantly enriched 
in the SHH fraction, including Ras-related protein Rab-18 (RAB18), Tyrosine-
protein kinase receptor UFO (AXL), and Transmembrane emp24 domain-
containing protein 10 (TMED10), that have not been reported as major 
components of exosomes (Welch’s t-test, RAB18: p = 0.008, AXL: p < 0.001, 
TMED10: p = 0.001, Figure 7E, Table S3, Lotvall et al., 2014). Moreover, the 
exosomal markers CD63, CD9 and Syntenin were not enriched, while CD81 was 
present (Table S3). By immunoprecipitation of CD63 or SHH, we found that 
RAB18, AXL, and TMED10 mark a specific EV subtype that is distinct from CD63- 
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Figure 6: CHMP1A depletion decreases secretion of SHH and exosomes in vitro 
(A) Decreased ILV formation in MVBs of CHMP1A null SVG-A cells compared to WT 
(TEM). (B) Quantification of (A), Wild type: n=27, CHMP1A null: n=19. (C) EV isolation 
procedure by differential ultracentrifugation (DUC) (Kowal et al, 2016). (D) Representative 
WB analysis of isolated EVs (2K, 10K, 100K pellets) from WT and CHMP1A null SVG-A 
cells expressing SHH. Blot shows EV-specific markers (CD9, CD63, CD81, Syntenin, 
TSG101), EV-excluded markers (GP96, Actin), CHMP1A, and SHH. (E) Quantification of 
(D), Wild type: n=4, CHMP1A null, n=4. (F) Quantification of SHH WB signals in the 2K, 
10K and 100K fractions, Wild type: n=4, CHMP1A null, n=4. (G) Gli1 induction in NIH3T3 
cells induced by 100K pellet from SHH transfected SVG-A cells. 1ug, 3ug: Wild type: n=6, 
CHMP1A null: n=6. 6ug: Wild type: n=5, CHMP1A null, n=6. B: Mann-Whitney test, ** p < 
0.01. E-G: two-tailed, unpaired t-test, * p < 0.05, ** p < 0.01. 
 
positive exosomes (Figure 7F), which we label ART-EVs (AXL, RAB18, and 
TMED10). 
 
CHMP1A is present on ART-EVs  
ESCRT components participate in the process of exosome biogenesis, but they 
are also found associated with EVs in the extracellular environment (Chiasserini et 
al., 2014). To investigate whether CHMP1A is associated with ART-EVs, we 
isolated SHH-containing vesicles from the 100K fractions of SVG-A WT and 
CHMP1A null cells by immunoprecipitation. WB analysis of the bound fractions 
revealed the presence of CHMP1A only in ART-EVs recovered from WT cells, 
confirming the specificity of the detection (Figure S10D). In contrast, AXL and 
RAB18 were similarly detected in ART-EVs from both WT and CHMP1A null cells. 
High-resolution time-lapse confocal microscopy of the intracellular co-distribution 
of ectopically expressed SHH and CHMP1A in live SVG-A cells showed that both 
proteins distributed mostly in independent compartments, but a subset of CHMP1A 
and SHH structures overlap over time (Figure S10E, Supplemental Movie 1). 
Taken together, these findings suggest that CHMP1A physically associates with 
SHH-positive ART-EVs. To confirm that ART-EVs are present in the adult nervous 
system in vivo, we isolated the 100K EV fraction from human adult CSF (collected 
from a patient with glioblastoma multiforme) and purified SHH-containing vesicles 
as well as CD63-positive exosomes from the 100K CSF pellet by 
immunoprecipitation. Pulldown of SHH co-purified AXL and RAB18, which were 
absent from the CD63-positive exosome fraction (Figure 7G), thus confirming the 
specific protein signature of ART-EVs identified in SVG-A cells.  
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Figure 7: SHH is secreted on a specific EV subtype, ART-EVs. (A) Scheme of exosome 
isolation from the 100K pellet by immunoprecipitation using beads coupled to CD9, CD63 
antibodies or mouse Pan-IgG antibodies. Both bound (pull-down) and unbound (flow-
through) material was recovered. (B) Representative WB of the bound and unbound 
fractions from exosome immunoisolation, probed with antibodies against CD9, CD63 and 
SHH (n=3). Note that most SHH does not co-purify with exosomes, but remains in the FT 
fraction. (C) Immunostaining of exosomal markers CD9 or CD63 in cells ectopically 
expressing mNeonGreen-SHH. (D) SHH-positive vesicles were purified from  the 100K  
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pellet by immunoisolation using anti-SHH antibodies. (E) Peptides enriched in EVs isolated 
by SHH immunoisolation. (F) Immunoisolated SHH-positive vesicles and CD63-positive 
exosomes were subjected to WB analysis, confirming the exclusive presence of RAB18, 
AXL and TMED10, in purified SHH-vesicles (n=3). In contrast, Syntenin is only found on 
CD63-positive exosomes, while CD81 is present on both types of vesicles. (G) SHH- and 
CD63-positive vesicles from the 100K pellet were immunoisolated from human CSF and 
subjected to WB analysis, confirming the exclusive presence of RAB18 and AXL on ART-
EVs in vivo. * indicates non-specific band.  
 



Chapter 2 
 
 

70  
 

Together, our data strongly suggest that SHH is secreted in vivo on a distinctive 
EV subtype: ART-EVs. 
 
Discussion 
By characterizing Chmp1a null mice and CHMP1A null human cerebral organoids, 
we show that CHMP1A is essential for neural progenitor proliferation and 
maintenance. Furthermore, we demonstrate that ESCRT-mediated release of 
extracellular vesicles is impaired in the absence of CHMP1A and that this reduces 
secretion of vesicle-bound SHH, a key driver of progenitor proliferation in the brain. 
The ESCRT complex has many cellular functions and loss of an ESCRT-III 
component could cause numerous defects; however, we show that loss of 
CHMP1A is relatively specific, decreasing the number of ILVs within the MVB, but 
not impairing cytokinesis or EGFR degradation. We show CHMP1A is required for 
EV secretion and although this defect could impair multiple developmental 
pathways, essentially all of the neurodevelopmental defects seen in Chmp1a null 
mice (and CHMP1A deficient humans) can be ascribed to impaired SHH signaling 
and the specific defect in SHH secretion we demonstrate. We define a specific EV 
subtype, ART-EVs, on which SHH is secreted, and show that ART-EVs exist in 
vivo. Our findings provide evidence for a previously un-described mechanism of 
SHH secretion in vertebrate brain development with broad potential relevance to 
secretion of growth factors and bioactive molecules in the CNS. 
 
Chmp1a null phenotype is consistent with hypomorphic Shh signaling  
Several of the most obvious neurodevelopmental defects in Chmp1a null mice—
including a thin cerebral cortex, small basal ganglia, cerebellar hypoplasia, small 
somatic size, and perinatal lethality—are consistent with partial loss of Shh, since 
these defects have been observed in previous mouse models of decreased Shh 
signaling through hypomorphic alleles (Huang et al., 2007; Chamberlain et al., 
2008). In addition, both impaired progenitor maintenance in CHMP1A null 
organoids and microcephaly in Chmp1a null mice can be partially rescued by 
downstream Shh signaling activation either chemically or genetically. On the other 
hand, the lack of digit or spinal cord patterning defects in Chmp1a null mice 
compared to null Shh mutations (Zhu and Mackem, 2011; Fuccillo et al., 2006) is 
consistent with our observed incomplete blockage of Shh secretion and the 
observation that spinal cord Shh is secreted on large EVs (Tanaka et al., 2005), 
whereas depletion of CHMP1A specifically impairs secretion of SHH on small EVs 
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(Figure 6F). However, the absence of these phenotypes and the lack of strong 
dysregulation of SHH signaling in CHMP1A null organoids, as well as incomplete 
correction of defects in some progenitor and differentiation markers in CHMP1A 
null organoids by SAG rescue (Figure S7) highlights the complexity of the system 
and leaves open the possibility that CHMP1A may also function to regulate other 
pathways. 
 
Multiple specialized SHH secretion mechanisms  
In vivo Hedgehog (Hh) secretion has been studied primarily in Drosophila imaginal 
disk, where the proposed underlying mechanism remains controversial. Matusek 
et al. showed Hh secretion occurs on larger EVs called ectosomes released from 
the plasma membrane in an ESCRT-dependent manner (Matusek et al., 2014). In 
their study, disruption of MVB biogenesis did not impair Hh secretion, suggesting 
it did not occur via MVB-derived exosomes. In contrast, Parchure et al. reported 
Hh secretion via ESCRT-mediated exosome-like vesicles derived from MVBs 
(Parchure et al., 2015). Shh secretion at the embryonic mouse ventral node 
appears to occur via large, plasma membrane derived EVs (Tanaka et al., 2005), 
which are not obviously impaired in the absence of Chmp1a. These results 
highlight the complexity and confusion surrounding vesicular Shh secretion. Our 
finding that small EVs distinct from exosomes carry Shh in developing mammalian 
brain highlights the diverse mechanisms of Shh secretion. 
 
SHH secretion via ART-EVs 
We report SHH secretion on a specific EV subtype, ART-EVs, defined by marker 
proteins that distinguish it from CD63-positive exosomes. To our knowledge, 
RAB18, AXL, and TMED10 have not been previously reported as components of 
SHH-positive EVs, and so can provide additional insights into the mechanism of 
SHH secretion. RAB18 is a protein with emerging roles in ER to Golgi retrograde 
trafficking and other cellular trafficking (Vazquez-Martinez et al., 2007; Dejgaard et 
al., 2008) and LOF mutations in RAB18 are associated with Warburg Micro 
syndrome, establishing a critical role of RAB18 in eye and brain development and 
neurodegeneration (Bem et al., 2011). The transmembrane proteins AXL and 
TMED10 may function in biogenesis of specific vesicles in SHH producing cells as 
AXL is a receptor tyrosine kinase expressed at the plasma membrane that is 
required in microglia for apoptotic cell removal (O’Bryan et al., 1991; Fourgeaud et 
al., 2016) and TMED10 (TMP21/P23) is a transmembrane protein that is involved 
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in early secretory pathway trafficking and is a member of the Presenilin complex 
(Blum et al., 1996; Chen et al., 2006).  
 
CHMP1A regulates secretion of multiple EV subtypes 
Previous studies have established important roles for different members of the 
ESCRT machinery in ILV biogenesis (Colombo et al., 2013; Baietti et al., 2012). 
We found fewer ILVs within MVBs in the absence of CHMP1A and consistent with 
this phenotype, observed a decrease in secretion of CD63-positive EVs. 
Exosomes have been defined as EVs of MVB origin co-enriched in tetraspanins 
CD9, CD81 and CD63, and endosome markers TSG101 or Syntenin (Lotvall et al., 
2014). However, in our experimental system, we observed reduced secretion of 
some exosome markers (CD63, Syntenin), but not others (CD9, CD81, TSG101), 
indicating the existence of a heterogeneous EV population in the 100K fraction. 
This finding supports previous work suggesting that MVB-derived EVs are 
heterogeneous with respect to their size and cargo, that cells contain distinct 
MVBs, and that ILVs of the same MVB display different structures and 
compositions (Colombo et al., 2013; Bobrie et al., 2012; van Niel et al., 2001; 
Fevrier and Raposo, 2004; Mobius et al., 2002; White et al., 2006). Although the 
parallel effects of Chmp1a loss on both MVB structure and ART-EV secretion may 
be explained by an MVB origin of ART-EVs, additional experiments would be 
required to definitively determine whether ART-EVs derive from the MVB or the 
plasma membrane. 
 
Many potential EV functions in the CNS 
Whereas the developmental defects caused by the absence of CHMP1A—
microcephaly, cerebellar hypoplasia, and short stature—highlight the importance 
and widespread function of EV-mediated cellular communication during 
development, the persistence of ART-EVs in the adult human CSF suggests that 
there may be continued requirements for EV-mediated growth factor secretion in 
adult brain. The widespread distribution of MVBs along dendrites of pyramidal 
neurons in the cerebral cortex hints at complex forms of cellular communication, 
perhaps involving retrograde synaptic signaling. Indeed, two recently published 
papers show that EVs mediate transfer of the synaptic plasticity regulator Arc 
between neurons and from neurons to muscle cells, illustrating the widespread 
function of EVs in neuronal communication (Pastuzyn et al., 2018; Ashley et al., 
2018). In providing a vertebrate model with specific defects in EV function in the 
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CNS, we provide a potential tool to assess the functions of EVs in these diverse 
and fundamental processes. 
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Supplemental items 
Movie S1. Live-cell imaging of SVG-A cells, Related to Figure 7 
This movie shows live-cell imaging of SVG-A cells expressing CHMP1A and SHH, and 
shows partial co-distribution of intracellular CHMP1A and SHH signal over time. 
 
Table S1. RNA sequencing of human cerebral organoids, Related to Figure 4 
This data table includes expression levels for all RNA transcripts annotated from RNA 
sequencing. 
 
Table S2. GO analysis of human organoid RNA sequencing, Related to Figure 4 
This data table shows results for GO analysis of RNA sequencing of human cerebral 
organoids. 
 
Table S3. Mass spectrometry analysis of SHH-positive EVs, Related to Figure 7 
This data table shows proteins that are enriched in SHH-positive EVs immunoisolated from 
SHH-expressing SVG-A cells.  
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Figure S1. Chmp1a gene trap mouse model, Related to Figure 1. (A) Model of gene 
trap cassette in mouse Chmp1a locus. (B) Western blot shows Chmp1a null mice express 
no Chmp1a protein. (C) Sanger sequencing of genomic DNA in Chmp1a null mice shows 
fusion of Chmp1a intron 1 to En2 intron 1 in GT cassette. (D) Mendelian ratios of Chmp1a 
GT litters during embryonic development. Expected Mendelian ratio is shown in the left bar. 
At late embryogenesis, Chmp1a gt/gt begin to die and few are recovered at P0. (E) Chmp1a 
+/gt embryos do not have a defect in embryonic development compared to Chmp1a +/+ 
embryos. Mass and p-values of +/+ vs +/gt are shown below, two-tailed t-test. (F) Chmp1a 
+/gt embryos do not have a defect in embryonic brain development compared to Chmp1a 
+/+ embryos. Mass and p-values of +/+ vs +/gt are shown below, two-tailed t-test. (G) 
Chmp1a null mouse telencephalon and olfactory bulb are hypomorphic. 
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Figure S2. MRI imaging of patients with CHMP1A null mutations, Related to Figure 
1. (A) MRI images of one control and two patients with CHMP1A null mutations. Control is 
a neurologically normal 2 year old male, CH-2701 is 6 month old female with p.Gln30* 
CHMP1A mutation, and CH-3105 is 3 month old male with c.28-13G>A CHMP1A mutation 
(Mochida et al., 2012). Sagittal images show decreased head circumference 
(microcephaly) and severe cerebellar hypoplasia (arrowhead) in absence of CHMP1A. 
Coronal images show hypoplasia of caudate (arrowheads) in absence of CHMP1A. 
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Figure S3. CHMP1A RNAscope, ChP expression, and expression controls, Related 
to Figure 2. (A) Chmp1a immunoreactivity is punctate in epithelial cells of hindbrain 
choroid plexus at P0. AQP1 labels ventricular surface. (B) CHMP1A, SHH, and CD63 
expression in developing human cortex by RNAscope. (C) Beta-gal staining in wild type 
mouse shows no signal in cerebellum or choroid plexus at P4. (D) Immunostain for Chmp1a 
shows no signal in Chmp1a null cerebellum at P0. All panels are representative image of 
≥2 experiments. 
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Figure S4. Developing cortex and cerebellum in Chmp1a null mouse, Related to 
Figure 3. (A) Purkinje cell layer is intact in Chmp1a null P0 pups and unchanged compared 
to littermate controls. Immunostain for Calbindin labels Purkinje cells in control and 
Chmp1a null P0 cerebellum. (B) Fraction of cerebellum area covered by the Purkinje cell 
layer has no detectable difference in Chmp1a null pups compared to controls (Control: n=6, 
Chmp1a null: n=3, two-tailed t-test, p = 0.97). (C) During cortical development, there is no 
detectable increase in apoptosis in Chmp1a null embryos compared to controls. Apoptotic 
cells in developing cortex (E12.5) were labeled with immunostaining for cleaved caspase 
3. (D) Quantification of (A), Control: n=6, Chmp1a null: n=3, two-tailed t-test, p = 0.52. (E) 
There is no detectable defect in cortical ventricular surface formation in Chmp1a null 
embryos. Immunostaining for beta-catenin and atypical protein kinase C, two proteins that 
localizes at the ventricular surface, showed no focal defects in ventricular surface or 
changes in protein distribution in Chmp1a null developing cortex (E14.5). Representative 
image of 2 experiments. (F) SHH drives GCP proliferation more in anterior lobe than in 
dorsal lobe. (G) Control littermates have 75% more mitotic GCPs in the anterior lobe 
compared to the dorsal lobe; in contrast, Chmp1a null pups have only 28% more mitotic 
GCPs in anterior lobe, Control: n=7, Chmp1a null: n=4, two-tailed t-test, p = 0.005. Two-
tailed, unpaired t-test, ** p < 0.01. 
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Figure S5. Chmp1a is not required for other ESCRT functions and Chmp1a null ; Ptch 
mutant mouse and Gli1 in MEFs, Related to Figure 3. (A) Cytokinesis disruption was 
not detected in the absence of CHMP1A. Ventricular surface of mouse cortex and cultured 
iPSCs were immunostained for pH3 and aurora A (images show mouse cortex ventricular 
surface). pH3 labels early mitotic cells and aurora A labels the midbody of late mitotic cells. 
The fraction of mitotic cells in cytokinesis was calculated as: (Aurora A) / (Aurora A + pH3). 
(B) There was no detectable difference in the fraction of cells in cytokinesis in ventricular 
cortical progenitors of Chmp1a null embryos compared to littermate controls (Control: n=8, 
Chmp1a null: n=7, two-tailed t-test, p = 0.093). (C) There was no detectable difference in 
fraction of cells in cytokinesis in CHMP1A null and WT cultured iPSCs (Control: n=15, 
Chmp1a null: n=15, two-tailed t-test, p = 0.59). (D) Propidium iodide staining of Chmp1a 
null and control MEF lines. There was no detectable difference in distribution of DNA 
content between Chmp1a null (n=1) and control MEFs (n=2). (E) There was no detectable 
difference in EGFR degradation in CHMP1A depleted HeLa cells compared to control. 0 
hours: Control, n=2, CHMP1A KD, n=2; 2 hours: Control n=2, CHMP1A KD, n=2. EGFR 
remaining at 2 hours, Control: 40%, CHMP1A KD: 35%, two-tailed t-test, p = 0.82. (F) 
CHMP1A siRNA depletes all CHMP1A detected by immunoblot. (G) Brain weight of 
Chmp1a null ; Ptch heterozygous mouse embryos at E18.5/P0 (Control: n=25, Ptch het: 
n=10, Chmp1a null: n=4, Chmp1a null ; Ptch het: n=5, two-tailed t-test, Ptch het: p < 0.001, 
Chmp1a null: p < 0.001, Chmp1a null ; Ptch het: p = 0.22). (H) Shh signaling is intact in 
Chmp1a null MEFs. MEFs were stimulated with SAG and Gli1 expression increase was 
used to measure Shh pathway activation.  There is no detectable difference between 
Chmp1a null and littermate control MEFs (Control: n=4, Chmp1a null: n=4, two-tailed t-test, 
p = 0.39). Two-tailed, unpaired t-test, *** p < 0.001. 
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Figure S6. Human organoid RNA sequencing quality control metrics, Related to 
Figure 4. (A) Sanger sequencing showing wild type and 1 bp frameshift deletion and 
resulting premature STOP codon in CHMP1A null iPSC line (fsV33X). CHMP1A null iPSCs 
do not express CHMP1A protein. (B) MA plots of pairwise comparisons of organoid RNA-
sequencing data.  Data shows output values of DESeq2 analysis, Y-axis shows DESeq2 
corrected Log2 fold-change, X-axis basemean expression levels. Colored dots represent 
genes according to their p-value. (C) PCA plot of all samples and replicates used in this 
study after normalization using DESeq2. 
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Figure S7. Gene expression changes following SAG treatment of human organoids, 
Related to Figure 4. (A) Comparison of d38 organoid data to Brainspan data using 
Spearman’s rank correlation. Highlighted in red shows SAG treatment of control organoids 
increases correlation with w9 and more strongly with w8 DFC data compared to DMSO 
treated control organoids. CHMP1A null organoids respond as well but to a lesser extent. 
(B) Comparison of d38 organoid data to d14 organoid data. Similarly to panel A, SAG 
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treated control organoids show better correlation with early stage day14 organoids. (C) GO 
analysis of differentially expressed genes. SAG treatment leads to upregulation of 
proliferation genes and downregulation of differentiation genes in both control and 
CHMP1A null cerebral organoids (light grey bars). There are also genes regulated only in 
control or only in CHMP1A null organoids, which were analyzed as separate groups (dark 
grey bars, black bars respectively). Control organoids show extra sets of genes positively 
regulating cell cycle, and negatively regulating differentiation. (D), (E), (F) Representative 
genes and their expression changes from analyses and groups shown in panels A, B and 
C.   



2

The ESCRT-III protein CHMP1A mediates secretion of sonic hedgehog on a distinctive 
subtype of extracellular vesicles 
 

91 
 

 



Chapter 2 
 
 

92  
 

 
Figure S8. Choroid plexus epithelial surface and additional MVBs, Related to Figure 
5. (A) Partial colocalization of CHMP1A and CD63 puncta (inset and arrowheads) at the 
ventricular surface of human hindbrain ChP (11 d.o.). Representative image of 2 
experiments. (B) There is no detectable defect in choroid plexus epithelial cell microvilli in 
Chmp1a null embryos at E17.5. (C) Additional examples of choroid plexus epithelial cell 
MVBs in control and Chmp1a null littermates. Chmp1a null MVBs contain fewer ILVs and 
often contain large ILVs. (D) Additional examples of Purkinje cell MVBs from Chmp1a null 
P0 pups and littermate controls. Chmp1a null MVBs contain fewer ILVs than controls. 
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Figure S9. MVBs localize to dendrites in postmitotic neurons, Related to Figure 5. 
(A) MVBs are in distal (2) and proximal (3) Purkinje cell dendrites in developing cerebellum 
at P4. (B) MVBs in dendrites of layer II/III cortical pyramidal neurons. High magnification 
image shows a MVB (white arrowhead) near an excitatory synapse in a pyramidal cell 
dendritic spine and near an inhibitory synapse in a dendritic shaft. MVBs locations are 
represented by red dots in a rendered 3D TEM reconstruction of a serially sectioned 
pyramidal neuron.  
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Figure S10. CHMP1A is associated with ART-EV complexes and partially co-
distributes with intracellular SHH, Related to Figures 6 and 7. (A) CHMP1A null SVG-
A cell line Sanger sequencing shows a 5 bp frameshift deletion in exon 3. This mutation 
creates a stop codon after exon 3. (B) No CHMP1A protein is detected by immunoblot in 
CHMP1A null SVG-A cells. (C) 100K EV fraction purified from pooled SVG-A cells 
transfected with CHMP1A null gRNA and Cas9. As we found in a stable monoclonal 
CHMP1A null SGV-A line, secretion of exosomal markers and SHH is decreased. (D) SHH-
positive vesicles from the 100K pellet of WT and CHMP1A null SVGA cells were 
immunoisolated (right panel) using different input amounts (left panel), so that the SHH 
levels in the WT and KO input fractions are equivalent. WB analysis of the bound material 
shows CHMP1A in SHH-EVs from WT but not KO cells, while RAB18 and AXL are present 
in both fractions. (E) SVG-A cells were transfected with TagRFP-CHMP1A and mNG-SHH 
expressing plasmids and 48 h later, 15 z stacks of 0.5 µm were acquired every 5 seconds 
on a spinning disk confocal microscope using 488 and 561 nm lasers lines and associated 
filter sets. Snapshots show a z projection for each channel and the color-coded merge 
(upper panels). Cropped images (lower panels) show a single z plane, and the arrowhead 
points at colocalizing CHMP1A and SHH signals. Scale bar is 10 µm. See full video in 
Movie S1. 
 
STAR ★★ methods  
 
Contact for reagent and resource sharing 
 
Further information and requests for resources and reagents should be directed to and will 
be fulfilled by Lead Contact, Christopher A. Walsh 
(christopher.walsh@childrens.harvard.edu). 
 
Experimental model and subject details 
 
Human Samples 
Operating under an approved institutional review board (IRB) protocol, normal human 
newborn choroid plexus was identified and collected at autopsy by pathologists at Boston 
Children's Hospital. 
 
Operating under an approved institutional review board (IRB) protocol, adult human CSF 
was collected by neurologists at Beth Israel Deaconess Medical Center. 
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Operating under an approved institutional review board (IRB) protocol, GW20 human fetal 
whole brain tissue was collected at autopsy by pathologists at Beth Israel Deaconess 
Medical Center. 
 
Animal Use 
All animals were cared for humanly and all experiments were approved by Boston 
Children’s Hospital IACUC. All mice for analysis were collected during embryonic ages or 
on the day of birth (P0), and because the animals were so young, the sex could not be 
readily determined.   
 
Chmp1a GT mouse generation and mouse breeding 
Mouse ES cells with a gene trap cassette inserted into Chmp1a were obtained from 
BayGenomics (B6;129P2-Chmp1aGt(XC472)Byg/Mmucd) and injected into blastocysts of WT 
mice.  Resulting chimeras were out crossed with WT C57/Bl6 mice to generate 
heterozygous GT mice.  Heterozygous GT mice were backcrossed to C57/Bl6 for 7-8 
generations. Mouse DNA was genotyped with the following primers: WT primer F: 
GAGACAGCGGGTCCGTAAC, WT primer R: AACACACACTCGAACCGAAAG, GT 
primer F: GAGACAGCGGGTCCGTAAC, GT primer R: GGTCCTAGTCGGAGGTCTCG. 
 
Ptch null mouse 
Ptch null mouse line (Goodrich et al., 1997) was purchased from Jackson Labs and 
genotyped according to their protocol. 
 
CHMP1A null cell line generation 
Monoclonal SVG-A CHMP1A null line and iPSC CHMP1A null lines were generated using 
CRISPR-Cas9 mutagenesis (Veres et al., 2014) Cas9 was expressed from a plasmid 
encoding Cas9 and GFP (Gift of Chad Cowan and Kirin Musunuru). gRNA targeting 
CHMP1A was expressed from a co-transfected plasmid, CHMP1A protospacer sequence: 
GAAGGACTCCAAGGCGGAGC. GFP positive cells were grown as single colonies 
isolated and then sequenced to identify homozygous frame shift mutations in CHMP1A. 
Controls were monoclonal lines from the same experiments shown to be WT by Sanger 
sequencing.  Primers used to genotype were F: GAAGACAGACACTGGAGAAAACC R: 
CAGAAGACAAACCAGGAGAGTCA. 
 
Heterogeneous CHMP1A null cell line generation 
SVG-A CHMP1A null cell line (heterogenous pool of either WT or KO cells) was generated 
using CRISPR-Cas9 mutagenesis (Veres et al., 2014). Cas9 was expressed from a 
lentiviral plasmid (Gift of Feng Zhang, MIT) also encoding the far-red fluorescent protein 
E2-Crimson, the puromycin resistance gene, and gRNA targeting CHMP1A 
(GAAGGACTCCAAGGCGGAGC). Lentivirus was harvested 48 h after transfecting the 
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Cas9 packaging plasmids together with plasmids encoding HIV Gag-Pol and VSV-G 
envelope in Hek293T cells using JetPrime (Polyplus transfection) according to the 
manufacturer’s instructions. SVG-A cells were incubated with lentivirus for 24 h in the 
presence of 1 μg/ml Polybrene (EMD Millipore). 3 days later, cells were exposed to 
puromycin (2 μg/ml) for one week for selection, after which survivors were bulk sorted by 
FACS based on high E2-Crimson expression. A CRISPR control cell line was generated 
using a similar strategy and a lentivirus construct encoding gRNA targeting the luciferase 
gene (CTTCGAAATGTCCGTTCGGT).  
 
Cell lines and culture conditions  
Human brain astroglial cell line SVG-A and mouse fibroblast line NIH3T3 were cultured at 
37oC and 5% CO2 in high-glucose DMEM (Gibco) supplemented with 10% FCS and 1% 
penicillin-streptomycin. iPSCs (line IMR90-4, from WiCell) were grown on Matrigel (BD) in 
mTESR media (Stem Cell Tech). MEFs were cultured in DMEM high glucose 
supplemented with 10% FBS, 1% P/S, and 2 mM L-glutamine. 
 
Cerebral organoid culture and isolation 
Cerebral organoids were harvested at 14 days or 38 days post differentiation, and 
generated according to the following method: iPSC colonies were grown on a feeder layer 
of MitC treated mouse embryonic fibroblasts (35,000 cells/cm2) and cultured in W0 medium 
(DMEM/F12, 20% KOSR, 2mM L-glutamine, 1x NEAA, 1x P/S, 50 µM b-mercaptoethanol 
(Thermofisher) + 8 ng/ml FGF2 (added fresh daily, Sigma). After iPSC colonies reached 
2mm in diameter, they were lifted with a cell scraper and transferred to ultra-low attachment 
60mm culture dishes (Corning), containing W0 + 1x sodium pyruvate (Differentiation 
medium, no FGF2). After 24 hours, initial embryoid bodies are formed (defined as day 0) 
and 50% of medium was replaced with Differentiation medium + small molecule inhibitors 
to the following final concentrations: 10 µM SB-431542 (Sigma), 1 µM Dorsomorphin 
(Sigma), 3 µM IWR-1-Endo (Sigma) and 1 µM Cyclopamine (Sigma). Differentiation 
medium + small molecules was then replaced every other day. On day 4, 60mm plates 
containing organoids were placed on a hi/lo rocker inside the incubator. On day 18, medium 
was replaced with Neurobasal/N2 medium (Neurobasal, 1x N2 supplement, 2 mM L-
glutamine, 1x P/S) supplemented with 1 µM Cyclopamine. On day 26 medium was replaced 
with Neurobasal/N2 medium without cyclopamine. At day 35, organoids were cultured in 
Neurobasal/N2 medium supplemented with 1 µM SAG (treated), or DMSO (control), and 
refreshed daily. At day 38 organoids were isolated in TRIzol (Thermofisher) for RNA 
extraction. For immunostainings, organoids were washed twice with PBS and fixed by 
incubation for 10 minutes in 3.8% PFA / PBS. After fixation, organoids were washed three 
times in 0.1% BSA / PBS. Then organoids were incubated in 15% sucrose / PBS at 4°C for 
2 hours, followed by incubation in 30% sucrose / PBS overnight at 4°C. Using a cut off 
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pipette tip, single organoids were transferred to embedding molds containing Shandon M-
1 embedding matrix (Thermofisher) and stored at -80°C. 
 
Generation of Chmp1a null MEFs 
Chmp1a GT heterozygous mice were crossed and E14-15 embryos were collected.  
Embryos were decapitated and visceral organs removed.  The remaining tissue was 
dissociated with Trypsin and then plated and maintained in DMEM high glucose 
supplemented with 10% FBS, 1% P/S, and 2 mM L-glutamine. MEFs were assayed before 
passage 4. 
 
Method details 
 
pH3 analysis 
Matching coronal telencephalon sections at E12.5 or E14.5, or midline sagittal cerebellum 
sections at P0 were immunostained for pH3. pH3+ cells lining the cortical ventricular 
surface were counted at E14.5, pH3+ cells in the MGE and LGE were counted at E12.5, 
and pH3+ cells in the cerebellar EGL were counted at P0. 
 
LacZ staining 
Chemical staining for beta-galactosidase activity was performed with the beta-gal staining 
kit from Invitrogen (K146501).  Briefly, tissue was fixed overnight in 2% gluteraldehyde, 
microtome sectioned (70 uM), and then stained for beta-gal activity according to the kit 
instructions. 
 
In situ hybridization 
In situ hybridization was performed as previously described (Arlotta et al., 2005).  Ptch in 
situ probe was a gift from C Cepko and A Joyner. RNA was synthesized with the Megascript 
kit from Invitrogen. DIG dNTPS and anti-DIG Fab fragments were ordered from Roche. 
 
Mouse embryo CSF collection and SHH ELISA 
CSF was collected from the 4th ventricle of E14.5-E15.5 Chmp1a null mouse embryos and 
littermate controls using a pulled micropipette. CSF was centrifuged at 10000 G for 5 
minutes and then used in the SHH ELISA. SHH ELISA kit was purchased from R and D 
systems (MSHH00) and used according to the manufacture’s instructions. 
 
Human choroid plexus immunostaining 
Choroid plexus tissue was fixed in 4% PFA, frozen, and sectioned at 15 um on a cryostat.  
Cultured iPSCs were fixed with 4% PFA for 10 minutes at RT.  Tissue or cells were 
permeabilized with 0.04% Tween in PBS and blocked in 0.04% tween, 2.5% donkey serum, 
and 2.5% goat serum in PBS.  Sections or cells were incubated with primary antibody 
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diluting in blocking buffer overnight at 4C.  Sections or cells were then stained with Alexa 
secondary antibodies and Hoechst.  Imaging was done on a Zeiss 510 confocal 
microscope. 
 
Mouse brain and human organoid immunostaining 
Tissue was fixed overnight at 4 C in 4% PFA and sectioned at 70um using a Vibratome.  
Antigen retrieval was performed with Retrievagen A.  Tissue was permeabilized and 
blocked in 3% BSA, 0.3% Triton X-100, 0.3% sodium azide in PBS.  Primary antibodies 
were diluted in blocking buffer and incubated overnight at 4 C.  Sections were then stained 
with Alexa secondary antibodies and Hoechst.  Imaging was done on a Zeiss 510 confocal 
microscope. 
 
Two results confirm the specificity of the CHMP1A antibody used for immunostaining 
(ProteinTech 15761-1-AP). First, immunoblot of Chmp1a null MEF cell lysate with this 
antibody shows no reactivity (Figure S1B). Second, tissue sections from Chmp1a null mice 
incubated with this antibody show nearly complete loss of signal (Figure S3D). 
 
RNAscope 
RNAscope on human fetal brain tissue was performed according to manufacturer’s protocol 
(ACDBio). 
 
RNA sequencing library preparation 
Cerebral organoid RNA was isolated according to standard TRIzol protocol. RNA was 
treated with DNAseI (Roche) according to standard protocol for DNA clean-up in RNA 
samples. RNA was then isolated by column purification (Zymo RNA clean & concentrator 
5) and stored at -80°C. For RNA sequencing, first mRNA was isolated from total RNA using 
polyA selection Dynabeads mRNA DIRECT Micro Purification Kit (Thermofisher). Library 
was prepared using strand-specific Ion Total RNA-Seq Kit v2 (Thermofisher) and Ion 
Xpress RNA-Seq Barcode 1-16 (Thermofisher) to label different samples. Sequencing was 
done using IonProton sequencer, generating single-end reads of around 100bp in length 
(Thermofisher). 
 
Mapping of RNA sequencing data 
RNA sequencing data was processed using the Tuxedo package. Briefly, samples were 
mapped using Tophat2 (Kim et al., 2011), using Bowtie2 (Langmead and Salzberg, 2012) 
as the underlying alignment tool. The iPSC input fastq files consisted of paired end reads 
with each end containing 100bp for iPSC data. The cerebral organoid input fastq consisted 
of single-end reads of around 100bp length for cerebral organoid data. The target genome 
assembly for these samples was GRCh38/UCSC hg38, and Tophat was additionally 
supplied with the gene annotation of ENSEMBL84 (GRCh38.p5). Reads mapped per exon 
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were counted using HT-Seq count (union mode) and summed per corresponding gene. 
HT-Seq count output was normalized using DESeq2, and pairwise comparisons were 
made to determine significant differences in control and CHMP1A null iPSCs or cerebral 
organoids. Pairwise comparisons were made based on the negative binomial distribution, 
where the Wald test was used to test for significance. Independent filtering was performed 
with default settings to correct for multiple testing and the resulting adjusted p-values are 
shown (Love et al., 2014). For generation of heatmaps, z-score was calculated using log-
transformed normalized counts. Expression level and fold-change for all mapped 
transcripts are provided in Supplemental Table 1.  
 
GO pathway enrichment analysis 
For genes with at least a 2-fold change between wild type and CHMP1a null, enrichment 
of gene sets for GO- Biological Processes (BP-FAT) and KEGG-pathways was determined 
by DAVID (Database for Annotation, Visualization and Integrated Discovery) Functional 
Annotation Clustering (v6.7). For each analysis raw RNAseq read counts were normalized 
using DEseq2. For week 2 and week 5 respectively, all genes with mean read count >64 
and read count >32 were included as background.  Clusters of GO-terms and KEGG 
pathways were manually given a name that best represented all individual GO-term 
categories within each cluster. The DAVID Functional Annotation Tool provides an 
‘enrichment score’ but does not provide a measure of statistical significance for Functional 
Annotation Clusters. For each Functional Annotation Cluster, the benjamini-corrected p-
value for the highest-ranking individual GO-term in each cluster is displayed next to the bar 
graphs. GO analysis results and input gene lists are provided in Supplemental Table 2. 
 
For Figure 4D, the top 250 differentially expressed genes (DESeq2) were selected at d14 
or d38 samples from pairwise comparisons between CHMP1A null and control cerebral 
organoids. Upregulated or downregulated genes were placed into separate gene lists. 
Analysis was done using Panther Overrepresentation test on GO biological processes with 
Bonferroni correction (Panther release 20170413). Background gene list consisted of all 
genes, which had on average 10 counts or more mapped in the analyzed samples. In this 
analysis, the downregulated genes did not show relevant enrichment for brain related GO 
terms. For supplemental Figure 7C, the analysis was also done according to these 
parameters. Genes that were already differentially expressed between untreated d38 
control and d38 CHMP1A null organoids were excluded. The remaining genes were 
selected by DESeq2 adjusted p-value < 0.01 instead to limit the amount of genes for 
analysis.  
 
Gene expression correlation human brain and cerebral organoids 
Cerebral organoid RNA-seq data was compared to developing human brain RNA-seq data 
(Brainspan, Allen institute). For Figure 4G, d14 and d38 CHMP1A null and control 
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organoids, the top 250 differentially expressed genes (DESeq2) were selected. For 
Figures S7A, S7B, genes with adjusted p-value < 0.01 were selected to limit the number 
of genes for analysis. Their corresponding expression data was acquired from Brainspan 
data. Cerebral organoids have best correlation with Brainspan week 9 dorsofrontal cortex 
data (w9 DFC). Several other time-points of DFC data were used to assess temporal 
identity of organoids. Genes were ranked by their expression level from high to low, using 
normalized counts for organoid data, and FPKM for Brainspan data. Then, pairwise 
calculation of Spearman’s rank correlation was done for each pair and plotted using multi-
experiment viewer. 
 
Shh signaling in MEFs 
MEFs from Chmp1a null embryos and littermate controls were cultured as described above.  
The cells were then cultured in 0.5% FBS with 1 uM SAG for 48 hours.  Then total RNA 
was isolated with RNeasy kit (Ambion) and cDNA was created with Superscript III kit 
(Invitrogen).  Taqman qRT-PCR assay was run on StepOnePlus (Applied Biosystems) with 
probes for Gli1 and Beta-actin to measure gene expression.   
 
Extracellular vesicle isolation 
SVG-A cells were either mock-transfected or transfected with a plasmid encoding hSHH 
using JetPrime according to the manufacturer’s instructions. 24 h later, cells were washed 
once with PBS and cultured for another 48h in media supplemented with exosome-
depleted FBS (System Biosciences) instead of normal FBS, before harvesting cells for lysis 
and supernatants (SN) for EV isolation. EVs were isolated from conditioned media by 
differential ultracentrifugation as previously described (Kowal et al., 2016). Briefly, SN was 
centrifuged for 10 min and 300xg to pellet cells and large debris. The SN was transferred 
to new tubes and further centrifuged at 2,000xg for 20 min to obtain the 2K pellet. The 
resulting SN was then transferred to ultracentrifuge tubes and centrifuged in an SW28 rotor 
(Beckman Coulter) for 40 min at 10,000xg (10K pellet) before a final centrifugation at 
100,000xg using the same rotor (100K pellet). Except for the 300xg pellet, all pellets were 
washed in 5 ml PBS before being recentrifuged at the same speed using a SW55Ti rotor 
(Beckman Coulter) and finally resuspended in 50 μl cold PBS. All steps were performed at 
4oC. The 300xg pellet was pooled with cells harvested from dishes for lysis and WB 
analysis.  
 
A similar protocol was applied for the isolation of EVs from human CSF (18 mL). 
 
Immunoisolation pull-down assays 
2 μg of either anti-CD9 (Milipore), anti-CD63 (Pelicluster), anti-Shh (Abcam) or Mouse IgG 
antibodies were coupled overnight to 1 mg of magnetic Dynabeads using Dynabeads 
Antibody coupling kit (Invitrogen) according to the manufacturer’s instructions. As 
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described in Kowal et al., 2016, coated beads were washed twice in 1 ml washing buffer 
(PBS-Tween 0.001%) and incubated overnight using rotation at 4oC with 10 μg of EVs from 
the 100K pellet resuspended in 500 μl of washing buffer. Beads were washed five times 
with washing buffer, and, where indicated the unbound material was pooled together with 
the SN of the washes and centrifuged at 100000xg in a SW55Ti rotor for concentration. 
Both bound material (PD) and unbound material pellet (FT) were resuspended in 30 μl of 
2x SDS-PAGE sample buffer (Bio-Rad) and boiled for 5 min at 95oC prior to loading on gel. 
For MS analysis, Shh pull-down reaction was scaled-up approximately five times.  
 
Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) 
Samples were lysed using Laemmli buffer (10 mM Tris pH 6,8 ; 1mM EDTA ; 5% ß-
mercaptoethanol ; 5% SDS ; 10% glycerol) and were homogenized for 40 minutes. 
Samples were briefly centrifuged and the supernatant was collected leaving the magnetic 
beads in the tubes thanks to a magnet. Samples were then frozen at -80°C until use. 
Protein concentrations were determined using the RC-DC protein assay (Bio-Rad, 
Hercules, USA) according to the manufacturer’s instructions using BSA as standard. 
 
50 µL of each sample were concentrated down to 20 µL (SpeedVac, Savant, Thermo Fisher 
Scientific, Waltham, USA) and heated at 95°C for 5 minutes before being loaded onto an 
in-house poured 1D SDS-PAGE stacking gel in order to focus proteins into a single 
“stacked” band. Electrophoresis was performed under a continuous voltage of 50 V for 40 
minutes. The proteins were fixed with 50% ethanol and 3% phosphoric acid. After three 
washes, gels were stained with Colloidal blue. 
 
For each sample, the “stacked” protein-band was excised and cut into four equal pieces. 
After destaining, DTT reduction and IAM alkylation using an automatic pipetting device 
(MassPrep, Waters, Milford, MA, USA), proteins were in-gel digested with trypsin 
(Promega, Madison, WI, USA) overnight at 37°C. Tryptic peptides were extracted first in 
60 % acetonitrile/0.1 % formic acid in water for 90 minutes, followed by a second extraction 
in 100% acetonitrile for 10 minutes, at 450 rpm on an orbital shaker. Acetonitrile was 
evaporated under vacuum and samples were adjusted to 8µL using 0.1% formic acid 
before nanoLC-MS/MS analysis. 
 
NanoLC-MS/MS analyses were performed on a nanoACQUITY Ultra-Performance-LC 
system (UPLC) coupled to a Q-Exactive Plus Orbitrap (Thermo Fisher Scientific) mass 
spectrometer. 
The Q-Exactive Plus Orbitrap mass spectrometer is equipped with a nanoelectrospray ion 
source. The UPLC system consisted of a solvent degasser nanoflow pump, a thermostat-
controlled column oven set to a temperature of 60 °C and a thermostat-controlled 
autosampler at 10 °C. Mobile phase A (99.9% water and 0.1% FA) and mobile phase B 
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(99.9% acetonitrile and 0.1%FA) were delivered at 450 nL/min by the nanoAcquity. 
Samples were loaded into a Symmetry C18 precolumn (0.18 x 20 mm, 5 μm particle size, 
Waters) over 3 minutes in 1% buffer B at a flow rate of 5 μL/min. Sample loading was 
followed by reverse-phase separation at a flow rate of 450 nL/min using an ACQUITY 
UPLC® BEH130 C18 separation column (200mm x 75 μm id, 1.7 μm particle size, Waters). 
The Q-Exactive plus Orbitrap instrument was operated in data-dependent acquisition mode 
by automatically switching between full MS and consecutive MS/MS acquisitions. Survey 
full scan MS spectra (mass range 300-1,800) were acquired in the Orbitrap at a resolution 
of 70,000 at 200 m/z with an automatic gain control (AGC) fixed at 3 x 106 ions and a 
maximal injection time set to 50 ms. The ten most intense peptide ions in each survey scan 
with a charge state ≥ 2 were selected for MS/MS. MS/MS spectra were acquired at a 
resolution of 17,500 at 200 m/z, with a fixed first mass at 100 m/z, AGC was set to 1 x 105, 
and the maximal injection time was set to 100 ms. Peptides were fragmented in the HCD 
cell by higher-energy collisional dissociation with a normalized collision energy set to 27. 
Peaks selected for fragmentation were automatically included in a dynamic exclusion list 
for 60 s, and peptide match selection was turned on. MS data were saved in RAW file 
format (Thermo Fisher Scientific) using XCalibur. Raw data collected were processed and 
converted with MSConvert in .mgf peak list format. 
 
Raw files were processed using MaxQuant (v1.5.5.1). Peak lists were searched using the 
decoy mode of the Andromeda search engine implemented in MaxQuant against a protein 
database created using MSDA, our home-developed software suite (Carapito et al., 2014). 
The database contained human and bovine protein sequences (UniProtKB-SwissProt 
Taxonomy ID: 9606 and 9913 respectively; 26191 entries), which were downloaded in May 
2017. Sequences of common contaminants like keratins and trypsin (247 entries, included 
in MaxQuant) were finally added to the protein database. Regarding search parameters, 
MS tolerance was set to 20 ppm for the first search and 4.5 ppm for the main search. A 
maximum number of 2 missed cleavages was accepted, and carbamidomethylation of 
cysteine residues was set as fixed modification, while acetylation of protein N-termini and 
oxidation of methionine residues were set as variable modifications. False discovery rates 
(FDR) were set to 1% for both peptide spectrum matches (minimum length of 7 amino 
acids) and proteins. Finally, based on the principle of parsimony, shared peptides between 
proteins were attributed to the protein with the highest number of assigned peptides.  
Regarding quantification, data normalisation and estimation of protein abundance was 
performed using the MaxLFQ (label free quantification) option implemented in MaxQuant 
(Cox et al., 2014). “Match between runs” was enabled using 0.7 minutes time windows after 
retention time alignment. MaxLFQ quantification was applied using a minimal ratio count of 
one. Both unmodified and modified (acetylation of protein N-termini and oxidation of 
methionine residues) peptides were considered for quantification, but shared peptides were 
not. All other MaxQuant parameters were set as default. The MaxQuant results were 
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visualized and treated with Prostar software for statistical analysis (Wieczorek et al., 2017). 
Only proteins with at least three intensity values in at least one of the two groups to be 
compared were retained. Welch’s t-test was applied to identify differentially expressed 
proteins at a p-value <0.05.  
 
Western blotting 
SVG-A cells were lysed in a buffer containing 50 mM Tris-HCl (pH 7.5), 0.3 M NaCl, 0.5% 
Triton X-100, and protease inhibitors (1x, Roche) for 20 min on ice, with intense vortexing 
at the beginning and end of the incubation. Lysates were cleared by centrifugation at 
18000xg for 15 min at 4oC before transferring the supernatant to new tubes. The protein 
content in the lysates and in the purified EV fractions was measured in the presence of 
0.2% SDS, using Pierce BCA protein assay kit (Thermo Fisher Scientific) according to the 
manufacturer’s instructions. For each WB, 20 μg of lysates or 3 μg of EV pellets were 
loaded on 4-12% NuPAGE Bis-Tris Protein Gels (Invitrogen) and ran under non-reducing 
conditions. Transfer was done using iBlot2 NC Transfer stacks (Invitrogen) prior to primary 
antibody incubation overnight at 4oC. Membranes were revealed by chemiluminescence 
using Clarity or Clarity Max Western ECL Blotting Substrates (Bio-Rad) and images were 
acquired using ChemiDoc Touch system (Bio-Rad).  
 
Immunostaining and Time-lapse microscopy 
SVG-A cells were grown on glass coverslips in 24-well plates for 24 h, prior to transfection 
with a plasmid encoding for mNeonGreen-Shh using JetPrime according to the 
manufacturer’s instructions. 24 h later, cells were washed once with PBS and fixed for 20 
min at room temperature (RT) with 4% paraformaldehyde. Blocking and permeabilization 
was done with PBS-0.1% Triton X-100 and 0.5% BSA for 30 min. Cells were incubated 
with the indicated primary antibodies for 2 h at RT, followed by incubation with secondary 
antibodies for 45 min, diluted in blocking buffer (Alexa Fluor Donkey anti-Mouse-647 or 
Alexa Fluor Donkey anti-Rabbit-647). Coverslips were mounted with Fluoromount (Sigma-
Aldrich). Image acquisition was performed using an AxioObserver.Z1 inverted microscope 
(Zeiss) mounted with a spinning disc head (Yokogawa), a back-illuminated EMCCD 
camera (Evolve, Photometrics) and a X100, 1.45 NA oil objective (Zeiss) controlled by 
Visiview v.3.3.0 software (Visitron Systems). For live cell imaging, cells were co-transfected 
as described above with mNG-SHH and TagRFP-CHMP1A on coverslips in 6-well plates, 
and imaged 48h later in cell media at 37oC and 5% CO2 in a dark incubation chamber. Z-
stacks of 0.5 µm interval with two-channel detection were acquired every 5 s, and time-
lapse images were analyzed with Imaris v.9.0.1 (Bitplane). 
 
SHH signaling and RT-qPCR 
NIH3T3 cells were seeded in 48-well plates to confluency and cultured for 24 h in complete 
DMEM. Cells were then grown in media without FBS for another 24h, prior to incubation 
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for another 48 hours with the indicated amounts of SHH-containing 100K vesicles or mock 
(PBS). As positive control of pathway activation, cells were incubated with 250nM SAG 
reconstituted in DMSO (Abcam) or DMSO as control. Total RNA was isolated using 
ReliaPrep RNA Cell Miniprep System (Promega) and cDNA was created with SuperScript 
VILO Master Mix (Invitrogen) by manufacturer’s instructions. qRT-PCR assay was run on 
the CFX96 Touch Real-Time PCR Detection System and gene expression was measured 
with primers specific for the SHH downstream target gene GLI1 (F: 
TTGGATTGAACATGGCGTCT and R: CCTTTCTTGAGGTTGGGATGA). Gene 
expression is shown as fold change relative to mock-treated cells, following normalization 
to housekeeping gene RPL27 (F: GTCGAGATGGGCAAGTTCAT and R: 
GCTTGGCGATCTTCTTCTTG). 
 
Cytokinesis analysis 
Mouse cortex at E14.5 and cultured iPSCs were fixed in 4% PFA.  Cortical ventricular 
surface or cultured iPSCs were immunostained with antibodies against aurora A kinase, 
pH3 and Hoechst.  Aurora A labels the midbody in anaphase through telophase while pH3 
labels histones from prophase through metaphase.  A high-power field was imaged and 
the number of pH3 positive early mitotic cells and the number of aurora A positive late 
mitotic cells was counted.  The ratio of midbodies to pH3 positive cells was calculated as a 
measure of cytokinesis duration. 
 
EGFR degradation assay 
Wild type HeLa cells were transfected with siRNA targeting CHMP1A (Thermo, #4392420) 
or a negative control (Thermo, #4390843) from Ambion Silencer Select according to the 
manufacturer’s protocol.  Cells were grown for 48 hours, and then placed in serum free 
media for 2 hours.  EGF was added to the media at 250 ng/mL and cells were fixed at 0 
and 2 hours.  Cells were permeabilized in PBS, 0.5% BSA, 0.05% saponin, and stained 
with anti EGFR antibody (13A9, Genentech) for 1 hour and then Alexa fluorescent 
secondary for 30 minutes.  Fluorescence was then quantified at the single cell level for 
hundreds to thousands of cells using a BD FACS Aria flow cytometer.   
 
Electron microscopy  
Embryonic mouse choroid plexus and P0 mouse cerebellum was fixed in 2.5% 
Glutaraldehyde and 2% Paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) at 
4C overnight.  70 um thick tissue sections were cut on a vibratome.  Sections were washed 
in 0.1 M cacodylate buffer and postfixed with 1% Osmiumtetroxide (OsO4) and 1.5% 
Potassiumferrocyanide (KFeCN6) for 1 hour, washed in water 3x and incubated in 1% 
aqueous uranyl acetate for 1 hour followed by 2 washes in water and subsequent 
dehydration in grades of alcohol (10 min each; 50%, 70%, 90%, 2x 10 min 100%).  The 
samples were then infiltrated for 15 min in a 1:1 mixture of propyleneoxide and TAAB Epon 
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(Marivac Canada Inc. St. Laurent, Canada). The samples were embedded in drops of 
TAAB Epon between two sheets of aclar plastic (Electron Microscopy Sciences) and 
polymerized at 60C for 48 hours.  Ultrathin sections (about 80 nm) were cut on a Reichert 
Ultracut-S microtome, placed onto copper grids, stained with uranyl acetate and lead citrate 
and examined in a JEOL 1200EX transmission electron microscope.  Images were 
recorded with an AMT 2k CCD camera. 
 
SEM samples were postfixed in 1.0% osmium tetroxide in 0.1M cacodylate buffer (pH 7.4) 
for 1 hour at room temperature.  Following postfixation, the samples were rinsed with buffer 
then dehydrated through a graded series of ethanol.  The specimens were then critical 
point dried with CO2 using a Samdri PVT-3 critical point dryer (Tousimis Corp.  Rockville, 
MD).  The specimens were attached to specimen mounts using conductive adhesive tabs, 
coated with 5nm platinum using a Cressington 208HR sputter coater (Cressington 
Scientific Instruments, Ltd. Walford, UK). SEM images were collected on a Hitachi S-4800 
at Northeastern University. 
 
For FIB-SEM, Durcupan embedded sample was first mounted on a Cu stud, then imaged 
by a customized Zeiss NVision40 FIB-SEM system previously described (Xu et al., 2017). 
The sample was biased at 400 V to improve image contrast by filtering out secondary 
electrons. The block face was imaged by a 1 nA electron beam with 1.5 keV landing energy 
at 500 kHz. The x-y pixel resolution was set at 8 nm. A subsequently applied focused Ga+ 
beam of 27 nA at 30 keV strafed across the top surface and ablated away 2 nm of the 
surface. The newly exposed surface was then imaged again. The ablation – imaging cycle 
continued about once every minute for multiple days. The sequence of acquired images 
formed a raw imaged volume, followed by post processing of image registration and 
alignment using a Scale Invariant Feature Transform (SIFT) based algorithm. The aligned 
stack was binned by a factor of 4 along z to form a final isotropic volume of 28x34x5 µm3 
with 8x8x8 nm3 voxels, which can be viewed in arbitrary orientations. 
 
Quantification and statistical analysis 
In all analyses, mean values are presented for pooled data and errors bars are SEM. 
 
Relative intensities of the WB bands were quantified using ImageLab software version 
5.2.1 (Bio-Rad) using Volume Tools, global background subtraction and linear regression 
method. Band intensities of WT samples were set as 100% and used to calculate the 
protein levels in the KO samples, plotted as percentage of WT (Figures 6E, 6F).  
 
For mass-spec experiments, Welch’s t-test was applied to identify differentially expressed 
proteins at a p-value <0.05 (Figure 7E, Table 3). 
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For RNA-sequencing of cerebral organoids, the significance of gene expression differences 
was calculated with the DESeq2 adjusted p-value. For GO pathway analysis, each 
Functional Annotation Cluster, the benjamini-corrected p-value for the highest-ranking 
individual GO-term in each cluster is displayed next to the bar graphs. For comparison 
between organoid gene expression and human developing cortex, pairwise calculation of 
Spearman’s rank correlation was done for each comparison. 
 
For all other quantifications, statistical significance was determined using a two-tailed, 
unpaired t-test or a Mann-Whitney test. All counts of ILVs per MVB failed the D’Agostino 
and Pearson normality test (p < 0.01). As a result, the nonparametric Mann-Whitney test 
was used to test significance of ILV per MVB differences. Statistical analyses were 
performed using GraphPad Prism version 7. 
 
Data and software availability 
RNA sequencing data have been deposited in GEO (GSE115867). 
Proteomics data have been deposited in ProteomeXchange (PXD007990). 
 
Key resources table 
REAGENT 

 
SOURCE IDENTIFIER 

Antibodies 
Rat anti L1CAM Millipore  MAB5272 
Mouse anti TUJ1 Biolegend  801201 
Rabbit anti CHMP1A 
(WB) 

Stan Hollenberg  

Rabbit anti CHMP1A 
(IHC) 

ProteinTech  15761-1-AP 

Mouse anti Beta actin Abcam  AC-15 
Mouse anti Calbindin Abcam  AF2E5 
Mouse anti AQP1 Santa Cruz  SC25287 
Rat anti CTIP2 Abcam  AB18465 
Goat anti SOX2 Santa Cruz  SC17330 
Mouse anti CD63 Pelicluster  M1544 
Rabbit anti CUX1 Santa Cruz  SC13024 M-222 
Rat anti phospho 
Histone H3 

Sigma  H9908 

Rabbit anti SHH Abcam  AB73958 
Rabbit anti Cleaved 
caspase 3 

Abcam  AB13847 
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Mouse anti Beta 
catenin 

BD  610153 

Rabbit anti Atypical 
PKC 

Santa Cruz  SC216 

Mouse anti Aurora A BD  611082 
Mouse anti CD9 Millipore CBL162 
Rabbit anti CD9 Abcam ab92726 
Mouse anti CD81 Santa Cruz sc-166029 
Mouse anti CD81 Abcam ab59477 
Mouse anti TSG101 Abcam ab83 
Mouse anti TSG101 Thermo Fisher  MA1-23296 
Mouse anti EGFR Genentech 13-A9 
Rabbit anti Syntenin Abcam ab133267 
Rat anti GP96 Enzo Life Sciences ADI-SPA-850-F 
Rabbit anti AXL Cell Signaling  8661S 
Rabbit anti RAB18 MilliporeSigma SAB4200173 
Rabit anti TMED10 Sigma-Aldrich HPA047139 
Goat anti SHH Santa Cruz sc-1194 
Rabbit anti PAX6 Covance  PRB-278P-100 
Bacterial and Virus Strains  
None   
Biological Samples   
Human CSF Eric Wong  
Human choroid plexus Hart Lidov  
Chemicals, Peptides, and Recombinant Proteins 
Smoothened agonist 
(SAG) 

Abcam ab142160 

Critical Commercial Assays 
Dynabeads Antibody 
Coupling Kit 

Invitrogen 14311D 

RNAscope ACDBio  
Shh ELISA R&D Systems MSHH00 
Deposited Data 
RNA sequencing GEO GSE115867 
Proteomics ProteomeXchange PXD007990 
Experimental Models: Cell Lines 
SVG-A T Kirchhausen  
iPSC (IMR90) WiCell  
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NIH3T3 ATCC  
Chmp1a null MEF This paper  
Experimental Models: Organisms/Strains 
Chmp1a gene trap 
mouse 

This paper  

Ptch mutant mouse JAX  
Oligonucleotides 
CHMP1A gRNA This paper  
Luciferase gRNA This paper  
Gli1 qPCR F primer This paper  
Gli1 qPCR R primer This paper  
Rpl27 qPCR F primer This paper  
Rpl27 qPCR R primer This paper  
Chmp1a WT F primer This paper  
Chmp1a GT F primer This paper  
Chmp1a WT R primer This paper  
Chmp1a GT R primer This paper  
Recombinant DNA 
Mouse Ptch in situ 
probe 

Constance Cepko  

mNG-SHH  Corey Harwell  
TagRFP-CHMP1A This paper  
Cas9 GFP Kirin Musunuru  
Cas9-E2-Crimson Feng Zhang  
gRNA backbone Kirin Musunuru  
CHMP1A siRNA Thermo 4392420 
Control siRNA Thermo 4390843 
RNAscope probe Hs 
CD63 

ACDBio 505901 

RNAscope probe Hs 
SHH 

ACDBio 600951 

RNAscope probe Hs 
PTCH 

ACDBio 422161 

RNAscope probe Hs 
CHMP1A 

ACDBio 505911 

Software and Algorithms 
Visiview Visitron Systems  
Imaris Bitplane  
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ImageLab Bio-Rad  
CFX Manager Bio-Rad  
ImageJ NIH  
XCalibur Thermo  
MSConver   
MaxQuant   
Prostar   
Prism 7 GraphPad  
Other 
None   
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Summary 
Genetic changes causing brain size expansion in human evolution have remained 
elusive. Notch signaling is essential for radial glia stem cell proliferation and is a 
determinant of neuronal number in the mammalian cortex. We find three paralogs 
of human-specific NOTCH2NL are highly expressed in radial glia. Functional 
analysis reveals different alleles of NOTCH2NL have varying potencies to enhance 
Notch signaling by interacting directly with NOTCH receptors. Consistent with a 
role in Notch signaling, NOTCH2NL ectopic expression delays differentiation of 
neuronal progenitors, while deletion accelerates differentiation into cortical 
neurons. Furthermore, NOTCH2NL genes provide the breakpoints in 1q21.1 distal 
deletion/duplication syndrome, where duplications are associated with 
macrocephaly and autism, and deletions with microcephaly and schizophrenia. 
Thus, the emergence of human-specific NOTCH2NL genes may have contributed 
to the rapid evolution of the larger human neocortex accompanied by loss of 
genomic stability at the 1q21.1 locus and resulting recurrent neurodevelopmental 
disorders.  
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Introduction 
Human brains are characterized by a large neocortex that forms the substrate for 
the development of human-specific cognitive functions (Molnar et al., 2006), but 
evolutionary changes to our genome underlying this increase in size and 
complexity are poorly understood (Varki et al., 2008). Structural genomic variants 
account for 80% of human-specific base pairs (Cheng et al., 2005). Of particular 
interest are loci where segmental duplications have created entirely new human-
specific gene paralogs associated with cortical development, such as SRGAP2C, 
ARHGAP11B and TBC1D3 (Reviewed in Dennis and Eichler, 2016). Human-
specific duplicated genes are often located within segmental duplications that 
mediate recurrent rearrangements associated with human disease (Stankiewicz 
and Lupski, 2010; Popesco et al., 2006). One such region lies on human 
chromosome band 1q21, which was subject to a large pericentric inversion 
involving considerable gene loss and duplication during human evolution 
(Szamalek et al., 2006). The 1q21 locus contains a disproportionate number of 
human-specific genes (O'Bleness et al., 2012), and also contains the 1q21.1 distal 
deletion/duplication syndrome interval (Mefford et al., 2008; Brunetti-Pierri et al., 
2008). De novo deletion of one copy frequently leads to brain size reduction 
(microcephaly) and duplication to brain size increase (macrocephaly), among other 
symptoms.  

1q21.1 was incorrectly assembled in the human reference genome until the most 
recent version, GRCh38, (Steinberg et al., 2014). In the revised assembly this 
locus harbors three human-specific NOTCH2-derived genes we call NOTCH2NLA, 
NOTCH2NLB and NOTCH2NLC, which are highly expressed in human cortical 
progenitors but were never considered candidates for the 1q21.1 syndromes. 
Notch signaling is central to brain development, determining the timing and 
duration of neuronal progenitor proliferation and neuronal differentiation (Hansen 
et al., 2010). It is active in outer radial glia (oRG), a cell type hypothesized to 
generate the majority of primate cortical neurons and to contribute to human-
specific cortical expansion (Lui, et al., 2011). Through functional, genomic, and 
evolutionary analysis, we find evidence that with the creation of the modern forms 
of NOTCH2NL genes in the last few million years after divergence from 
chimpanzees, humans gained new, secreted NOTCH-like proteins that can 
enhance Notch signaling and may prolong cortical neurogenesis by delaying 
differentiation of neural progenitors. Our data suggest the emergence of 
NOTCH2NL genes in humans may have contributed to the increase in size and 
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complexity of the human neocortex at the expense of susceptibility to 1q21.1 distal 
duplication/deletion syndrome.  

 
Results 
 
NOTCH2NL is a novel NOTCH-like gene  
NOTCH2NL was originally described in blood cells as a secreted peptide similar to 
the N-terminal portion of NOTCH2 (Duan et al., 2004). The gene annotated as 
NOTCH2NL on human genome assembly GRCh37 resides on human 
chromosome 1 in the 1q21.1 locus. Resequencing the pericentric region of 
chromosome 1 in a haploid human cell line finally resolved previously unmapped 
regions and led to a revised assembly of 1q21.1, which is incorporated in human 
genome assembly GRCh38 (Steinberg et al., 2014). This improved assembly 
reveals the presence of four paralogous NOTCH2NL-like genes (Figure 1A): 
NOTCH2NLA, NOTCH2NLB and NOTCH2NLC reside in the 1q21.1 locus, and a 
fourth quite different paralog, NOTCH2NLR (NOTCH2NL-Related) is located near 
NOTCH2 on the p-arm of chromosome 1. The greater than 100 kb genomic regions 
spanning each NOTCH2NL gene show >99.1% sequence identity to NOTCH2 
(Figure S1A), suggesting that NOTCH2NL paralogs were created within the last 
few million years, in the same time frame as SRGAP2 and HYDIN2 (Dennis et al., 
2012; Dougherty et al., 2017). NOTCH2NL results from a partial duplication of 
NOTCH2. The duplicated segment includes the NOTCH2 promoter and six N-
terminal EGF-like domains from NOTCH2 exons 1-4, but excludes the 
transmembrane and cytoplasmic domains. NOTCH2NL genes contain a fifth exon 
derived from NOTCH2 intronic sequence that provides NOTCH2NL with 20 unique 
amino acids (Figure 1B, Figure S3C). In NOTCH2NLA, NOTCH2NLB and 
NOTCH2NLC, the 5th exon has a 4 bp deletion compared to the corresponding 
sequence in NOTCH2. Mutational analysis of NOTCH2NL cDNAs shows this 4 bp 
deletion is essential for NOTCH2NL protein expression (Figure S1B-E). 
NOTCH2NLR lacks the 4 bp deletion and contains many coding variants relative 
to NOTCH2 and the other NOTCH2NL paralogs, including a still segregating 
variant (Figure S3C). Analysis of human genome sequence data from the Simons 
diversity project (N=266) (Mallick et al., 2016) reveals 14% of the population lack 
NOTCH2NLR (Figure. S1G). Together these results suggest but do not confirm 
that NOTCH2NLR is a non-functional pseudogene. Despite the high sequence 
homology of the NOTCH2NL-gene loci, each NOTCH2NL paralog has  
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Figure 1. NOTCH2NL is located in a neurodevelopmental disease locus and exhibits 
variable gene and protein features. (A) Location of NOTCH2NL genes (red) and 
additional genes derived from human segmental duplication (light blue). TAR 
syn=Thrombocytopenia Absent Radius syndrome. (B) Gene and protein features of 
NOTCH2 and NOTCH2NL. (C) De novo assembly result of NOTCH2NL loci for H9 human 
ESCs and relative allele expression from week 5 cortical organoids. *Not enough 
nucleotide differences present to distinguish between the two NOTCH2NLsh-2ntdel alleles. 
(D) Observed NOTCH2NL paratypes in 15 individuals. See also Fig. S1, S3, Table S1, S4. 
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distinguishing features (Figure 1D). GRCh38-NOTCH2NLA has an ATG→ATA 
mutation in the NOTCH2 start codon, and lacks the N-terminal 39 amino acids 
encoding the NOTCH2 secretory pathway signal peptide. We term this allele “short 
NOTCH2NL” (NOTCH2NLSh). GRCh38-NOTCH2NLB retains the NOTCH2 signal 
peptide, while carrying a Thr→Ile substitution in a conserved fucosylation site. 
GRCh38-NOTCH2NLB is named “long NOTCH2NL with Thr→Ile substitution” 
(NOTCH2NLL,T197I). GRCh38-NOTCH2NLC contains a 2 bp deletion just 
downstream of the NOTCH2 start codon (NOTCH2NLSh-2ntdel), and like 
NOTCH2NLSh lacks the N-terminal signal peptide. To explore the spectrum of 
NOTCH2NL alleles in the human population we developed an assembly-by-
phasing approach (STAR Methods) and used it with deep sequencing to fully 
resolve the NOTCH2NL haplotypes in 8 normal individuals and 6 patient samples. 
(Figure S3C, Table S1). This analysis revealed recent, likely ongoing, ectopic 
gene conversion occurring between NOTCH2NLA and NOTCH2NLB that is so 
extensive that NOTCH2NLA and NOTCH2NLB essentially act as a single gene 
with 4 alleles (Figure S1F). This makes it nearly impossible to assign individual 
alleles to a specific locus. Focusing on assembly of the H9 human embryonic stem 
cell (hESC) line, we identified three additional NOTCH2NL alleles (Figure 1C, 
Figure S1F): a short version with Thr→Ile (NOTCH2NLSh,T197I), a long version 
without Thr→Ile (NOTCH2NLL) and an additional long version with a SNP 
(rs140871032) creating a premature stop codon at position 113, as well as an 
Ala→Thr SNP (rs76765512) in EGF-like repeat 3 (NOTCH2NLL,R113*,A154T). The 
Ala→Thr SNP was also found in a short allele (NOTCH2NLSh,A154T) in NA12878 
(Table S1). Conversely, the premature stop codon appears without the Ala→Thr 
SNP (NOTCH2NLL,R113*) in one patient genome. RNA-seq analysis on H9 hESC-
derived cortical organoids, confirmed that all the H9 NOTCH2NL alleles are 
expressed (Figure 1C). NOTCH2NLL,R113*,A154T represents only about 3.5% of the 
NOTCH2NL transcripts, possibly due to nonsense-mediated decay of the 
premature stop codon-containing transcript. The low level of expression and the 
truncated protein structure of R113* containing variants suggest they are non-
functional. Altogether, we identified 8 NOTCH2NL alleles producing distinct protein 
or protein abundance variants of the 3 NOTCH2NL genes in the 1q21 locus in 15 
genomes we analyzed (Figure 1D, Figure S1I). From here on, we refer to these 
NOTCH2NL alleles as paratypes since their physical location can vary among 
paralogous locations and therefore they do not conform to standard haplotypes. A 
typical NOTCH2NL genotype consists of 6 NOTCH2NL paratypes (Figure 1C), 



Chapter 3 
 
 

120  
 

rather than two haplotypes as for most genes. We expect more variants will be 
found when additional genomes are analyzed (Figure 1D, Table S1, S4). Analysis 
of Singly-Unique Nucleotides (SUNs) in 2,531 low coverage genome sequencing 
data sets from the 1000 Genomes Project (Genomes Project et al., 2015) and 266 
high coverage genomes from the Simons Diversity Project (Mallick et al., 2016, 
Nothaft, 2017) revealed the combined copy number of NOTCH2NLA- and 
NOTCH2NLB-like paratypes is remarkably stable. We found evidence for a 
combined copy number of 4 in all individuals after accounting for gene conversion. 
This suggests total dosage of NOTCH2NLA- and NOTCH2NLB-like paratypes may 
be important. In contrast, the NOTCH2NLC-like paratype, NOTCH2NLSh-2ntdel, has 
variable copy number, with the frequency of 0, 1 and 2 copies being 0.4%, 6% and 
92% respectively in the Simons Diversity dataset, indicating it may not be essential. 
To explore the evolutionary history of NOTCH2NL genes, we assessed the 
presence and structure of NOTCH2NL genes in other primates. Based on 
alignment of genomic DNA-reads matching the parental NOTCH2 locus, we 
established that NOTCH2NL emerged by a partial duplication of NOTCH2 prior to 
the last common ancestor (LCA) of human, chimpanzee and gorilla (Figure 2). 
Unlike human, both chimpanzee and gorilla have variable read depth over the 
region encompassing their NOTCH2NL-like sequences. This pattern suggests the 
existence of multiple versions of truncated NOTCH2NL-like genes in these species 
(Figure 2A). Consistent with this, we identified several different transcribed 
NOTCH2NL-like genes in chimpanzee. However, sequencing revealed that none 
of these genes encode NOTCH2-related proteins (Figure 2B, Figure S2). We 
found four chimpanzee NOTCH2NL-like pseudogenes which lack a 52 kb region 
including exon 2 (NOTCH2NL-like Δexon2), encoding a protein of 88 amino acids 
with no homology to human NOTCH2NL (Figure S2D, F). Four additional 
chimpanzee NOTCH2NL-like pseudogenes lack either exon 1 or exons 1-2, and 
are fused to various 3’ truncated genes with the following configurations: 
PDE4DIPexon1-27-NOTCH2NLexon2-5, TXNIPexon1-NOTCH2NLexon2-5 MAGI3exon1-
NOTCH2NLexon3-5, and MAGI3exon1-14-NOTCH2NLexon3-5 (Figure 2B, S2A). 
Sequencing of transcripts derived from these NOTCH2NL-fusion pseudogenes 
established that the NOTCH2NL exons in all of them were out of frame with the 
upstream exons (Figure S2E). Finally, we do not detect NOTCH2NL in protein 
extracts from chimpanzee stem cell-derived cortical tissues under the same 
conditions where we detect human NOTCH2NL protein (Figure 2C). Overall, our 
analysis suggests chimpanzees lack a functional NOTCH2NL gene, but instead  
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harbor a total of 8 NOTCH2NL pseudogenes. In gorilla, three NOTCH2NL-fusion 
pseudogenes were identified (Figure S2B) of which two were similar to 
NOTCH2NL-fusion pseudogenes found in chimpanzee: PDE4DIPexon1-27-
NOTCH2NLexon2-5 and MAGI3exon1-14-NOTCH2NLexon3-5. Transcript support was 
obtained for BRD9-NOTCH2NL and PDE4DIPexon1-27-NOTCH2NLexon2-5 using RNA 
from gorilla iPSCs (Ramsay et al., 2017) (Figure S2C). The presence of two nearly 
identical fusion pseudogenes in gorilla and chimpanzee suggests that these were 
formed in the LCA of human, chimp and gorilla. However, neither are found in the 
human genome. Human NOTCH2NL genes are all in the vicinity of PDE4DIP, but 
human NOTCH2NL genes have a 5’ genomic structure highly similar to NOTCH2. 
This suggests a plausible evolutionary history of NOTCH2NL genes as follows 
(Figure 2D): Both the PDE4DIP-NOTCH2NL and MAGI3-NOTCH2NL fusion 
pseudogenes were present in the LCA of human, chimp, and gorilla. Then, only in 
the human lineage, the ancestral PDE4DIP-NOTCH2NL fusion gene was ‘revived’ 
by NOTCH2 through ectopic gene conversion. With the acquisition of exon 1 and 
the upstream promoter, a viable NOTCH2NL gene encoding a stable NOTCH2-
related protein was created. Because no remnants of a MAGI3-NOTCH2NL fusion 
pseudogene are found in the human genome, it must have been lost, perhaps in 
the upheaval of the pericentric inversion on chromosome 1 and subsequent large-
scale copy number changes (Szamalek et al., 2006). The revived human 
NOTCH2NL subsequently duplicated twice more to form three nearly identical 
NOTCH2NL genes in the 1q21.1 locus. Chimpanzee and gorilla had additional, 
species-specific duplications involving NOTCH2NL-related sequence, but none 
produced functional genes. Based on comparative genome analysis of archaic 
humans (Lazaridis et al., 2014), Neanderthals (Prufer et al., 2017; Prufer et al., 
2014) and Denisovans (Meyer et al., 2012), the number of substitutions between 
NOTCH2 and NOTCH2NL and the analysis in Figure 2A, we estimate the gene 
conversion event generating a functional NOTCH2NL happened between 4 and 3 
MYA. This corresponds to a time just before or during the early stages of the 
expansion of the human neocortex (Holloway et al., 2004) (Figure 2E). Our 
proposed scenario of NOTCH2NL evolution involves multiple lineage-specific gene 
duplications, rearrangements, losses and ectopic gene conversion, consistent with 
what has been previously reported for this locus (Nuttle et al., 2013; O'Bleness et 
al., 2012). This propensity for repeated complex genomic alterations is 
characteristic of what have been called duplication hubs in the ape genomes 
(Bailey and Eichler, 2006). NOTCH2NL appears to be part of such a hub. 



3

Human-specific NOTCH2NL genes affect Notch signaling and cortical neurogenesis 
 
 

123 
 

 
Figure 3. Radial glia-specific expression of NOTCH2NL in human fetal brain samples. 
Scatterplot of 3466 fetal brain cells after single cell RNA-Seq principal components analysis 
and t-stochastic neighbor embedding (tSNE) as described in Nowakowski, et al., 2017. 
Cells are colored by annotated cell type clusters (A), NOTCH2NL expression (B) and 
NOTCH2 expression (C). See also Figure S3. 
 
NOTCH2NL is expressed in Radial Glia neural stem cells during human 
cortical development  
We examined NOTCH2NL expression in 3,466 single cells derived from human 
fetal brains ranging in age from 11 to 21.5 gestational weeks that were sampled 
from multiple regions of the dorsal and ventral telencephalon (Nowakowski, et al., 
2017) (Figure 3). This data set contains a broad diversity of cell types including 
radial glia (RG) neural stem cells, intermediate progenitor cells (IPC), excitatory 
and inhibitory neurons, oligodendrocyte progenitors (OPC), astrocytes and 
microglia. The NOTCH2NL expression pattern closely resembles that of NOTCH2 
and is highest in various RG populations, including oRG, as well as astrocytes and 
microglia (Figure 3, Figure S3). We also estimated the relative expression of the 
H9 hESC paratypes of NOTCH2NL in undifferentiated H9 hESCs and week 5 
hESC-derived cortical organoids. Illumina short-read RNA-seq data suggests that 
NOTCH2NLL has the highest expression, and the other NOTCH2NL paratypes are 
expressed at levels 20-60% of NOTCH2NLL (Figure S3B). As a more precise 
approach, we sequenced a full-length cDNA library enriched for NOTCH2NL 
transcripts by MinION nanopore.  
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Figure 4. Ectopic expression of NOTCH2NL delays neuronal differentiation. (A) 
Overview of mouse cortical organoid differentiation protocol. Genes upregulated (B) or 
downregulated (C) in mouse organoids ectopically expressing NOTCH2NLSh,T197I 
compared to EV. Green asterisk; radial glia associated genes. Red asterisk; neuron 
differentiation genes. See also Figure S4 and Table S2. 
 
The results confirmed that NOTCH2NLL has the highest expression, accounting 
for 43.6% of the transcripts, and indicated that the other paratypes have expression 
levels between ~8% and 40% of NOTCH2NLL (Figure 1C).  
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Ectopic expression of NOTCH2NL delays mouse cortical neuron 
differentiation 
To investigate the role of NOTCH2NL in RG and neuronal differentiation, we 
assessed the effects of ectopic NOTCH2NL expression in mouse cortical 
organoids. We generated a stable mouse ESC line ectopically expressing human 
NOTCH2NLSh,T197I, along with an empty vector (EV) control cell line, which were 
used to generate cortical organoids (Eiraku et al., 2008) (Figure 4A). NOTCH2NL 
expressing organoids did not show gross differences compared to the EV controls 
(Figure S4D-E). At day 6, a stage where most cells express the radial glial cell 
markers Pax6 and Sox2, samples were harvested for RNA-seq. 147 differentially 
expressed (DE) genes were found (p-adj<0.05, Figure S4A-B, Table S2). 
NOTCH2NL expressing organoids showed increased expression of genes 
involved in negative regulation of neuron differentiation, such as Foxg1, Id4, Fezf2, 
Sox3 and Six3 (Figure 4B). Id4 is particularly interesting as it is a downstream 
effector of Notch signaling that mediates the effect of NOTCH activation on 
neuronal progenitor fate decisions (Boareto et al., 2017). Several genes associated 
with neuronal differentiation were downregulated, including Cntn2, Nefl, Gap43, 
and Sox10 (Figure 4C, Figure S4C). These results suggest ectopic expression of 
NOTCH2NL in mouse organoids delays differentiation of neuronal progenitor cells. 
 
Deletion of NOTCH2NL affects human cortical organoid development  
To explore the functional role of NOTCH2NL in human cortical neurogenesis, we 
used CRISPR/Cas9 to delete NOTCH2NL genes in hESCs producing a clone with 
a homozygous deletion of both NOTCH2NLA and NOTCH2NLB and a 
heterozygous deletion of NOTCH2NLC (Figure S5B). NOTCH2 and NOTCH2NLR 
were unaffected. This clone is denoted H9NOTCH2NLΔ (Figure 5A-B). As a control, 
another clone was selected that went through the same CRISPR/Cas9 transfection 
and selection process, but for which we did not detect deletions in NOTCH2 or 
NOTCH2NL loci (denoted H9*). Cortical tissues were generated from these clones 
by directed differentiation (Eiraku et al., 2008; Figure 5C-D). hESC-derived cortical 
organoids resemble early developmental stages of primate cortex development 
(Figure 5E-I), displaying neural rosette structures of radially organized RG cells 
giving rise to cortical neurons (Figure 5E-F). 
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Figure 5. Cortical organoids from hESCs lacking NOTCH2NL show premature 
neuronal maturation. (A,B) Schematic of NOTCH2NL alleles (A) and UCSC genome 
browser view of NOTCH2 and NOTCH2NL loci showing normalized genome sequencing 
coverage (B) in control (H9*) and NOTCH2NL mutant (H9NOTCH2NLΔ) cell lines. Cortical 
organoid protocol schematic (C) with bright field images (D) and cell types generated (E). 
(F-I) Immunofluorescence staining of cortical organoids with markers of radial glia (PAX6, 
BLBP), intermediate progenitors (TBR2) and layer V cortical neurons (CTIP2). Scale 
bar=50 µm. (J) Spearman’s rank correlation using the top 250 upregulated and 
downregulated genes (H9NOTCH2NLΔ / H9*), and data from previously generated W3, W4 and 
W5 H9 organoids. (K) Heatmap showing expression for a selection of genes in the 
significantly enriched GO cluster ‘neuron differentiation’. See also Figure S5 and Table S2. 
 
RNA-seq analysis of cortical organoids isolated at weekly time points reveals H9 
hESC-derived cortical organoids display efficient and selective induction of dorsal 
forebrain marker genes, highly resembling the expression pattern during early 
stages (8-9 post conception weeks) of human dorsal forebrain development in vivo 
(Figure S5A, Table S2). Throughout the experiment, H9NOTCH2NLΔ organoids were 
smaller in size compared to control (H9*) organoids (Figure S5C-D). To analyze 
the effect of NOTCH2NL deletion on gene expression, we performed RNA-seq 
analysis on cortical organoids isolated at week 4 (w4) and discovered DE genes 
between H9NOTCH2NLΔ and H9*. Gene expression of the top 250 up- and down-
regulated DE genes was correlated to previously generated RNA-seq profiles of 
H9 w3, w4 and w5 cortical organoids. This analysis revealed that differentially 
expressed genes in w4 H9* correlate best with w4 H9 cortical organoids. Strikingly, 
w4 H9NOTCH2NLΔ showed a better correlation with w5 H9 cortical organoids (Figure 
5J). This indicates that w4 H9NOTCH2NLΔ organoids prematurely display 
characteristics of w5 organoids and are advanced in their development compared 
to H9* organoids. GO-term enrichment analysis for the 212 genes DE genes in 
H9NOTCH2NLΔ that correlate better with w5 than w4 H9 organoids (Figure 5K) 
showed enrichment for genes involved in neuron differentiation, including key 
regulators of neuron differentiation such as the cortical layer V marker BCL11B 
(CTIP2), DLX1, SEMA3A, UNC5D and FGFR2. Immunofluorescent staining of 
multiple week 4 organoids supported these findings: W4 H9NOTCH2NLΔ organoids 
display similar capacities to form SOX2-positive neural rosettes as H9* (Figure 
S5E-G). 
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Figure 6. NOTCH2NL paratypes interact with NOTCH receptors and enhance  Notch 
signaling. (A) Co-immunoprecipitation of NOTCH2 and NOTCH2NL analyzed by 
immunoblot. IP=Immunoprecipitation, N2NL=NOTCH2NL (B,C) Co-transfection of 
NOTCH2-GAL4 and NOTCH2NL in the pGL3-UAS reporter assay in co-culture with U2OS 
cells (B) or U2OS-JAG2 cells (C), n = 24 in 4 experiments. (D) Immunoblot showing 
immunoprecipitated NOTCH2NL in the medium of mouse ESCs ectopically expressing 
NOTCH2NL. (E) Effect of NOTCH2NL-conditioned medium in NOTCH reporter assay, n = 
7 in 2 experiments. One-way anova with Tukey’s HSD (* p<10-4). (F-G) NOTCH reporter 
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assay using the NOTCH1 receptor in conjunction with NOTCH2NL. (H-K) Assessment of 
common NOTCH2NL variants in reporter assay. (H-I) n = 12 in 2 experiments. (J-K) n = 6 
in 1 experiment, t-test with Holm-Bonferroni correction (* p<0.05, ** p<10-3), error bars 
indicate SD. Data is analyzed using Two-way anova with Tukey’s HSD (* p<10-4, ** p<10-

8, *** p<10-12). Error bars indicate SEM, unless otherwise specified. See also Figure S6. 
 
However, there was an increase in CTIP2 protein levels in w4 H9NOTCH2NLΔ 

organoids compared to w4 H9* organoids (Figure S5H-J), similar to the w4-w5 
transition in previously analyzed H9 organoids (Figure 5H-I). This further supports 
that NOTCH2NL has a role in delaying differentiation of neuronal progenitors in 
human cortical organoids. 
 
NOTCH2NL interacts with NOTCH receptors and enhances Notch-signaling 
We next tested whether NOTCH2NL can influence Notch signaling. The six N-
terminal EGF-like domains encoded in NOTCH2NL, also present in NOTCH2 
receptors, do not have a clearly described function in Notch signaling. Yet they are 
conserved from Drosophila to human, indicating an important functional role. There 
is evidence that N-terminal EGF-like domains are involved in dimerization of 
NOTCH receptors, and that receptor dimerization modulates NOTCH activity 
(Duering et al., 2011; Nichols et al., 2007). For example, in a hereditary stroke 
disorder called CADASIL, mutations in the five N-terminal EGF-like domains of 
NOTCH3 cause aberrant aggregation and dysfunction of NOTCH3 receptors 
(Karlstrom et al., 2002). Consistent with a role of the N-terminal EGF-like domains 
in dimerization of NOTCH receptors, we were able to co-immunoprecipitate 
NOTCH2NL with NOTCH2 and vice versa, suggesting NOTCH2NL and NOTCH2 
can physically interact (Figure 6A). Under these co-IP conditions, we did not find 
detectable interactions of NOTCH2NL with EGFR and PDGFRB, other EGF-like 
domain containing proteins. (Figure S6A-B). To assess the influence of 
NOTCH2NL on NOTCH2 receptor activation, a luciferase reporter assay was used 
in which the intracellular DNA binding domain (NOTCH2-ICD) was replaced with a 
GAL4 domain (NOTCH2-GAL4) and coupled with a pGL3-UAS luciferase reporter. 
This experimental setup allows for precise measurements of NOTCH2 activation, 
without secondary effects from other NOTCH receptors or other interacting 
pathways (Habets et al., 2015; Groot et al., 2014). Co-transfection of NOTCH2NLSh 
or NOTCH2NLL,T197I with NOTCH2-GAL4 in U2OS cells increased pGL3-UAS 
reporter activity by 24% and 63% respectively (Figure 6B), indicating both short 
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and long forms of NOTCH2NL can enhance NOTCH2 activation. Next, we co-
cultured U2OS cells transfected with NOTCH2-GAL4 and either EV, NOTCH2NLSh 
or NOTCH2NLL,T197I on top of a layer of cells expressing the canonical NOTCH 
ligand Jagged 2 (JAG2) (U2OS-JAG2) or control (U2OS) cells. Under these ligand-
mediated conditions where the baseline NOTCH2 activation was ~10 fold higher, 
NOTCH2NLsh and NOTCH2NLL,T197I still increased NOTCH2 activation by 23% and 
21% respectively. This demonstrates that even under high-signaling conditions 
NOTCH2NL can enhance  Notch signaling (Figure 6C). NOTCH2NL is secreted 
by cells that express it (Duan et al., 2004) (Figure 6D). Conditioned medium from 
cells transfected with EV, NOTCH2NLSh or NOTCH2NLL,T197I was added for 24 
hours to cells transfected with only NOTCH2-GAL4 and the luciferase reporter. 
Both NOTCH2NLSh- and NOTCH2NLL,T197I-conditioned medium increased reporter 
activity by 24% and 22% respectively (Figure 6E). This indicates that secreted 
NOTCH2NLsh and NOTCH2NLL,T197I can enhance NOTCH2 activation, despite 
their different N-terminal structures (Figure 1C) and suggests NOTCH2NLSh is 
secreted by an unconventional pathway (Rabouille, 2017). In the co-transfection 
experiments NOTCH2NLL,T197I was clearly more potent than NOTCH2NLL,T197I-
conditioned medium, whereas NOTCH2NLsh had similar potency in both settings 

(Figure 6B). This suggests NOTCH2NLL,T197I can enhance  Notch signaling 
through both intracellular and extracellular mechanisms whereas NOTCH2NLsh 
acts primarily through extracellular mechanisms in these assays. We found that 
the ability of NOTCH2NL to enhance NOTCH activation is not limited to NOTCH2. 
NOTCH2NLSh and NOTCH2NLL,T197I were able to activate NOTCH1-GAL4 and 
NOTCH3-GAL4 constructs alone or under ligand-stimulated conditions, at similar 
levels to NOTCH2-GAL4 (Figure 6F-G, Figure S6C). We also found that 
NOTCH2NLSh and NOTCH2NLL,T197I enhance NOTCH2 activity when stimulated 
by other NOTCH ligands, DLL1 (Figure S6D) and DLL4 (Figure S6E). Thus, the 
potency of NOTCH2NL to enhance NOTCH receptor activation is not restricted to 
specific NOTCH paralogs or NOTCH-ligands. Our paratype analysis revealed that 
both NOTCH2NLSh and NOTCH2NLL exist as paratypes with and without a T197I 
substitution (Figure 1C). This substitution disrupts a conserved fucosylation site. 
Interestingly, the single amino acid changes had subtle but significant influences 
on NOTCH2 activation. NOTCH2NLSh and NOTCH2NLSh,T197I performed similar 
under baseline conditions (29% and 31% increase, respectively, Figure 6H). 
However, with JAG2 co-culture, NOTCH2NLSh,T197I was more potent than 
NOTCH2NLSh (53% and 25% increase respectively, Figure 6I). Under baseline 
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conditions, NOTCH2NLL,T197I was a more potent activator than NOTCH2NLL (63% 
and 21% increase, respectively, Figure 6J) while under ligand stimulated 
conditions NOTCH2NLL,T197I had less effect than NOTCH2NLL (17% and 38% 
increase, respectively, Figure 6K). These data are striking in that they show single 
amino acid changes between NOTCH2NL paratypes which segregate in the 
human population have subtle but significant differences in their potency to 
enhance NOTCH2 activation. 
 
Deletions and duplications of NOTCH2NL genes are associated with 
neurodevelopmental phenotypes 
The 1q21.1 locus has been associated with a developmental disorder called 
1q21.1 distal deletion/duplication syndrome (Mefford et al., 2008; Rosenfeld et al., 
2012) (Figure S7). Supporting the high recurrence frequency of the event, 18-50% 
of distal duplications and deletions are de novo (Haldeman-Englert and Jewett, 
1993). Not all individuals are symptomatic. The carrier frequency of the deletion in 
the European general population has been estimated at 0.03% and the duplication 
at 0.05% (Mace et al., 2017). When present, common neurological symptoms 
include microcephaly/macrocephaly (Mefford et al., 2008; Rosenfeld et al., 2012), 
schizophrenia (International Schizophrenia Consortium, 2008; Mace et al., 2017;) 
and autism (Bernier et al., 2016). In patients ascertained as part of the Simons 
Variation in Individuals (VIP) autism study, 1q21.1 distal duplication probands 
exhibited ADHD (29%), behavior disorder (18%), autism spectrum disorder (41%), 
developmental coordination disorder (23%), intellectual disability (29%), while 
deletion probands exhibited these symptoms at lower frequencies, but with a 
relatively high percentage (26%) exhibiting anxiety and mood disorders (Bernier et 
al., 2016). NOTCH2NL was never considered a candidate for the 1q21.1 distal 
syndrome, because in the GRCh37 assembly, which was used for the studies that 
mapped 1q21.1 copy number variations (CNVs), NOTCH2NL was incorrectly 
positioned. We reanalyzed CNV microarray data derived from 11 patients 
previously characterized with 1q21.1 CNV-associated microcephaly or 
macrocephaly by remapping to GRCh38. The results suggest that NOTCH2NLA 
and NOTCH2NLB are located inside the 1q21.1 distal deletion/duplication locus of 
these patients (Figure S7). All nine microcephaly cases were consistent with 
NOTCH2NLA and/or NOTCH2NLB deletion and both macrocephaly cases were 
consistent with NOTCH2NLA and/or NOTCH2NLB duplication.  
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Figure 7. Patients with 1q21.1 Distal Deletion/Duplication Syndrome show 
breakpoints and CNV in NOTCH2NLA and NOTCH2NLB. (A) UCSC Genome Browser 
screenshot from GRCh38. The duplication depth track indicates duplicated genome 
sequences as colored bars: white (single copy, N=1), orange (N=2-4), green (N=5), black 
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(N>5). DNA sequence coverage tracks were generated in three ways. (1) Normalized read 
depth was calculated based on the entire region (red) or (2) by segmenting into 5 
subregions: centromeric to NOTCH2NLA, NOTCH2NLA, between NOTCH2NLA and 
NOTCH2NLB, NOTCH2NLB, and telomeric to NOTCH2NLB (green) (STAR Methods). (3) 
Average coverage for breakpoints within NOTCH2NLA and NOTCH2NLB is shown as step 
function (blue). Where all models agree, the colors combine to black. (B) Schematic of the 
NOTCH2NL chromosomal configuration before and after a duplication or deletion event. 
See also Figure S7, Table S3-S4. 
 
In at least one out of nine microcephaly patients, the HYDIN2 locus exhibits a 
normal copy number,consistent with previous findings (Dougherty et al., 2017). 
The sparsity of unique probes in the highly repetitive 1q21.1 region precludes a 
precise breakpoint analysis of these older data. To more accurately map the CNV 
breakpoints in 1q21.1 patients, we obtained primary fibroblasts from six autism 
patients in the Simons VIP project (Bernier et al., 2016); one patient with a 1q21.1 
distal duplication and five with distal deletions (Figure 7, Table S3). Deep 
sequencing coverage analysis of array-enriched 10x Genomics Chromium data 
demonstrates that all of the Simons 1q21.1 patients have deletion/duplication 
breakpoints within or close to the genomic coordinates containing NOTCH2NLA 
and NOTCH2NLB giving a deleted/duplicated region of ~2.4 megabases (Figure 
7A). In 1q21.1 deletions we see normal copy number 2 for unique DNA outside of 
the locus and copy number 1 for unique DNA inside the locus. On the positions of 
NOTCH2NLA and NOTCH2NLB we observe a copy number of roughly 1.5. This is 
consistent with a scenario where a homology-driven deletion with breakpoints 
inside or adjacent to NOTCH2NA and NOTCH2NLB on one of the chromosomes 
leaves a single hybrid NOTCH2NLA/B gene (Figure 7B). Likewise, in the case of 
1q21.1 duplication, a copy number of roughly 2.5 is observed, consistent with the 
presence of an additional hybrid NOTCH2NLA/B allele. Assembly of NOTCH2NL 
paratypes in the sequencing data derived from these patients confirmed that 
indeed all of the deletion samples have three NOTCH2NLA/B alleles and the 
duplication sample has five. In all but one sample (SV788) we could determine all 
of the hybrid NOTCH2NLA/B paratypes (Figure 7, Table S1). Our data suggests 
that the typical 1q21.1 distal deletions/duplications are caused by non-allelic 
homologous recombination between the highly homologous NOTCH2NLA and 
NOTCH2NLB loci, and these events produce NOTCH2NL copy number change.  
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Discussion  
NOTCH2NL joins ARHGAP11B (Florio et al., 2015) and BOLA2 (Nuttle et al., 2016) 
as a third example of the concomitant emergence of a potential adaptive 
evolutionary innovation and susceptibility to a recurrent genomic disorder from 
chromosomal instability mediated by human-specific duplication hubs. Such hubs 
are an important reservoir of new genes, carrying with them the potential to rapidly 
change the structure of the genome via non-allelic homologous recombination. 
Promising genes recently implicated in human brain evolution including SRGAP2C 
and TBC1D3 map to regions of human-specific structural variation (Dennis et al., 
2016).The peculiar evolutionary history of NOTCH2NL includes a series of 
genomic reorganization events resulting in three functional NOTCH-related genes 
only in humans. The most plausible scenario is that in a common ancestor of 
humans, Neanderthals and Denisovans, the ancestral PDE4DIP-NOTCH2NL 
pseudogene was repaired by ectopic gene conversion from NOTCH2. This event 
may have been crucial to human evolution, marking the birth of a novel human-
specific NOTCH-related gene involved in differentiation of neuronal progenitor 
cells. NOTCH2NL likely functions to delay, yet eventually increase production of 
neurons from radial glia during fetal brain development. This may represent a new 
mechanism for neoteny in human neurodevelopment, along with that hypothesized 
for delayed and ultimately increased development of dendritic spines (Charrier et 
al., 2012). NOTCH2NL is expressed in the germinal zones of the developing 
human cortex. Of particular interest is its expression in outer radial glia cells, 
thought to be involved in the evolutionary expansion of the human cortex (Hansen 
et al., 2010; Lui et al., 2011). It has remained elusive how the loosely organized 
oRG cells maintain their sustained capacity for self-renewal and proliferation. 
Recent work suggests that oRG cells directly contribute to a stem cell niche in the 
outer subventricular zone through increased expression of extracellular matrix 
proteins and growth signal factors (Pollen et al., 2015) and that Notch signaling is 
essential for oRG cell self-renewal (Hansen et al., 2010). Our findings that 
NOTCH2NL has an enhancing effect on NOTCH activation and delays 
differentiation of neuronal progenitors in organoids raises the possibility that 
NOTCH2NL may be one of the factors that evolved to support oRG cell self-
renewal. In modern humans, three NOTCH2NL genes exist as at least eight 
different “paratypes”. NOTCH2NL function in any particular genotype may depend 
on the combined expression pattern of structurally distinct NOTCH2NL paratypes. 
Our data suggest that the short forms of NOTCH2NL may act primarily in an 
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extracellular context and are likely secreted by unconventional secretion pathways 
due to the lack of a signal peptide. In contrast, the long forms of NOTCH2NL 
contain the signal peptide required to enter the canonical secretory pathway, where 
they encounter NOTCH receptors and ligands in secretory vesicles before they are 
transported out of the cell. The different paratypes of NOTCH2NL have different 
potencies to enhance NOTCH activity, and are possibly the product of ongoing 
evolutionary gene-dosage optimization of NOTCH pathway modulation. Despite 
increased structural variation in the region, the overall copy number of 
NOTCH2NLA and NOTCH2NLB is remarkably stable at a combined copy number 
4 in all individuals analyzed for the current human population, suggesting selection. 
However, we find normal individuals with 1 (31/266) or even 2 (4/266) NOTCH2NL 
paratypes containing the premature stop encoding SNP (R113*). This, combined 
with the different effects of the NOTCH2NL protein variants, makes it difficult to 
argue for intensive ongoing selection for either overall dosage or for dosages of a 
specific combination of allele types. Many more individual genomes need to be 
fully resolved with regards to the organization of NOTCH2NL paratypes to 
disentangle the selective forces on NOTCH2NL genotypes, which for now remain 
mysterious. Is the physiological system robust to NOTCH2NL paratype 
differences, or has the optimal balance of NOTCH2NL alleles not been fixed in the 
population? Based on our study, NOTCH2NLA and NOTCH2NLB should be 
considered new candidates for contributing to the neurological phenotypes of 
1q21.1 distal deletion/duplication syndrome. However, they are not the only genes 
whose copy number is changed. Protein coding genes between NOTCH2NLA and 
NOTCH2NLB include HYDIN2, CHD1L, BCL9, GJA5, GJA8, PRKAB2, FMO5, 
ACP6, PPIAL4G, GPR89B, and DUF1220-domain containing NBPF paralogs. The 
progressive increase in number of DUF1220 domains in primate genomes was 
shown to correlate with the evolutionary expansion of the neocortex (Popesco et 
al., 2006). CHD1L is amplified in many solid tumors and promotes tumor growth 
(Cheng et al., 2013), suggesting a role in cell proliferation. HYDIN2 was a strong 
candidate, but recent work found 6 symptomatic patients with atypical breakpoints 
excluding HYDIN2, thus eliminating it as a likely driver (Dougherty et al., 2017). 
Mapping of these atypical patients indicates that the NOTCH2NLB locus was fully 
duplicated in all three atypical duplication cases (all macrocephalic), and fully 
deleted in all three atypical deletion cases (all microcephalic). Therefore, these 
cases are consistent with a contribution of NOTCH2NL to 1q21.1 
deletion/duplication syndrome. There are scattered reports of patients with smaller 
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duplications or deletions, including neither NOTCH2NLA nor NOTCH2NLB 
(Girirajan et al., 2013; Van Dijck et al., 2015). These studies have variously pointed 
to CHD1L, BCL9 or LINC00624 as causative genes. However, no mechanistic 
explanation for the possible association of these genes with neurodevelopmental 
changes has been established. Thus, multiple genes may contribute, but by 
providing the substrates for non-allelic homologous recombination, NOTCH2NL 
genes clearly enable the 1q21.1 distal deletion/duplication syndrome. The strong 
directional association of 1q21.1 distal deletion/duplication syndrome with brain 
size, with duplications tending to cause macrocephaly and deletions microcephaly, 
is most intriguing from a NOTCH2NL evolutionary perspective: Duplications are 
associated with increased NOTCH2NL dosage, which in ex vivo experiments 
delays differentiation of neuronal progenitor cells allowing for a longer period of 
proliferation. In support of our findings, a companion study by Suzuki et al., 2018 
provides evidence that ectopic NOTCH2NLL,T197I can increase the expansion of 
radial glia and long term neuronal output. Conversely, deletions decrease 
NOTCH2NL dosage, which in ex vivo experiments promotes premature 
differentiation of human neuronal progenitor cells into cortical neurons. While still 
preliminary, these data support a role of NOTCH2NL genes not only in the 
cognitive and brain size symptoms of 1q21.1 distal deletion/duplication syndrome, 
but also in the evolution of the human-specific larger brain size. A delay in cortical 
maturation, coupled with a net increase in the size of the neocortex, in large part 
from sustained activity of outer radial glia progenitor cells, is characteristic of 
human brain development. Humans may in fact be caught in an evolutionary 
compromise in which having multiple copies of NOTCH2NL provides a 
neurodevelopmental function we need, while at the same time predisposing our 
species to recurrent de novo non-allelic homologous recombination events that 
underlie a neurodevelopmental syndrome and contribute to our overall genetic 
load. Given the many different alleles (“paratypes”) of NOTCH2NL we observe 
segregating in the current human population, the tension caused by this 
compromise may still be a factor in our ongoing evolution. 
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Figure S1. Related to Figure 1. (A) Identity between NOTCH2-related genes as measured 
over the alignable genomic region (blue) or the gene exons (pink). (B) DNA and amino acid 
sequence of human NOTCH2NL genes in exon 5, which is derived from NOTCH2 intron 4. 
(C) Immunoblot of mouse ESCs transfected with WT NOTCH2NL, or NOTCH2NL with 
ancestral ATAA inserted in exon 5. (D) Relative protein levels based on the immunoblot in 
panel C. (E) RT-qPCR analysis of the same samples for determination of transcript levels 
for each condition. (F) Alignment of the H9 assembled paratypes to GRCh38. Each 
paratype is colored as to whether a position aligns best to GRCH38 NOTCH2NLA, 
NOTCH2NLB or NOTCH2NLC. (G) Observed frequency of individuals with the indicated 
NOTCH2NLC and NOTCH2NLR copy number in the Simons Diversity Panel (n=266). (H) 
Schematic of linked-read sequencing and Gordian Assembler protocol using the 10x 
Genomics Chromium genome assay and oligo-capture to enrich for library fragments 
containing the desired genomic region.  
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Figure S3. Related to Figure 3. (A) Summary violin plots indicating NOTCH2NL and 
NOTCH2 expression in various cell types. (B) NOTCH2NL paratype expression in 
undifferentiated hESCs and week 5 cortical organoids from bulk Illumina RNA-Seq. (C) 
Protein alignment of observed NOTCH2, NOTCH2NL and NOTCH2NLR paratypes based 
on our assembly results. Note that NOTCH2 sequence extends beyond what is shown in 
the alignment. A segregating variant in NOTCH2NLR is found at amino acid position 235. 
 
 
 

 
Figure S4. Related to Figure 4. (A) MA plot of RNA-sequencing data of mouse cortical 
organoids based on DESeq2 analysis. (B) Heatmap showing Z-scores of differentially 
expressed genes (p-adj < 0.05, DESeq2). (C) GO terms significantly associated with the 
upregulated genes in organoids ectopically expressing NOTCH2NLSh,T197I. Images are 
1283 µm wide. (D) Violin plot showing size (length along the longest axis) of mouse cortical 
organoids based on brightfield pictures in (E). There was no significant difference (p < 0.05) 
in size between groups at any time point using a two-sided Kolmogorov-Smirnov test. 
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Figure S5. Related to Figure 5. (A) Heatmap of expression levels for a selection of brain 
structure marker genes from hESC-derived cortical organoids at the indicated time points 
(left) and from human embryonic dorsal prefrontal cortex (DFC) samples at 8 pcw, 9 pcw, 
12 pcw and 13 pcw, derived from the Allen Brain Atlas (http://www.brainspan.org) (right). 
w = week; pcw = post conception week; FPKM= fragments per kilobase of exon per million 
fragments mapped. 

A 
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Figure S5. Related to Figure 5. (B) Schematic of strategy to generate NOTCH2NL-
specific deletions using CRISPR/Cas9 and alignment of the two guide sequences used to 
NOTCH2NL-related sequences. (C) Brightfield images of H9* and H9ΔNOTCH2NL organoids 
at selected timepoints. Images are 4961 µm wide. (D) Violin plot showing quantification of 
organoid size over time measured by length of longest axis, * p < 0.05, ** p < 0.005, 
Kolmogorov-Smirnov test.  
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Figure S5. Related to Figure 5. (E) DAPI staining and SOX2 immunostaining. (F-G) 
Quantification of SOX2+ cell number and SOX2 intensity. n = 15 H9*, n = 15 H9ΔNOTCH2NL. 
(H) DAPI staining and CTIP2 immunostaining H9* and H9ΔNOTCH2NL organoid sections. (I-J) 
Quantification of CTIP2+ cell number and CTIP2 intensity, *** p < 0.0001, t-test. n = 13 
H9*, n = 12 H9ΔNOTCH2NL. Scale bars in IF stainings indicate 100 µm. 
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Figure S6. Related to Figure 6. (A-B) Investigation of co-immunoprecipitation of 
NOTCH2NL with PDGFRB and EGFR in 2 independent experiments. N2NL = NOTCH2NL. 
(C) NOTCH reporter assay to assess the effect of NOTCH2NL using either NOTCH1-
GAL4, NOTCH2-GAL4 or NOTCH3-GAL4. U2OS cells transfected with EV, NOTCH2NLSh 
or NOTCH2NLSh,T197I in combination with the different NOTCH-Gal4 receptors, followed by 
co-culture on U2OS-JAG2 cells or U2OS control cells. n = 6 in one experiment. Student’s 
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t-test with Holm-Bonferroni correction (* p < 0.05, ** p < 10-3, *** p < 10-5), error bars indicate 
SD. (D) Effects of different NOTCH ligands in reporter assay. U2OS cells transfected with 
NOTCH2NLSh or NOTCH2NLSh,T197I to assess NOTCH2-Gal4 mediated reporter activity. 
Here, transfected cells were co-cultured with either U2OS-JAG2 or OP9-DLL1 expressing 
cells. n = 6 in one experiment. Student’s t-test with Holm-Bonferroni correction (* p<0.05, 
** p<10-3, *** p<10-5), error bars indicate SD. (E) U2OS cells transfected with EV, 
NOTCH2NLSh or NOTCH2NLSh,T197I and NOTCH2-Gal4 were seeded on recombinant DLL4 
coated plates or gelatin/BSA control plates, instead of co-culture with ligand-expressing 
cells. n = 13 in 3 experiments. Two-way anova with Tukey’s HSD (* p < 10-4, ** p <10-8, *** 
p < 10-12), error bars indicate SEM. 
 
 
 

 
Figure S7. Related to Figure 7. Relative probe intensities from CNV-microarrays for 2 
controls and 11 patients with reported 1q21.1 aberrations mapped to the GRCh38 1q21.1 
assembly. Gray: normal, red: deletion, blue: duplication. Dark red/blue is high confidence 
deletion/duplication based on probe values, light red/blue are potentially part of the 
deletion/duplication. 
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Table S1. Related to Figures 1. Results of NOTCH2NL gene de novo assembly. 
 
Table S2. Related to Figure 4 and 5. Gene expression measurements from RNA-seq 
experiments. 
 
Table S3. Related to Figure 7. Features of Simons VIP 1q21.1 samples. 
 
Table S4. Related to Figures 1 and 7. Curated Paratypes of Assembled and Simons 
Diversity Normals 
 
STAR Methods 
 
Contact for reagent and resource sharing  
Further information and requests for resources and reagents should be directed to and will 
be fulfilled by the Lead Contact, David Haussler (haussler@soe.ucsc.edu). 
 
Experimental model and subject details 
 
Mouse cell culture 
Mouse 46C ESCs (Ying et al., 2003) were obtained from Austin Smith and cultured, on 
0.1% gelatin coated plates in GMEM (Thermofisher) with 10% HIFBS, 2 mM L-Glutamine, 
1x NEAA, 1x NaPyr, 100 µM 2-mercaptoethanol and 1x P/S. ESGRO LIF (Millipore) was 
added fresh daily. Phenotypic analysis confirmed the presence of the Sox1-GFP reporter 
in this cell line. 
 
Human cell culture 
 
H9 embryonic stem cells 
H9 human embryonic stem cells (female, WA09, WiCell), were cultured in W0 medium: 
DMEM/F12 (Thermofisher) with 20% KnockOut serum replacement (KOSR, Thermofisher), 
2 mM L-glutamine (Thermofisher), 1x non-essential amino acids (NEAA, Thermofisher), 
100 uM 2-mercaptoethanol (Thermofisher) and 1x P/S (Thermofisher). W0 was freshly 
supplemented daily with 8 ng/ml FGF2 (Sigma). H9 hESCs (WA09, WiCell Research 
Institute) were grown on MEF feeder layers, and manually passaged every 5-6 days when 
colonies reached approximately 2 mm in diameter. Mitomycin-C treated mouse embryonic 
fibroblasts (MEFs, GlobalStem) were seeded on 0.1% gelatin coated plates at a density of 
35.000 cell/cm2. MEFs were cultured in DMEM, 4.5 g/l glucose + GlutaMax (Thermofisher, 
10% heat inactivated fetal bovine serum (HIFBS, Thermofisher), 1x Penicillin/Streptomycin 
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(P/S, Thermofisher) and 1x sodium pyruvate (NaPyr, Thermofisher). Karyoptype of our H9 
culture was confirmed by Cell Line Genetics before initiating CRISPR experiments. 
 
HEK293T cells 
HEK293T (ATCC) cells were cultured according to standard protocol in DMEM, 4.5 g/l 
glucose + GlutaMax, 10% HIFBS and 1x P/S. For co-IP experiments, HEK293T cells were 
transfected in T25 flasks at 50% confluency. 
 
NOTCH reporter cell line culture 
U2OS cells and U2OS-JAG2 (Myc-tagged) cells (gifts of Arjan Groot and Marc Vooijs, 
MAASTRO lab, Maastricht University) were cultured in DMEM, 4.5 g/l glucose + GlutaMax, 
10% HIFBS and 1x P/S. U2OS-JAG2 cells were supplemented with 2 µg/ml puromycin. 
OP9 cells and OP9-DLL1 cells (gifts of Bianca Blom, Academic Medical Center 
Amsterdam) were cultured in MEMα without nucleosides (Thermofisher), 2mM L-
glutamine, 20% HIFBS, 100 µM 2-mercaptoethanol and 1x P/S. For routine culturing, cells 
were passaged every 3-4 days using 0.25% Trypsin (Thermofisher) + 0.5 mM EDTA 
(Sigma) in PBS at densities of 1/8 to 1/10 (U2OS), or 1/4 to 1/6 (OP9). 
 
Great ape iPSC cultures 
Chimpanzee iPSC line 8919 was generated by an integration-free episomal protocol by 
Applied StemCell (Menlo Park, CA) from S008919 primary fibroblasts (Yerkes Primates, 
Coriell) as described in Field, et. al., bioRxiv 232553; doi: https://doi.org/10.1101/232553. 
Normal 48/XX karyotype was confirmed through passage 32 by Cell Line Genetics or the 
Coriell Institute for Medical Research. A male Gorilla iPSC line, 00053-cA3, was a gift 
from Carol Marchetto and Fred Gage and is described in (Ramsay, et al., 2017). No 
validation of this line was done in our lab. Chimp and gorilla iPSCs were maintained 
under feeder free conditions on Matrigel (Corning) with mTeSR-1 (STEMCELL 
Techonolgies). 
 
Method details 
 
Mouse ESC stable cell line generation and organoid differentiation 
To generate stable cell lines, 46C cells seeded on 100 mm plates and were transfected 
with 24 μg of linearized pCIG-NOTCH2NLSh,T197I-ires-GFP or empty pCIG-ires-GFP vector, 
using lipofectamine 2000 (Thermofisher). After 36 hours, GFP-positive cells were sorted 
using a FACSAria III (BD Biosciences) and recovered for further culturing. After 4 passages 
sorting was repeated and GFP-positive cells that had stably integrated the plasmid DNA in 
their genome were recovered for expansion and further culturing. We verified continued 
stable expression of NOTCH2NLSh,T197I-ires-GFP or empty vector (Supplemental Figure 
S4). Mouse 46C ESC organoid differentiation was performed as described previously 
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(Eiraku et al., 2008). Briefly, cells were seeded in ultra low attachment U-shaped 96 wells 
plates (Corning) at 6000 cells per well. Cells were in mouse ESC medium without LIF and 
supplemented with 3 µM IWR-1-Endo (Sigma) and 10 µM SB431542 (Sigma). Medium was 
replaced every other day. At day 7, medium was changed to Neurobasal/N2 medium. Three 
pools of 16 organoids were isolated in TRIzol after 6 days of differentiation for EV and 
NOTCH2NLSh,T197 organoids. 
 
Human cortical organoid differentiation  
For organoid differentiation, medium was replaced with W0 medium + 1x NaPyr without 
FGF2 (Differentiation medium). Colonies of 2-3 mm in diameter were manually lifted using 
a cell lifter, and transferred to an ultra-low attachment 60mm dish (Corning). After 24 hours 
(day 0) embryoid bodies had formed, and 50% of medium was replaced with Differentiation 
medium supplemented with small molecule inhibitors and recombinant proteins to the 
following final concentrations: 500 ng/ml DKK1 (peprotech), 500 ng/ml NOGGIN (R&D 
Systems), 10 μM SB431542 (Sigma) and 1 μM Cyclopamine V. californicum (VWR). 
Medium was then replaced every other day until harvest. On day 8, organoids were 
transferred to ultra-low attachment U-shaped bottom 96 well plates (Corning). On day 18, 
medium was changed to Neurobasal/N2 medium: Neurobasal (Thermofisher), 1x N2 
supplement (Thermofisher), 2 mM L-Glutamine, 1x P/S, supplemented with 1 μM 
Cyclopamine. From day 26 on, Cyclopamine was not supplemented anymore. Organoids 
were harvested in TRIzol at weekly time points. Total-transcriptome strand-specific RNA 
sequencing libraries were generated using dUTP for second strand synthesis on Ribo-zero 
(Epicentre) depleted total RNA. Double stranded cDNA was used for library preparation 
following the Low Throughput guidelines of the TruSeq DNA Sample Preparation kit 
(Illumina). For organoid formation of H9 hESC CRISPR/Cas9 NOTCH2NL knockout lines, 
an updated protocol was used: Differentiation medium was supplemented with 10 µM 
SB431542 (Sigma), 1 µM Dorsomorphin (Sigma), 3 µM IWR-1-Endo (Sigma) and 1 µM 
Cyclopamine (Sigma). Medium was then replaced every other day until harvest. On day 4, 
60 mm dishes with organoids were placed on a hi/lo rocker in the incubator. From day 18 
on, medium is replaced with Neurobasal/N2 medium. From day 24 on, Cyclopamine was 
not added anymore. Three pools of 5-10 organoids per condition were harvested in TRIzol 
at day 28 for RNA extraction. 
 
RNA-Sequencing Analysis 
Paired-end Illumina reads were trimmed from the 3’ end of read1 and read2 to 100x100 bp 
for human. Bowtie2 v2.2.1 (Langmead and Salzberg, 2012) was used with the “--very-
sensitive” parameter to filter reads against the RepeatMasker library 
(http://www.repeatmasker.org) which were removed from further analysis. STAR v2.5.1b 
(Dobin et al., 2013) was used to map RNA-seq reads to the human reference genome 
GRCh37. STAR was run with the default parameters with the following exceptions: --
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outFilterMismatchNmax 999, --outFilterMismatchNoverLmax 0.04, --alignIntronMin 20, --
alignIntronMax 1000000, and --alignMatesGapMax 1000000. STAR alignments were 
converted to genomic position coverage with the bedtools command genomeCoverageBed 
–split (Quinlan and Hall, 2010). DESeq2 v1.14.1 (Love et al., 2014) was used to provide 
basemean expression values and differential expression analysis across the time course. 
Total gene coverage for a gene was converted to read counts by dividing the coverage by 
N+N (100+100) since each paired-end NxN mapped read induces a total coverage of N+N 
across its genomic positions. Results are in Table S2 and data are available from GEO: 
GSE106245. 
 
For mouse cortical organoids and H9* and H9NOTCH2NLΔ organoid samples, RNA was 
isolated according to standard TRIzol protocol. RNA was treated with DNAseI (Roche) 
according to standard protocol for DNA clean-up in RNA samples. RNA was then isolated 
by column purification (Zymo RNA clean & concentrator 5) and stored at -80°C. For RNA 
sequencing, mRNA was isolated from total RNA using polyA selection Dynabeads mRNA 
DIRECT Micro Purification Kit (Thermofisher). Library was prepared using strand-specific 
Ion Total RNA-seq Kit v2 (Thermofisher) and Ion Xpress RNA-seq Barcode 1-16 
(Thermofisher) to label different samples. The samples were sequenced on an IonProton 
system (Thermofisher), generating single-end reads of around 100 bp in length. RNA 
sequencing data was processed using the Tuxedo package, according the ThermoFisher 
protocol for IonProton data with the following parameters: Reads were trimmed using 
trimmomatic (0.36) LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:25. Then, 
reads were mapped using STAR (2.4.0) --outStd SAM --outReadsUnmapped Fastx --
chimSegmentMin 18 --chimScoreMin 12 and Bowtie2 (2.3.3.1) --local --very-sensitive-local 
-q --mm, output BAM file per tool were merged. The ENSEMBL hg38 release 84 was used 
as reference. To generate raw read counts per gene: htseq-count (0.6.1p1) -t exon -i 
exon_id -q. DESeq2 (2.11.39, Galaxy) was used to normalize read counts and do pairwise 
statistical analysis to determine significant differentially expressed genes (p-adj < 0.05). 
For analysis of mouse data, the same processing was used with the mm10 genome. 
Results are in Table S2.  
 
For comparison of week 4 H9* and H9NOTCH2NLΔ organoid data to the previously established  
H9 organoid timeline, the following procedure was used: The top 250 upregulated and the 
250 downregulated genes between week 4 H9* and H9NOTCH2NLΔ based on p-adj were 
selected. The matching expression profiles of these 500 genes were extracted from the H9 
organoid timeline, yielding 361 genes expressed in both datasets. The expression profiles 
in week 4 H9* and H9NOTCH2NLΔ and H9 Week 3, Week 4 and Week 5 were sorted from high 
to low, and ranked 1 to 361. Then, pairwise comparisons were made between each sample 
to calculate Spearman’s rank correlation between all samples, and plotted using multi-
experiment viewer. 212 genes showed shift towards better correlation with Week 5 data in 
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H9NOTCH2NLΔ compared to H9*. These 212 genes were subjected to GO analysis using 
Panther V13.0 (Mi et al., 2017). A selection of genes from the significantly associated term 
neuron differentiation was plotted in a heatmap. Z-scores were calculated for the different 
samples of Week 4 H9* and H9NOTCH2NLΔ, and H9 Week 3, Week 4 and Week 5. 
 
Organoid immunofluorescence staining 
Organoids were collected in an eppendorf tube and washed 3 times in PBS, then fixed in 
3.8% PFA / PBS for 10 minutes. Organoids were washed 3 times in PBS again, following 
incubation in 30% sucrose / PBS overnight at 4°C. Organoids were embedded in cryomolds 
with Tissue Freezing Medium (VWR) or Shandon Cryomatrix (ThermoFisher) and stored 
at -80°C for later use. 16µm cryosections (Leica CM3050S) were captured on SuperFrost 
plus slides (VWR), and stored at -80°C for later use. For immunostainings, sections were 
defrosted and washed 3 times 3 minutes in PBS. Sections were post-fixed 10 minutes in 
3.8% PFA, followed by 3 washes of 3 minutes in PBS. Blocking solution (3% BSA + 0.1% 
Triton in PBS) was incubated at room temperature for 3-4 hours. Primary antibodies were 
diluted 1:1000 in blocking solution and incubated overnight at 4°C. Sections were washed 
3 times 5 minutes in PBS, then secondary antibodies diluted 1:1000 in 0.1% Triton / PBS 
and incubated 1 hours at room temperature. Slides were then washed 3 times 5 minutes 
with PBS and mounted with SlowFade+DAPI solution (Invitrogen) and stored at 4°C. 
Alternatively, after secondary antibody incubation, slides were washed 2 times 5 minutes 
in PBS, followed by DAPI solution incubation of 5 minutes, then washed 2 more times for 
5 minutes. 3 drops of FluorSave (MerckMillipore) were added and slides were sealed by 
coverslips and nailpolish. Imaging was done at least 24 hours after storing the slides at 
4°C. Primary antibodies were diluted to the following amounts: anti-SOX2 1:1000, rabbit 
anti-CTIP2 1:1000, rat anti-CTIP2 1:250, anti-PAX6 1:200, anti-TBR1 1:500. Secondary 
antibodies were diluted to the following amounts: anti-rabbit 488 1:1000, anti-mouse 488 
1:1000, anti-rabbit Cy3 1:1000, anti-rat Cy3 1:1000. Antibody details can be found in the 
key resource table. 
 
Co-immunoprecipitation and immunoblot 
pCIG-NOTCH2-Myc and pCAG-NOTCH2NL-HASh + pCAG-NOTCH2NL-HAL,T197I were 
mixed in equimolar ratios and transfected using Lipofectamine 2000 (Thermofisher). For 
control conditions, pCIG-EV and pCAG-EV were used in equimolar ratios. 6 hours after 
transfection, medium was replaced, and another 24 hours later medium was replaced. 
Cells were harvested 48 hours after transfection. Cells were washed 3 times with cold 1x 
PBS, then incubated in 40 minutes in IP buffer (50mM Tris-HCl, 150mM NaCl, 5mM MgCl, 
0.5mM EDTA, 0.2% NP-40, 5% glycerol, supplemented with cOmplete, EDTA-free 
protease inhibitor cocktail (Sigma). Cells were lysed by passing cell suspension through 
273/4 gauge needle 10 times. Lysate was centrifuged 10 minutes at 4°C, supernatant was 
transferred to a fresh 1.5ml tube. 2 μg of one specific antibody was added (anti-HA Abcam 
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ab9110, anti-Myc Abcam ab9E10, anti-His Abcam ab9108, anti-NOTCH2 SCBT sc25-255) 
and incubated overnight at 4°C in a rotating wheel. DynaBeads were blocked using 3 
washed of 1x PBS + 0.5% BSA and added to IP samples, incubating 3 hours at 4°C 
rotating. Using a magnetic separator, samples were washed 2 times in cold IP buffer. Then 
samples were eluted in Tris-EDTA buffer and transferred to new 1.5ml tubes. 2x Laemmli 
buffer + DTT was added 1:1 prior to SDS PAGE. Samples were loaded on 4-20% Tris 
glycine gels (Bio-Rad), followed by blotting on nitrocellulose membranes following 
manufacturer’s recommended protocol. Membranes were blocked in 5% skim-milk powder 
in 1x PBS + 0.05% Tween or 1x TBS + 0.1% Tween. Primary antibodies were incubated 3 
hours at room temperature in 1x PBS (anti-NOTCH2 sc25-255) or 1x TBS-T (other 
antibodies), followed by 3 washes in 1x PBS-T (anti-NOTCH2 sc25-255) or 1x TBS-T (other 
antibodies). Secondary antibodies (anti-Rabbit-HRP 65-6120, anti-Mouse-HRP 62-6520, 
Thermofisher) were incubated 60 minutes at room temperature, followed by 3 more washes 
in 1x PBS-T or 1x TBS-T. Membranes were incubated with supersignal westdura ECL 
substrate (Thermofisher) and imaged using Bio-Rad Chemidoc imager. For experiments 
with pCAG-NOTCH2NL-His, pCIG-NOTCH2-Myc, pCIG-PDGFRB-Myc and pCIG-EGFR-
Myc, the same protocol was used with equimolar mixes of plasmid DNA. For 
immunoprecipitation of NOTCH2NLSh,T197I from mouse 46c ESCs, the same protocol was 
used and protein was isolated from medium using the NOTCH2 sc25-255 antibody.  
To analyze presence of secreted NOTCH2NL in NOTCH2NL-conditioned medium, the 
medium was collected after 32 hours, and used for immunoprecipitation with a NOTCH2 
antibody specific for the N-terminal region. The isolated protein samples were analyzed by 
immunoblot, confirming the presence of secreted NOTCH2NL in the medium (Figure 6D). 
NOTCH2NLSh,T197I is detected in two bands, of which the two bands of NOTCH2NLSh likely 
may represent the glycosylated form of the protein (higher band) and unmodified protein 
(lower band). This pattern was also observed in ectopic expression of N-terminal fragments 
of the NOTCH3 receptor (Duering et al., 2011). 
 
NOTCH reporter co-culture assays 
U2OS cells were seeded at a density of 425,000 cells per well for transfection (6-wells 
plate). In parallel, U2OS control or U2OS-JAG2 cells were seeded at a density of 110,000 
cells per well for co-culture (12-wells plate). After 24 hours, U2OS cells in 6-wells plates 
were transfected the following amounts of plasmid DNA per well. For control conditions: 
500 ng pGL3-UAS, 33.3 ng pRL-CMV, 16.7 ng pCAG-GFP, 200 ng pcDNA5.1-NOTCH2-
GAL4, 167 ng pCAG-EV, and 273 ng pBluescript. For conditions including NOTCH2NL: 
500 ng pGL3-UAS, 33.3 ng pRL-CMV, 16.7 ng pCAG-GFP, 200 ng pcDNA5.1-NOTCH2-
GAL4, 200 ng pCAG-NOTCH2NL, and 240 ng pBluescript. Plasmid DNA mix was 
transfected using polyethylenimine (PEI, linear, MW 25000, Polysciences). All amounts 
were scaled accordingly for multiple transfections. For larger experiments, cells were 
seeded and transfected in T25 flasks or on 100 mm plates and amounts used were scaled 
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accordingly to surface area. 6 hours after transfection, 6-wells plates were treated with 0.5 
ml of 0.25% Trypsin and 0.5 mM EDTA in PBS per well for 2 minutes at 37 degrees. Cells 
were resuspended in a total volume of 7 ml after addition of culture medium. Medium of 
12-wells plates was removed, and 1 ml of transfected cell suspension was added to each 
well for co-culture. 10 µM Dibenzazepine (DBZ) was added to selected control wells. After 
24 hours, medium was removed and cells washed once with PBS. Cells were incubated in 
150 µl of 1x passive lysis buffer (PLB, Promega) on an orbital shaker for 15 minutes. 
Lysates were stored at -80°C until analysis. In OP9 and OP9-DLL1 co-cultures, 80,000 
cells were seeded per well of a 12-wells plate. For generating conditioned medium, U2OS 
cells were seeded on 100 mm plates, and were PEI transfected with 2000 ng of pCIG-EV, 
or 2400 ng of NOTCH2NLA or NOTCH2NLB. Another 10000 ng or 9600 ng of pBluescript 
was used as carrier DNA. 6 hours after transfection, medium was replaced. 32 hours after 
transfection, medium was collected and 0.2 µm filtered and used the same day. The 
experiments using conditioned medium were done as previously described, but were 
seeded on 0.25% gelatin, 0.1% BSA coated plates instead. For the reporter U2OS cell 
transfection, only pCAG-EV, and NOTCH2NL plasmids were not added to the plasmid DNA 
mix, and replaced by pBluescript. Instead, transfected cells are resuspended and seeded 
in conditioned medium harvested from other cells. For DLL4 assays, 24-wells plates were 
coated overnight at 4°C with 150 µl of 5 µg / ml rDLL4 (R&D Systems), 0.25% gelatin, 0.1% 
BSA in PBS. Control plates were coated with 0.25% gelatin, 0.1% BSA in PBS only. U2OS 
cells were transfected and seeded according to co-culture protocol as previously described, 
except 0.5 ml of cell suspension was used for each well of the coated 24-wells plates. 
NOTCH-GAL4 and reporter constructs were kindly gifted by Arjan Groot and Marc Vooijs 
(MAASTRO lab, Maastricht University). 
 
RT-PCR characterization of primate NOTCH2NL fusion genes 
For amplification and detection of potential fusion transcripts, Qiagen OneStep RT-PCR kit 
was used according to manufacturer’s protocol. 25 ng of total RNA isolated from gorilla 
iPSCs, chimpanzee iPSCs, or human H9 ESCs was used per reaction. Primers used in 
these reactions were: 
 
N2NL_Fw1_exon1: CGCTGGGCTTCGGAGCGTAG 

N2NL_Rv2_exon5: CCAGTGTCTAATTCTCATCG 

PDE4DIP_Fw2_exon24: ACACCATGCTGAGCCTTTGC  

PDE4DIP_Fw1_exon27: AAGGCCCAGCTGCAGAATGC 

MAGI3_Fw1_exon1: GGGTTCGGGATGTCGAAGAC 

MAGI3_Fw2_exon10: GCAACTGTGTCCTCGGTCAC 

MAGI3_Fw3_exon14: GGGAGCAGCTGAGAAAGATG 
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TXNIP_Fw1_exon1: CAGTTCCATCATGGTGATG 

BRD9_Fw2_exon10: ACGCTGGGCTTCAAAGACG 

BRD9_Fw1_exon12: GCAGGAGTTTGTGAAGGATGC 

 
Oligo capture library generation 
To enrich whole-genome sequencing libraries to allow for cost-effective deep sequencing 
of the NOTCH2NL loci, a MYcroarray MyBaits custom oligonucleotide library was 
developed. 100 bp probes were designed spaced 50 bp apart in chr1:145,750,000-
149,950,000, ignoring repeat masked bases, for a total of 20,684 probes. A further 8,728 
probes were created in the three NOTCH2NL loci by tiling with 50 bp overlaps, ignoring 
repeat masking but dropping any probes with very low complexity. 17,866 probes were 
added at every Singly Unique Nucleotide (SUN) position tiling at 5 bp intervals from -75 bp 
to +75 bp around the SUN. SUN positions are single nucleotide substitutions that are 
markers for individual paralogs. To try and capture population diversity and ensure even 
enrichment, at every SNP in the NA12878 Genome In a Bottle variant call set the reference 
base was replaced and probes tiled in the same fashion as the SUNs. Finally, to reach the 
required 60,060 probes a random 347 probes were dropped.  
Library Preparation and Enrichment of 10x Chromium Libraries 
High molecular weight DNA was processed into Illumina sequencing libraries using the 
Chromium Genome Reagent Kit V2 chemistry according to the recommended protocol 
(CG00022 Genome Reagent Kit User Guide RevC) and enriched using the custom MyBaits 
oligonucleotide probes described above (Figure S1). Briefly, high molecular weight (HMW) 
gDNA was isolated from cultured cells using a MagAttract kit (Qiagen) followed by 
quantification with Qubit. HMW DNA was partitioned inside of an emulsion droplet along 
with DNA barcode containing gel beads and an amplification reaction mixture. After 
barcoding the molecules within the emulsion, Illumina sequencing adaptors were added by 
ligation. In preparation for hybridization with MyBaits probes Illumina adaptor sequences 
are blocked with complementary oligonucleotides. Biotinylated probes were hybridized 
overnight at 65°C and isolated using streptavidin coated MyOne C1 beads (Invitrogen). 
The final enriched libraries were amplified using an Illumina Library Amplification Kit 
(Kapa). 
 
Sequencing of Enriched 10x Chromium Libraries 
The MYcroarray probes (above) were used to enrich 10x Genomics sequencing libraries 
for three well studied individuals (NA19240, NA12877 and CHM1), the H9 ESC line, the six 
Simons VIP samples in Figure 7, and the H9 CRISPR mutants in Figure 5. NA12877 was 
chosen instead of NA12878 because of the existence of high depth 10x Genomics 
Chromium whole-genome data for that individual. We find that around 50% of our reads 
map to regions of enrichment, leading to >1000x coverage of the NOTCH2NL loci. The 



Chapter 3 
 
 

162  
 

NA19240, NA12877 and H9 libraries were sequenced to 65 million reads, 71 million reads, 
and 107 million reads respectively. The Simons VIP samples SV721, SV877, SV7720, 
SV780, SV735 and SV788 were sequenced to a depth of 57 million, 30 million, 44 million, 
37 million, 86 million and 37 million reads respectively. 
Chimpanzee NOTCH2NL gene analysis on chimpanzee Chromium genome 
sequencing data 
Whole genome 10x Genomics Chromium linked read sequencing libraries were generated 
from high molecular weight DNA isolated from a chimpanzee iPSC line (Epi-8919-1A) 
derived from S008919 primary fibroblasts (Yerkes Primates, Coriell) and described in Field, 
et. al., bioRxiv 232553; doi: https://doi.org/10.1101/232553. according to the 10x Genomics 
Protocol (CG00022 Genome Reagent Kit User Guide RevC). PE 150bp Illumina 
sequencing was done on a HiSeq4000 producing 1.6 billion reads. Reads were processed 
using Longranger and aligned to hg38. Reads aligned to chr1:119,989,248-120,190,000, 
chr1:149,328,818-149,471,561, chr1:148,600,079-148,801,427, chr1:146,149,145-
146,328,264, or chr1:120,705,669-120,801,220 were extracted and their barcodes 
recorded. All reads from these barcodes were extracted and realigned to a chimp BAC-
derived consensus NOTCH2NL sequence using bwa, variants were called with freebayes 
command “freebayes -f n2nlConsensus.fa --ploidy 10 --min-alternate-fraction 0.05 -k -j --
min-coverage 50 -i -u -0 consensus_mapped.sorted.bam”, and then sequences were 
assembled with Gordian Assembler. Scaffold and assembly hubs were made to visualize 
these assemblies, as shown in the Github at https://github.com/vrubels/Notch2NL-Project. 
NOTCH2NL Simons Samples Coverage Analysis 
To assess copy number change in the Simons VIP 1q21.1 collection, the H9, NA12877 and 
NA19240 enriched 10x Chromium libraries described above were mapped to GRCh38 
using Longranger 2.1.3. bamCoverage was used to extract all reads that mapped to the 
region chr1:142785299-150598866, normalizing depth to 1x coverage across the region to 
account for library depth. Wiggletools mean (Zerbino et al., 2014) was used to average the 
depth across these samples. Wiggletools was then used to perform a ratio of this average 
with the coverages of every Simons 1q21.1 collection sample, which simultaneously 
normalizes out bias from the array enrichment as well as GC content. These coverages 
were then re-scaled by the average coverage in the region chr1:149,578,286-149,829,369, 
which is downstream of NOTCH2NLC and not observed to have copy number change. This 
rescaling adjusts for a systematic shift downward caused by the combination of the 
previous normalizations seen in deletion samples, and a similar shift upward in duplication 
samples. Finally, sliding midpoint smoothing was applied to each coverage track, taking 
into account missing data by ignoring it and expanding the window size symmetrically 
around a midpoint to always include 100,000 datapoints, stepping the midpoint 10 kb each 
time. 
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Hominid and Archaic Human Copy Number Analysis 
Sequencing data for NA12878 (ERR194147), Vindjia Neanderthal (PRJEB21157), Altai 
Neanderthal (PRJEB1265), Denisovan (ERP001519), Chimpanzee (SRP012268), Gorilla 
(PRJEB2590) and Orangutan (SRR748005) were obtained either from SRA or from 
collaborators. These data were mapped to GRCh37 to obtain reads mapping to the 
NOTCH2 (chr1:120,392,936-120,744,537) and NOTCH2NL (chr1:145,117,638-
145,295,356) loci in that assembly, and then those reads were remapped to a reference 
containing just the GRCh38 version of NOTCH2. Coverage was extracted with 
bamCoverage, normalizing to 1x coverage across the custom NOTCH2 reference. The 
resulting coverage tracks were then scaled to the average of the unique region of NOTCH2 
then underwent the same sliding midpoint normalization described above, with 5,000 
datapoints per window and 2.5 kb step size.  
 
Gordian Assembler 
The extremely low number of long fragments per partition in the 10x Chromium process 
ensures that nearly all partitions containing sequence from a NOTCH2NL repeat will 
contain sequence from precisely one repeat copy. In order to recover the precise 
NOTCH2NL repeat sequences, a process was developed to assemble paratypes using 
barcoded reads. A 208 kb multiple sequence alignment of NOTCH2NL paralogs was 
constructed and a consensus sequence generated. For each sample being assembled, the 
10x Genomics Longranger pipeline was used to map enriched or unenriched reads to 
GRCh38. All reads that mapped to any of the five NOTCH2 or NOTCH2NL loci in that 
alignment were extracted, as well as any reads associated with the same input molecules 
via the associated barcodes. These reads were then remapped to the consensus 
sequence. FreeBayes (https://arxiv.org/abs/1207.3907) was used to call variants on these 
alignments with ploidy set to 10 based on the putative number of NOTCH2NL 
repeats.  Each barcode is then genotyped to find the set of alleles supported at each 
informative SNP site.  Alleles for the majority of SNP sites are undetermined in each 
barcode due to the sparsity of the linked reads.  The result is an MxB sparse matrix where 
M is the number of variants and B is the number of barcodes identified as having NOTCH2-
like sequence. A statistical model is then used to phase this matrix into K paratypes. For 
each cluster of barcodes representing a single paratype, all reads with the associated 
barcodes are pooled for short-read assembly using the DeBruijn graph assembler idba_ud 
(Peng et al., 2012). 
 
Establishment of Paratypes in Population 
The paratype assembly process described above was applied to the MYcroarray enriched 
10x Genomics sequencing of NA19240, H9, NA12877, and the six Simons VIP samples. 
The H9 paratypes were validated with full-length cDNA sequencing. The 
NA12878/NA12891/NA12892 trio (Utah) as well as the NA24385/NA24143/NA24149 trio 
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(Ashkenazi) were assembled using linked read data produced by 10x Genomics for the 
Genome In A Bottle Consortium. Inheritance was established for the Ashkenazi trio, as well 
as for the three NA12878 paratypes that assembled. Inherited paratypes are not double 
counted in Table S1. NA12877 did not assemble completely and so is not included in the 
table. A scaffolding process using alignments of contigs to GRCh38 was performed to 
construct full-length NOTCH2NL loci for each of these assemblies. The NOTCH2NL 
transcripts were annotated and assessed for their protein level features. 
 
Enrichment and Sequencing of Full-Length cDNA 
Full-length cDNA was constructed from both week 5 cortical organoids as well as 
undifferentiated H9 hESC total RNA similar to previously described protocols (Byrne et al., 
2017) and were enriched using the same MyBaits oligonucleotide set as the 10x Chromium 
libraries. These cDNA libraries were prepared and sequenced on the Oxford Nanopore 
MinION. 47,391 reads were obtained for the undifferentiated cells and 118,545 reads for 
the differentiated cells. The reads were base called with Metrichor. After pooling these 
datasets, the reads were aligned to GRCh38 to identify putative NOTCH2NL reads. 2,566 
reads were identified in the week 5 dataset that mapped to NOTCH2NL, and 363 in the 
undifferentiated. Both datasets were filtered for full-length transcripts by requiring at least 
70% coverage to the first 1.1 kb of the consensus sequence. This filtering process removed 
NOTCH2 like transcripts, leaving a final set of 1,484 transcripts pooled across both 
timepoints to be analyzed. 
 
Validating H9 Haplotypes Using Full-Length cDNA 
The 1,484 NOTCH2NL transcript sequences identified above were aligned to a consensus 
sequence of H9 ESC transcript paratypes using MarginAlign (Jain et al., 2015). The reads 
were then reduced into feature vectors containing variant sites along the first 1.1 kb of the 
consensus to eliminate noise related to alternative transcription stop sites. The feature 
vectors were aligned using a Hidden Markov Model with one path for each of the paratype 
assemblies. Since the transcripts are already aligned to a consensus, there is no need for 
reverse transitions in the model, and since variation or recombination between paralogs is 
already accounted for in the assemblies, no transitions between paths are allowed. This 
vastly simplifies the Forward algorithm, and the maximum probability path (usually 
determined with the Viterbi Algorithm) is trivial to calculate under these conditions. All 
mismatches were assumed to be errors and were given an emission probability of 0.1 to 
approximate the error rate of the nanopore. The paratype assembly was validated by 
showing that there were no recurrent feature vectors that did not align well to any path 
through this model. 
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CRISPR Mutation of NOTCH2NL in the H9 ES Line 
To avoid targeting NOTCH2, two guides were used: one in intron 1 with a 1 base mismatch 
with NOTCH2 and NOTCH2NLR, but identical to the corresponding sequence in all H9 
1q21 NOTCH2NL genes, and another that spans a 4 bp deletion relative to NOTCH2 at 
the start of exon 5. This region is also quite different in NOTCH2NLR (13/20 mismatches 
to NOTCH2NL) (Figure S5A). H9 hESC at passage 42 were plated on a 6-well dish at 40-
50% confluency. After 24 hours, cells were treated with 10μM ROCK inhibitor (Y27632; 
ATCC, ACS-3030) for 1 hour. 2.5μg of each guide plasmid (E2.1& E5.2, Fig. S5 cloned 
into pX458, Addgene) was then introduced for 4 hours using Xfect DNA transfection 
reagent (Clontech, 631317). Each guide set was introduced to all 6 wells of a 6-well plate. 
48 hours after transfection, cells were dissociated from wells using Accutase cell 
dissociation enzyme (eBioscience, 00-4555-56), then rinsed twice in PBS supplemented 
with 0.2mM EDTA, 2% KnockOut Serum Replacement (Thermo Fisher, 10828028), 1% 
Penicillin-Streptomycin (LifeTech, 15140122), and 2μM thiazovivin (Tocris, 1226056-71-8), 
and resuspended in a final volume of 1mL of sorting buffer. The cells were then filtered in 
a 70μm filter and sorted on a FACS Aria II (BD Biosciences) with a 100μm nozzle at 20psi 
to select for cells expressing the Cas9-2A-GFP encoded on pX458. Gating was optimized 
for specificity. Single cells positive for GFP were plated on a 10 cm plate containing 1.5x106 
mouse embryonic fibroblasts (MEFs) and cultured in E8 Flex with 2μM thiazovivin (Tocris, 
1226056-71-8) for added for the first 24 hours. After growing 5-7 days, individual colonies 
were manually isolated into 1 well of a 6-well dish on 250,000 MEFs in E8 Flex. 3-5 days 
later, 3-7 good colonies at passage 42+3 were frozen in BAMBANKER (Fisher Scientific, 
NC9582225). Remaining cells on MEFs were used for PCR deletion assay. For all 
subsequent analysis, cells were adapted to culturing on vitronectin (Thermo Fisher 
A14700) in Gibco’s Essential 8 Flex medium (Thermo Fisher, A2858501). 
PCR assay for CRIPSR deletion: For each clone, gDNA was isolated from one 70% 
confluent well of a 6-well dish using Zymo Quick-gDNA Miniprep kit (Zymo, D3006) 
according to the manufacturer’s protocol. PCR was performed using approximately 70ng 
gDNA with Herculase II fusion DNA polymerase (Agilent, 6006745) using primers N2NL 
E2del_F (5’ CACAGCCTTCCTCAAACAAA 3’) and N2NL E5del_R (5’ 
GTGCCACGCATAGTCTCTCA 3’). PCR products of the expected size were cloned and 
sequenced to determine that at least one of NOTCH2NL locus harbored the expected 
deletion. Positive clones underwent Chromium library preparation, target enrichment, 
Illumina sequencing and NOTCH2NL gene assembly as described above. 
 
NOTCH2NL Expression in Week 5 Neurospheres 
Two replicates of bulk RNA-seq of week 5 cortical organoids derived from H9 ES as well 
as undifferentiated cells from the H9 differentiation time course described above were 
quantified against a custom Kallisto reference based on GENCODE V27. Using bedtools, 
all transcripts which overlapped our curated annotations of NOTCH2NL paralogs and 
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NOTCH2 were removed. After converting this annotation set to FASTA, a subset of our 
paratype assemblies of H9 NOTCH2NL paralogs were added in. Only one representative 
of both NOTCH2NLR and NOTCH2NLC was used due to their high similarity on the 
transcript level. The TPM values of the replicates were averaged. Estimate of NOTCH2 
and NOTCH2NL Expression in human fetal brain scRNA-Seq data. To asses NOTCH2NL 
expression in the developing brain, we re-analyzed single cell RNA sequencing data from 
(Nowakowski, et al, 2017). Initial analysis of this data showed low expression of NOTCH2 
and NOTCH2NL presumably due to removal of multi-mapping reads. To address this, we 
constructed a custom Kallisto reference based off GENCODE V19 (hg19) where we 
removed the transcripts ENST00000468030.1, ENST00000344859.3 and 
ENST00000369340.3. The reads for 3,466 single cells were then quantified against this 
Kallisto index, and the NOTCH2 and NOTCH2NL rows of the resulting gene-cell matrix 
compared to previously generated tSNE clusters. 
 
Copy Number Estimates of NOTCH2NL in Human Population 
The copy number of NOTCH2NLR and NOTCH2NLC in the human population were 
established by extracting reads that map to NOTCH2 (chr1:119,989,248-120,190,000), 
NOTCH2NLR (chr1:120,705,669-120,801,220), NOTCH2NLA (chr1:146,149,145-
146,328,264), NOTCH2NLB (chr1:148,600,079-148,801,427) and NOTCH2NLC 
(chr1:149,328,818-149,471,561) from 266 individuals in the Simons Diversity Panel. These 
reads were then remapped to the 101,143 bp consensus sequence of a multiple sequence 
alignment of alignable portions of NOTCH2 and all NOTCH2NL paralogs. This multiple 
sequence alignment was used to define our SUN markers, and the ratio of reads containing 
a SUN to a non-SUN were measured and the median value taken for NOTCH2NLC and 
NOTCH2NLR. Establishing copy number with SUNs proved difficult for NOTCH2NLA and 
NOTCH2NLB due to the high rate of segregating ectopic gene conversion alleles in the 
population. Each of the 266 samples was studied by hand. Using comparison to the 10 
normal genomes assembled, it appeared that NOTCH2NLA and NOTCH2NLB are not 
copy number variable in the phenotypically normal population.  
 
Paratype Estimation of NOTCH2NL in Human Population 
Assigning paratypes without assemblies is not possible. To try and evaluate the gene 
conversion landscape in the population, we took the ratio of SUN read depths in all 266 
Simons individuals as well as the six Simons VIP samples and our 10 assembled genomes 
and plotted them split up by paralog (Table S4). These were evaluated for NOTCH2NLC 
and NOTCH2NLR copy number (Figure S1G). Three samples were identified in Simons 
with apparent gene conversion in NOTCH2NLC, which we did not observe in any of our 
assembled samples. Manual analysis of these SUN diagrams led to the annotation of six 
distinct classes of NOTCH2NLA-NOTCH2NLB gene conversion with varying population 
frequencies. In some cases, the data were of lower quality and harder to interpret. The 
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most common gene conversion allele is an overwrite of around 20kb of NOTCH2NLB by 
NOTCH2NLA in intronic sequence between exons 2 and 3, present in 42.5% of Simons 
normals haplotypes. When interpreting these SUN plots, it is helpful to remember that the 
denominator of the ratio is the total copy number, and as such as individuals stray from 
N=10 the expected values change. Gene conversion can be observed as regions where 
one paralog has ratios on the Y axis go up while the other goes down. Exons 1-5 are 
located at 19,212-19,590 bp, 59,719-59,800 bp, 84,150-84,409 bp, 92,421-92,756 bp and 
93,009-97,333 bp respectively in the consensus sequence. 
 
Copy Number Estimates of Microarray 1q21.1 Deletion/Duplication Syndrome 
Patients 
Comparative genomic hybridization (CGH) microarray probes from Agilent array designs 
#014693, #014950, #24616, and #16267 were mapped to the human hydatidiform mole 
genome assembly using the pblat aligner (https://code.google.com/p/pblat/). IDs for 
microcephaly and macrocephaly patients visualized in Figure S7 are as follows: control-1: 
MCL08273; control-2: GSM1082800; 1: LG_252808110380_S01; 2: WSX002375; 3: 
SGM250214; 4: MCL08277; 5:MUG249341; 6: MCL04601; 7: MCL00270; 8: MCL02135; 
9: NGS260131; 10: MCL01089; 11: MCL01415. The relative affinities of each probe for 
each of its mapping locations were calculated using the DECIPHER R package; the 
predicted hybridization efficiency of a probe and a mapping location was divided by the 
predicted hybridization efficiency of the probe and its reverse complement, yielding the 
affinity for the mapping location. An integer linear programming (ILP) model was created 
for each sample, with integral variables representing the copy number of each probe 
mapping location in the CGH sample genome and the CGH reference genome, and 
additional variables representing the total affinity-weighted copy number of all mapping 
locations for each probe. Approximate equality constraints were added to represent the 
measured sample/normal hybridization ratios (normalized per-probe to an average control 
value of 1.0 for arrays with control samples (GEO accession GSE44300) available), the 
chromosomal structure of the genome, and the prior belief that the copy number at most 
locations would be 2. Each approximate equality constraint was constructed by creating 
two variables, which were restricted to be positive and greater than the difference between 
the constrained quantities in each direction; the weighted sum of these two variables was 
then added into the model's objective function. In an alternate method, the locations of 
homologous sequences that could provide a plausible mechanism for duplication or 
deletion of a region were also added (data not shown). Finally, the resulting ILP model was 
minimized using CBC79 (https://projects.coin-or.org/) to produce the sample's integral copy 
number calls. 
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Quantification and statistical analysis 
For analysis of RNA sequencing read count data, DESeq2 (2.11.39) was used with n = 3 
per condition. Replicates were grouped and compared pairwise between conditions. 
Adjusted p-value (p-adj < 0.05) was used to determine statistically significant genes. 
 
In Notch signaling reporter assays, data with a single independent experiment were 
analyzed by t-test, with Holm-Bonferroni correction for multiple testing, to determine 
significant effects (p < 0.05). Error bars are indicating SD. For data with multiple 
independent experiments, two-way or one-way ANOVA and Tukey’s HSD was used to 
determine statistically significant effects (p < 0.05), with Holm-Bonferroni correction. For 
visualization in graphs, weighted average and weighted standard error of the mean (SEM) 
were calculated over the multiple experiments. 
 
Images were taken of human H9* and H9NOTCH2NLΔ cortical organoids at days 3, 6, 8, 10, 
12, 14, 16, 18, 20, 22, 24, 26, and 28 of growth. Images were also taken of organoids 
generated from stable mESC cell lines expressing NOTCH2NLSh,T197I or EV on days 2, 4, 
6, and 8. Each image was loaded into FIJI, and length along the longest axis of every EB 
at least half-way in view of the image were measured. A two-tailed Kolmogorov-Smirnov 
test was done on the pair of measurements at each time point. Human EBs were 
significantly (p < 0.05) different sizes at each time point, and very significantly (p < 0.005) 
different on days 3, 6, 12, 14, 18, 20, 22, 24, and 26. Mouse EBs showed no significant 
size difference at any time point. 
 
Analysis of Immunofluorescence images was was done in FIJI (ImageJ 1.51s). For cell 
counts, images were thresholded, followed by watershed option. Cell counts were 
calculated using Analyze particles (size pixel2 12-infinity). Organoid section surface area 
was used to normalize the amount of positive cells counts. For calculating CTIP2 intensity 
(grey values), the following parameters were used after loading an image: Subtract 
background: 10px, followed by Threshold: Li. Then, analyze particles was used to calculate 
the grey value per cell and averaged across the section for statistical analysis. For 
calculating SOX2 intensity (grey values), the following parameters were used: Threshold: 
MaxEntropy was used. Then, analyze particles (size pixel2 12-infinity) was used to calculate 
the grey value per cell and averaged across the section for statistical analysis. Sections 
from the same organoid were averaged and used as a single replicate in the analysis. 
Statistics for cell counts and fluorescence intensity were analyzed by t-test, followed by 
Holm-Bonferroni correction for multiple testing. 
 
Data and software availability 
The copy number inference software used is available from 
https://bitbucket.org/adam_novak/copynumber. Gordian assembler is available on github 
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at https://github.com/abishara/gordian_assembler. The upstream and downstream 
analysis scripts for Gordian assembler are available on github at 
https://github.com/vrubels/Notch2NL-Project. Enriched linked read data on cell lines are 
deposited on SRA under accession SRP130766. For the sequence data on the Simons  
 
VIP collection samples, the following policy applies. Approved researchers can obtain the 
Simons VIP population dataset described in this study 
(https://www.sfari.org/resource/simons-vip/) by applying at https://base.sfari.org. Protected 
linked read data are available from SFARIbase under accession number 
SFARI_SVIP_VSV_1. Additional public sequences can be found from Genome in a Bottle 
at ftp://ftp-trace.ncbi.nih.gov/giab/ftp/data/.  
 
Wild type H9 hESC cortical organoid time course RNA-Seq data are available at GEO, 
accession GSE106245. 
 
Week 4 human H9* WT and NOTCH2NL knock-out RNA-Seq, and day 6 mouse 46C WT 
and NOTCH2NL knock-in RNA-Seq are available at GEO, accession GSE111082. 
 
Key resources table 

Reagent or Resource Source Identifier 

Antibodies 

Rabbit anti-HA Abcam  Cat#ab9110 

Mouse anti-Myc Abcam Cat#ab9E10 

Rabbit anti-Myc Abcam Cat#ab9106 

Rabbit anti-His Abcam Cat#ab9108 

Rabbit anti-NOTCH2  SCBT Cat#sc25-255 

Goat anti-Rabbit-HRP  ThermoFisher Cat#65-6120 

Goat anti-Mouse-HRP  ThermoFisher Cat#62-6520 

Rat anti-CTIP2/BCL11B Abcam Cat#ab18465 

Mouse anti-PAX6 DSHB Cat#Pax6 
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Rabbit anti-TBR1 Millipore Cat#AB10554 

Rabbit anti-TBR2/EOMES Abcam Cat#ab23345 

Rabbit anti-SOX2 Abcam Cat#ab97959 

Rabbit anti-CTIP2 Abcam Cat#ab28448 

Donkey anti-Rabbit 
Alexa488 

ThermoFisher Cat#R37118 

Donkey anti-Mouse 
Alexa488 

ThermoFisher Cat#R37114 

Goat anti-Rabbit Cy3 Jackson Cat#111-165-144 

Goat anti-Rat Cy3 Jackson Cat#112-165-143 

Chemical, Peptides and Recombinant Proteins 

FGF2 Peprotech Cat#100-18B 

Noggin R&D Systems Cat#3344-ng 

DKK-1 Preprotech Cat#120-30 

SB431542 Sigma Cat#S4317-5mg 

Cyclopamine V. 
californicum  

VWR Cat#239803-1mg 

Dorsomorphin Sigma Cat#P5499 

IWR-1-Endo Sigma Cat#681669 EMD 
MILLIPORE 

EGF R&D Systems Cat#236-EG-01M 

Polyethylenimine Polysciences Cat#23966-1 

Dibenzazepine Sigma Cat#SML0649-5MG 

rDLL4 R&D Systems Cat#1506-D4-050/CF 

Deposited Data 



3

Human-specific NOTCH2NL genes affect Notch signaling and cortical neurogenesis 
 
 

171 
 

Wild type H9 hESC 
cortical organoid time 
course RNA-Seq data 

this study GEO: GSE106245 

Week 4 human H9* WT 
and NOTCH2NLΔ, and 
day 6 mouse 46C EV and 
NOTCH2NL knock in 
RNA-Seq 

this study GEO: GSE111082 

Enriched linked read 
DNA-Seq on normal 
samples and H9 

this study SRA: SRP130766 

Microarray data from 
controls and patients 

DECIPHER Control is GEO: 
GSE44300, patient data 
contact 
http://decipher.sanger.ac.u
k/ 

Linked read DNA-Seq on 
two trios 
(NA12878/NA12891/NA1
2892 and 
NA24385/NA21419/NA24
143) 

10x Genomics / Genome in 
a Bottle Consortium 
(NA12891 and NA12892 
data are not publicly 
available) 

ftp://ftp-
trace.ncbi.nlm.nih.gov/giab/
ftp/data/ 

Enriched linked read 
DNA-Seq on Simons VIP 
samples 

Simons Foundation SFARIbase: 
SFARI_SVIP_VSV_1 

NA12878 Sequencing 
Data 

Illumina Platinum Genomes  SRA: ERR194147 

Vindjia Neanderthal 
Sequencing Data 

doi:10.1126/science.aao188
7 

SRA: PRJEB21157 

Altai Neanderthal 
Sequencing Data 

doi:10.1038/nature12886 SRA: PRJEB1265 

Denisovan Sequencing 
Data 

doi:10.1126/science.122434
4 

SRA: ERP001519 
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Chimpanzee Sequencing 
Data 

University of Nebraska - 
Non Human Primate 
Genomics Center (UN-
NHPGC) 

SRA: SRP012268 

Gorilla Sequencing Data doi:10.1371/journal.pone.00
65066 

SRA: PRJEB2590 

Orangutan Sequencing 
Data 

doi:10.1038/nature12228  SRA: SRR748005 

Human Fetal brain 
scRNA-seq data 

doi: 
10.1126/science.aap8809 

dbGAP: phs000989.v3 

Experimental Models: Cell lines 

H9 hESC WiCell Cat#WA09 

HEK293T ATCC Cat#CRL-3216 

46C mESC Austin Smith Cat#46C 

U2OS Marc Vooijs na 

U2OS-JAG2 Marc Vooijs na 

OP9 Bianca Blom na 

OP9-DLL1 Bianca Blom na 

8919 Chimp iPSC doi: 
https://doi.org/10.1101/2325
53 

na 

00053 Gorilla iPSC Carol Marchetto and Fred 
Gage 

na 

Software and Algorithms 

Bowtie2 doi:10.1038/nmeth.1923 
 

http://bowtie-
bio.sourceforge.net/bowtie
2/index.shtml 

STAR doi:10.1093/bioinformatics/b
ts635 

https://github.com/alexdobi
n/STAR 
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bedtools doi:10.1093/bioinformatics/b
tq033 

https://github.com/arq5x/be
dtools2 

DESeq2 doi:10.1186/s13059-014-
0550-8 

https://bioconductor.org/pa
ckages/release/bioc/html/D
ESeq2.html 

trimmomatic doi:10.1093/bioinformatics/b
tu170 

http://www.usadellab.org/c
ms/?page=trimmomatic 

htseq-count na http://htseq.readthedocs.io/
en/master/count.html 

Panther V13.0 na http://www.pantherdb.org/p
anther/ontologies.jsp 

Longranger doi:10.1101/230946 https://support.10xgenomic
s.com/genome-
exome/software/downloads
/latest 

Microarray copy number 
inference 

This study https://bitbucket.org/adam_
novak/copynumber 

Gordian assembler 
downstream analysis 
scripts and enriched 
linked read normalization 

This study https://github.com/vrubels/
Notch2NL-Project 

Gordian Assembler This study https://github.com/abishara
/gordian_assembler 

 
Critical Commercial Assays 

OneStep RT-PCR kit Qiagen Cat#210212 

RNA Clean & 
Concentrator 

Zymo Cat#R1013 

Dynabeads™mRNA 
DIRECT™Micro 
Purification Kit 

ThermoFisher Cat#61021 
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Ribo-Zero rRNA removal 
kit 

Epicentre MRZH11124 

TruSeq DNA Sample 
Preparation kit 

Illumina FC-121-1001 

Ion Total RNA-Seq Kit v2 ThermoFisher Cat#4475936  

Ion Xpress™RNA-Seq 
Barcode 1-16 Kit 

ThermoFisher Cat#4475485 

Chromium WGS kit V2 10X Genomics  120258 

Custom MyBaits-3 oligo 
kit 

Mycroarray Mybaits 3-12 

Kapa HiFi Library 
Amplification Kit (Illumina) 

Kapa KK2621 

Xfect DNA transfection 
reagent 

Clontech 631317 

Zymo Quick-gDNA 
Miniprep kit 

Zymo D3006 

Dual Luciferase Reporter 
assay system 

Promega Cat#E1960 

Recombinant DNA 

pX458 Addgene #48138 

pX458-E2.1 This study na 

pX4580E5.2 This study na 

pCAG-hCas9 Addgene #51142 

pCAG-GFP Addgene #11150 

pCAG-EV This study na 

pCAG-NOTCH2NLSh This study na 
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pCAG-NOTCH2NLSh,T197I This study na 

pCAG-NOTCH2NLL This study na 

pCAG-NOTCH2NLL,T197I This study na 

pCAG-NOTCH2NLSh,+ATAA This study na 

pCAG-
NOTCH2NLL,T197I,+ATAA 

This study na 

pCAG-NOTCH2NL-HASh This study na 

pCAG-NOTCH2NL-
HASh,T197I 

This study na 

pCAG-NOTCH2NL-HisSh This study na 

pCAG-NOTCH2NL-
HisSh,T197I 

This study na 

pCIG2a Pierre Vanderhaeghen na 

pCIG2a-
NOTCH2NLSh,T197I 

This study na 

pCIG2a-NOTCH2-Myc This study na 

pCIG2a-PDGFR-Myc This study na 

pCIG2a-EGFR-Myc This study na 

pRL-CMV Promega E2231 

pGL3-UAS Marc Vooijs na 

pcDNA5-NOTCH1-GAL4-
TAD-N1 

Marc Vooijs na 

pcDNA5-NOTCH2-GAL4-
TAD-N1 

Marc Vooijs na 

pLVX-NOTCH3-
GAL4GV16 

Marc Vooijs na 
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Oligonucleotides 

Refer to Supplemental 
Table 5 
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Summary 
Ever since the availability of genomes from Neanderthals, Denisovans and ancient 
humans, the field of evolutionary genomics has been searching for protein coding 
variants that may hold clues to how our species evolved over the last ~ 400,000 
years. In this study, we identify such variants in the human-specific NOTCH2NL 
gene family, which were recently identified as possible contributors to the 
evolutionary expansion of the human brain. We find evidence for the existence of 
unique protein-coding NOTCH2NL variants in Neanderthals and Denisovans which 
could affect their ability to activate Notch signaling. Furthermore, in the 
Neanderthal and Denisovan genomes, we find unusual NOTCH2NL 
configurations, not found in any of the modern human genomes analyzed. Finally, 
genetic analysis of archaic and modern humans reveals ongoing adaptive 
evolution of modern human NOTCH2NL genes, identifying three structural variants 
acting complementary to drive our genome to produce a lower dosage of 
NOTCH2NL protein. Because copy-number variations of the 1q21.1 locus, 
encompassing NOTCH2NL genes, are associated with severe neurological 
disorders, this seemingly contradicting drive towards low levels of NOTCH2NL 
protein indicates that the optimal dosage of NOTCH2NL may have not yet been 
settled in the human population.  
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Introduction 
The human brain tripled in size after we split from the common ancestor with our 
closest living relative species, the chimpanzees (Marino 1998; Herculano-Houzel 
2009; Hofman 2014). The emergence of human-specific NOTCH2NL genes 
(Fiddes et al. 2018; Florio et al. 2018; Suzuki et al. 2018) coincided with this 
evolutionary expansion (Holloway et al. 2004; Pollen et al. 2015; Ju et al. 2016; Liu 
et al. 2017; Johnson et al. 2018; Kalebic et al. 2018) and their association to human 
brain development put NOTCH2NL genes forward as possible contributors to 
human’s increased brain size. By enhancing Notch signaling, NOTCH2NL genes 
prolong proliferation of neuronal progenitor cells and expand cortical neurogenesis 
(Fiddes et al. 2018; Florio et al. 2018; Suzuki et al. 2018). NOTCH2NL-genes are 
human specific and they emerged after a series of segmental duplications and 
gene conversion events involving the important neurodevelopmental gene 
NOTCH2. Four NOTCH2NL paralogs are present in modern humans: 
NOTCH2NLA, NOTCH2NLB and NOTCH2NLC in the 1q21.1 locus (Fig. 1A) and 
the pseudogene  NOTCH2NLR next to the parental NOTCH2 gene in the 1p12 
locus. NOTCH2NLB represents the largest duplicon in the cluster, suggesting this 
was the first NOTCH2NL gene present in the genome (Fig. 1B). Whereas copy 
number variation is observed for NOTCH2NLC and NOTCH2NLR in the healthy 
human population, the copy number of NOTCH2NLA and NOTCH2NLB loci is 
highly stable in modern humans. In fact, 1q21.1 copy number variations, mediated 
by breakpoints within the NOTCH2NLA and NOTCH2NLB genes, are associated 
with various neurological disorders (Brunetti-Pierri et al. 2008; Mefford et al. 2008; 
Bernier et al. 2015; Fiddes et al. 2018). These observations suggest that the total 
number of functional NOTCH2NLA and NOTCH2NLB alleles may be important for 
normal neuronal development. Given the highly variable genomic organization of 
the 1q21.1 locus, important questions remain about the level of variation in 
NOTCH2NL genes in the human population. In addition, it remains elusive whether 
the number and composition of NOTCH2NL genes has changed during recent 
human evolution. Here, we analyzed the segregation of coding variants in 
NOTCH2NL genes throughout human evolution and compared the composition of 
each NOTCH2NL locus between modern humans and archaic genomes. Our 
analysis revealed lineage-specific coding variants in each of the genomes of 
Neanderthals, Denisovans and modern humans. Intriguingly, we find evidence for 
ongoing adaptive evolution of multiple structural variants in modern human 
NOTCH2NL genes, acting in synergy and complementary to drive our genome to 
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produce a lower dosage of NOTCH2NL protein. The evolutionary forces mediated 
by gene conversion (Chen et al. 2007), which we find is still ongoing between 
NOTCH2NL loci at a high frequency in modern humans, exemplify how recently 
duplicated regions in our genome can undergo rapid structural evolution to reach 
an optimal configuration and functionality. For humans, this may have had 
important consequences for how a key developmental process such as Notch 
signaling has evolved in the period after the emergence of NOTCH2NL genes and 
the changes they effectuated on human brain development.  
 
Additional copies of NOTCH2NLA or NOTCH2NLB in Neanderthals.  
To assess the structural evolution of each of the NOTCH2NL loci throughout 
human evolution, we first assessed the structural variability of NOTCH2NL loci in 
the modern human population. Previous estimations of total NOTCH2NL copy 
number in individuals could not efficiently distinguish between paralogous 
NOTCH2NL loci subject to recent ectopic gene conversion, as observed between 
NOTCH2-NOTCH2NLR and between NOTCH2NLA-NOTCH2NLB (Dougherty et 
al. 2017; Fiddes et al. 2018). Here we used an alternative strategy that takes into 
account gene conversion between paralogous NOTCH2NL loci: For each genome, 
we assessed total number of NOTCH2NL alleles based on sequence read 
coverage and matched this with information about the presence or absence of 
NOTCH2NL-paralog identifying Singly Unique Nucleotides (SUNs) (Sudmant et al. 
2010). This provides an accurate assessment of the absolute number of 
NOTCH2NL alleles in each individual genome and a detailed overview of the 
structural variability of NOTCH2NL genes as a consequence of gene conversion 
(Table S1-S5). We verified the accuracy of our methodology by showing 
concordance with previous NOTCH2NL assembly based estimations (Table S6). 
To assess the total number of NOTCH2NL alleles across the human population, 
the genomes of 279 individuals from the Simons diversity dataset (Mallick et al. 
2016) were mapped onto a modified hg38 genome in which the NOTCH2NL loci 
are masked (Fig. 1A). On this modified hg38 genome, all NOTCH2NL-derived 
reads map onto the 5’ side of the NOTCH2 locus, the part of NOTCH2 that was 
originally duplicated forming the NOTCH2NL genes (Fig. 1B-C). The coverage 
analysis reveals that the majority of the human population has 10 alleles, 
encompassing 2 alleles from NOTCH2 and 2 alleles from each of the 4 NOTCH2NL 
loci (Fig. 1D). Using the combined sequence coverage and SUN analysis, we 
determined that each individual contained 4 alleles combined of the highly similar  
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Fig. 1. NOTCH2NL copy-number analysis in modern human and archaic DNA 
samples. A) Overview of NOTCH2 and NOTCH2NL loci in the human genome (hg38). 
Zoom-ins show sequence read depth at the different loci of data mapped on hg38 or 
masked hg38 reference genome B) Tracks showing NOTCH2NL duplicons from the 
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segmental UCSC browser duplication track in the NOTCH2 locus. C) Example showing 
NOTCH2 and NOTCH2NL derived sequencing reads piled up on the NOTCH2 locus on 
the masked hg38 genome. D) Quantification of NOTCH2+NOTCH2NL alleles per individual 
using relative coverage of multi-copy / single-copy regions. Modern human n = 279. Ancient 
human: high (n = 27) / low (n = 53) coverage; Neanderthal high (n = 3) / low (n = 9) 
coverage; Denisova high (n = 1) / low (n = 1) coverage. E,F) NOTCH2NL allele counts 
estimated from the average density of paralog-specific SUNs in modern human outliers (E) 
and Neanderthals (F) showing evidence for the presence of 11 alleles in total (2 alleles 
NOTCH2 + 9 alleles NOTCH2NL). G) Comparison of allele count grouped by 
NOTCH2NLA+NOTCH2NLB (Kruskal-Wallis p = 1.8e-8), and 
NOTCH2NLR+NOTCH2NLC+NOTCH2 (Kruskal-Wallis p = 0.0055). Kruskal-Wallis test 
was followed up by dunn’s test, significant comparisons are indicated in the plots. Modern 
human N = 279, Ancient human N = 80, Neanderthal N = 12, Denisova N = 2. 
 
NOTCH2NLA and NOTCH2NLB genes. The individuals that have 9, 8 or 7 alleles 
were all confirmed as hetero- or homozygotic for NOTCH2NLC and NOTCH2NLR 
(Fig. S1A-B). Four human individuals have 1 extra allele of NOTCH2NLC or 
NOTCH2NLR, indicating that NOTCH2NL duplications happen in the healthy 
human population (Fig. 1E). Next, we analyzed genomes of ancient humans (0.1k-
45k years old) (Keller et al. 2012; Fu et al. 2014; Gamba et al. 2014; Lazaridis et 
al. 2014; Olalde et al. 2014; Raghavan et al. 2014; Rasmussen et al. 2014; Seguin-
Orlando et al. 2014; Skoglund et al. 2014; Günther et al. 2015; Jones et al. 2015; 
Rasmussen et al. 2015; Cassidy et al. 2016; Fu et al. 2016; Martiniano et al. 2016; 
Schiffels et al. 2016; Jones et al. 2017; Saag et al. 2017; Skoglund et al. 2017; 
Bhattacharya et al. 2018; Günther et al. 2018; Krzewińska et al. 2018; de la Fuente 
et al. 2018; Valdiosera et al. 2018; Wright et al. 2018; Sánchez-Quinto et al. 2019), 
Neanderthals (38k-100k years old) (Green et al. 2010; Prüfer et al. 2014; Prüfer et 
al. 2017; Hajdinjak et al. 2018; Slon et al. 2018; Mafessoni and Pääbo 2019) and 
Denisovans (64k-100k years old) (Meyer et al. 2014; Slon et al. 2017). While most 
of the ancient human genomes display NOTCH2NL allele numbers that fall within 
the range of modern humans, several of the 12 available Neanderthal genomes 
show increased coverage, which indicates they contained an extra NOTCH2NL 
duplication (Fig. 1D). Whereas the combined copy number of NOTCH2NLA and 
NOTCH2NLB is highly stable in healthy modern humans, SUN based copy number 
estimation suggests that Neanderthals carried an extra duplication of the 
NOTCH2NLA or NOTCH2NLB gene (Fig. 1F-G, Fig. S1C). Whether this is a gain 
in Neanderthal, or a loss in modern humans remains elusive. In addition, all 
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Neanderthal genomes showed evidence of extensive gene conversion between 
NOTCH2 and NOTCH2NLR (Fig. S1C), a phenomenon observed only 
occasionally in modern humans (Fig. S1D-E).  
 
Neanderthals and Denisovans carried specific NOTCH2NL variants  
We next investigated whether the archaic genomes contained any coding 
sequence variants that may have encoded unique NOTCH2NL protein variants. 
Despite an overall high similarity (99.9%) between human and 
Neanderthal/Denisovan NOTCH2NL exons, we found evidence for 2 Neanderthal-
specific coding variants and 1 Denisova-specific coding variant (Fig. 2A). In the 
Altai Neanderthal genome, an ATG>ATA (M40I) missense variant (NOTCH2NLNea-

M40I) is detected in 17/242 (~8%) of the sequencing reads corresponding to one 
allele out of the 9 NOTCH2NL alleles found in Altai Neanderthals. The second 
Neanderthal-specific variant is a N232S missense variant (NOTCH2NLNea-N232S) 
detected in 28/177 (~18%) of sequencing reads, corresponding to 2 alleles. This 
variant is also present in the genomes of the Vindija and Chagyrskaya 
Neanderthals and most of the low-coverage Neanderthal genomes, indicating the 
NOTCH2NLNea-N232S variant was a common variant in the Neanderthal lineage. In 
the Denisova3 genome, a Denisovan-specific E258A missense variant 
(NOTCH2NLDen-E258A) is found in 38/203 (~19%) of the sequencing reads, also 
corresponding to 2 alleles. Importantly, none of these variants are found in the 279 
modern human genomes of the Simons diversity dataset. Interestingly, the 
NOTCH2NLNea-N232S was found as a rare variant in modern humans (rs375605753)  
with an allele frequency of 0.0002 in UK Biobank exome sequencing data (N = 
49,593), suggesting this was one of the Neanderthal-derived genetic variants that 
was contributed to the human genome after interbreeding with Neanderthals 
(Dannemann and Racimo 2018). It should be noted that the highly fragmented 
assemblies of archaic genomes prevents us from making solid claims about which 
NOTCH2NL paralog each of these archaic variants reside in. Taking this into 
account, we assessed the potential functional implications of the Neanderthal and 
Denisova variants by reconstructing the archaic NOTCH2NL variants in 
NOTCH2NLA and NOTCH2NLB for functional testing in a previously established 
NOTCH signaling reporter assay (Groot et al. 2014; Habets et al. 2015; Fiddes et 
al., 2018) (Fig. S2A) Surprisingly, the introduction of the Nea-N232S and Den-
E258A into human NOTCH2NLA showed a modest but significant decrease in 
potency to enhance Notch signaling (Fig. 2B). To find an explanation for the  
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Fig. 2. Characterization of archaic NOTCH2NL coding variants. A) Overview of modern 
human, Neanderthal-specific and Denisovan-specific coding variants. B) Co-culture 
NOTCH2 reporter assay testing Neanderthal and Denisovan variants reconstructed in the 
human NOTCH2NLA cDNA (n = 15 in 3 experiments. ANOVA p = 0.002, followed by 
Tukey’s test), or the human NOTCH2NLB cDNA (n = 20 in 4 experiments. ANOVA p = 
0.07). C) Western blot analysis of Neanderthal and Denisovan variants. Plasmids were 
transfected in equimolar amounts. D) Quantification of protein level from 3 independent 
experiments for NOTCH2NLA (ANOVA p = 0.12) and NOTCH2NLB (ANOVA p = 0.006, 
followed by Tukey’s test). Asterisks indicate significant values from Tukey’s post hoc tests: 
* p < 0.05, ** p < 0.01. 
 
functional divergence of the archaic NOTCH2NL variants, we investigated the 
potential structural implications in more detail (Fig. S2B). The Neanderthal M40I 
variant is located in EGF-L domain 1 and disrupts the predicted start codon of 
NOTCH2NLA. The Neanderthal N232S variant is located in EGF-L domain 6, 
which is fully conserved between NOTCH paralogs and between species (Fig. 
S2C). The N232 residue is part of an important motif for glycosylation, a post-
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translational modification which mediates EGF-L  folding (Takeuchi et al. 2017) 
and NOTCH-ligand interactions (Jafar-Nejad et al. 2010) (Fig. S2D). As such, the 
N232S variant is predicted to alter NOTCH2NL protein interaction dynamics or 
protein stability (Fig. S2E). Indeed, the corresponding rare SNP in modern humans 
(rs375605753) is predicted to be deleterious (Pejaver et al. 2017). The Denisova 
E258A variant is located in the C-terminal domain of NOTCH2NL, an intrinsically 
disordered region known to play a role in protein stability (Duan et al. 2003; Fiddes 
et al. 2018). Analysis using IUPred2A (Mészáros et al. 2018) suggests that this 
substitution alters the state of the NOTCH2NL C-terminal domain, potentially 
affecting protein stability (Fig. S2E-F). In support of this, a modest increase in 
protein level was observed for the Den-E258A and Nea-N232S variants introduced 
into human NOTCH2NLB (Fig. 2C,D). This suggests that these archaic variants 
positively affected protein translation or stability. Altogether, Denisovans and 
Neanderthals carried alleles in their genome which are likely to have affected the 
function of their NOTCH2NL genes.  
 
Variants in Exon1 of NOTCH2NL genes determine NOTCH2NL protein levels  
Unexpectedly, we noticed that the NOTCH2NLANea-M40I variant, predicted to lack 
the first 83 amino acids, was not different in size from NOTCH2NLB. Likewise, no 
decrease in protein size was observed for NOTCH2NLA, predicted to lack the first 
39 amino acids. Analysis of multiple 5’ truncated NOTCH2NL cDNAs reveals that 
instead of the conventional ATG initiation sites on positions M40 and M84, multiple 
unconventional CTG start sites in the 5’ side of NOTCH2NL drive translation of 
NOTCH2NLA and NOTCH2NLANea-M40I proteins (Kearse and Wilusz 2017) (Fig. 
3A, Fig. S3A-G). As a result and as opposed to what is predicted by gene models, 
human NOTCH2NLA and Neanderthal NOTCH2NLANea-M40I encode almost full-
length NOTCH2NL proteins with a functionally intact N-terminal signal peptide. 
Importantly, our analysis also reveals that the usage of unconventional translation 
initiation sites has major consequences for the level of NOTCH2NL protein 
produced by each of the NOTCH2NL genes. NOTCH2NLA, which lacks the first 
start codon produces a 5-fold lower level of NOTCH2NL protein compared to 
NOTCH2NLB (Fig. 3A-C). NOTCH2NLC is also forced to use downstream CTG 
sites for translation initiation and gives rise to normal-sized NOTCH2NL protein 
(Fig. 3B). However, due  
to the combination of the NOTCH2NLC-characteristic 2bp deletion and upstream 
open reading frames (ORFs), the expression level of NOTCH2NLC is extremely  
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Fig. 3. NOTCH2NL Exon1 variants define protein expression level. A) Overview of 
NOTCH2NL Exon1 variants in NOTCH2NLB (blue), NOTCH2NLA (orange) and 
NOTCH2NLC (green). The ORFs produced by each variant are indicated in dark green. B) 
Western blot analysis of NOTCH2NL Exon1 coding variants. C) Quantification of protein 
expression level from equimolar quantities of NOTCH2NLB, NOTCH2NLA or NOTCH2NLC 
full length cDNAs. Data from 6 independent experiments, ANOVA (Welch corrected) p = 
2.7e-05, followed games-howell test: ** p < 0.01, *** p < 0.001. D) Overview of NOTCH2NL 
loci, the configuration of the Exon1 variants and the relative levels of NOTCH2NL protein 
they produce. 
 



Chapter 4 
 
 

190  
 

low, at only 1% compared to NOTCH2NLB (Fig. 3C). These new insights reveal 
that the level of NOTCH2NL protein generated by each of the genes is 
predominantly dependent on the presence or absence of three specific coding 
variants in Exon1 (Fig. 3D). Compared to the NOTCH2NLB configuration of Exon1 
(Exon1B-(High)-variant) which produces high levels of NOTCH2NL protein, the M1I 
substitution in NOTCH2NLA (Exon1A-(Low)-variant) produces 5-fold less 
NOTCH2NL protein. The configuration of NOTCH2NLC, which has the 2bp 
deletion in Exon1, (Exon1C-(X-low)-variant) results in extremely low levels of 
NOTCH2NL protein. Importantly, ectopic gene conversion between NOTCH2NL 
loci can result in transfer of Exon1-variants from one NOTCH2NL gene to another. 
As a consequence, the total dosage of NOTCH2NL protein in each individual may 
not be defined by the copy number of each of the NOTCH2NL genes, but by the 
level of Exon1-variant carry-over via gene conversion between NOTCH2NL genes. 
 
Unusual configuration of NOTCH2NL genes in the Denisova3 genome  
To assess the extent to which gene conversion influences the distribution of Exon1-
variants between NOTCH2NL genes, we investigated the distribution of SUNs 
across the NOTCH2NL loci. First, we analyzed modern human NOTCH2NLC for 
evidence of gene conversion. Analysis of the Exon1 configuration of NOTCH2NL 
genes reveals that most modern humans contain 2 NOTCH2NLC derived Exon1C-

(X-low)-variants (Fig. 4A), present in both alleles of NOTCH2NLC. Furthermore, an 
equal distribution was found for NOTCH2NLC SUNs across the NOTCH2NL locus 
in most modern human individuals (Fig. 4B), suggesting that gene conversion 
between NOTCH2NLC and other NOTCH2NL loci does not commonly happen. A 
similar pattern was found in Neanderthals and ancient humans (Fig. 4A; Fig. S4A-
B). This indicates that the majority of Neanderthal, archaic human and modern 
human genomes have 2 NOTCH2NLC alleles carrying the Exon1C-(X-low)-variant. 
The Denisova3 genome however, shows a strikingly different pattern: The 
presence of NOTCH2NL-paralog-specific SUNs across the NOTCH2NL loci shows 
that NOTCH2NLA, NOTCH2NLB and NOTCH2NLC genes are present in the 
Denisova3 genome (Fig. 4C). Based on the complete absence of NOTCH2NLR 
SUNs and a total coverage representative of only 6 NOTCH2NL alleles (Fig. 1D), 
it is likely the Denisova3 genome had a homozygous deletion of NOTCH2NLR. 
Remarkably, despite good coverage of the Exon1 region in the Denisova3 genome 
(36X), all NOTCH2NL-derived reads from Exon1 carry the NOTCH2NLC-derived 
Exon1C-(X-low)-variant (Fig. 4D). This implies that all 6 Denisovan NOTCH2NL  
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Fig. 4. NOTCH2NLC configuration in Denisova3 compared to modern humans. A) Plot 
showing the Exon1C-(X-low) allele count for modern humans, ancient humans, Neanderthals 
and Denisovan. Note the unusual allele count for Denisovan. B) Modern human’s median 
allele count plotted for each of the NOTCH2NLC-specific SUNs distributed along the 
NOTCH2NL locus. Vertical dashed lines indicate the region around Exon1. Zoom-in shows 
SUN count in Exon1, including the Exon1C-(X-low) variant indicated by green arrowhead. C) 
NOTCH2NL allele counts in the Denisova3 genome, estimated from the average density 
of paralog-specific SUNs. D) Denisova3 allele count plotted for each of the NOTCH2NLC-
specific SUNs distributed along the NOTCH2NL locus. Zoom-in shows NOTCH2NLC SUN 
count in Exon1, including the Exon1C-(X-low) variant as indicated by green arrowhead. 
 
alleles produced NOTCH2NL protein at an extremely low level. Unfortunately, the 
lack of other high-coverage Denisovan genomes prevents us from assessing 
whether this is an individual-specific genotype or whether similar NOTCH2NLC 
gene conversions were frequent in the Denisovan population. Importantly, this 
pattern of Exon1C-(X-low)-variant distribution in Denisovan NOTCH2NL genes, or 
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anything similar to it, has not been observed in any of the analyzed genomes of 
Neanderthals or healthy modern humans (Fig. S4C).  
 
Evolution of modern human NOTCH2NL genes trends towards lower 
NOTCH2NL levels 
Even though NOTCH2NLA and NOTCH2NLB are capable of producing a 
structurally similar NOTCH2NL protein, the protein levels they produce differ by 5-
fold. In the SUN analysis, we find evidence of extensive gene conversion between 
the NOTCH2NLA and NOTCH2NLB loci: the median SUN depth shifts in favor of 
either allele in different regions of the loci, indicating that parts of the NOTCH2NLA-
sequence are frequently overwritten by NOTCH2NLB-sequence and vice versa 
(Fig. 5A). Most regions with a strong shift in distribution of NOTCH2NLA or 
NOTCH2NLB SUNs are intronic, not predicted to impact the structure and level of 
NOTCH2NL protein. However, the configuration of Exon1 in NOTCH2NLA and 
NOTCH2NLB shows a median allele depth strongly in favor of the Exon1A-(Low)-
variant (Fig. 5B). This is striking because it suggests that the vast majority of the 
population carries 3 or 4 alleles with the NOTCH2NLA-derived Exon1A-(Low)-variant 
and only 1 or 0 alleles with the NOTCH2NLB-derived Exon1B-(High)-variant (Fig. 5C). 
The shift in Exon1A-(Low)-variant distribution was confirmed in 49,593 exomes from 
the UK Biobank (Van Hout et al. 2019) (Fig. S5A) and was also observed in the 
genomes of ancient modern humans (Fig. 5D). The observed imbalance in 
distribution of Exon1-variants indicates that the Exon1B-(High)-variant, producing the 
highest levels of NOTCH2NL protein, is being lost or actively being purged out from 
the modern human population by gene conversion. The increase of the Exon1A-
(Low) variant frequency to 3 or 4 alleles per individual is likely caused by gene 
conversion between the NOTCH2NLA and NOTCH2NLB loci, which can occur  
during meiosis or in early embryonic development for very unstable loci (Chen et 
al. 2007; Bruder et al. 2008; Vadgama et al. 2019). 
 
Spreading of modern human-specific deleterious variants indicates strong 
compensatory mechanisms  
Despite the relatively high abundance of Exon1A-(Low) variants in NOTCH2NLA and 
NOTCH2NLB, some individuals still carry a relatively high number of Exon1B-(High) 
variants. We found that individuals with a relatively high number of the Exon1B-(High) 
variant and low number of the Exon1A-(Low) variant often carry a nonsense SNP 
(R113*) in NOTCH2NLB, which leads to a premature stop-codon and a severely  
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Fig. 5. Exon1 variant frequencies in modern human and ancient genomes. A) Median 
allele count for each of the NOTCH2NLA- and NOTCH2NLB-specific SUNs along the 
NOTCH2NL locus in Simons diversity genomes (N=279). B) Zoomed in region of Exon1, 
orange arrowhead indicates Exon1B-(High) (ATG) / Exon1A-(Low) (ATA) variant positions. C) 
Distribution of Exon1A-(Low) and Exon1B-(High) (inferred) variants in Simons diversity genomes. 
Expected distribution models equal frequency of both variants. Vertical dashed lines 
indicate medians. N=279, Kolmogorov-Smirnov test: p < 2e-16. D) Analysis of Exon1A-(Low) 
and Exon1B-(High) (inferred) variant frequency in modern humans and archaic genomes. Red 
lines indicate medians. 
 
truncated NOTCH2NL protein (Fig. 6A). In addition, we found another variant in 
the splice acceptor sequence of exon 2 (Exon2B-(Splice-mut)) (Fig. 6A, Fig. S6A). This 
variant falls outside of the coding region and therefore was not detected before. 
The AG>GG mutation is predicted to lead to an alternative splicing event, resulting 
in a frameshift and truncation of NOTCH2NL proteins at amino acid 30 (Dougherty 
et al. 2018). On hg38, this variant is annotated in NOTCH2NLB and it is present at 
a high allelic frequency in human genomes from the Simons Diversity data (Fig. 
S6B) and the UK Biobank (Fig. S6C). The R113* variant is less frequently 
observed. Surprisingly, the splice acceptor variant Exon2B-(Splice-mut), as well as the  
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Fig. 6. Additional deleterious NOTCH2NL variants are present specifically in 
humans. A) Overview of the R113* and Exon2B-(Splice-mut) deleterious variants on 
NOTCH2NL protein structure.  B) R113* and Exon2B-(Splice-mut) allele count in modern human 
and archaic genomes. C) UK Biobank data for SAS, AMR and EUR ancestries showing 
association of Exon1A-(Low) frequency with R113* frequency, Exon2B-(Splice-mut) frequency, and 
their combined total grouped by ancestry. R113* Kruskal-Wallis: SAS p = 2.2e-16, AMR p 
= 7.8e-5, EUR p = 2.2e-16. Exon2B-(Splice-mut) Kruskal-Wallis: SAS p = 4.6e-15, AMR p = 
0.04, EUR p = 1.1e-15. Combined Kruskal-Wallis: SAS p = 2.2e-16, AMR p = 9.9e-7, EUR 
p = 2.2e-16. Significant groups were followed by Dunn’s test. D-E) Dose-response curve 
using increasing amounts of NOTCH2NL in the co-culture NOTCH2 reporter assay. D) 
NOTCH2 expressing cells are co-cultured with U2OS (- ligand, ANOVA p = 7.4e-7, followed 
by Tukey’s test: * p < 0.05) or E) U2OS-JAG2 (+ ligand, ANOVA p = 4.7e-9, followed by 
Tukey’s test: ** p < 0.01, *** p < 0.001) cells. n = 5 per condition, displayed as mean ± sd. 
F)  General overview schematic showing the impact of variants in NOTCH2NL genes on 
the production of NOTCH2NL protein and the time/lineage where they were segregating. 
Asterisks indicate significant values from Dunn’s post hoc tests: * p < 0.05, ** p < 0.01, *** 
p < 0.001, **** p < 0.0001. EAS  N = 266, SAS N = 1174, AMR N = 444, EUR N = 46578, 
AFR N = 1087. 
 
R113* mutation were not found in any of the currently available Neanderthal or 
Denisovan genomes (Fig. 6B, Fig. S6B), and are therefore recently evolved 
human lineage-specific adaptations. Both loss of function variants appear to be 
common in the South-Asia (SAS), American (AMR) and European (EUR) 
ancestries and are only sporadically present in East-Asian (EAS) or African (AFR) 
ancestries in the UK Biobank data (Fig. 6B, Fig S6C-D). Segregation of the 
disruptive alleles appeared to be non-random because we found a clear correlation 
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between the individual’s number of Exon1 A-(low) or Exon1B-(High) variants and the 
presence of disruptive R113* and Exon2B-(Splice-mut) mutations: Individuals with a 
relatively high number of the Exon1B-(High) variant, often carry one or two alleles of 
the disruptive R113* mutation in NOTCH2NLB (Fig. 6C-upper panel, Fig S6C-D). 
A strikingly similar pattern was observed for the Exon2B-(Splice-mut) mutation (Fig. 6C-
middle panel, Fig S6C-D). Conversely, individuals with a relatively higher number 
of Exon1A-(Low) variants are more likely to lack either the R113* or splice acceptor 
mutations in NOTCH2NLB (Fig. 6C-lower panel, Fig S6C-D). In the EAS 
population, the more sporadic occurrence of both disruptive NOTCH2NL variants 
correlates with an overall higher Exon1A-(Low) frequency instead (Fig. S6D-E).  This 
reveals a complex pattern of NOTCH2NL configurations, where multiple structural 
variants in NOTCH2NLB, the gene that has the largest contribution to the overall 
NOTCH2NL levels, seem to act complementary to reduce NOTCH2NL protein 
levels. In the Simons Diversity dataset we observe highly similar patterns, but this 
analysis lacked statistical power due to the relatively small sample size per 
ancestry group (Fig S7A-C). Taken together, our findings suggest that a relatively 
high load of the Exon1B-(High) variant often co-occurs with the presence of nonsense 
variants in NOTCH2NLB. Our data suggests that on the individual’s genome level, 
gene conversion of the Exon1B-(High) variant into the Exon1A-(Low) variant acts in 
concert with nonsense variants in NOTCH2NLB to reduce overall NOTCH2NL 
protein level. This seems particularly relevant because we observe a strong 
dosage-dependent effect of NOTCH2NL on Notch signaling activation (Fig. 6D-E), 
indicating that NOTCH2NL dosage is tightly associated with its functional output, 
which in the brain is controlling cortical neurogenesis. Altogether, the identification 
of Neanderthal-, Denisovan- and modern human-specific coding variants and their 
complementary functional impact on NOTCH2NL protein levels, suggests that the 
optimal level of NOTCH2NL protein has been under strong selective pressure in 
recent human evolution and is still being optimized in the human population (Fig. 
6F). 
 
Discussion 
The detection of multiple lineage specific coding variants and the rapid spread of 
some of them throughout modern human genomes shows that the structure of 
human NOTCH2NL genes has been subject to ongoing adaptive evolution since 
the split of modern humans, Neanderthals and Denisovans from our common 
ancestor ~600.000 years ago. This is corroborated by the presence of additional 



4

Evolution of human brain-size associated NOTCH2NL genes proceeds towards reduced 
protein levels 
 

197 
 

copies of NOTCH2NLA or NOTCH2NLB in Neanderthal genomes and the unusual 
configuration of 6 NOTCH2NLC derived Exon1C-(X-low) variants in the Denisova3 
genome. Notably, none of the 279 modern human individuals analyzed in detail in 
this study showed similar configurations and it is questionable whether such 
configurations are found in the healthy human population. This raises questions 
about the health state of the juvenile Denisovan female from the Denisova3 
genome, but because the DNA was isolated from a finger bone, information about 
her physical condition or cause of death is lacking (Meyer et al. 2012). While our 
data indicate no major role for NOTCH2NLC in normal development due to its low 
protein expression levels and common loss of 1 allele, recent studies describe 
repeat expansions in the 5’UTR NOTCH2NLC genes linked to neurodegenerative 
disorders (Deng et al. 2019; Ishiura et al. 2019; Okubo et al. 2019; Sone et al. 
2019; Sun et al. 2019; Hayashi et al. 2020; Jiao et al. 2020). So, it is possible that 
this repeat expansion leads to disease via a gain-of-function mechanism. For 
example it could be that the repeat expansions in NOTCH2NLC lead to an N-
terminally extended open-reading frame, which in turn may cause aberrantly high 
expression of NOTCH2NL or production of toxic NOTCH2NL protein variants. 
Further experiments regarding these possibilities are necessary to understand the 
mechanisms that underlie the reported disease phenotypes.  
 
Our data suggests that gene conversion still plays a central role in exchanging 
coding variants between NOTCH2NLA and NOTCH2NLB. Strikingly, we found that 
the majority of the population carries 3 or 4 NOTCH2NLA derived Exon1A-(Low)-
variants, which is associated with a substantial reduction in NOTCH2NL protein 
level. The fact that about 40% of individuals lack the NOTCH2NLB-derived Exon1B-

(High)-variant completely, could indicate that the high level of NOTCH2NL protein 
producing variant is slowly being purged from the human genome. We found that 
this is not the only evolutionary force at play: Next to the Exon1 variants, there are 
2 other deleterious variants, R113* and Exon2B-(Splice-mut), that reduce the dosage of 
functional NOTCH2NL protein. Remarkably, these deleterious variants are more 
often found in individuals with higher Exon1B-(High) frequency, indicating that they 
provide complementary genetic strategies to decrease NOTCH2NL dosage. The 
R113* and Exon2B-(Splice-mut) variants are exclusively present in modern humans and 
are therefore human-specific adaptations that result in reduced NOTCH2NL 
protein levels. The driving force behind the evolutionary trend to lower levels of 
NOTCH2NL protein remains elusive. Phylogenetic comparisons or dN/dS analysis 
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are traditionally used to assess if such variation is significantly associated to 
evolutionary selection. Because of the absence of functional non-human orthologs 
required to do these comparisons, it is not possible to apply these approaches for 
analysis of NOTCH2NL genes. in addition, frequent and ongoing gene conversion 
between NOTCH2 and NOTCH2NL-containing loci also hampers this analysis 
when trying to make comparisons with the truncated NOTCH2NL pseudogenes in 
chimpanzee and gorilla. The high frequency of multiple variants that decrease the 
available levels of NOTCH2NL protein suggest that NOTCH2NL genes have been 
under selection to counteract high levels of NOTCH2NL expression. Whereas a 
high frequency of loss-of-function alleles in a population could in principle argue 
against an essential function of the gene in question and could progress to a 
complete loss of functional alleles in the future, our data indicates that this is not 
the case for NOTCH2NL genes: Based on the high frequency of loss of function 
variants in NOTCH2NL genes in modern humans, it would be expected that a 
decent proportion of the population would have a genomic configuration without 
any functional NOTCH2NL allele. This is clearly not the case, as the skewed allele 
distributions that we report points towards purifying selection in order to maintain 
at least 1 functional copy of NOTCH2NL. This suggests that in present day 
humans, a certain minimal level of NOTCH2NL protein is required for normal 
human development. The observed evolutionary changes in NOTCH2NL 
composition could be the result of evolutionary adaptations that took place in any 
of the tissues where NOTCH2NL is expressed, including the developing brain. 
Even though this remains speculative at the moment, the trend towards lower 
levels of NOTCH2NL proteins in the human lineage could be correlated to previous 
observations suggesting a progressive reduction of human brain size that started 
about 60,000 years ago (Henneberg 1988; Bednarik 2014).Effectively, 
NOTCH2NL dosage, which is the total of protein produced by all NOTCH2NL loci, 
may vary between individuals but seems to stay within certain upper and lower 
ranges. Our new insights regarding the effect of Exon1 variants on NOTCH2NL 
protein levels may also help in understanding to what extent NOTCH2NL genes 
contribute to 1q21.1 CNV related phenotypes.  Specifically for NOTCH2NL-
mediated effects, like potentiating NOTCH signaling, CNVs of an allele carrying 
the Exon1B-(High) variant may have a much larger effect than CNVs of an allele 
carrying the Exon1A-(Low) variant. Identifying which NOTCH2NL loci are affected by 
gain and loss of alleles will have to be complemented by distribution analysis of 
Exon1A-(Low), Exon1C-(X-low), R113* and Exon2B-(Splice-mut) variants as they are major 
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determinants of NOTCH2NL levels. The realization that gene conversion between 
functionally different NOTCH2NL genes can contribute to the rapid adaptation of 
the human species to establish lower levels of NOTCH2NL protein, may prove to 
be an example for other unstable loci that are characterized by recent segmental 
duplications. As some of these, like the 1q21.1 locus, are associated with disease, 
it will be intriguing to see if gene conversion also affects genetic configurations of 
such loci. 
Ever since the availability of genomes from Neanderthals, Denisovans and ancient 
humans, the question was raised which modern human-specific coding variants 
may hold clues to how our species evolved over the last ~400,000 years. Here we 
discovered such variants in the NOTCH2NL genes, a gene family that emerged in 
humans about 4 million years ago. The role of NOTCH2NL genes in human brain 
development and their involvement in 1q21.1 CNVs, associated to a wide variety 
of neurological disorders, emphasizes the importance of the discoveries we 
describe here: Even if the driving forces of the observed evolutionary changes lie 
outside of the brain, the recent and ongoing structural evolution of human 
NOTCH2NL genes suggests that the tightly coordinated process of human cortical 
neurogenesis is still subject to fine-tuning.  
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Fig. S1. Assessment of allele-specific copy-numbers using SUNs and sequencing 
depth. A) Overview of SUNs analyzed for each NOTCH2NL locus and NOTCH2. B) 
Population frequency estimations based on SUNs and sequencing depth, showing 
estimated copy-numbers of each NOTCH2NL locus and NOTCH2 locus in Simons diversity 
genomes (N=279). C) Overview of allele count per individual from various ancient DNA 
samples from Neanderthals, Denisovans and humans. *Denisova11 is a 
Neanderthal/Denisova hybrid. D) Plots showing NOTCH2NL allele distribution for 2 
example modern human genomes that have evidence for NOTCH2 - NOTCH2NLR gene 
conversion. E) Population frequency for copy-numbers of NOTCH2 and NOTCH2NLR 
alleles corrected for gene conversion in Simons Diversity genomes. 
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Fig. S2. NOTCH reporter assay optimization and functional predictions of archaic 
NOTCH2NL variants. A) Dose-response curve using increasing amounts NOTCH2-Gal4 
plasmid in co-culture assay. U2OS: ANOVA p = 3.1e-10, followed by Tukey’s test. U2OS-
JAG2: ANOVA p = 2.4e-12, followed by Tukey’s test. U2OS-JAG2 / U2OS ratio: ANOVA p 
= 7.3e-12, followed by Tukey’s test. *** p < 0.001, **** p < 0.0001. B) Prediction of archaic 
variants on NOTCH2NL protein structure. C) Multiple sequence alignment of NOTCH1, -2 
and -3 EGF-L repeat 6 in different species. D) Neanderthal-specific coding variants 
positioned in the consensus sequence of the EGF-L domain. E) MutPred2 analysis of 
archaic variants reconstructed in human NOTCH2NLB sequence. F) IUPred2 analysis of 
archaic variants reconstructed in human NOTCH2NLB sequence, and analysis of 
NOTCH2NLR. Asterisks indicate positions of lineage specific coding variants. 
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Fig. S3. NOTCH2NL translation regulation and its effects on protein expression. (See 
also extended data p35,36) 
A) Overview of 5’ truncated NOTCH2NL constructs at the first three start codons in the 
same ORF. Full-length NOTCH2NL precursor protein size is 31 kDa, or 28 kDa after signal 
peptide cleavage. B) Expression of 5’ truncated constructs analyzed by western blot. C) 
Extended exposure of the same western blot shown in (B). D) Additional 5’ truncated 
NOTCH2NL constructs starting at various positions in Exon1. E) Expression of Exon1-
truncated constructs analyzed by western blot. F) Partial cDNA and protein sequence 
overview of NOTCH2NL Exon1. Alternating bold - regular typesetting indicate codons 
within the translated ORF. Green-shaded codons in the NOTCH2NLA sequence indicate 
alternative CTG start codons. Light grey amino acids in NOTCH2NLC are out-of-frame 
protein sequence. G) Design of NOTCH2NL constructs to assess the role of CTG codons. 
H) Western blot analysis of constructs with CTG>CTA substitutions. I) Quantification and 
normalization of protein levels from 3 independent experiments. 
 



Chapter 4 
 
 

214  
 

 
Fig. S4. NOTCH2NL configuration in ancient humans, Neanderthals, and modern 
humans with elevated Exon1C-(X-low) frequency. A) Overview of NOTCH2NLC SUNs in 3 
ancient humans, zoom-in shows Exon1. B) Overview of NOTCH2NLC SUNs in high-
coverage Neanderthals, zoom-in shows Exon1. C) Exon1 configuration of modern humans 
with evidence of 4 alleles Exon1C-(X-low), as indicated by the green arrowhead. Denisova3 is 
shown for reference, coordinates are the same for each plot. 
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Fig. S5. Exon1A-(Low) variant frequency in UK Biobank whole exome sequencing 
data.A) Density plot of Exon1A-(Low) variant frequency in UK Biobank data (N = 49,593). 
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Fig. S6. Relationship between Exon1A-(Low) allele count and additional deleterious 
NOTCH2NL variants. A) Overview of the Exon2B-(Splice-mut) variant at the intron-exon 
boundary. Splice acceptor sites (AG) are underlined. Multiple ESTs of predominantly 
NOTCH2NLB transcripts are shown that use the second splice acceptor.  B) Allele 
Frequencies of the R113* and Exon2B-(Splice-mut) variants (presence of >/= 1 allele / genome) 
in modern and archaic genomes. C) Violin plots showing distribution of UK Biobank exome 
data for the Exon1A-(Low) frequency (Kruskal-wallis p < 2.2e-16), R113* frequency (Kruskal-
wallis p < 2.2e-16) and Exon2B-(Splice-mut) frequency (Kruskal-wallis p < 2.2e-16), followed by 
Dunn’s test. Data is grouped by ancestry. D) Overview of R113*, Exon2B-(Splice-mut) and their 
combined total variant frequencies per ancestry in UK Biobank data. E) Association of 
Exon1A(Low) frequency with R113 and Exon2B-(Splice-mut) variants in the EAS and AFR ancestry 
exomes from UK Biobank data. Kruskal-wallis tests: R113 EAS: p = 0.002, Exon2B-(Splice-

mut) EAS: p = 0.09, combined EAS: p = 0.003. R113 AFR: p = 0.002, Exon2B-(Splice-mut) AFR: 
p = 0.2, combined AFR: p = 0.05. Asterisks indicate significant values from Dunn’s post 
hoc tests: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. EAS  N = 266, SAS N = 
1174, AMR N = 444, EUR N = 46578, AFR N = 1087. 
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Fig. S7. Additional deleterious variants in Simons Diversity genomes and ancient 
genomes. A) Exon1A-(Low) allele count per individual, grouped by presence of 0, 1 or 2+ 
R113* alleles ( Kruskal-wallis p = 0.0002), Exon2B-(Splice-mut) alleles (Kruskal-wallis p = 0.20) 
and their combined total (Kruskal-wallis p = 0.009) in Simons diversity genomes (N=279), 
followed by Dunn’s test. B) Exon1A-(Low) allele count (Kruskal-wallis p = 0.006), R113* allele 
count ( Kruskal-wallis p = 0.0002) and Exon2B-(Splice-mut) allele count ( Kruskal-wallis p = 2.6e-
8) separated by major populations present in Simons diversity genomes, followed by 
Dunn’s test. East Asia (EAS) N = 45, Oceania (OCN) N = 25, South Asia (SAS) N = 40, 
America (AMR) N = 22, Central Asia-Siberia (CAS) N = 27, West Eurasia (EUR) N = 75, 
Africa (AFR) N = 45. C) Overview of R113*, Exon2B-(Splice-mut) and their combined total 
variant frequencies per ancestry in Simons Diversity genomes. 
 
Supplementary Table 1. BED format regions (hg38) used to calculate NOTCH2NL 
copy number based on read-depth analysis. 
 
Supplementary Table 2. SUN positions used for analysis of whole-genome 
sequencing data. Each sheet represents a different NOTCH2NL paralog or NOTCH2. 
Position 119993383 contains a different SUN for both NOTCH2NLA and NOTCH2NLB. 
 
Supplementary Table 3. Calculations of allelic depths of different NOTCH2NL 
paralogs based on SUNs and read-depth analysis. First sheet contains the total allele 
number for NOTCH2NL+NOTCH2. Subsequent sheets show the calculation of SUN 
frequencies from raw samtools mpileup and bcftools query output. Next, the SUN 
frequencies are calculated to allele counts using the total allele number for each individual. 
 
Supplementary Table 4. Final results of SUN and allele depth per individual. Different 
sheets show data for each NOTCH2NL paralog and NOTCH2. Coding variants are 
highlighted in a separate sheet. Next are shown the calculations of total NOTCH2NL 
paralogs based on SUNs and read depth, followed by the final sheet shows metadata for 
Simons Diversity genome datasets. 
 
Supplementary Table 5. Overview, basic information and references of ancient DNA 
samples used in this study. 
 
Supplementary Table 6. Validation of 10X assembly of NOTCH2NL assemblies for 6 
individuals as reported in Fiddes et al. 2018. Main coding variants from this study are 
shown: Exon1A-(Low), Exon2B-(High), Exon1C-(X-Low), R113* and Exon2B-(Splice-mut). GIAB 10X 
genomics data are the original data used for 10X assembly reanalyzed using the method 
decribed in this study (hg38) or the previously GIAB mapped BAM files (hg19). All other 
datasets are independent sequencing experiments, indicated by title and project number. 
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Materials and Methods 
 
NOTCH2NL copy number analysis from whole genome sequencing data. 
Fastq files were imported from the EBI SRA to the Galaxy EU or US server (Afgan et al. 
2018) . For Simons diversity data, only the R1 data was used. Reads were trimmed using 
Trimmomatic (Galaxy v0.36.5). using the following settings: SLIDINGWINDOW: 4, 20 and 
MINLEN: 30. The remaining reads were mapped to the NOTCH2NL-masked hg38 
reference genome using Bowtie2 (Galaxy v2.3.4.2), using single-end, very sensitive end-
to-end settings. Sequence read depth per genome was ~15-30X. The BAM output files 
were sliced using samtools slice (Galaxy v2.0.1) with the coordinates chr1:118911553-
121069626. Bedtools coverage (Galaxy v2.27.0.2) was applied to each sliced BAM file, 
reporting coverage for each position. The NOTCH2-single copy region used is located at 
chr1:119908310-119989035, the NOTCH2+NOTCH2NL multi-copy region used is located 
at chr1:119990490-120087745. Each region was filtered for repeats using RepeatMasker, 
and only the non-repeat intervals were used in coverage analysis. Mean coverage across 
both regions was calculated by averaging coverage per position. The mean coverage of 
the NOTCH2+NOTCH2NL-multi copy region was divided by the mean coverage of the 
NOTCH2-single copy region to infer NOTCH2NL copy-number pet dataset. BAM file data 
was visualized in the UCSC genome browser (Kent et al. 2002) . For ancient DNA datasets 
which consisted of multiple libraries, each library was mapped separately and then merged. 
The Denisova3 run ERR141700 was omitted due to high sequence duplication. The 
following WGS datasets were used: 
 
Modern human 
PRJEB9586(Mallick et al. 2016)    Simons Diversity Genomes 
NA(Van Hout et al. 2019)    UK Biobank Exomes 
 
Ancient human 
PRJEB6622 (Fu et al. 2014)     Ust’-Ishim 
PRJEB6272 (Lazaridis et al. 2014)   Loschbour, StuttgartLBK, Motala3, 

Motala12 
PRJNA240906 (Gamba et al. 2014)   NE1, BR2, IR1, KO1, NE6, NE7, CO1, 

NE5, BR1 
PRJEB4604 (Schiffels et al. 2016)   12880A, 12881A, 12883A, 12884A, 

15594A-sc-20  
PRJEB21878 (Skoglund et al. 2017)    I9028, I9133, I9134 
PRJEB11004 (Martiniano et al. 2016)   3DRIF-16, 3DRIF-26, 6DRIF-18, 6DRIF-

21, 6DRIF-22, 6DRIF-23, 6DRIF-3, 
M1489, NO3423 
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PRJEB24629 (de la Fuente et al. 2018)    IPK12, IPY10 
PRJEB27628 (Krzewińska et al. 2018)   chy002, kzb002, kzb005, kzb006, 

kzb007, kzb008, mur003, mur004, 
scy009, scy301, scy303  

PRJEB13123 (Fu et al. 2016)     Karelia 
PRJEB11364 (Jones et al. 2015)    Bichon, Kotias, Satsurblia 
PRJEB21940 (Günther et al. 2018)    Sf12, H22, Sf913, Stg001 
PRJEB9783 (Günther et al. 2015)    atp002, atp12-1240 
PRJNA218466 (Raghavan et al. 2014)    Mal’Ta 
PRJEB21037 (Saag et al. 2017)     Kunila1, Ardu2 
PRJEB18067 (Jones et al. 2017)   Latvia_HG1, Latvia_HG2, Latvia_HG3, 

Latvia_MN2 
PRJEB11995 (Cassidy et al. 2016)   BA64, RM127, RSK1, RSK2 
PRJEB29663 (Wright et al. 2018)    MH8 
PRJEB31045 (Sánchez-Quinto et al. 2019)  ans017, prs016, prs002, prs009 
PRJNA338374 (Bhattacharya et al. 2018)  Atacama 
PRJEB23467 (Valdiosera et al. 2018)   atp002, atp016 
PRJEB7618 (Seguin-Orlando et al. 2014)  Kostenki 14 
PRJNA284124 (Rasmussen et al. 2015)  Kennewick 
PRJNA46213 (Rasmussen et al. 2010)   Saqqaq 
PRJNA229448 (Rasmussen et al. 2014)  Anzick-1 
PRJEB6943      Cr10-sc, PA38-sc, PA30-sc 
PRJEB2830 (Keller et al. 2012)     Ötzi 
PRJNA230689 (Olalde et al. 2014)   La Brana 
PRJEB6090 (Skoglund et al. 2014)   Gökhem2, Ajvide58 
 
Neanderthal 
PRJEB1265 (Slon et al. 2017)    Altai 
PRJEB21157 (Prüfer et al. 2017)   Vindija 
PRJEB21195 (Prüfer et al. 2017)   Mezmaiskaya1 
NA (Mafessoni et al. 2019)    Chagyrskaya 
PRJEB21870 (Hajdinjak et al. 2018)   Goyet Q56-1 
PRJEB21875 (Hajdinjak et al. 2018)   Les Cottes Z4-1514 
PRJEB21881 (Hajdinjak et al. 2018)    Mezmaiskaya2 
PRJEB21882 (Hajdinjak et al. 2018)    Vindija 87 
PRJEB21883 (Hajdinjak et al. 2018)    Spy 94a 
PRJEB2065 (Green et al. 2010)   Vi33.16, Vi33.25, Vi33.26 
 
Denisova 
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PRJEB3092 (Meyer et al. 2014)   Denisova3 
PRJEB20653 (Slon et al. 2017)    Denisova2 
 
Neanderthal/Denisova hybrid 
PRJEB24663 (Slon et al. 2018)    Denisova11 
 
For comparisons of the SUN analysis with previously assembled NOTCH2NL 
configurations (Fiddes et al. 2018), the following samples and datasets were used 
(Steinberg et al. 2014; Zook et al. 2016; Eberle et al. 2017; Regier et al. 2018; Audano et 
al. 2019; Marks et al. 2019): 
NA24143: 10X genomics (GIAB), WGS (PRJNA200694), WXS (PRJNA200694) 
NA24149: 10X genomics (GIAB), WGS (PRJNA200694), WXS (PRJNA200694) 
NA24385: 10X genomics (GIAB), WGS (PRJNA200694, PRJNA428496), WXS 
(PRJNA200694) 
NA19240: WGS (PRJNA288807, PRJNA428496, PRJEB4252) 
NA12891: WGS and 10X WGS (PRJEB3381, PRJNA428496, PRJNA393319) 
CHM1: WGS (PRJNA246220, PRJNA176729) 
 
Separation of NOTCH2NL copy-number per allele using SUNs 
Based on the hg38 reference genome, single-nucleotide variants and indels were 
identified, via DNA sequence alignment of the NOTCH2NLA, -B, -C or -R loci to the 
NOTCH2 locus. Only SUNs within the region chr1:119990474-12008798 were considered, 
as this is the maximal duplicon size present in each of the NOTCH2NL loci based on the 
segmental duplication track in the UCSC genome browser hg38. The position of each of 
these single-unique nucleotides (SUNs) per locus was stored in BED format. These were 
used to generate .vcf format data per BAM file reporting the total read depth and variant 
(SUN) depth for these positions. This was done using samtools (v1.7) mpileup: 
 
samtools mpileup -uvf hg38.fasta -t DP -t AD -l 
variant_positions.bed -Q 13 -q 0 -b datasets.txt > output.vcf 
 
The relevant information to calculate SUN frequency per allele was extracted using bcftools 
(v1.7) query: 
 
bcftools query -f '%CHROM \t%POS \t%REF \t%ALT{0} 
[\t%DP\t%AD{0}\t%AD{1}]\n' -H mpileup_output.vcf > 
mpileup_output_variants.vcf 
 
The frequency per variant was calculated using these output files by dividing allele depth 
for each SUN (AD) by total depth (DP). For each locus, only SUNs with >0.67 frequency in 
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the population were used for analysis to account for ambiguous or population-specific sites 
that may skew allele distribution calculation, such as known common SNPs. The frequency 
of the selected SUNs was averaged per locus and multiplied by the total number of alleles 
calculated previously based on sequence read coverage, to transform allele frequencies 
into allele counts. Since there are many SUNs for NOTCH2, NOTCH2NLR and 
NOTCH2NLC, they provide an accurate estimation for the allele count of these loci. For 
NOTCH2NLA and NOTCH2NLB only a few SUNs are present and gene conversion 
phenomena happen frequently, which makes this procedure challenging. Therefore, to 
analyze these loci, we first subtracted the NOTCH2, NOTCH2NLR and NOTCH2NLC allele 
counts from the total allele count. The remaining alleles must be derived from NOTCH2NLA 
and NOTCH2NLB, and so, the remaining alleles were counted using the ratio of the 
average SUN frequency for NOTCH2NLA and NOTCH2NLB. These data were plotted in 
donut-charts using LibreOffice v6.1.0.3. For graphs showing the per-SUN allele count 
across the NOTCH2NL loci, the NOTCH2NLB SUN count was inferred from the 
NOTCH2NLA SUN count in the 5’ region of the locus, where no NOTCH2NLB SUNs are 
present. For example in modern humans there are 4 NOTCH2NLA+NOTCH2NLB loci, then 
the Exon1B-(High) allele count was calculated according to this: Exon1B-(High) allele count = 4 
- Exon1A-(Low) count. Correction for NOTCH2 > NOTCH2NLR gene conversion was done 
for genomes that showed 3 alleles NOTCH2. These showed a concordant decrease of 1 
allele NOTCH2NLR based on both the coverage analysis and SUN analysis. This 
difference was corrected for, in example, 3 alleles NOTCH2 and 1 allele NOTCH2NLR in 
one individual were corrected to 2 alleles NOTCH2 and 2 alleles NOTCH2NLR. For 
separation of the Simons diversity genomes data per population, the sample metadata 
supplied with the data was used. 
 
Allele frequencies in UK Biobank exome data 
Reads mapping on NOTCH or NOTCH2NL genes were extracted from UK Biobank CRAM 
exome files (>20X coverage) mapped on hg38. As in these datasets the reads are mapped 
to NOTCH and all NOTCH2NL loci in hg38, the analysis was adjusted from the original 
analysis that used the masked hg38. For the Exon1A-(Low) variant (ATG>ATA), the following 
positions were analyzed: 
 
Position    Locus   Orientation Reference sequence 
hg38  
chr1:120069403-120069404  NOTCH2   -  ATG  
chr1:120724179-120724180  NOTCH2NLR   +  ATG 
chr1:146228778-146228779  NOTCH2NLA   -  ATA 
chr1:148679531-148679532  NOTCH2NLB   -  ATG 
chr1:149390853-149390854  NOTCH2NLC   +  ATG 
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Similary, the Exon2B-(Splice-mut) variant information was derived from the following positions: 
 
Position    Locus   Orientation Reference sequence 
hg38  
chr1:120029988-120029989  NOTCH2   -  T  
chr1:120763625-120763626  NOTCH2NLR   +  A 
chr1:146189382-146189383  NOTCH2NLA   -  T 
chr1:148640098-148640099  NOTCH2NLB   -  C 
chr1:149430931-149430932  NOTCH2NLC   +  A 
 
Nea1N232S variant (AAT>AGT) information was derived from the following positions: 
 
Position    Locus   Orientation Reference sequence 
hg38  
chr1:119997052-119997053  NOTCH2   -  T  
chr1:120793439-120793440  NOTCH2NLR   +  A 
chr1:146156535-146156536  NOTCH2NLA   -  T 
chr1:148607465-148607466  NOTCH2NLB   -  T 
chr1:149463769-149463770  NOTCH2NLC   +  A 
 
 
Read depth and allele depth analysis using samtools and bcftools was then done for each 
locus with the following parameters: 
 
samtools mpileup -uvf hg38.fasta -t DP -t AD -l 
variant_positions.bed -Q 13 -q 0 -b datasets.txt > output.vcf 
 
bcftools query -f '%CHROM \t%POS \t%REF \t%ALT{0} 
[\t%DP\t%AD{0}\t%AD{1}]\n' -H output.vcf > query_output.vcf 
 
The setting -q (mapping quality) was set to 0, to include multi-mapping reads that can not 
be confidently assigned to a specific NOTCH2NL locus, but still contain information 
regarding variant frequencies. Since the Exon1A-(Low) variant is annotated in the hg38 
genome in NOTCH2NLA, reads containing this variant will map there with a better 
alignment score. As such, the Exon1A-(Low) frequency was calculated by read depth at the 
NOTCH2NLA position divided by the sum of read depths at the NOTCH2+all NOTCH2NL 
loci. The Exon2B-(Splice-mut) frequency was calculated by read depth at the specific 
NOTCH2NLB position, where this variant is annotated in hg38, divided by the total read 
depth at the paralogous positions. 
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Cell Culture 
HEK293 cells (ATCC CRL-1573) were cultured in DMEM + GlutaMax, high glucose 
(Thermofisher 61965026), supplemented with 10% HIFBS (Thermofisher 10500064) and 
100u/ml Pen/Strep (Thermofisher 15140122). U2OS and U2OS-JAG2 cells (gifts of Arjan 
Groot and Marc Vooijs, MAASTRO lab, Maastricht University) were cultured in DMEM + 
GlutaMax, high glucose, supplemented with 10% HIFBS and 100u/ml Pen/Strep. U2OS-
JAG2 cells were additionally supplemented with 2ug/ml puromycin (Sigma P8833). For 
routine passaging, medium was removed and cells washed once with PBS (Thermofisher 
10010056). A sterile filtered 0.25% Trypsin (Thermofisher 15090046) + 0.5mM disodium-
EDTA (Sigma E5134) solution in PBS was added, and incubated at 37°C for 2 minutes. 1/8 
of the cell suspension was transferred to a new culture vessel of the same size. 
 
Transfection for NOTCH2NL variant protein analysis 
HEK293 cells were seeded 24 hours before transfection in a 6-wells plate. One hour before 
transfection, medium was replaced with 1800ul DMEM + GlutaMAX, high glucose and 10% 
HIFBS. The transfection mix per well was as follows: 500ng of pCAGN1-NOTCH2NL or 
pCAGN1-EV, and 500ng of pCAGEN-GFP were mixed in a total volume of 100ul 0.25M 
CaCl2, after followed by addition of 100ul 2X HEPES-buffered saline (50m HEPES, 1.5mM 
Na2HPO4, 140mM NaCl, pH 7.05). The 200ul solutions were mixed by pipetting up and 
down 5 times, and the complete mix was added to one well of a 6-wells plate. 6 hours after 
adding transfection mixes, medium was replaced. 
 
Protein isolation 
Cells were isolated for protein extraction 24-30 hours after transfection. Cells were washed 
twice in ice-cold PBS, then detached using a cell scraper (VWR 734-1527) and transferred 
to 1.5ml microcentrifuge tubes. Cell suspensions were centrifuged at 4°C for 5 minutes at 
1,000rcf to pellet cells. The supernatant was removed and the cells resuspended in 10x 
the pellet volume (100-150ul) of immunoprecipitation lysis buffer (50mM Tris-HCl pH8.0, 
150mM NaCl, 5mM MgCl2, 0.5mM EDTA, 0.2% NP40 substitute, 5% glycerol), 
supplemented with 1x protease inhibitor cocktail (Sigma 5892791001). After incubating for 
one hour at 4°C, cell suspensions were transferred through a 273/4 gauge needle 10 times 
and centrifuged at 20,817rcf for 10 minutes at 4°C to pellet cell debris. The supernatant 
was transferred to a new 1.5ml microcentrifuge tube and stored at -80°C. 
 
Protein gel electrophoresis and western blot 
20ul of protein extract was mixed with 20ul of 2x laemmli sample buffer (Biorad 1610737) 
+ 50mM DTT (Sigma D0632). Samples were heated for 5 minutes at 95°C and briefly 
centrifuged. 20ul per sample was loaded on a 1.5mm poly-acrylamide gel, consisting of 
two parts. The running gel (12% Acrylamide/Bis, 375mM Tris-HCl pH 8.8, 0.1% APS, 0.1% 
SDS, 0.04% TEMED) and the stacking gel (5% Acrylamide/Bis, 0.125mM Tris-HCl pH 6.8, 
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0.1% APS, 0.1% SDS, 0.1% TEMED). 20ul of sample was loaded per well and 5ul of 
marker (Thermofisher #26619) was used for reference. Electrophoresis was done in 25mM 
Tris + 192mM glycine buffer (Biorad 1610771) and 0.1% SDS. Protein was transferred to 
nitrocellulose membrane (Sigma 10600004), at 100V for two hours in Towbin buffer (25mM 
tris, 192mM glycine, 20% methanol). Blots were rinsed three times with demi-water, and 
transfer was checked by ponceau S staining. Blots were rinsed once in Tris buffered saline 
(20mM Tris, pH 7.5, 150mM NaCl) + 0.1% Tween (TBS-T), followed by incubation in 
blocking buffer (TBS-T + 5% w/v skim milk powder) for 90 minutes at room temperature on 
a shaking platform. Primary antibodies were incubated overnight at 4°C in TBS-T in 50ml 
tubes on a tube roller. Antibodies used were rabbit anti-HA tag (1:6,000, Abcam ab9110) 
or rabbit anti-GFP (1:4,000, Abcam ab290). Blots were rinsed once in TBS-T and washed 
in TBS-T three times 15 minutes on a shaking platform. Secondary antibody goat anti-
rabbit-HRP in TBS-T (1:20,000, Thermofisher 656120) was incubated for 60 minutes at 
room temperature. Blots were rinsed once in TBS-T and washed three times 15 minutes in 
TBS-T on a shaking platform. The SuperSignal Westdura substrate (Thermofisher 34075) 
was used for chemiluminescent detection, imaged with a ChemiDoc MP imaging system 
(Biorad 1708280). Signals were quantified using Fiji ImageJ using the NOTCH2NL / GFP 
ratio. 
 
Co-culture NOTCH reporter assay 
To monitor modulation of NOTCH2 activity by NOTCH2NL, a reporter assay was used. The 
pGL3-UAS luciferase reporter can be activated by S3-cleaved NOTCH2-Gal4-N1TAD 
receptor intracellular domain (Gal4 domain fused to NOTCH1-transactivation domain) (gifts 
of Arjan Groot and Marc Vooijs, MAASTRO lab, Maastricht University). To achieve high 
levels of receptor activation, the cells transfected with pcDNA5-NOTCH2-Gal4-N1TAD are 
co-cultured with JAG2 expressing cells. Co-culture with regular U2OS cells was done as a 
control. pCAGN1-EV or pCAGN1-NOTCH2NL (derived from Addgene 51142) were co-
transfected to measure effects of NOTCH2NL on reporter activity. pRL-CMV (Promega 
E2261) was used for normalization. 
For transfection, U2OS cells were seeded in 6-well plates at a density of 400,000 cells per 
well. For co-culture assay, U2OS cells or U2OS-JAG2 cells were seeded in 12-well plates 
at a density of 110,000 cells per well. 24 hours later, U2OS cells in 6-well plates were 
transfected. The transfection complex per well was made by adding 2,500ng plasmid DNA 
mix, as described in the table below, in 100ul OptiMEM (Thermofisher 31985047). In a 
different tube, 8.33ul PEI (1mg/ml, Polysciences 23966) was added to 100ul OptiMEM. 100 
ul of each mix were combined, incubated 20 minutes at room temperature, and added to 
the well containing 2ml of complete medium. Reactions were scaled accordingly to facilitate 
large-scale transfections. 6 hours after transfection, the transfected cells were re-plated 
onto the 12-wells plate for co-culture with U2OS or U2OS-JAG2 cells. Per well, medium 
was removed and cells were washed once with 1ml PBS. 0.5ml trypsin-EDTA in PBS was 
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added plates were incubated 90 seconds at 37°C. 2 ml of complete medium was added, 
and cell aggregates were broken up by pipetting up and down 3 times. Cell suspension 
was transferred to 15ml conical tubes already containing 4.5ml of complete medium. From 
the 12-well plates the medium was removed, and replaced by 1ml of cell suspension. To 
control wells, 1ul of 200uM DBZ was added. 24 hours after re-plating the cells were isolated 
for luciferase assays using Dual-Luciferase Reporter Assay System (Promega E1980). 
Medium was removed and each well washed once with 0.5ml PBS. 150ul of 1x passive 
lysis buffer (Promega E1941) was added per well and incubated 15 minutes on a rotating 
platform. Plates were wrapped in parafilm and stored at -80°C. For analysis, 20ul sample 
was pipetted to a 96-well optiplate (PerkinElmer 6005290). Samples were measured on a 
GloMax Navigator device (Promega GM2010), with the following settings: Injector 1, LARII 
buffer (volume 50ul, speed 200ul/s). Wait 2s. Measure luminescence Luciferase 
(integration 10s, readings 1, interval 0.3s). Injector 2, Stop & Glo buffer (volume 50ul, speed 
200ul/s). Wait 2s. Measure luminescence Renilla (integration 10s, readings 1, interval 
0.3s). For comparison of human, Neanderthal and Denisovan NOTCH2NL variants, the 
48ng pCAGN1-NOTCH2NL condition was used. 
 

 6 16 48 140 420 
pGL3-UAS 1050 1050 1050 1050 1050 
pRL-CMV 70 70 70 70 70 
pCAGEN-GFP 35 35 35 35 35 
pcDNA5-NOTCH2-
Gal4-N1TAD 21 21 21 21 21 

pCAGN1-EV / -
NOTCH2NL 5 / 6 14 / 16 41 / 48 120 / 140 361 / 420 

pBluescript (EV / 
NOTCH2NL) 

1315 / 
1314 

1306 / 
1304 

1279 / 
1272 

1200 / 
1180 959 / 900 

Amount of plasmid DNA (ng) transfected per condition. pCAGN1-EV / pCAGN1-
NOTCH2NL denote amount of plasmid used per condition accounting for molarity. 
pBluescript amount was adjusted accordingly as well. 
 
In silico analysis of archaic coding variants 
For multiple sequence alignment of NOTCH1, -2 and -3 EGF-L domains 6, the relevant 
sequences were acquired from UniProt and compared using the alignment tool of UniProt. 
The EGF-L repeat domain consensus sequence was retrieved from Prosite: PDOC00021, 
EGF_3 PS50026. For MutPred2 and IUPred2A analysis, the archaic amino acid variants 
were introduced in the NOTCH2NLB protein sequence retrieved from Uniprot (P0DPK3). 
MutPred2 was run with a P-value threshold of 0.05. IUPred2A was used with the following 
settings: Long disorder, Context-dependent predictions: ANCHOR2. 
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Plasmids 
pCAGEN-GFP (Addgene #11150) 
pCAGN1- hCas9 (Addgene #51142) 
pCAGN1- EV 
pCAGN1-NOTCH2NL 
pCAGN1-NOTCH2NL-T197I 
pCAGN1-NOTCH2NL-M40I, T197I 
pCAGN1-NOTCH2NL-N232S, T197I 
pCAGN1-NOTCH2NL-E258A, T197I 
pCAGN1-NOTCH2NL-M1I 
pCAGN1-NOTCH2NL-M1I, T197I 
pCAGN1-NOTCH2NL-M1I, M40I 
pCAGN1-NOTCH2NL-M1I, N232S 
pCAGN1-NOTCH2NL-M1I, E258A 
pCAGN1-NOTCH2NL-HA 
pCAGN1-NOTCH2NL-HA-T197I 
pCAGN1-NOTCH2NL-HA-M40I, T197I 
pCAGN1-NOTCH2NL-HA-N232S, T197I 
pCAGN1-NOTCH2NL-HA-E258A, T197I 
pCAGN1-NOTCH2NL-HA-M1I 
pCAGN1-NOTCH2NL-HA-M1I, T197I 
pCAGN1-NOTCH2NL-HA-M1I, M40I 
pCAGN1-NOTCH2NL-HA-M1I, N232S 
pCAGN1-NOTCH2NL-HA-M1I, E258A 
pCAGN1-NOTCH2NL-HA-5’ M1 
pCAGN1-NOTCH2NL-HA-5’ M1+kozak 
pCAGN1-NOTCH2NL-HA-5’ M40 
pCAGN1-NOTCH2NL-HA-5’ M40+kozak 
pCAGN1-NOTCH2NL-HA-5’ M84 
pCAGN1-NOTCH2NL-HA-5’ M84+kozak 
pCAGN1-NOTCH2NL-HA-5’ M1I-I1 
pCAGN1-NOTCH2NL-HA-5’ P2 
pCAGN1-NOTCH2NL-HA-5’ L12 
pCAGN1-NOTCH2NL-HA-5’ P22 
pCAGN1-NOTCH2NL-HA-5’ C28 
pCAGN1-NOTCH2NL-HA-M1I-ΔI1 
pCAGN1-NOTCH2NL-HA-M1I-ΔL4 
pCAGN1-NOTCH2NL-HA, 5’ M1, CTG(1-5)>CTA(1-5) 
pCAGN1-NOTCH2NL-M1I-HA, 5’ I1, CTG(1-5)>CTA(1-5) 
pCAGN1-NOTCH2NL-M1I-HA, 5’ I1, Δata-CTG(1-5)>CTA(1-5) 
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pcDNA5-NOTCH2-GAL4-TAD-N1 
pRL-CMV (Promega E2261) 
 
Statistics 
Luciferase reporter assay data was first analyzed using ANOVA by the R function “aov()”. 
Significant groups were further tested with Tukey’s test using the R function “TukeyHSD()”. 
Western blot data was analyzed in the same way, except for data presented in Fig. 3B-C, 
which showed unequal variance (Levene test p = 0.002) and was analyzed instead using 
Welch corrected ANOVA using the R functions “oneway()” with parameters “levene=TRUE” 
and “corrections=TRUE”, followed by games-howell test from function “posthocTGH()”, 
with parameter “method=games-howell” (R package “userfriendlyscience”). Population 
genetic data from Simons diversity genomes and UK biobank exomes was first analyzed 
using Kruskal-wallis tests by the R function “kruskal.test()”. Significant groups were further 
tested with dunn’s test, using the “dunn.test()” function (R package “dunn.test”). 
Distributions in Fig. 5C and Fig. S5A were tested using the Kolmogorov-Smirnov test using 
the “ks.test()”  function. Expected distributions were generated using the “rnorm()” function 
in R. For Simons data, this was simulated by generating mean allele counts according to 
an AABB x AABB polygenic inheritance pattern for the Exon1A-(Low) and Exon1B-(High) 
variants: 0 alleles (1/16), 1 allele (4/16), 2 alleles (6/16), 3 alleles (4/16) or 4 alleles (1/16), 
total N = 2,790. Standard deviation was set to 0.34 to introduce sampling variation. 
Expected distribution in the UK biobank analysis was done similarly, except using allele 
frequencies instead, of 0, 0.1, 0.2, 0.3 or 0.4, total N = 50,000, with a standard deviation of 
0.034, which were adjusted for loss of NOTCH2NLC and NOTCH2NLR as identified in 
Simons diversity genomes.  Boxplots show median and interquartile range (25th and 75th 
percentiles), whiskers are defined by 1.5 * interquartile range. Outliers were hidden in 
violin/box plots from Fig. 6 and Fig. S6-S7 to avoid clutter. All p-values shown were 
adjusted for multiple testing using Holm’s method. 
 
Data visualization 
For donut-charts showing NOTCH2NL allele counts, LibreOffice v6.1.0.3 was used. Data 
involving genomic context was visualized on the UCSC genome browser and exported 
as.pdf files. Plots showing quantification of sequence read coverage, luciferase assays, 
western blots, per-SUN count graphs, variant allele counts and distributions were 
generated in RStudio v1.1.463 and R v3.5.3 with the ggplot2 package v3.1.0. Fig. panels 
were assembled in Adobe Illustrator v23.0.3.  
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Extended Data  
 
Related to Fig. S3: characterization of NOTCH2NL variants  
The unexpected protein size of the Neanderthal M40I variant, challenged ORF predictions 
of translation initiation in mRNA of NOTCH2NL variants. We previously assumed that due 
to the absence of the original start codon, NOTCH2NLA encodes a short protein that lacks 
the signal peptide characteristic to NOTCH2NLB and NOTCH2. To measure the translation 
initiation potential for the different predicted start codons located at M1, M40 and M84, we 
made 5’ truncated NOTCH2NL constructs. These constructs model the predicted start 
codons for ORFs from NOTCH2NLB, NOTCH2NLA and NOTCH2NLANea-M40I respectively. 
To include potential local translation regulatory sequences important for start codon usage, 
each construct was designed to contain 6 base-pairs upstream sequence (Fig. S3A). To 
assess the effect of local translation regulatory sequences, a second version of each 
truncated construct was made, where the 6bp upstream sequence was replaced by the 
kozak sequence (GCCACC). The original full-length NOTCH2NLB cDNA was used as a 
control. The western blot shows that only the construct starting from M1 matches the control 
NOTCH2NLB construct (Fig. S3B). The constructs starting from M40 and M84 expressed 
very low levels of protein visible only after long exposure (Fig. S3C), even in the presence 
of an optimal kozak sequence. Both the M40 and M84 derived proteins run at lower sizes 
than we observed for NOTCH2NLA and NOTCH2NLANea-M40I protein, indicating the M40 
and M84 truncated proteins are not representative of the proteins derived from 
NOTCH2NLA and NOTCH2NLANea-M40I transcripts. This indicates that both NOTCH2NLA 
and NOTCH2NLANea-M40I use an alternative, non-ATG, sequence for translation. To locate 
the translation regulation sequences within NOTCH2NLA mRNA, we made a new set of 
constructs 5’ truncated at multiple positions in Exon1 (Fig. S3D). The full-length 
NOTCH2NLA construct was used as a control. The western blot shows that only the 
constructs starting at P2 and L12 were producing NOTCH2NL protein at the regular size 
observed for NOTCH2NLA and NOTCH2NLANea-M40I (Fig. S3E). This implies that within the 
first half of Exon1 are alternative sequences that can initiate translation. One mechanism 
is that alternative start codons are used for translation. CTG is previously described to 
function as a translation initiation signal61, and there are 5 of these within the first 13 codons 
of the NOTCH2NL mRNA. The ATA at position 1 may also be used as a start codon. The 
use of these alternative start codons yields an almost full-length protein, that includes a 
functionally intact N-terminal signal peptide (Fig. S3F). We tested the potential function of 
CTG codons as translation signals by introducing synonymous mutations in the first 5 CTG 
codons, to CTA, also in combination with removal of the ATA codon at position 1 (Fig. 
S3G). Introducing the CTG>CTA in the NOTCH2NLB background, which is predicted to 
use the ancestral ATG at position instead of CTG codons, actually increased protein level 
by 5-fold. This may be accounted for by increased mRNA levels or translation efficiency. 
Using this finding, we normalized the total protein level in the other conditions (Fig. S3H-
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I). Although the CTG>CTA mutations decreased NOTCH2NL protein levels profoundly 
after normalization in the NOTCH2NLA background, and more so in the ΔATA background, 
there still was observable full-length NOTCH2NL protein. The data indicates that the ATA 
at position 1, and the subsequent 5 CTG codons have a regulatory role in NOTCH2NL 
translation, but other mechanisms are still contributing to translation of NOTCH2NLA 
mRNA. Important to note is that there is no indication that the lower protein coding potential 
of the Exon1-Low variant is compensated by higher transcript abundance: In contrast, gene 
expression from the NOTCH2NLA locus (predominantly containing Exon1A-Low variants) 
is 50-75% lower than gene expression from the NOTCH2NLB locus (predominantly 
containing Exon1B-High variants). This is described in the Fiddes et al., 2018, Cell; Suzuki 
et al., 2018, Cell. The amount of protein generated from Exon1 low (protein) variants seems 
therefore even further diminished by an overall lower level of transcription. 
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Summary 
KRAB zinc finger (KZNF) proteins are a class of transcriptional repressors 
important for epigenetic silencing of specific genomic regions. About 170 primate-
specific KZNFs are present in the human genome. While KZNFs are primarily 
associated with repressing retrotransposon-derived DNA, evidence is emerging 
that they can be coopted for other gene regulatory processes. We focused on the 
19p12 locus, which shows copy-number variations associated with 
neurodevelopmental disorders, implying it is required for human brain 
development. The two genes in this locus, ZNF675 and ZNF681, arose via 
duplication in primates. Genetic deletion of ZNF675 caused developmental defects 
in cortical organoids and our data suggest that the observed neurodevelopmental 
phenotype is mediated by ZNF675 binding to the promoter of the 
neurodevelopmental gene HES1. We show that ZNF675 interferes with HES1 
auto-inhibition, a process essential for maintenance of neural progenitors. As a 
striking example of how some KZNFs have integrated into pre-existing gene 
expression networks, these findings suggest the emergence of ZNF675 has 
caused a change in balance of HES1 autoregulation. The association of ZNF675 
CNV with human developmental disorders suggests that this new balance has 
become essential for normal human brain development.  
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Introduction  
There are hundreds of KRAB zinc finger genes in our genome and while we are 
beginning to  understand their communal roles as a gene family (Emerson and 
Thomas 2009; Nowick et al. 2010; Thomas and Schneider 2011; Jacobs et al. 
2014; Schmitges et al. 2016; Ecco et al. 2017; Imbeault et al. 2017), the functions 
of individual KZNF genes and their importance for normal human development has 
remained largely elusive. Many of the KZNF genes in humans are primate-specific 
and based on the reported involvement of KZNFs in a variety of cellular processes, 
it is likely that some of them contributed to the evolution of gene expression 
networks and possibly the emergence of species-specific features. One of the 
primary roles of KZNFs is to silence retrotransposon insertions in our genome 
(Deininger et al. 2003; Cordaux and Batzer 2009; de Koning et al. 2011). KZNFs 
are DNA-binding proteins, that bind specific sequences via an array of C2H2 zinc-
finger domains (Lee et al. 1989; Wolfe et al. 2000; Persikov et al. 2009; Najafabadi 
et al. 2017), and can recruit repressive co-factors via their N-terminal Krüppel 
associated box (KRAB) domain (Urrutia 2003; Zeng et al. 2008; Groner et al. 2010; 
Turelli et al. 2014). Even though the repressive function of KZNFs is initially 
important to restrict retrotransposon invasions, it has become clear that over time 
a decent number of KZNFs became co-opted as regulators of retrotransposon-
mediated gene regulation (Jacobs et al. 2014; Ecco et al. 2016; Chen et al. 2019; 
Pontis et al. 2019) and regulators of genes directly through binding to specific 
elements in their promoters or other mechanisms (Nowick et al. 2011; Shin et al. 
2011; Chauhan et al. 2013; Schmitges et al. 2016; Imbeault et al. 2017; Helleboid 
et al. 2019; Farmiloe et al. 2020). Disturbance of some KZNFs are associated with 
disease (Cassandri et al. 2017; Perdomo-Sabogal and Nowick 2019), suggesting 
certain KZNFs have become essential for normal human development. In this 
study we examine a primate-specific locus within the KZNF cluster on human 
chromosome 19p12, for which copy number variations (CNVs) are associated with 
neurodevelopmental disorders. Only two paralogous genes reside in this region: 
ZNF675 and ZNF681, emerged in our genome by gene duplication of a common 
ancestor KZNF gene specifically present in primates. In order to find a possible 
explanation for the neuronal phenotype associated with CNV of ZNF675 and 
ZNF681, we investigated their contributions to normal brain development using 
human cortical organoids. The findings reveal a role for ZNF675 in an essential 
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neurodevelopmental process, which may explain the neurodevelopmental 
phenotypes observed in 19p12 CNVs. Our results exemplify the potential of KZNFs 
to be co-opted as transcriptional regulators, which may have contributed important 
new gene-regulatory functions to the human genome throughout primate evolution. 
The incorporation of new primate-specific KZNFs into pre-existing gene expression 
networks highlights how the continuous battle between TEs and KZNFs leads to 
widespread fine tuning of gene expression dynamics in evolutionary adaptation.  
  
Results  
 
ZNF675 and ZNF681 reside in a locus associated with neurodevelopmental 
disorders.  
Analysis of structural variation within the human genome has revealed several loci 
in our genome associated with human traits and diseases (Marques-Bonet et al. 
2009; Girirajan et al. 2011). Here, we focus on copy-number variations (CNVs) in 
the 19p12 locus, which contains several primate-specific KZNF genes (Bellefroid 
et al. 1993; Eichler et al. 1998; Dehal et al. 2001; Looman et al. 2002; Hamilton et 
al. 2006; Tadepally et al. 2008) (Figure 1A). In this locus we identified a relatively 
small recurrent CNV, which encompasses only two genes: ZNF675 and ZNF681 
(Figure 1B, Supplementary Figure 1). Data from the DECIPHER database (Firth 
et al. 2009) suggests structural variants involving these genes are in many cases 
linked to brain disorders, such as autism, intellectual disability, micro- and 
macrocephaly, ataxia and epilepsy (Figure 1C, Supplementary Table 1). In 
another largescale analysis of genetic structural variation, duplications of this locus 
were significantly enriched in patients with developmental delay compared to 
controls.  (Cooper et al. 2011; Coe et al. 2014). The fact that only 2 annotated 
genes reside in this locus and CNVs are recurrently 55 associated with 
neurodevelopmental disorders, indicates that either or both ZNF675 and 56 
ZNF681, have an important role in normal human neurodevelopment.  
 
Structural changes during ZNF675 evolution enabled it to bind a specific 
family of retrotransposons  
KZNFs represent a highly dynamic gene family in evolution. The repetitive 
character of DNA sequences in KZNF clusters cause frequent segmental  
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Figure 1. Overview of the human 19p12 locus and copy-number variations. A) 
Genomic organization of 19p12 locus including ZNF675 and ZNF681 genes. B) 
DECIPHER data track visualized on UCSC genome browser. Each bar indicates an 
individual with their respective CNV mapped in this region. C) Individuals with listed 
DECIPHER phenotypes and known CNVs only affecting ZNF675 and ZNF681.  
 
duplications and the formation of new KZNF genes. In addition, the repetitive 
character of the DNA sequences within each KZNF gene allow a rapid structural 
evolution of KZNF genes and diversification of their function. (Eichler et al. 1998; 
Tadepally et al. 2008; Emerson and Thomas 2009; Nowick et al. 2011; Najafabadi 
et al. 2017). These evolutionary changes can modify their DNA recognition 
properties and optimize the structure of the KZNF protein for silencing novel 
genomic target sites. To study the relationship between ZNF675 and ZNF681 in 
more detail, we reconstructed their evolutionary history. Based on sequence 
similarity between ZNF675 and ZNF681, these genes are closely related 
paralogues, suggesting ZNF675 and ZNF681 share a common parental gene 
(Figure 2A). Evidence for the presence of both ZNF675 and ZNF681 are found in  
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Figure 2. Structural changes in ZNF675 co-occurred with an ERV invasion. A) 
Overview of ZNF675 and ZNF681 structures in primates. B-C) Analysis of ChIP-seq data 
showing type and number of transposons bound by ZNF675 and ZNF681. D) Luciferase 
assay using the pGL3-SV40-3x100bp-MSTA reporter containing the ZNF675 binding 
sequence derived from an MSTA-int element, n = 4 per condition, error bars denote 
standard deviation. P-values assessed by t-test followed by holm correction. E) Output from 
pairwise LiftOver of THE1/MST elements between human hg38 genome and other primate 
genomes. F) Variant data from gnomAD, showing a high frequency loss-of-function 
ZNF681 allele.  
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humans, great apes, old world monkeys and new world monkeys. In basal primate 
genomes, no homolog sequences of either ZNF675 or ZNF681 were found. This 
indicates that both the emergence of the ancestral ZNF675/ZNF681 gene and the 
segmental duplication that formed ZNF675 and ZNF681 happened in the last 
common ancestor of humans and newworld monkeys (Figure 2A). After the 
duplication event, ZNF675 and ZNF681 have undergone a number of structural 
changes that led to the diversification of their respective structural composition and 
DNA binding properties. ZNF675 lost 2 zinc-finger domains in the middle of the 
zinc-finger array. More recently, in the last common ancestor of apes and humans, 
the Cterminus was altered by a stop codon, creating a slightly shorter protein. 
ZNF681 did not undergo major structural changes in the residues important for 
DNA sequence specificity, but has lost the overall binding capacity of several zinc-
finger domains via alterations in codons coding for structurally required cysteine 
and histidine residues. In two large-scale KZNF binding analyses, ZNF675 was 
found to bind to the internal sequence of THE1 and MST types of retrotransposons, 
related to endogenous retroviruses (ERVs) (Najafabadi et al. 2015; Imbeault et al. 
2017). Specifically, these are annotated as THE1A/B/C/D-int and MSTA/B/C/Dint, 
collectively named THE1/MST elements hereafter (Figure 2B). Human ZNF681 
did not appear to bind any retrotransposons with high affinity in the human genome 
(Figure 2C).  Binding of ZNF675 to THE1/MST elements was confirmed in a 
luciferase reporter assay, showing a strong ability of ZNF675 to repress a reporter 
plasmid containing a THE1/MST element (Figure 2D). As a control, ZNF681 did 
not display such an effect, suggesting the structural changes that diversified 
ZNF675 from ZNF681 and the ancestral sequence have been pivotal for its ability 
to recognize and repress THE1/MST elements. Indeed, the structural changes that 
ZNF675  underwent during evolution coincide with the timeframe during which  
THE1/MST elements invaded our ancestral genome. (Figure 2E, Supplementary 
Figure 2). Furthermore, population genetics data suggests that ZNF681 is 
dispensable for normal human development: We noticed a SNP in ZNF681 that 
causes a 2 bp deletion, resulting in a translational frameshift and early termination 
signal (rs61397759).According to gnomAD v2.1.1 data (Lek et al. 2016; 
Karczewski et al. 2019), this SNP has a 0.153 allele frequency, and a 0.025 
homozygosity frequency (Figure 2F), meaning 2.5% of the human population have 
no functional ZNF681 in their genome at all. This variation further highlights the 
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instability of the genomic locus that ZNF675 and ZNF681 reside in. Taken together, 
our analysis indicates that ZNF675 is the only candidate for the developmental 
disorders associated with CNVs in this locus.  
 
Genetic deletion of ZNF675 results in altered neurogenesis in organoids  
Next, we investigated the function of ZNF675 in relation to the brain-developmental 
phenotypes in CNVs via gene knock-out. We generated isogenic human 
embryonic stem cell (hESC) lines deficient of ZNF675 by CRISPR-Cas9 mediated 
genetic deletion of exon 4, removing the complete zinc-finger array coding 
sequence (Figure 3A). To identify clones with successful removal of the target 
region, PCR and RT-qPCR genotyping was used (Supplementary Figure 3A-C). 
Next, under defined neuronal differentiation conditions (Field et al. 2019), cortical 
organoids were generated from hESC clones in two independent batches and 
isolated at day 28 of differentiation. The first batch consisted of hESC clones E5 
+/+, F3 +/-, F5 -/- (Figure 3B) and a second independent batch consisted of clones 
G5 +/+, G10 +/- and B1 -/- (Figure 3C). To investigate the cortical organoid 
development in more detail, we compared the gene expression profile by RNA-
sequencing of samples from wild-type, heterozygote, and knock-out organoids 
(Supplementary Table 2). The RNA-sequencing data confirmed successful 
knockout of ZNF675 (Supplementary Figure 3D). Cortical organoids generated 
from each cell line carrying the knockout, heterozygous or wild-type genotypes did 
not have major differences in size or growth (Supplementary Figure 3E). For 
differential gene expression analysis, only genes differentially expressed in both 
independent clone batches were selected (Figure 3D). A total of 472 genes 
showed expression changes in the same direction in both knockout datasets. Gene 
ontology analysis of upregulated and downregulated genes show that the ZNF675 
knockout organoids show premature neuronal differentiation and aberrant self-
renewal properties of neuronal stem cells (Figure 3E). Several key genes involved 
in neuronal stem cell maintenance such as HES1, SOX2 and early neurogenesis 
such as FEZF2, CUX2 and EMX2 were downregulated in ZNF675 knockout 
organoids (Figure 3F). In contrast, several genes involved in later stages of 
neuronal differentiation such as DCX, FOXP2 and ISL1 were upregulated in 
ZNF675 knockout organoids. These gene expression changes indicate that loss of  
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Figure 3. Loss of ZNF675 leads to premature neuronal differentiation at the expense 
of neuronal stem cell maintenance. A) Location of CRISPR/Cas9 gRNAs for deletion of 
ZNF675 exon 4. B) Images of day 28 cortical organoids from 2 batches of ESC clones with 
indicated ZNF675 genotypes. C) Overlap of differentially expressed genes identified by 
RNA-seq profiling of 2 independent batches of day 28 organoids. D) GO-terms 
overrepresented in the selected 472 differentially expressed genes. E) Heatmaps showing 
expression patterns of upregulated and downregulated genes in RNA-seq data of all 
samples. G5 +/+: n = 2, G10 +/-: n = 1, B1 -/-: n = 2, E5 +/+: n = 2, F5 -/-: n =2.  
 
ZNF675 leads to premature neuronal differentiation at the expense of neuronal 
stem cell maintenance and early neurogenesis. 
  
ZNF675 regulates neuronal genes directly by binding to their promoters  
We next aimed to identify the mechanisms underlying the aberrant neuronal 
expression in the ZNF675 knock out cortical organoids. Since ZNF675 binds to 
and represses THE1/MST elements (Figure 2D), one possibility is that loss of 
ZNF675 may alter their epigenetic state and regulatory potential. Previous studies 
have shown the potential of LTR class retrotransposons to act as gene regulatory 
elements (Kunarso et al. 2010; Schmid and Bucher 2010; Gifford et al. 2013; 
Sundaram et al. 2014; Chuong et al. 2016; Ecco et al. 2016; Chen et al. 2019; 
Pontis et al. 2019). We tested a possible association between the differentially 
expressed genes identified in ZNF675 knockout cortical organoids and their 
proximity to THE1/MST elements (Figure 4A). The set of genes upregulated in 
ZNF675 knockout organoids showed a closer median distance to the nearest 
THE1/MST element compared to a random set of genes. This suggests a 
regulatory association between ZNF675-regulated neuronal  genes and de-
repressed THE1/MST elements, similar to what was shown for other classes of 
transposable elements (Jacobs et al. 2014; Ecco et al. 2016; Chen et al. 2019; 
Pontis et al. 2019). However, the overall effect of de-repressed THE1/MST 
elements on nearby gene expression seemed very modest, suggesting that other 
roles of ZNF675 may be important for driving normal neurodevelopment. It was 
recently established that some KZNFs directly bind to gene promoters, 
independent of the retrotransposons they have evolved to bind and repress 
(Schmitges et al. 2016; Imbeault et al. 2017; Farmiloe et al. 2020).  We analyzed 
whether this was also the case for ZNF675. Based on two independent sources of  
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Figure 4. ZNF675 evolved to bind to endogenous gene promoters.  A) Distance to the 
closest ZNF675 bound THE1/MST of differentially upregulated or downregulated genes 
from the ZNF675 knock-out RNAseq data, using a set of 485 random genes as control. P-
values assessed by Kruskal-Wallis test, followed by Dunn’s test where applicable. B) 
Number of ZNF675 bound gene promoters identified from two independent ChIP-seq 
datasets. C) Chart showing the presence of repeats in ZNF675 bound gene promoters. D) 
Multiple sequence alignment of promoters bound by ZNF675, grouped by promoters 
containing no repeats and promoters with THE1/MST elements. E) Pileup of ChIP-seq 
reads showing ZNF675 binding the HES1 promoter. An MSTB-int element in the same 
region is shown for reference. Asterisks indicate zoom-in of HES1 promoter and the MSTB-
int element. F) Luciferase assay using a pGL3-SV40-3x100bp-HES1 reporter containing 
the ZNF675 binding sequence in the HES1 promoter, n = 4 per condition, error bars denote 
standard deviation. P-values assessed by t-test followed by Holm correction.  
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KZNF binding data (Schmitges et al. 2016, Imbeault et al. 2017), we found that 
ZNF675 binds to 87 gene promoters (Figure 4B, Supplementary Table 3) and in 
43 cases, the binding of  ZNF675 to the gene promoter was not mediated by the 
presence of a THE1/MST element (Figure 4C). The DNA sequences bound by 
ZNF675 independent of THE1/MST elements share a clear similarity to the core 
ZNF675 binding site in the THE1/MST elements (Figure 5D). The importance of 
this 10 bp core motif for binding by ZNF675 is further strengthened by observations 
that show that the majority of THE1/MST elements are not bound by ZNF675 
because they lack this specific core motif or show indels at the site where ZNF675 
normally binds (Supplementary Figure 4A-C). This indicates that a small number 
of gene promoters have become bona fide ZNF675 targets after ZNF675 was 
optimized to recognize and repress THE1/MST elements. The close resemblance 
between the ZNF675 core binding motif in promoters and THE1/MST elements 
suggests that the promoter sequences carried a level of similarity to the invading 
retrotransposon class which caused them to be bound by ZNF675 as well. Within 
the 43 ZNF675-bound gene promoters, we noticed a number of important 
neurodevelopmental genes such as Microcephalin-1 (MCPH1), Sestrin 3 (SESN3) 
and Hes Family BHLH Transcription Factor 1 (HES1). Of particular interest was 
the binding of ZNF675 to the promoter of HES1, which is a key 
neurodevelopmental gene essential for regulating neural stem cell self-renewal 
(Figure 4E) (Nakamura et al. 2000; Imayoshi et al. 2010). Interestingly, HES1 is 
also differentially expressed in both batches of ZNF675 knock-out organoids 
(Figure 3F). In further support of a functional relation between ZNF675 and HES1 
promoter regulation, we verified a regulatory potential of ZNF675 on the HES1 
promoter in a reporter assay (Figure 4F, Supplementary Figure 5A). Even in the 
context of the endogenous HES1 promoter, ZNF675 showed the ability to reduce 
luciferase reporter gene expression (Supplementary Figure 5B). Combined, 
these results indicate that ZNF675 can affect HES1 gene expression in tissues 
where they are co-expressed. Given that tight control of HES1 expression is pivotal 
to the delicate balance between the maintenance of neural stem cells and neuronal 
differentiation, the regulatory influence of ZNF675 on the human HES1 promoter 
may be involved in the neurodevelopmental phenotypes associated with copy 
number variations in the ZNF675 locus.  
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ZNF675 interferes with HES1 autoregulatory feedback inhibition  
The reporter assay suggested a repressive effect of ZNF675 on the promoter of 
HES1, which is in line with the general role of KZNFs as transcriptional repressors. 
In seeming contradiction to the repressive role of ZNF675 in the reporter assay, 
genetic deletion of ZNF675 did not lead to an upregulation of HES1 expression in 
ZNF675 knock-out cortical organoids. Instead, HES1 expression was reduced. 
One scenario that could fit with these observations is that ZNF675 competes for 
an even stronger repressor on the HES1 promoter. To elucidate the role of ZNF675 
on the endogenous HES1 promoter, we further examined the HES1 locus in order 
to find regulatory mechanisms that could explain these observations. HES1 is 
highly expressed during brain development and its expression dynamics play an 
important role in fate determination of neural stem cells. In these cells, it follows an 
intricate oscillatory expression pattern which is governed via negative 
autoregulatory feedback (Hirata et al. 2002; Kageyama et al. 2007; Ochi et al. 
2020). Indeed, we observed a strong repressive effect of HES1 protein on the 
HES1 promoter in a reporter assay (Supplementary Figure 5C). When analyzing 
HES1 ChIP-sequencing data (The ENCODE Project Consortium 2012; 
Venkataraman et al. 2018), the peaks of HES1 and ZNF675 are partially 
overlapping with the centers of the peaks within only 60 bp of each other on the 
HES1 promoter (Figure 5A). This indicates there may be competition between 
ZNF675 and HES1 for binding to the HES1 promoter. We hypothesized that 
binding of ZNF675 to the HES1 promoter interferes with HES1 negative auto-
regulatory feedback (Figure 5B). To test this, we created a human dynamic 
reporter assay previously reported for mouse cells (Masamizu et al. 2006; 
Nakayama et al. 2008) to measure HES1 expression dynamics in the presence or 
absence of ZNF675. We constructed a luciferase reporter plasmid to assess HES1 
expression dynamics, containing the human HES1 promoter and destabilization 
sequences for both luciferase mRNA and protein that mimic the rapid turnover of 
HES1. This plasmid was transfected in mouse 3T3 cells, which endogenously do 
not have primate-specific KZNFs. After synchronization of cells via 0.2% serum 
treatment, the reporter signal was monitored continuously in a LumiCycle assay. 
In the presence of ZNF675 the first oscillatory peak of the HES1 reporter was 
significantly elevated in comparison to presence of ZNF681 or the EV control. This 
indicates that ZNF675 affects the ability of endogenous HES1 protein to 
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autoregulate the HES1 promoter (Figure 5C, Figure S5D). Eventually, the HES1 
oscillation was restored again, but there was a clear delay compared to conditions 
where EV and ZNF681 were co-expressed. In parallel experiments, we isolated 
samples at fixed time-points 0, 2 and 4 hours after synchronization. These samples 
were measured using the dual-luciferase assay, using the renilla signal for 
additional normalization. Here we confirmed the observed effect of ZNF675 on 
HES1 promoter regulation and found an increase in reporter activity after 2 hours 
in the ZNF675 condition (Figure 5D, Figure S5E), which was normalized after 4 
hours. Intriguingly, our data indicate that ZNF675 interferes with the normal 
negative autoregulatory feedback of HES1 protein on the HES1 promoter, which 
has been described as essential for the balance between neuronal stem cell 
proliferation and neuronal differentiation. This model fits with the observations in 
ZNF675 knock-out cortical organoids, where HES1 expression is reduced in the 
absence of ZNF675 and premature neuronal differentiation at the cost of stem cell 
maintenance is observed. Together, these data support a role for ZNF675 during 
human brain development via HES1 autoregulation. Future work will have to 
determine whether impaired HES1 autoregulation is directly associated with 
neurodevelopmental phenotypes identified in 19p12 CNVs, including ZNF675 and 
ZNF681.   
 
Discussion  
In this study, we find evidence that ZNF675 evolved as a modulator of HES1 
expression by binding directly to its promoter, amongst the promoters of other 
neurodevelopmental genes. The ZNF675 bound elements in the gene promoters 
show a clear similarity to the core ZNF675 binding motif in the THE1/MST elements 
which seems to be the main target of ZNF675 with many thousands of binding sites 
throughout the genome. The fact that the ZNF675 bound sequences within the 
gene promoters display a very high level of DNA sequence conservation 
throughout mammalian evolution, suggests that these genes came under ZNF675 
control as accidental bystanders of the evolutionary arms race between ZNF675 
and THE1/MST elements. Importantly, we find that these novel regulatory 
functions by ZNF675 seem to be required for normal brain development. CNVs of 
the ZNF675 locus, 19p12, are associated with neurodevelopmental disorders and 
deletion of ZNF675 in cortical organoids leads to premature neural differentiation  
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Figure 5. ZNF675 interferes with HES1 autoregulatory feedback inhibition. A) 
Comparative ChIP-seq analysis of HES1, ZNF675 and ZNF681 in the HES1 locus. B) 
Potential effect of ZNF675 on HES1 expression regulation. C) Continuous luciferase 
measurements of the pGL3-promHES1-UbqLuc-HES1-3’UTR reporter plasmid in 3T3 
cells, co-transfected with EV, ZNF675 or ZNF681. Line graphs indicate mean values, 
shaded regions the 95% confidence interval. n = 12 per condition in 4 independent 
experiments. D) Dual luciferase measurements at fixed time-points, co-transfected with EV, 
ZNF675 or ZNF681. n = 20 per condition in 5 independent experiments.  
 
and downregulation of the important neurodevelopmental gene HES1. As a 
mechanistic explanation for these observations, we established that ZNF675 
interferes with HES1 auto-regulatory functions and HES1 expression dynamics. 
This is likely to alter the tightly controlled dynamics of neurogenesis for which HES1 
autoregulation and oscillatory expression are so crucial. Given the conserved role 
of HES1 oscillations in neural stem cells and neurogenesis, it is intriguing to see 
this mechanism is influenced by recent evolutionary changes. In the search for 
human-specific developmental features that emerged during primate evolution, it 
appears that introduction of ZNF675 positively acts on HES1 expression by 
competing with HES1 auto-inhibition, promoting neural stem cell self-renewal at 
the cost of neuronal differentiation. In line with our results, in recent work it was 
shown that shortening the period of Hes1 oscillation increased differentiation 
speed of neural stem cells in the developing mouse brain (Ochi et al. 2020).   As 
another compelling example of how genomic evolution seems to play on the 
expression dynamics of oscillating genes, it was recently shown that some other 
oscillating genes also display differences in gene-expression dynamics between 
human and mouse. A longer oscillation period of HES7 in human compared to 
Hes7 in mouse was found to account for species-specific differences in 
somitogenesis (Matsuda et al. 2019; Diaz-Cuadros et al. 2020). The results 
presented here and in other studies highlight how evolutionary changes in gene 
expression dynamics, such as oscillations, can contribute to the emergence of 
species-specific features of developmental processes. It will be intriguing to see if 
HES1 expression dynamics in the developing brain are a hallmark of brain 
developmental differences between human and other species.  In relation to 
ZNF675 CNVs, future work will have to establish if the effect of ZNF675 on gene 
promoters is directly underlying the neurodevelopmental disorder phenotypes. 
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Other ZNF675 gene promoter targets will also have to be considered, especially 
because ZNF675 binds to promoters of genes associated with important neuronal 
functions. Examples are MCPH1 and SESN3, which are related to brain size 
abnormalities and seizures respectively, phenotypes also seen in the DECIPHER 
CNV data of ZNF675. The findings in our study lead to some implications for the 
evolution of KZNFs in response to retrotransposons. In this process, the host 
genome needs to account and select for several parameters to optimize the 
function of new KZNFs. One parameter is the DNA binding motif, perhaps the most 
important, to specifically target a retrotransposon while minimizing binding to 
endogenous sequences. Retrotransposons often contain repetitive DNA 
sequences that closely mimic mammalian promoters, presumably in order for the 
retrotransposon to maximally utilize the host’s transcriptional machinery for 
retrotransposition. Therefore, it is not entirely unexpected that KZNFs that are 
optimized to target a retrotransposon, end up binding to endogenous promoter 
sequences as well (Bourque et al. 2008, Farmiloe et al., 2020) .  Another parameter 
is KZNF expression level, which in combination with binding affinity and avidity, 
may determine binding of the KZNF to on-target and off-target genome sequences. 
The expression level of a KZNF should be sufficient to target all individual 
retrotransposons genome-wide to effectively prevent on-going retrotransposition. 
However, too high KZNF expression may saturate binding sites in 
retrotransposons and lead to increased off-target binding to non-retrotransposon 
sequences that harbor similar DNA sequence motifs, like gene promoters. Copy-
number variations of KZNF genes affect the availability of KZNF proteins and thus 
may alter this balance. In the case of ZNF675 promoter binding is observed under 
endogenous expression levels, further pointing towards a co-opted role in gene 
promoter regulation (Schmitges et al. 2016; Imbeault et al. 2017; Farmiloe et al. 
2020). While direct interactions with gene promoters may not have been the 
original driver of KZNF adaptation, they may lead to novel regulatory functions of 
KZNFs in gene regulation. These novel functions of KZNFs may become subject 
to selective pressure after the original target of the KZNF gene, the retrotransposon 
it evolved to repress no longer poses a direct threat to the host genome. The 
acquired role of ZNF675 in modulating HES1 autoinhibitory oscillatory pattern and 
the association of ZNF675 CNVs with neurodevelopmental disorders provides a 
compelling example of the above scenario, showing how KZNF genes can force 
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new balances and dynamics of endogenous gene regulatory networks. As many 
other primate-specific KZNFs also show gene promoter binding, this presents the 
possibility of widespread KZNF-mediated adaptation of gene regulation in recent 
evolution. The KZNF gene family may act as a reservoir of genetic variation, 
enabling rapid adaptation of existing gene networks. Due to their repetitive 
composition, KZNF gene clusters are more vulnerable to CNVs, highlighting the 
balance between genome stability and evolutionary innovation in the human 
genome.  
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Figure S1. DECIPHER structural variation in the 19p12 locus and extended region. 
Green highlight indicates ZNF675 and ZNF681 position. 
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Figure S2. Amount of elements from each THE1/MST subclasses identified in various 
primate genomes using pairwise LiftOver from the human genome. 
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Figure S3. Overview of CRISPR/Cas9 strategy for ZNF675 knockout generation. A) 
Location of gRNAs flanking exon 4, and genotyping PCR primers. B) Genotyping PCR 1 
for a selection of hESC clones. C) RT-qPCR to measure relative ZNF675 and ZNF681 
expression levels in hESC clones used for cortical organoid generation. n = 3 per condition, 
error bars indicate standard deviation D) Visualization of RNA-sequencing data of day 28 
cortical organoids in the ZNF675 locus. 1 replicate is shown for each genotype of hESC 
clone. E) Quantification of organoid size during differentiation. 
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Figure S4. THE1/MST elements have acquired indels in the ZNF675 binding motif. A) 
Number of THE1/MST elements found in the human genome. B) Frequency of indels per 
position in the complete THE1/MST elements and in a zoomed-in region on the binding site 
of ZNF675. C) Frequency of SNVs per position in the complete THE1/MST elements and 
in a zoomed-in region on the binding site of ZNF675. Dashed lines in complete sequence 
plots indicate zoomed-in regions. 
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Figure S5. Additional reporter assays to quantify effects of ZNF675 and HES1 in 
HES1 promoter regulation. A) Dose-dependent ZNF675 effects on the pGL3-3x100bp-
MSTA-SV40 and pGL33x100bp-HES1-SV40 reporters in mouse 46C ESCs, n = 3 per 
condition. Error bars denote standard deviation. B) Effects of ZNF675 and ZNF681 on the 
pGL3-promHES1 reporter in mouse 46C ESCs, n = 24 per condition in 6 independent 
experiments. Two clones, amplified from hESC gDNA, of the HES1 promoter were used. 
C) Effect of HES1 on the pGL3-promHES1-SV40 reporter in mouse 46C ESCs, in 
comparison to ZNF675 and ZNF681, n = 4 per condition. P-values assessed by t-test 
followed by holm correction. Error bars denote standard deviation. D) Setup 2, t = 56, 
continuous luciferase measurements of the pGL3-promHES1-UbqLuc-HES1-3’UTR 
reporter plasmid in 3T3 cells, cotransfected with EV, ZNF675 or ZNF681. Line graphs 
indicate mean values, shaded regions the 95% confidence interval. n = 12 per condition in 
4 independent experiments. E) Setup 2, t = 56h dual luciferase measurements at fixed 
time-points, co-transfected with EV, ZNF675 or ZNF681. n = 16 per condition in 4 
independent experiments. 
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Table S1. Details of individuals in DECIPHER database with CNVs in the 19p12 locus, 
including ZNF675 and ZNF681. 
 
Table S2. DESeq2 analysis of day 28 organoid samples, including normalized read counts. 
 
Table S3. List of gene promoters identified as ZNF675 bound from ChIP-seq data of 
Schmitges et al. 2016 and Imbeault et al 2017, divided in non-repeat associated and 
repeatassociated groups. 
 
Table S4. THE1/MST element and gene positions analyzed for involvement in gene 
regulation based on hg38 coordinates. 
 
Materials and Methods  
 
Cell Culture  
Mouse 46C embryonic stem cells (mESCs) (Ying et al. 2003) were obtained from Austin 
Smith. A gelatin-adapted line was used, that is supported by a 0.1% gelatin coating (Sigma 
G1890). The mESCs were grown in GMEM + L-glutamine (Thermofisher 21710025), 
supplemented with 10% HIFBS (Thermofisher 10500064), 100u/ml Pen/Strep 
(Thermofisher 15140122), 1x sodium pyruvate (Thermofisher 11360039), 1x non-essential 
amino acids (Thermofisher 11140035), 100uM beta-mercaptoethanol (Thermofisher 
31350010) and 1000u/ml LIF (Merck ESG1106, added fresh before use). For routine 
passaging, medium was removed and cells washed once with PBS (Thermofisher 
10010056). A sterile filtered 0.25% Trypsin (Thermofisher 15090046) + 0.5mM disodium-
EDTA (Sigma E5134) solution in PBS was added, and incubated at 37°C for 2 minutes. 
1/12 of the cell suspension was transferred to a new culture vessel of the same size, and 
medium replaced daily. H9 human embryonic stem cells (hESCs, WiCell WA09) were 
grown as colonies on a feeder layer of mouse embryonic fibroblasts (MEFs, Thermofisher 
A34958). MEFs were seeded on 0.1% gelatin coated plates 24 hours before hESCs were 
passaged hESCs were grown in DMEM/F12 + L-glutamine (Thermofisher 11320074), 
supplemented with 20% Knock-out serum replacement (Thermofisher 10828028), 100u/ml 
Pen/Strep, 1x non-essential amino acids and 100uM beta-mercaptoethanol. The medium 
was sterile filtered (Merck SCGPU05RE) and 8 ng/ml recombinant FGF2 was added fresh 
before use each time (Sigma F0291). For routine passaging, hESC colonies were manually 
cut into pieces with a 273/4 gauge needle, and lifted from the plate using a cell lifter (VWR 
734-1526). The cell lifter was cut using sterile scissors to decrease the size to 1-2mm width. 
Cell clumps were pipetted gently to a new plate already seeded with MEFs the day before. 
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Medium was replaced daily. 3T3 mouse embryonic fibroblast cells (Todaro and Green, 
1963), were a gift from Marco Hoekman. The 3T3 cells were cultured in DMEM + GlutaMAX 
(Thermofisher 10566016), supplemented with 10% HIFBS (Thermofisher 10500064), 
100u/mL Pen/Strep (Thermofisher 15140122). For routine passaging, medium was 
removed and cells washed once with PBS (Thermofisher 10010056). Sterile filtered 0.25% 
Trypsin (Thermofisher 15090046) +  0.5mM disodium-EDTA (Sigma E5134) solution in 
PBS was added, and incubated at 37°C for 2 minutes. Cells were split 1/3 and transferred 
to a new culture vessel of similar size.   
  
Analysis of copy-number variation associated to disease  
The UCSC genome browser, human hg19, was used to analyze copy-number variation. 
The following tracks were accessed: DECIPHER: Chromosomal Imbalance and Phenotype 
in Humans (CNVs), last updated 2019-01-01 (Firth et al. 2009) . Copy Number Variation 
Morbidity Map of Developmental Delay (Cooper et al. 2011; Coe et al. 2014) . For 
DECIPHER data, the individuals identified from the CNV visualization on the genome 
browser were looked up in the DECIPHER database at https://decipher.sanger.ac.uk/, to 
retrieve information about possible additional CNVs for each case, and data regarding 
inheritance. Comparative sequence analysis for ZNF675 and ZNF681 evolutionary history  
The human ZNF675 and ZNF681 cDNA and protein sequences were aligned to other 
species’ sequences using BLAT on the UCSC genome browser and NCBI BLAST. For 
comparative analysis, the following genomes were used:  
 
Human ZNF675, ZNF681: hg38  

Chimpanzee ZNF675, ZNF681: panTro5  

Gorilla ZNF675, ZNF681: gorGor4  

Orangutan ZNF675, ZNF681: ponAbe3  

Gibbon ZNF675, ZNF681: nomLeu3  

Rhesus macaque ZNF675, ZNF681: rheMac8  

Crab-eating macaque ZNF675, ZNF681: macFas5  

Marmoset ZNF675: calJac3  

Squirrel monkey: saiBol1  

White-faced Sapajou: cebCap1  

Ma’s night monkey: aotNan1  

  



5

A novel KRAB zinc finger gene has changed the balance of HES1 autoregulation during 
primate evolution 
 

267 
 
 
 

ChIP-sequencing data analysis  
Raw fastq files were download from the EBI SRA. Files were trimmed using Trimmomatic  
(Galaxy v0.36.5) using the following settings: SLIDINGWINDOW: window=4, qual=20 and 
MINLEN: 30. The Illuminaclip command was specified when necessary to remove adapters 
from reads. Reads were mapped to hg19 or hg38 reference genome using Bowtie2 (Galaxy 
v2.3.4.2) with the very sensitive end-to-end preset. BAM files were converted to Bigwig files 
for visualization on the UCSC genome browser with deepTools bamCoverage (Galaxy 
v3.0.2.0), bin size 1, without normalizing or scaling. The following datasets were used:  
  
ZNF675: SRR5197211, SRR1370874  

ZNF681: SRR5197214  

HES1: SRR5444303, SRR5111087, SRR6212666  

  
Association of KZNF ChIP-seq data with transposable elements  
ChIP-seq datasets in bigwig format were analyzed using the UCSC genome browser Table 
browser tool (Kent et al. 2002). ZNF675 and ZNF681 data was converted to a BED file, 
selecting only regions were the peak signal was equal or higher than 20 mapped reads. 
This was intersected with the RepeatMasker table (update 2014-01-10) without simple 
repeats or satellite repeats. For the overview of bound elements, all THE1-int elements 
were summed and include THE1-int, THE1A-int, THE1B-int, THE1C-int and THE1D-int 
elements as annotated in RepeatMasker. For MST-int elements, these include MST-int, 
MSTA-int, MSTA1int, MSTB-int, MSTC-int and MSTD-int. Collectively these are named 
THE1/MST in this study. The promoter analysis was done in the same way, the cutoff for 
bigwig to BED conversion was set a signal of 10 or higher instead. Promoter regions were 
based on hg38 coordinates of GENCODE V27. For each transcript, the coordinates of the 
region 5kb upstream and 1kb downstream of the transcription start site were extracted, and 
used to intersect with the KZNF ChIP-seq data. Each hit was manually curated for artifacts 
to exclude false positives.  
  
Presence of THE1/MST elements in other primate genomes  
The coordinates for each subclass of THE1/MST element were extracted from the hg38 
RepeatMasker table from the UCSC genome browser. The LiftOver tool was used to find 
the amount of homologous loci in other genomes, with the minimum amount of bases that 
must re-map set to 0.95. The analysis was done pairwise between the human genome and 
each primate genome available. The results were grouped per primate lineage and data 
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represented in a dot plot with 30 bins for the element number. The following genomes were 
included in the analysis:  
 
Great apes: Chimpanzee (panTro6), Bonobo (panPan2), Gorilla (gorGor5), Orangutan 

(ponAbe3).  

Apes: Gibbon (nomLeu3)  

Old-world monkeys: Rhesus macaque (rheMac8), Crab-eating macaque (macFas5), 

Green monkey (chlSab2), Baboon (papAnu2), Golden snub-nosed monkey (rhiRox1), 

Proboscis monkey (nasLar1)  

New-world monkeys: Marmoset (calJac3), Squirrel monkey (saiBol1)  

Basal primates: Tarsier (tarSyr2), Bushbaby (otoGar3), Mouse lemur (micMur1)  

  
THE1/MST binding analysis for ZNF675  
To obtain the sequences of THE1*int and MST*int elements that are bound by ZNF675, a 
custom track was made on the UCSC genome browser using the Table Browser tool (Kent 
et al. 2002) from ChIP-seq data of ZNF675 (Schmitges et al. 2016; Imbeault et al. 2017). 
Subsequently, this data was intersected with the Repeats track filtered by repeat name set 
to match the THE1*int and MST*int elements. For the sequences of the THE1*int and 
MST*int elements that were not bound by ZNF675 the same steps were taken, but 
intersected instead with ZNF675 peaks lower than 20. The resulting sequences were 
exported as FASTA files. Next, the consensus sequence of each element was obtained 
from the UCSC genome browser on human transposons repeat consensus (build 05/14 
assembly, repeats2), accessed at http://bit.ly/repbrowser (Fernandes et al. 2020). These 
were THE1A-int, THE1Bint, THE1C-int, THE1D-int, MSTA-int, MSTB-int, MSTC-int and 
MSTD-int. Using the LASTZ tool (Galaxy v1.3.2) the sequences of both bound and 
unbound elements were aligned against the corresponding consensus repeat sequence, 
using default parameters. Finally, the LASTZ output BAM files were used to calculate for 
each element the indel and substitutions per nucleotide, using pysamstats (v1.1.2) 
(https://github.com/alimanfoo/pysamstats).   
  
Design and cloning of CRISPR-Cas9 constructs  
The pX330 vector (Addgene 42230) (Cong et al. 2013)  was used to insert sgRNA target 
sequences, and co-express Cas9 and gRNAs in cells. CRISPOR v4.0 [REF] was used to 
design gRNA sequences in the flanking regions of ZNF675 exon 4, and synthetic 
oligonucleotides were ordered with CACC and AAAC overhangs. The first 5’ nucleotide 
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was changed to guanines to improve sgRNA expression when necessary. The pX330 
vector was digested with BbsI, and annealed oligonucleotides were inserted by ligation with 
Quick ligation kit (NEB M2200). Oligonucleotides used are listed below, overhangs for 
cloning are noncapitalized:  
  
gRNA1_ZNF675_sense: caccGTACACTTAATTATGGCCTG  

gRNA1_ZNF675_antisense: aaacCAGGCCATAATTAAGTGTAG  

gRNA2_ZNF675_sense: caccGATATAAGTGACACATGAGG  

gRNA2_ZNF675_antisense: aaacCCTCATGTGTCACTTATATG  

  
CRISPR-Cas9 of H9 human embryonic stem cells  
Cells were prepared using a modified published protocol (Hendriks et al. 2015) . H9 hESCs 
colonies growing on MEFs were passaged to Matrigel (Corning 354277) coated dishes. For 
culture on matrigel, hESCs were grown in MEF-condition hESC medium. This was 
generated by adding hESC medium without FGF2 to a MEF feeder layer for 24 hours, then 
collecting and filtering the conditioned medium. This was used directly or stored at -20 and 
used within 3 months. FGF2 was added freshly before adding conditioned hESC medium 
to hESC cultures on matrigel. 24 hours before transfection, hESC cultures on matrigel were 
passaged using Accutase (Sigma A6964) to obtain a single cell culture and 2μM 
Thiazovivin (Sigma SML1045) was added to the medium to increase survival. On 1 60mm 
dish, 770000 cells were seeded. 1 hour before transfection, medium was replaced with 
hESC medium without pen/strep. Transfection mixes were made according to the 
Lipofectamine Stem protocol (Thermofisher STEM00003). For 1 60mm dish, 1250ng of 
pX330-sgRNA1_ZNF675, 1250ng pX330sgRNA2_ZNF675 and 500ng of pCAG-GFP were 
mixed in 75ul of OptiMEM. In a separate tube, 12.5ul of Lipofectamine STEM was mixed 
with 62.5ul of OptiMEM. The 2 solutions were mixed and incubated 20 minutes at room 
temperature and the transfection complex was added to the 60mm dish. 16 hours after 
transfection medium was replaced. 48 hours after transfection, hESCs were prepared for 
FACS. A single-cell solution was made using Accutase. PBS was added to dilute Accutase, 
and cells were centrifuged at 1000xg to pellet cells, following one more wash in PBS. Then, 
cells were resuspended in cold 1x PBS + 2μM Thiazovin. The cell suspension was applied 
to a 30μm cell strainer (Sysmex ZPS40464) column to remove remaining cell clumps, and 
collected in a Falcon tube (Corning 352058). During these steps, cells were kept on ice, 
and cell sorting and collection was done at 4°C. A FACSAria III (BD Biosciences) was used 
for sorting, at 20psi and using a 100μm nozzle. Nontransfected cells were used to set the 
gates for GFP-negative cells. 60000-80000 transfected cells (GFP+, 4%-10% of total cells) 
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were collected in one well of a Matrigel coated 6-well plate, and cultured in hESC+MEF-
conditioned hESC medium with 2μM Thiazovivin and 20mM HEPES pH7.4 for the first 24 
hours. The next days, medium was replaced with MEF-condition hESC medium until ready 
to passage. Single cell clones were grown by seeding 800 cells in hESC medium with 2μM 
Thiazovivin on a 60mm dish containing a MEF feeder layer. After 24 hours, medium was 
replaced containing no Thiazovivin. Individual colonies were picked at about 1mm size, and 
transferred in MEF-conditioned hESC medium to a Matrigel coated 96wells plate. By 
pipetting up and down in the well, each colony was broken up into smaller pieces. When 
hESC colonies recovered, they were passaged again using Accutase, 1/10 to a new 96-
well plate for further culturing, and 1/3 to a new 96-well plate for DNA isolation and 
genotyping. Selected clones according to genotyping were cultured on a MEF-feeder layer, 
by seeding 800 cells on a 60mm dish as described before, and cultured as colonies 
according to the regular protocol.  
  
DNA isolation, RNA isolation of hESCs and genotyping PCRs  
Genomic DNA was isolated directly from the 96-wells plate (Hendriks et al. 2015) . Medium 
was removed each well, and washed twice with 1x PBS. 50μl of lysis buffer was added to 
each well (10mM Tris-HCl pH8.0, 10mM disodium-EDTA, 10mM NaCl, 0.5% w/v Sarcosyl, 
40μg/ml proteinase K). The plate was sealed with parafilm and kept in a humid container, 
and placed in a 56°C incubator overnight. DNA was precipitated by adding 100μl of 75mM 
NaCl in 95% ethanol to each well, incubating for 2h at -20°C. DNA was pelleted by 
centrifugation for 5 minutes at 300xg. Supernatant was removed by pipetting, and the DNA 
pellet was washed twice by adding 200μl of 70% ethanol was added to each well, 
centrifuging 5 minutes at 300xg and removing the solution. The plate was air-dried for 15 
minutes, and gDNA in each well was dissolved in a 50μl solution of 10mM Tris pH8.0, 1mM 
disodium-EDTA and 0.1mg/ml RNAse A. The plate was incubated at room temperature 
overnight, the first 2 hours on a shaking platform. For long-term storage, DNA samples 
were kept at -20°C. Genotyping PCR was done using the LongAmp Taq PCR kit (NEB 
M0323), according to the standard reaction protocol. 1ul of genomic DNA was used in PCR 
reactions with a total volume of 20ul. Primers used are listed below:  
 

ZNF675 exon4 5’: ACCTGGCTGTAATTTACTTCTG  

ZNF675 exon4 3’: GGGATTACTAGAAATGTTTGTCC  

ZNF675 del-internal: AGCTCAGAAATATCTAAGGC  
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For RT-qPCR analysis, selected hESC clones were passaged using Accutase. Cells from 
each clone were seeded in triplicate, at a density of 25000 cells per well on a Matrigel 
coated 24-well plate in MEF-conditioned hESC medium + 2μM Thiazovivin. After 24 hours, 
cells were cultured without Thiazovivin and after 48 hours cells were harvested in 300μl 
TRIzol reagent per well (Thermofisher 15596018) and stored at -80°C. RNA was isolated 
using Direct-zol RNA microprep (Zymo Research R2062) with DNAseI treatment according 
to standard protocol. Relative expression was analyzed by RT-qPCR using QuantiTect 
SYBR green RTPCR kit (Qiagen 204243). 25ng of total RNA was used per 10μl reaction. 
Reactions were carried out on a LightCycler 480 II (Roche), using LightCycler 480 96-well 
plates (Roche 04729692001).  
 
ZNF675 qFw: CAAGAAAAAGAGCCTTTGACTG  

ZNF675 qRv: CACACTTTTACAGCCTTTTAACTG  

ZNF681 qFw: GGACTAGAAAGAGACATAGG  

ZNF681 qRv: CCTCCTTTTTGCACTTTGCAC  

ACTB qFw: TCCCTGGAGAAGAGCTACGA  

ACTB qRv: GCACTGTGTTGGCGTACAG  

  
Generation of cortical organoids.  
H9 hESCs were grown as colonies on a MEF feeder layer. Before organoid formation, 
medium was replaced to hESC medium + 1x sodium pyruvate and without FGF2. Colonies 
sized 1.52mm on a 100mm dish were scooped using a cell lifter, which was cut using sterile 
scissors to decrease the size to 2-3mm width. The suspension was transferred to a 60mm 
ultra-low attachment dish (Sigma CLS3261) by gentle pipetting with a wide-bore tip. The 
dish was then placed overnight in the incubator for organoids to form. Then, 50% of the 
medium was replaced with differentiation medium consisting of DMEM/F12 + 2mM L-
glutamine, 20% KOSR, 100u/ml Pen/Strep, 1x non-essential amino acids, 1x sodium 
pyruvate and 4 small molecule inhibitors: 1μM Dorsomorphin (Sigma P5499), 10μM 
SB431542 (Sigma S4317), 3μM IWR-1 (Sigma I0161) and 1μM Cyclopamine (Sigma 
C4116). For the initial 50% medium replacement, concentration of the 4 inhibitors was 
doubled to achieve the required concentration for each in the final volume. Thereafter 
medium was replaced every other day with differentiation medium until day 18. At this stage 
medium was replaced to Neurobasal medium (Thermofisher 21103049), supplemented 
with 2mM L-glutamine (Thermofisher 25030024), 100u/ml Pen/Strep and 1x N2 
supplement (Thermofisher 17502048). Until day 24, 1μM Cyclopamine was added. At day 
28, organoids were harvest for RNA isolation. Per replicate, 8-12 organoids were pooled 
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and dissolved in 1ml TRIzol reagent, stored at -80°C for later use. RNA was isolated from 
TRIzol using Direct-zol RNA microprep with DNAseI treatment.  
  
RNA-sequencing data processing and analysis  
RNA samples were prepared for sequencing using the NEBNext Ultra Library prep kit, and 
sequenced on an Illumina HiSeq 4000 platform with paired-end 150bp reads 
(GenomeScan). Data was analyzed using public Galaxy servers (Afgan et al. 2018). The 
output fastq files were trimmed using Trimmomatic (Galaxy v0.36.5) with parameters 
“ILLUMINACLIP: Truseq v3 paired-end, SLIDINGWINDOW: window=4, qual=20 and 
MINLEN: 30”. Reads passing QC were mapped onto the hg38 reference genome using 
HISAT2 (Galaxy v2.1.0) with paired-end settings: “strand information: reverse -RF, mate 
orientation: --fr” and using the GENCODE v27 .gtf file for known splice sites, and 
parameters “-k 20 and --max-seeds 20”. Raw read counts were generated with 
featurecounts (Galaxy v1.6.1.0) using GENCODE v27 annotation with settings “stranded -
reverse, count fragments instead of reads, only allow fragments with both reads mapped, 
exclude chimeric reads, minimum mapping quality 12”. Read count normalization and 
paired wild-type versus knock-out statistics were done using DESeq2 (Galaxy v2.11.40.2). 
Coverage tracks in bigwig format were made using deepTools bamCoverage (Galaxy 
v3.0.2.0) with settings “bin size 1, do not normalize or scale, ignore missing data, minimum 
mapping quality 1”, separating data into two files containing reads from either forward or 
reverse strand only. Bigwig files were visualized on the UCSC genome browser and scaled 
according to total read count per sample.  The RNA-sequencing data confirmed successful 
knockout of ZNF675 exon 4 removal in clone F5, as no expression is observed in the 
targeted region. For clone B1, some expression was observed mapping on the positive 
strand, despite confirmed removal of exon 4 in each PCR approach. The origin of this 
expression is likely attributed to random integration of the excised ZNF675 sequence, but 
because transcription is derived from the non-sense strand, this transcript cannot produce 
functional ZNF675. Z-scores calculated across all samples using DESeq2 normalized read 
counts and visualized in heatmaps using Multiple Experiment Viewer (v4.9.0). For GO-term 
over-representation test, PantherDB (v13.1) was used (Mi et al., 2017) . The background 
gene list consisted of all genes with a basemean expression of 50 or higher in the day 28 
organoid RNA-seq data. There were 221 upregulated or 251 downregulated genes with a 
basemean expression of 50 or higher, which were tested against the background list for 
overrepresentation in the GO biological process complete annotation. Test type was 
Fisher’s Exact with FDR correction.  
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Distance between gene transcription start sites and THE1/MST elements  
The transcription start site (TSS) of genes was extracted from the GENCODE V27 
annotation. To select the control random genes, a list of all non-differentially expressed 
genes with basemean expression 50 or higher was made. 485 random genes were 
selected using the “sample()” function in RStudio (V1.1.463). THE1/MST elements were 
extracted from the RepeatMasker table in the UCSC genome browser (hg38), filtered with 
“repName” matching “THE1*-int AND MST*-int”. Elements with a length between 4000-
1250 nucleotides were included in the analysis. The closest distance between TSS of all 
upregulated, all downregulated, or the random gene list, to THE1/MST elements was 
extracted using the tool “Fetch closest non-overlapping feature for every interval” (Galaxy 
V4.0.1) with parameter “either upstream or downstream”. For all positions analyzed, see 
Table S4.  
  
Luciferase reporter assays  
Human ZNF675 and ZNF681 cDNAs were synthesized (Thermofisher GeneArt) 
codonoptimized for expression in mouse, and a kozak consensus sequence upstream of 
the start codon. generated. Human HES1 cDNA was retrieved from a previously 
constructed plasmid (Addgene #17624) (Yu et al. 2006) For expression in mammalian cells, 
the cDNAs were subcloned into the pCAGEN vector backbone (Addgene 11160) (Matsuda 
and Cepko, 2004) . The reporter elements for MSTA-int and HES1 promoter were cloned in 
the pGL3SV40 vector (Promega E1761). These elements consists of a 3x100bp 
synthesized sequence, retrieved from a 100bp interval at the peak of a full-length MSTA 
element (pGL3-SV403x100bp-MSTA), or the HES1 promoter (pGL3-SV40-3x100bp-
HES1) (Thermofisher GeneArt). Also, a HES1 promoter sequence of 854bp was 
synthesized and cloned into pGL3SV40 (pGL3-SV40-promHES1(854bp)).  
 
100bp MSTA element sequence:  
AGACCTTCAAGGCATCCCCTCCCATCACAGGCCTGGAGGTCTAGGAGGACAAAATGGTTTGTGGGCCA 
GGCACAGGACAGCCTTGGGACACTGCTGCCTG  

  
100bp HES1 element sequence:  
CTAAACCAAAGCCCAGAGGGAGAGTAGCAAAGGGTTAAAATCCTTTTGATTGACGTTGTAGCCTCCGG 
TGCCCTGGGCTCAGGCGCGCGCCATTGGCCGC  

  
854bp HES1 promoter sequence:  
GGTACCAGCCTACGGATGAAAAGGGAAAGGGTGGTGAAGGAGGGCGCGAGTCCCTGAGTCATTGCCCT 
CGGAGCCCCCCTTGTTCATTTTTTCATTTGAAATACCGTTTCCTTCCACCCAGTTGGAAATTATTCTG 
ATTGTTTCCTGGGGAAGCCCGGGGTCTAAGGCCCCAAATCCAAACGAGGAATTTCTGAAAGACGGGGT 
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GGGGGTGGGATTCAAGAACTACCTTGCTCCGAAAAACCTGCATTTGTGAGGTAGAAGGCAATTTTTCC 
TTTTTCTGCATGGAAACAGGAAAATTTTTTTGGCCCTTTTCCTTTACCATCTACTTTCACCCTCCTGA 
ATGTAAAGTCTGAGCGGGAACTTTAGATGTGTCGGTAACTCACATTCTTACACCCGTCCCCCCCTCCC 
CCCGCCCCCTTTTAACCACTGCTGTTTTTTTCTTTATTGTTTATACCTTTAAAAAAAATATGTTTCAA 
ATGAACTTACTACAGTCAAAGCAGCTCTGTTACATATGAGAGAGGGCATAAAGAGCAAAGACCCTGGC 
TCCAAAAGAAATAGACAAGATCAAGACCAAAGCGGAAAGAAAAAAAAAATCTCTAAACCAAAGCCCAG 
AGGGAGAGTAGCAAAGGGTTAAAATCCTTTTGATTGACGTTGTAGCCTCCGGTGCCCTGGGCTCAGGC 
GCGCGCCATTGGCCGCCAGACCTTGTGCCTGGCGGCCAATGGGGGGGCGCGGTCCACGAGCGGTGCCG 
CGTGTCTCCTCCTCCCATTGGCTGAAAGTTACTGTGGGAAAGAAAGTTTGGGAAGTTTCACACGAGCC 
GTTCGCGTGCAGTCCCAGATATATATAGAGGCCGCCAGGGCCTACTCGAG  

  
The reporter assays were done in 46C mESCs as these lack human-specific KZNF genes 
and transposon sequences. Cells were seeded on 0.1% gelatin coated 24-wells plates, at 
a density of 60000 cells per well. After 24 hours, cells were transfected with reporter mix 
as listed (Table 1). The amount of KZNF plasmid and pGL3-SV40 plasmid was scaled to 
molar ratio, according to the size of each plasmids, to ensure equal promoters for each 
condition. For control conditions, each KZNF was transfected with pGL3-SV40 (no insert) 
instead. Also, pCAGKZNF was replaced with pCAG-EV control for each condition. pRL-TK 
(Promega E2241) was used for normalization. Transfections were done using 
Lipofectamine 3000 (Thermofisher L3000015). Medium was replaced 1 hour before 
transfection with 450ul complete medium without P/S. DNA-Lipid complexes were made 
by mixing 25μl OptiMEM (Thermofisher 31985047) containing 400ng DNA mix and 0.8μl 
P3000, with 25μl OptiMEM containing 0.8μl Lipofectamine 3000. After incubating for 20 
minutes at room temperature, the mix was added to the well. Reactions were scaled up 
accordingly for multiple transfections and replicates. 24 hours after transfection cells were 
isolated for reporter assay. Each well was washed once with 1x PBS, and incubated with 
100μl 1x passive lysis buffer (Promega E1941) for 15 minutes on a shaking platform. Plates 
were wrapped in parafilm and stored at -80°C. For measuring luciferase and renilla activity, 
the Dual-luciferase reporter assay system was used (Promega E1980). 20μl sample was 
pipetted to a 96-well optiplate (PerkinElmer 6005290). Samples were measured on a 
GloMax Navigator device (Promega GM2010), with the following settings: Injector 1, LARII 
buffer (volume 50μl, speed 200μl/s). Wait 2s. Measure luminescence Luciferase 
(integration 10s, readings 1, interval 0.3s). Injector 2, Stop & Glo buffer (volume 50μl, speed 
200μl/s). Wait 2s. Measure luminescence Renilla (integration 10s, readings 1, interval 
0.3s).  
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  pCAG  
EV  

pCAG  
ZNF675   

pCAG  
ZNF681   

pGL3-SV40 /  
+insert  

50 / 53  50 / 53  50 / 53  

pRL-TK  5  5  5  

pCAG-EV  210  186  186  

pCAG-KZNF  0  32  34  

pBluescript  126  118  116  

pCAG-GFP  5  5  5  
Table 1: Amount of plasmid DNA (ng) transfected per condition. pGL3-promoter 50 / 
53 denote amount of plasmid used for EV / +insert conditions.   
 
For the dose-dependent response of ZNF675 to the 3x100bp-MSTA and 3x100p-HES1 
promoter reporter, the transfection mixes per reaction were scaled accordingly to maintain 
equal molar ratios (Table 2).                     

   pCAG  
EV  

pCAG  
ZNF675  
0.4ng  

pCAG  
ZNF675  
2.0ng  

pCAG  
ZNF675  
10ng  

pCAG  
ZNF675  
33ng  

pCAG  
ZNF675  
66ng  

pCAG  
ZNF675  
100ng  

pGL3-SV40 / 
+ insert  

 50 / 53  50 / 53  50 / 53  50 / 53  50 / 53  50 / 53  50 / 53  

pTK-Renilla   5  5  5  5  5  5  5  

pCAG-EV   210  210  208  203  186  161  136  

pCAG-KZNF   0  0.4  2  10  33  66  100  

pBluescript   126  126  126  123  117  109  100  

pCAG-GFP   5  5  5  5  5  5  5  
Table 2: Amount of plasmid DNA (ng) transfected per condition. pGL3-promoter / + 
insert 50 / 53 denote amount of plasmid used for EV / +3x100bp element insert conditions.  



Chapter 5 
 
 

276  
 
 
 

HES1 luciferase reporter construct  
In order to investigate the effects of ZNF675 on HES1 oscillations, a real-time luciferase 
assay was performed to track the activity of the HES1 promoter using the pGL3-
promHES1-UbqLucHES1-3’UTR vector. To generate this vector, first a 2835bp region of 
the human HES1 promoter was isolated by PCR using the following primers:  
  
HES1_prom_F1_KpnI: TATAGGTACCTACCTCTATCCAGACATACG  

HES1_prom_R1_NheI: GACTGCTAGCCAAAACTACTGAGCAAGTGC  

 
Amplified region: UCSC genome browser hg38 chr3:194133446-194136281  
  
This sequence was cloned into the pGL3-basic vector using KpnI and NheI restriction sites.  
Next, the sequences for the ubiquitin-G76V and the HES1 3’UTR were synthesized 
(Thermofisher GeneArt). Ubiquitin-G76V was N-terminally fused in-frame with the 
luciferase gene using the HindIII and NcoI restriction sites. The HES1 3’UTR was inserted 
using the XbaI restriction site downstream of the luciferase gene.   
  
Ubiquitin-G76V sequence:  
GACTAAGCTTGCCACCATGCAGATCTTCGTGAAAACCCTGACCGGCAAGACCATCACACTGGAAGTGG 
AACCCAGCGACACCATCGAGAACGTGAAGGCCAAGATCCAGGACAAAGAGGGCATCCCTCCTGACCAG 
CAGAGACTGATCTTCGCCGGAAAGCAGCTGGAAGATGGCAGAACCCTGAGCGACTACAACATCCAGAA 
AGAGTCTACCCTGCACCTGGTGCTGAGACTGAGAGGCGTTGCCATGGAGTC  

  
HES1 3’UTR sequence:  
CGAATTGGCGGAAGGCCGTCAAGGCCACGTGTCTTGTCCAGAGCTCTCTAGAGGGGGCTCAGGCCACC 
CCTCCTCCTAAACTCCCCAACCCACCTCTCTTCCCTCCGGACTCTAAACAGGAACTTGAATACTGGGA 
GAGAAGAGGACTTTTTTGATTAAGTGGTTACTTTGTGTTTTTTTAATTTCTAAGAAGTTACTTTTTGT 
AGAGAGAGCTGTATTAAGTGACTGACCATGCACTATATTTGTATATATTTTATATGTTCATATTGGAT 
TGCGCCTTTGTATTATAAAAGCTCAGATGACATTTCGTTTTTTACACGAGATTTCTTTTTTATGTGAT 
GCCAAAGATGTTTGAAAATGCTCTTAAAATATCTTCCTTTGGGGAAGTTTATTTGAGAAAATATAATA 
AAAGAAAAAAGTAAAGGCTTTTATGTCTTCGAACTGATTCTTCCAGAATATGTAAAAAGGCTTTTGGT 
GGAATTTGAATTACATGTAATTGGTAATTCAGGAATTGACTCTTTTGTTATTAAAAGAACATTTGTAA 
AAATCCATCTAGAGGTACCTGGAGCACAAGACTGGCCTCATGGGCCTTCCGCTCACTGC   

 
For assessing effects of ZNF675 and ZNF681 on the 2835bp HES1 promoter sequence, a 
stable luciferase reporter containing only the HES1 promoter was tested first 
(pGL3promHES1). The transfection mixes per reaction were scaled accordingly to maintain 
equal molar ratios (Table 3).  
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  pCAG  
EV  

pCAG  
ZNF675   

pCAG  
ZNF681   

pCAG  
HES1  

pGL3-Basic/+ promHES1  50 / 79  50 / 79  50 / 79  50 / 79  

pRL-TK  5  5  5  5  

pCAG-EV  210  186  186  186  

pCAG-KZNF or pCAG-HES1  0  32  34  33  

pBluescript  126  118  116  117  

pCAG-GFP  5  5  5  5  
Table 3: Amount of plasmid DNA (ng) transfected per condition. pGL3-Basic / + 
promHES1 50 / 79 denote amount of plasmid used for EV / + HES1 promoter insert 
conditions.  
 
To also measure the effect of HES1 protein on the HES1 promoter, pCAG-HES1 was 
cotransfected with the pGL3-SV40-promHES1(854bp). As control, pCAG-ZNF675 or 
pCAGZNF681 were co-transfected too. The transfection mixes per reaction were scaled 
accordingly to maintain equal molar ratios (Table 4).  
  

  pCAG  
EV  

pCAG  
ZNF675   

pCAG  
ZNF681   

pCAG  
HES1  

pGL3-SV40/+ promHES1(854)  50 / 59  50 / 59  50 / 59  50 / 59  

pRL-TK  5  5  5  5  

pCAG-EV  210  186  186  186  

pCAG-KZNF or pCAG-HES1  0  32  34  33  

pBluescript  126  118  116  117  

pCAG-GFP  5  5  5  5  
Table 4: Amount of plasmid DNA (ng) transfected per condition. pGL3-SV40 / + 
promHES1 50 / 59 denote amount of plasmid used for EV / + 854bp HES1 promoter insert 
conditions.  
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Real-time luciferase assay of HES1-promoter luciferase reporter  
For the real-time luciferase measurements of the effect of ZNF675 on the 2835bp HES1 
promoter, 3T3 cells were seeded on 9 cm2 dishes 24 hours prior to transfection. Cells were 
transfected as described in the table below (Table 5, setup #1), using Lipofectamine 3000 
(Thermofisher L3000015) following standard manufacturers procedure. 56 hours after 
transfection, cells were synchronised for 16 hours O/N in low serum medium (0.2% HiFBS) 
supplemented with 1 mM D-Luciferin (sodium salt) (Cayman Chemical 14682). At the start 
of the real-time luciferase measurements, medium was changed to normal DMEM without 
phenol red with 4.5 g/L D-Glucose, 4.0 mM L-Glutamine and 25mM HEPES (Thermofisher 
21063029), supplemented with 10% HiFBS, 100 u/mL Pen/Strep, 25 ng/mL bFGF (Sigma 
F0291-25UG) and 1 mM D-Luciferin (sodium salt), after which the dishes were placed into 
the Lumicycle (Actimetrics). In an additional experiment (Table 5, setup #2) 3T3 cells were 
measured twice. Cells were first synchronized for 8 hours with low serum medium at 48 
hours after transfection and subsequently measured in the Lumicycle. After this cells were 
synchronised a second time for 8 hours at 72 hours after transfection and measured in the 
Lumicycle.   
  

   Setup #1   Setup #2   

  Control  ZNF675  ZNF681  Control  ZNF675  ZNF681  

pGL3-
promHES1- 
UbqLuc-HES1-
3’UTR  

500 ng  500 ng  500 ng  200 ng  200 ng  200 ng  

pCAG-GFP  20 ng  20 ng  20 ng  20 ng  20 ng  20 ng  

pCAG-EV  840 ng  744 ng  744 ng  840 ng  744 ng  744 ng  

pCAG-KZNF  0 ng  128 ng  136 ng  0 ng  128 ng  136 ng  

pBluescript  660 ng  631 ng  620 ng  960 ng  928 ng  920 ng  
Table 5: Co-transfections for the real-time luciferase assay.  
  
Dual-luciferase assay of HES1-promoter luciferase reporter  
Parallel to the two setups for the real-time luciferase assay, a dual-luciferase assay was 
also performed on specific timepoints after synchronization. Transfections were optimized 
for the Dual Luciferase assay (Table 6). Synchronization of the cells was initiated in the 
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same fashion as in the two setups of the real-time luciferase experiment. Cells were 
isolated at the moment of synchronization and subsequently isolated every two hours 
according to standard manufacturer's procedure (Promega E1910). Luciferase activity was 
measured using the GloMax Navigator (Promega GM2010). Per reaction, 50 µL of 
Luciferase Assay Reagent II was injected to 20 µL substrate followed by a two seconds 
delay after which the firefly luciferase activity was measured for ten seconds. Subsequently 
50 µL of Stop & Glo Reagent was injected followed by a two seconds delay after which the 
Renilla luciferase activity was measured for ten seconds.   
  

  Control  ZNF675  ZNF681  

pGL3-promHES1-UbqLuc-HES1-
3’UTR  

50 ng  50 ng  50 ng  

pRL-TK  5 ng  5 ng  5 ng  

pCAG-GFP  5 ng  5 ng  5 ng  

pCAG-EV  210 ng  186 ng  186 ng  

pCAG-KZNF  0 ng  32 ng  34 ng  

pBluescript  126 ng  118 ng  116 ng  
Table 6: Co-transfection for the Dual-luciferase experiments.  
  
Statistics  
For luciferase assays, two-tailed t-tests were done using Holm’s method for multiple testing 
correction. Replicate number and independent experiment number are listed in figure 
legends. Corrected p-value < 0.05 was considered significant. For RNA-sequencing data 
analysis, DESeq2 (Galaxy v2.11.40.2) was used. Per batch of organoid data, a paired 
analysis was done between wild-type and knockout datasets (n=2 each). A p-adj. value < 
0.05 was considered significant. The resulting lists from each batch were overlapped with 
each other for final gene selection, only keeping genes that were significantly differentially 
expressed both in batches and in the same direction upregulated or downregulated. 
Distance of transcription start site to the closest THE1/MST element was analyzed using 
Kruskal-Wallis test, followed by Dunn’s test for pairwise analysis. Corrected p-value < 0.05 
was considered significant.  
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6: Discussion 
Anatomical changes in human brain evolution have been known for a long time, 
but the genetic changes underlying these have remained unknown. In this thesis, 
we focussed on gene duplications and assessed their contributions to the evolution 
of the primate and human brain. In chapter 2, we used a cortical organoid model 
to assess consequences of CHMP1A loss-of-function, a proof of principle that 
cortical organoids may be used to successfully model features of the embryonic 
brain and related disorders (Coulter et al. 2018). In chapter 3 we describe the 
human-specific NOTCH2NL gene cluster and find evidence it plays a role in brain 
development and disease (Fiddes et al. 2018; Florio et al. 2018; Suzuki et al. 
2018). NOTCH2NL genes join recent discoveries of other human and primate 
specific gene duplications involved in brain feature innovations, like TBC1D3 (Ju 
et al. 2016), ARHGAP11B (Florio et al. 2015), TMEM14B (Liu et al. 2017) and 
SRGAP2 (Charrier et al. 2012; Dennis et al. 2012). In chapter 4, we find that 
NOTCH2NL gene configurations are highly variable in the modern human 
population, suggesting they are still shaped by recent selective pressures. In 
chapter 5, we focus on one member of the KZNF gene family, ZNF675. Copy-
number variations (CNVs) of this gene are associated with neurodevelopmental 
disorders and we aimed to establish underlying mechanisms. The findings 
presented in these chapters provide new insights in the genetic and molecular 
profile underlying human brain evolution. 
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6.1: Using organoids to model aspects of progenitor cells in brain 
development 
To study the contribution of candidate genes in human-specific brain 
developmental features we used cortical organoids as one of our models. As a 
proof of principle, we collaborated on work regarding the CHMP1A gene (Coulter 
et al. 2018). Homozygous loss-of-function mutations in this gene are associated 
with developmental brain growth deficits, severely affecting the cerebellum and 
slightly affecting the neocortex (Mochida et al. 2012). We also found evidence for 
this in cortical organoids derived from a CHMP1A loss-of-function iPSC line 
compared to an isogenic iPSC line. This supports cortical organoids as a useful 
model to study neural stem cells, cell cycle and differentiation dynamics in the early 
human brain. In parallel, collaborators used a mouse knock-out model to study the 
CHMP1A loss-of-function phenotype observed in human patients described 
before. While generally showing similar phenotypes, the cerebellar hypoplasia 
appeared much more severe in human patients with the loss-of-function mutation 
compared to the mouse knock-out model. This suggests species-specific 
differences in the function of CHMP1A during brain development, which could be 
helpful in identifying human-specific molecular brain features in future studies. 
Following this line, treatment of CHMP1A-null cortical organoids and isogenic 
controls showed differences in response to smoothened agonist (SAG) treatment, 
a small molecule that activates the sonic-hedgehog (SHH) pathway. In this 
experiment the control group showed a much greater change in gene expression 
profiles associated with neural stem cell proliferation compared to the CHMP1A-
null group. The relevant species-specific and brain region-specific differences 
involving CHMP1A or SHH pathway mechanisms could be studied by comparing 
cortical organoids and cerebellar organoids derived from human and mouse 
ESCs/iPSCs, supported by parallel experimental conditions including the CHMP1A 
loss-of-function and SAG treatment. Organoid models may therefore be a useful 
addition to other experimental setups, to identify mechanisms of human 
neurodevelopmental disorders and human-specific features of the brain in general, 
as also shown by other recent studies (Bershteyn et al. 2017; Field et al. 2019; 
Frega et al. 2019; Kanton et al. 2019; Pollen et al. 2019; Trujillo et al. 2019; Lovett 
et al. 2020). Future technical progress in organoid culture and tissue engineering 
protocols may allow modeling diverse aspects of brain development and functions 
beyond progenitor cells. 
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6.2: Evolution of NOTCH2NL genes and the origin human-specific brain 
features 
We establish that NOTCH2NL is a human-specific gene cluster that emerged via 
a complex gene duplication and recombination steps involving the NOTCH2 gene. 
Three NOTCH2NL paralogs are located near the 1q21.1 locus, which is linked to 
neurodevelopmental disorders caused by copy-number variations. NOTCH2NL 
protein potentiates NOTCH signalling, a process regulating neural stem cell self-
renewal and inhibiting differentiation. This may have contributed to the evolutionary 
increase in human brain size via expansion of the progenitor cell pool. Notably, 
NOTCH2NL is expressed in outer radial glia cells, a specialized type of neural stem 
cell which is known for its role in the evolutionary expansion of the brain. Radial 
glia residing in the ventricular zone are known to be regulated by NOTCH 
signalling. The tightly organized structure in the ventricular zone allows regulation 
of cell fate via NOTCH lateral inhibition, inducing oscillatory gene expression 
patterns that are linked to maintaining the self-renewal state in radial glia. The outer 
radial cells in the outer subventricular zone do not have such an organized 
structure, which suggests there may be other ways to maintain self-renewal 
potential. Indeed, it was found that secreted factors and extracellular matrix 
components may establish a local niche supporting outer radial glia cells via 
several pathways (Fietz et al. 2010; Ostrem et al. 2014; Pollen et al. 2015; Wang 
et al. 2016). Moreover, these cells express HES1, indicating the NOTCH pathway 
is active despite the possible absence of lateral inhibition mechanisms observed 
in the ventricular zone (Hansen et al. 2010). As NOTCH2NL is both a secreted 
protein and an activator of the NOTCH pathway, these observations make it a likely 
candidate for contributing to NOTCH-dependent self-renewal mechanisms in the 
ventricular zone and outer subventricular zone of the human brain. From this 
perspective, it will be intriguing to see how NOTCH signalling is regulated in outer 
radial glia cells and how human-specific factors potentially modify their properties. 
In follow-up work, we find that multiple NOTCH2NL protein coding variants are 
present at high frequency, which act synergistically to reduce NOTCH2NL protein 
level. This suggests that recent selective pressures have fine-tuned NOTCH2NL 
dosage, which may still be on-going today in the human genome. While features 
of 1q21.1 CNV related disorders are well characterized, there are also many 
individual differences in disorder manifestation. Microcephaly (1q21.1 deletion) or 
macrocephaly (1q21.1 duplication) are not found in every individual (Brunetti-Pierri 
et al. 2008). This raises the question how individual genetic backgrounds may 
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influence such phenotypes. As NOTCH2NL genes are part of the 1q21.1 CNVs, 
the presence of specific NOTCH2NL coding variants could be modifiers in this 
particular case. Deletion or duplications of NOTCH2NL genes carrying the loss-of-
function variants R113* and Exon2B-(Splice-mut) may not have any consequences. 
However, an affected intact Exon1B-(High) is expected to have a large NOTCH-
dependent effect, based on its high contribution to NOTCH2NL protein levels. 
Further in vitro validation could be done by generating iPSC lines from individuals 
with different NOTCH2NL configurations followed by cortical organoid 
differentiation. Additionally, isogenic lines from H9 ESCs edited via CRISPR-Cas9 
and homology directed repair, to revert Exon1A-(Low) to Exon1B-(High) configuration, 
can be used to study dose-dependent effects of NOTCH2NL expressed from 
endogenous loci. The advances in genome information and physiological 
properties available, such as provided by the UK Biobank, also provide interesting 
angles to study large scale genetic variation in humans using computational 
biology methods (Van Hout et al. 2019). The increasing amount of exome 
sequencing data, combined with measurements of anatomical, biological and 
physiological features, can provide evidence how NOTCH2NL dosage affects 
normal human variation. Finally, this can be complemented by doing the same 
analysis from an evolutionary perspective, by comparing modern human to ancient 
human datasets of fossil findings and ancient DNA sequencing (Neubauer et al. 
2018; Gunz et al. 2019). These examinations of NOTCH2NL genotypes may 
improve our understanding of the clinical features of 1q21.1 CNVs, especially 
those involving brain size. New sequencing techniques using long read 
technologies may also aid in resolving complex rearrangements in 1q21.1 CNVs, 
to capture potential other sources of variation beyond NOTCH2NL in this locus. 
Collectively, these methods can be applied to study other recently duplicated 
genes in the human genome as well. Our findings highlight the importance to study 
such recently duplicated genes, which are often seen as pseudogenes and 
discarded from functional analysis (Cheetham et al. 2019). Instead, these newly 
introduced sequences may have been important factors in the evolution of our 
species. 
 
6.3: KZNFs as new gene regulators in primate evolution 
KRAB zinc finger genes (KZNFs) represent one of the largest gene families in the 
human genome, which emerged from gene duplications in the primate lineage. The 
instability of KZNF clusters provides an evolutionary strategy to rapidly generate 
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new and diverse KZNF genes. However, there may also be risk of affecting 
essential genes, where CNVs may lead to disease. KZNFs are recognized for their 
role in repressing retrotransposon activity. Besides this canonical function, it was 
hypothesized that KZNFs may have other roles as gene regulators, RNA 
metabolism and chromatin structure. Whereas ancient KZNFs show evidence for 
neofunctionalization to take part in these processes (Shin et al. 2011; Chauhan et 
al. 2013; Altemose et al. 2017; Ecco et al. 2017; Helleboid et al. 2019), it is less 
known if recently evolved KZNFs contributed to reshaping gene regulatory 
mechanisms. Several studies suggest that KZNFs may target gene promoters to 
act as traditional transcriptional regulators (Nowick et al. 2011; Schmitges et al. 
2016; Imbeault et al. 2017; Pontis et al. 2019; Farmiloe et al. 2020; Kauzlaric et al. 
2020). Mining existing genome-wide DNA binding datasets (ChIP-seq) shows that 
about 26% of all human genes may be under control of a primate-specific KZNF 
(Farmiloe et al. 2020). Since not all KZNFs have been profiled by ChIP-seq, this 
number may even be an underestimation. Here, we study the primate-specific 
gene ZNF675 in detail, which was of particular interest because it is located in a 
locus where CNVs are associated with neurodevelopmental disorders. We find that 
the emergence and duplication of ZNF675 is linked to the invasion of a specific 
retrotransposon family in early primates. However, the main function of ZNF675 
today may be regulating a small set of neuronal gene promoters. For instance, 
ZNF675 binds to the HES1 promoter and modifies its expression dynamics, 
suggesting it is required for regulating NOTCH signaling in the developing human 
brain. The study of ZNF675 reveals there may be several constraints on the 
evolution of KZNF genes, following the consensus that they mainly target 
retrotransposons. For instance, The DNA-binding site location in retrotransposons 
may determine repression efficacy. Binding of the KZNF at important regulatory 
regions for the retrotransposon, such as long-terminal repeats (LTRs), may be very 
effective to repress their activity. However, at these sites sequences may be 
present that recruit endogenous transcription factors, that the transposon has 
hijacked for its own benefits. One example is the STAT1 motif in MER41 elements 
(Schmid and Bucher 2010; Chuong et al. 2016). As a consequence, KZNFs may 
target DNA motifs that resemble the binding site of endogenous transcription 
factors, which could be undesirable for the host genome. High expression of a 
KZNF may ensure efficient silencing of all transposons in the genome, but too high 
expression may cause more degenerate motifs to be bound as well, that are 
present in endogenous regulatory sequences like gene promoters. This hypothesis 



Chapter 6 
 
 

288  
 

suggests the possibility of non-reciprocal effects of loss or gain of specific KZNFs. 
Deletions may cause loss of target retrotransposon repression genome-wide, 
potentially having widespread effects on chromatin state and epigenetics. 
Duplications may lead to binding of endogenous regulatory sequences, such as 
promoters or enhancers containing similar DNA motifs, due to higher expression 
of the zinc-finger protein. This could disrupt normal function of gene regulatory 
networks. In short, in the evolution of KZNFs, the host genome needs to account 
and select for many factors, such as binding location within retrotransposons, DNA 
binding sequence, expression levels and potential cross-binding with endogenous 
transcription factor motifs. On the other hand, these parameters may be exploited 
to repurpose retrotransposons and KZNFs for adaptive evolution of gene 
regulation. This highlights the KZNF gene family as a new candidate for 
innovations in gene regulatory pathways during primate evolution. Further 
examination of KZNFs with gene-regulatory potential, as recently identified, will 
reveal how widespread their possible contributions are to human development. 
 
6.4: The next era of identifying and understanding structural genetic 
variation 
The identification and annotation of complex genomic regions has proven to be 
difficult with most currently available sequencing data. New sequencing 
techniques, like SMRT sequencing (Chaisson et al. 2015; Vollger et al. 2019), 
nanopore technology (Jain et al. 2016; Jain et al. 2018), linked reads (Dréau et al. 
2019; Marks et al. 2019; Lu Zhang et al. 2019) and capture methods (Mercer et al. 
2014; Warr et al. 2015; Dapprich et al. 2016), are rapidly resolving genome 
assembly gaps and complex structural variation. By combining high-quality 
datasets generated with different sequencing techniques, the first human 
chromosome has been assembled from end-to-end (Miga et al. 2019). This multi-
platform analysis has also been used to extensively map large and small structural 
variation in a small set of genomes, providing gold standards for future analysis 
(Chaisson et al. 2019). These findings show that the last unmapped regions of the 
genome, including telomeres, centromeres, segmental duplications and repeat 
sequences, are now possible to analyze completely. Naturally, this gold standard 
analysis has only been used on a small selection of widely studied samples, but 
may be complemented by expanding this to genomes of various human ancestries. 
Already, considerable data has been generated that aims to map structural 
genome variation. Long read sequencing of 15 human genomes from different 
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ancestries revealed almost 100,000 new structural variants compared to the hg38 
reference genome (Audano et al. 2019). In another study of 26 genomes, over 
15,000 large variants (>2kb) were newly identified (Levy-Sakin et al. 2019). More 
specific instances were found in a Melanesian population, containing unique 
structural variations including gene duplications in the 8p21.3 and 16p11.2 loci 
(Hsieh et al. 2019). It was found these structural variants were the result of 
introgression with Neanderthals and Denisovans. The duplicated genes in these 
loci, identified as TNFRSF10D1, TNFRSF10D2 and NPIPB16, show evidence of 
positive selection based on relatively high frequency of non-synonymous variants 
compared to the ancestral genes. This highlights them as possible contributors to 
adaptations in this population. Another example is the identification of a new zinc 
finger in Dutch genome data, not annotated in the human reference genome, 
though the function of this particular zinc finger gene is not known (Hehir-Kwa et 
al. 2016). It does show the possible variability in zinc finger clusters encoded in 
human genomes from different ancestries. Further exploration of zinc finger 
clusters in genomes from different backgrounds may show how dynamic they are 
in present day humans. Similarly, we found genomes with previously unannotated 
additional copies of NOTCH2NLR or NOTCH2NLC in the Simons diversity data, 
for which detailed assemblies may also increase knowledge about sequence 
variation in the 1p12 and 1q21.1 loci. Given also the unique characteristics of 
NOTCH2NL loci in Neanderthal and Denisova genomes, the inclusion of ancient 
DNA datasets may provide additional clues on the emergence and trajectory of 
structural variants in human evolution. Finally, the improvements of reference 
genome assemblies and their diversification may aid in analysis of the ever 
expanding genome sequencing datasets. As population biases are still an 
important confounder in genetics, like genome-wide association studies, increased 
knowledge about genome diversity could improve accuracy of such studies by 
accounting for genetic background (Berg et al. 2019; Sohail et al. 2019). Structural 
variants are also linked to variation in gene expression regulation (Sonay et al. 
2015; Chiang et al. 2017; Fotsing et al. 2019). Establishment of databases like the 
UK Biobank provide an unprecedented amount of genotype - phenotype 
information to answer questions in genetics research (Van Hout et al. 2019). About 
50,000 exome sequencing datasets are now available in the UK Biobank, which 
will soon be increased to 150,000. The change of scale in analysis of this data, 
rising orders of magnitude compared to typical studies, has questioned the 
accuracy of a single reference assembly. To capture variation in alternate 



Chapter 6 
 
 

290  
 

sequences compared to the reference genome, creation of the pan-genome has 
been suggested, a set of all genomic sequences known in humans (Sherman and 
Salzberg 2020). Another recent development is the genome graph, which uses 
new methods for analysis of alternate sequences (haplotypes) and identification of 
genetic variants in the pan-genome (Paten et al. 2017; Rakocevic et al. 2019). The 
main advantage is to recover sequence information from reads otherwise lost, by 
the ability to map to non-reference haplotypes. The collective efforts to improve the 
reference assembly, reference genome diversity and the huge amount of datasets 
available provide the tools for the deepest study of human genetics yet. Time will 
tell if these efforts are enough to fully understand individual genome configurations 
and their link to specific biological traits. 
 
6.5: Systems biology of evolutionary genomics 
Genetic factors underlying human evolution are slowly being uncovered through 
comparative genomics analysis and functional assessment of human-specific DNA 
sequences. Especially functions related to the brain, immune system and 
metabolism are linked to recent human evolution (Charrier et al. 2012; Dennis et 
al. 2012; Dannemann et al. 2016; Ju et al. 2016; Nédélec et al. 2016; Pontzer et 
al. 2016; Quach et al. 2016; Reilly and Noonan 2016; Buckley et al. 2017; Liu et 
al. 2017; Llamas et al. 2017; Fiddes et al. 2018; Florio et al. 2018; Suzuki et al. 
2018; Bitar et al. 2019; Perdomo-Sabogal and Nowick 2019; Won et al. 2019). One 
remaining challenge is to quantify the effect of individual factors into specific 
signaling pathways and to integrate this into the overarching biological systems 
(Ebisuya and Briscoe 2018). The development of organoid models, live imaging 
tools to quantify pathway activity and cell behaviour in culture, as well as new 
methods for genome-wide functional assays like CRISPR-screens (Dixit et al. 
2016; Schmierer et al. 2017; Shifrut et al. 2018; Fei et al. 2019; Feldman et al. 
2019; Mattioli et al. 2019), allow for matched comparisons of gene regulation and 
development between species. NOTCH signalling is one conserved pathway which 
has been studied extensively in quantitative biology to understand how NOTCH 
signalling and lateral inhibition is involved in tissue patterning, cell transcriptional 
states and cell fate decisions (Sprinzak et al. 2010; Sprinzak et al. 2011; Wang et 
al. 2011; Matsuda et al. 2015; Hunter et al. 2016; Shaya et al. 2017). The 
foundation of these models have been set by molecular biology work that revealed 
the basic mechanisms of this pathway (Bray 1998). The combination of these 
studies can have mutual benefits to better understand evolutionary differences in 
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signalling pathways. Models can be adjusted to incorporate species-specific 
information, such as the addition of a new factor in the case of NOTCH2NL in the 
NOTCH pathway. Recent discoveries of overall species-specific molecular 
properties are also interesting to include, such as increased protein half-life and 
cell cycle length in human cells compared to mouse cells (Rayon et al. 2019). One 
system that is studied in detail on many levels is the segmentation clock during 
somitogenesis (Masamizu et al. 2006; Kageyama et al. 2007; Baker et al. 2008; 
Morelli et al. 2009; Campanelli and Gedeon 2010; Uriu et al. 2010a; Uriu et al. 
2010b; Hester et al. 2011; Ay et al. 2014). Here, oscillatory expression of NOTCH, 
WNT and FGF pathways are coupled to cyclic generation of somites (Dequéant 
and Pourquié 2008; Gibb et al. 2010). Different dynamics of these factors 
oscillation period are associated with differences in developmental timing of 
somitogenesis, like the size and amount of somites produced (Oates et al. 2012). 
For example, the human HES7 oscillation period is twice as long as mouse Hes7 
oscillations, which coincides with the observation that development of human 
somites takes twice as long as mouse somites (Chu et al. 2019; Matsuda et al. 
2019; Diaz-Cuadros et al. 2020). These oscillations are regulated by several 
parameters like synthesis and degradation rates of HES7 mRNA and protein, 
intron delay, and HES7 auto-inhibition. However, modifying individual parameters 
is not able to recapitulate species-specific changes. For instance, increasing Hes7 
protein stability or shortening intron delay in zebrafish does not lead to normal Hes7 
oscillation with altered properties, but create an out of balance system that leads 
to defective somite development (Hirata et al. 2004; Takashima et al. 2011; Harima 
et al. 2013). Another example is co-culture of human and rhesus monkey neural 
stem cells, which have different self-renewal and differentiation properties. Co-
culture between cells of both species of did not alter the output of their respective 
daughter cells, indicating they are not affected by extrinsic factors exerted by the 
cells from the other species. Instead, they generated cells at their usual species-
specific rate, which may be regulated via intrinsic factors (Otani et al. 2016). An 
outstanding question is if oscillators like HES1 and HES5 expressed in neural stem 
cells show different dynamics between species, that may be linked to differences 
in brain development. These observations hint at a system where cell-intrinsic and 
extrinsic parameters that define tissue development may be tuned together in a 
species-specific way. Understanding these parameters may be required to explain 
effects of evolutionary innovations in development, such as regulation of brain size 
and structure in humans and other species. 
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6.6: Gene conversion and genetic variation in the earliest stages of life 
Our observations regarding NOTCH2NL evolution raises questions about the rate 
of gene conversion in the human genome today. Rates of gene conversion have 
been reported in various studies, but have been highly variable depending on 
specific loci (Hurles 2001; Bosch et al. 2004; Padhukasahasram et al. 2004; Yin et 
al. 2009; Mansai et al. 2011; Glémin et al. 2015; Harpak et al. 2017; Pouyet et al. 
2018). Gene conversion is also involved in several diseases, like spinal muscular 
atrophy for instance, via interlocus exchange of coding variants that disrupt the 
function of target genes (Chen et al. 2007). It is also known for causing variations 
in tandem repeat sequences after DNA damage in these regions (Pâques et al. 
1998; Jakupciak and Wells 2000; Chuzhanova et al. 2009; Sharma et al. 2013; 
Massey and Jones 2018). Repeat expansions in specific genes are associated with 
severe neurological disorders, such as fragile X mental retardation syndrome 
(FMR) and Huntington's disease (HD) (La Spada and Taylor 2010; Banez-Coronel 
and Ranum 2019). More recently, a repeat expansion in NOTCH2NLC was linked 
to a neurodegenerative disorder (Deng et al. 2019; Ishiura et al. 2019; Okubo et 
al. 2019; Sone et al. 2019; Sun et al. 2019; Hayashi et al. 2020; Jiao et al. 2020). 
Following our findings regarding the instability of NOTCH2NL genes, It can be 
speculated repeat expansions may be caused by interlocus gene conversion. 
Structural variation in tandem repeat sequences were recently identified as a major 
component of genetic variation in humans (Audano et al. 2019), which also affects 
gene expression levels (Sonay et al. 2015; Chiang et al. 2017; Fotsing et al. 2019). 
Collectively, these findings suggest gene conversion may be an important 
mechanism shaping the human genome. While it is known that structural variation 
like copy-number variations and gene conversion are active during meiosis 
(Baudat et al. 2010; Hunter 2015; Zickler and Kleckner 2015; Gray and Cohen 
2016), there is also evidence these can occur in early post-zygotic stages 
(Ambartsumyan and Clark 2008; Carbone and Chavez 2015; Bolton et al. 2016). 
During these phases chromosomal aberrations are very common, indicating 
extensive recombination events. Cells that contain chromosomal aberrations 
usually undergo apoptosis, and embryogenesis continues with the population of 
karyotypically normal cells. In the remaining cells, smaller structural variants or 
gene conversion may be present that are tolerated in formation. Early embryonic 
cell divisions are also associated with the introduction of new single nucleotide 
variants, linked to the short cell-cycle during this stage. So, in the early embryo, 
there may be widespread genetic variation between single cells. This leads to 
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somatic variation in the genome of progenitor cells, which creates mosaic genetic 
variations patterns in subsequently developing cells, tissues and organs. Somatic 
mutations are also involved in some neurological disorders, showing they can have 
drastic effects on development (Swami et al. 2009; Kurosawa and Ohta 2011; Ross 
2011; Jamuar et al. 2014; Kraus-Perrotta and Lagalwar 2016; D’Gama et al. 2017; 
Lim et al. 2017; Nishioka et al. 2019). Extensive sequencing datasets and new 
technologies allow more detailed analysis of genome-wide gene conversion 
events. Especially trio genome sequencing analysis, where datasets are generated 
for parents and the offspring, is useful in deciphering gene conversion. Based on 
mendelian inheritance rules, predictions can be made for genetic configurations 
across the genome in the offspring, based on the genome of the parents. However, 
many sites in the offspring show mendelian inconsistent calls (MICs), which may 
be flagged as sequencing errors (Li et al. 2012; Patel et al. 2014; Toptas et al. 
2018). Gene conversion could surpass mendelian inheritance patterns, which calls 
for re-examination of trio sequencing data and MICs to find potential associations 
with gene conversion. Some studies already suggests MICs are associated with 
copy number variations and repeat sequences (Eberle et al. 2017; Tatsumoto et 
al. 2017; Kothiyal et al. 2019; Yauy et al. 2019), which could be another hint that 
gene conversion is a factor at play. Additionally, monozygotic twin genomes may 
be used to establish somatic gene conversion rates. As they originate from the 
same zygote, any genetic variation is expected to occur from somatic changes. 
Moreover, some monozygotic twins are discordant for neurodevelopmental 
disorders like autism (Hallmayer et al. 2011; Wong et al. 2014; Castelbaum et al. 
2019; Huang et al. 2019; Saffari et al. 2019), indicating that, if the underlying 
genetics are causing the discordance, significant genetic variation can occur in the 
early embryo. Single cell whole genome sequencing is a technique previously used 
to successfully identify somatic variation of single nucleotides and structural 
variants in neurons (Cai et al. 2014; Lodato et al. 2018). Although technically 
challenging, recent developments have improved accuracy of variant calling in 
single cell data (Luquette et al. 2019; Schnepp et al. 2019; Vu et al. 2019; Lei 
Zhang et al. 2019). Single cell genomes can provide new insights in gene 
conversion rates and hotspots across the genome. Of particular interest is single 
cell genome analysis of germ cells and early post zygotic embryonic cells, as gene 
conversion in these stages causes genetic variation in either all cells or a high 
percentage of cells in the organism. In vitro modelling of gene conversion 
mechanisms could be a supporting model to validate findings from genome 



Chapter 6 
 
 

294  
 

sequencing datasets. CRISPR-Cas9 can be used to induce DNA damage at 
specific loci of interest, followed by experiments to measure the DNA repair 
outcome and potential gene conversion events. The closest in vitro model 
representing early embryonic cells may be generation of naïve embryonic stem 
cells from primed embryonic stem cells (Collier and Rugg-Gunn 2018). Not much 
is known regarding genome stability in cultured naïve embryonic stem cells, but 
they do have epigenetic signatures resembling the more unstable genome of 
preimplantation cell types like genome-wide hypomethylation (Yagi et al. 2017). 
Further profiling of naïve ESCs are necessary to establish if they are a proper 
model to study somatic genetic variation. The datasets and tools to investigate 
gene conversion are becoming more and more numerous. These can be used to 
address the contribution of gene conversion in evolutionary adaptations in the 
human genome, as well as present-day genetic variation shaping human features 
in health and disease. 
 
Concluding remarks 
The questions revolving around our origins have been permeating from generation 
to generation of humankind. With advances in genome research at hand, there 
now is a much clearer picture of both human history and the function of recently 
evolved human genome sequences. Large scale structural variation, such as gene 
duplications, and small scale structural variation, such as tandem repeats and 
retrotransposon insertions, have greatly affected human genome evolution. The 
emergence of these sequences have been linked to unstable regions of the 
genome, which, due to their instability, rearranged and expanded in primate 
evolution. This allowed fast genomic variation by large scale alteration of genomic 
configurations, via duplications, deletions, insertions, etcetera. Inherently to this 
strategy of genome adaptation, the resulting sequences that contributed to human 
evolution are still prone to rearrangements today, creating variation in the human 
genome and sometimes causing disease. It appears there is a balance between 
genome stability and genome evolution, a double edged sword in evolutionary 
adaptation. Whereas the first milestones in identifying structural variation in the 
human genome have been set, the challenge remains to completely map and 
assemble all chromosomes. With the ever increasing amounts of sequencing data 
available, we are slowly uncovering the full spectrum of individual genome 
configurations and how they affect human phenotypes. Already, more and more 
structural variants are being discovered by using more advanced sequencing 
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techniques, and simply by the increased number of genomes analyzed. Model 
systems like organoids allow basic investigation of human development. 
Complementing techniques, like iPSC generation and CRISPR-Cas9 gene editing, 
have provided tools to investigate the function of human-specific genome 
sequences in health and disease. Together, these studies have synthesized into 
our understanding of human evolution so far. Without a doubt, it has become clear 
that structural genome variation has played a major role in human evolution. We 
are only beginning to see its impact on human biology in the present day. 
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Hoofdstuk 1: Inleiding 
Het menselijk brein staat bekend om zijn toename in grootte in de recente evolutie, 
wat in verband is gebracht met verbeterde cognitieve vaardigheden. De exacte 
genetische veranderingen die ten grondslag liggen aan de ontwikkeling, grootte en 
complexiteit van het menselijk brein zijn echter lang onbekend geweest. Om te 
begrijpen hoe onze hersenen zijn opgebouwd en hoe genetische afwijkingen tot 
hersenziektes kunnen leiden, hebben we een beter begrip van genetisch materiaal 
betrokken bij evolutie en hersenontwikkeling in de mens. In dit proefschrift richten 
we ons specifiek op enkele van de meest recente structurele variatie in ons 
genoom, wat heeft geleid tot een groot deel van evolutionaire nieuwe DNA-
sequenties in het genoom van de mens. Met behulp van verschillende 
experimentele technieken heb ik hun rol in de normale ontwikkeling van het 
menselijk brein onderzocht om hun bijdrage aan de evolutionaire toename in 
grootte en complexiteit van het menselijk brein te onderzoeken. Als rode lijn in dit 
proefschrift is steeds te zien dat het gunstige effect van structurele genomische 
aanpassingen een prijs heeft: De gunstige evolutionaire aanpassingen leiden vaak 
ook tot een toename van de genomische instabiliteit. Dit leidt tot een hogere kans 
op nieuwe veranderingen in het DNA, die verhoogde kwetsbaarheid tot genetische 
afwijkingen en ziektes kan veroorzaken. De balans tussen gunstige en nadelige 
effecten van structurele DNA variatie lijkt dus onlosmakelijk aan elkaar verbonden 
en dit heeft in de mens heeft dit een centrale rol gespeeld in evolutionaire 
aanpassingen. Ook in de toekomst zal het zijn weerslag blijven hebben op evolutie 
en ontwikkeling van de mens.   
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1.1: Een kort historisch overzicht van de mens 
De moderne mens heeft zich in de afgelopen ~50,000 jaar verspreid over de hele 
wereld. Het wordt algemeen verondersteld dat de toename in cognitieve capaciteit 
heeft bijgedragen aan deze ontwikkeling. In vergelijking met evolutionair dichtbij 
staande soorten, zoals de chimpansee, zijn er duidelijke verschillen te zien in 
hersenstructuur op verschillende niveaus. Een van de meest voor de hand 
liggende eigenschappen is de grootte van de menselijke hersenen, die drievoudig 
is toegenomen in vergelijking met de chimpanzee. Verder zijn er bijvoorbeeld 
verschillen in opbouw van connecties tussen hersengebieden, en de kenmerken 
van hersencellen zelf, zoals de eigenschappen van axonen en dendrieten. Het is 
interessant dat de toename in hersengrootte ongeveer 2 miljoen jaar geleden is 
begonnen, ten tijde dat eerste mens-achtige soorten zich verspreiden over wereld. 
Deze soorten zijn bijvoorbeeld de Homo heidelbergensis en Homo erectus, maar 
hebben een kleiner hersenvolume dan de moderne mens. De oudst bekende 
fossielen duiden er op dat zij zeker 1-2 miljoen jaar geleden al in Afrika en delen 
van Europa en Azië leefden. Recentere mens-achtige soorten, zoals de 
Neanderthaler en Denisova-mens, lijken dezelfde hersengrootte te hebben als de 
moderne mens. Deze soorten zijn zo’n 600,000 jaar geleden van onze 
gezamenlijke voorouder afgesplitst en leefden voornamelijk in Europa en Azië. 
Ook anatomisch moderne mensen zijn zo’n 200,000-300,000 jaar geleden vanuit 
Afrika richting Europa en Azië getrokken, maar zijn niet in staat geweest een 
stabiele populatie te beginnen. Pas zo’n 50,000 jaar geleden begon de tweede, 
succesvolle migratie van de moderne mens. Kort hierna zijn vrijwel alle andere 
mens-achtige soorten uitgestorven. Hoe deze curieuze samenloop van 
omstandigheden heeft plaatsgevonden, blijft vooralsnog speculatief. 
 
1.2: Innovaties in ontwikkeling van de hersenen in de mens 
De toename in hersengrootte van de mens is te verklaren door aangepaste 
kenmerken van neuronale stamcellen gedurende de embryonale ontwikkeling, 
voornamelijk in de grote hersenen, ook wel neocortex genoemd, is hier veel 
onderzoek naar gedaan. Neurale stamcellen kunnen zich gedurende ontwikkeling 
delen in twee nieuwe stamcellen, of ze kunnen specifieke hersencellen vormen, 
zoals neuronen. Als een stamcel zich differentieert tot neuron, kan deze echter 
geen nieuwe cellen meer vormen via celdeling. Er is dus een balans tussen het 
vergroten van de stamcelpopulatie via celdelingen en het maken van neuronen en 
andere celtypes. Laatstgenoemde zijn nodig voor uitvoering van hersenfuncties, 
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maar putten de stamcelpopulatie uit tijdens de ontwikkeling. In vergelijking met 
chimpansee en andere primaten, is in de ontwikkeling van de menselijke hersenen 
een enorme uitbreiding van neurale stamcellen te zien. Als deze zich eenmaal 
differentiëren naar andere celtypes, hebben ze dus een veel grotere capaciteit 
opgebouwd in het aantal cellen die gevormd kunnen worden. Veel onderzoek, 
zoals bijvoorbeeld in muizen, is gedaan naar een bepaald type neurale stamcel, 
de radiale gliacel. Deze cellen hebben een basale en apicale uitloper, waarmee ze 
zich aan de grenzen van de hersenen verankeren om zo de vroege structuur van 
de hersenen te vormen. Het cellichaam bevindt zich in de ventriculaire zone, waar 
de radiale glia onder andere via specifieke cel-cel communicatie zelf-
vernieuwende delingen ondergaan. In de afgelopen 10 jaar is er ook veel aandacht 
uitgegaan naar een subtype radiale gliacel, de basale radiale gliacel. Deze heeft 
alleen een uitloper naar de basale lamina van de hersenen en het cellichaam 
bevindt zich buiten de ventriculaire zone, maar heeft nog steeds de 
zelfvernieuwing en celdeling capaciteiten zoals de klassieke radiale gliacel. 
Doordat de basale radiale gliacellen de cel-celcontacten zoals in de ventriculaire 
zone missen, hebben ze een uniek genexpressiepatroon wat hun stamcel 
eigenschappen stimuleert. Ze lijken vooral extra beïnvloed te worden door 
uitgescheiden signaalmoleculen, waarmee ze over grotere afstanden bepaalde 
groeisignalen kunnen ontvangen. Juist deze celpopulatie is enorm toegenomen in 
de ontwikkelende hersenen van de mens in vergelijking met bijvoorbeeld 
chimpansees, waardoor gedacht wordt dat de basale radiale gliacellen een groot 
aandeel hebben gehad in de vergroting van hersenvolume in de mens.  
 
1.3: NOTCH activiteit in de ontwikkelende grote hersenen 
De NOTCH signaalroute is geconserveerd in dieren en is betrokken bij de 
organisatie van cellen en hun regulatie in zelfvernieuwing en differentiatie. In 
zoogdieren zijn er 4 receptoren bekend (NOTCH1-4) en 5 klassieke liganden 
bekend (DLL1, DLL3, DLL4, JAG1, JAG2). Er zijn ook veel andere liganden 
bekend die NOTCH activiteit kunnen beïnvloeden. de NOTCH signaalroute staat 
bekend om dat het een relatief simpel basismechanisme heeft. Een receptor wordt 
geactiveerd door trans-interactie met een ligand, waarna de receptor gesplitst 
wordt. Een intracellulair onderdeel van de receptor verplaatst zich naar de celkern 
en kan tot expressie van een selecte groep genen aanzetten. In de ventriculaire 
zone van de hersenen is dit ook een belangrijke signaalroute die voor uitbreiding 
van de populatie radiale gliacellen zorgt. Activatie van NOTCH receptoren leidt 
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bijvoorbeeld tot expressie van het gen HES1. Dit gen is essentieel voor de balans 
tussen zelfvernieuwing en differentiatie van radiale glia. Een belangrijke functie 
van HES1 hierin is de remming van pro-neurale eiwitten zoals NGN2. Dit hele 
proces wordt weer in toom gehouden door feedback van NOTCH signalen via cel-
celcontracten tussen cellen (laterale inhibitie), waarbij de expressie van HES1 en 
NGN2 oscilleren in een tegenovergestelde fase. Zo lang deze status quo in stand 
gehouden wordt, blijven radiale gliacellen zelfvernieuwende delingen ondergaan. 
Wordt de oscillatie verbroken en blijft NGN2 expressie continu op hoog niveau, 
zorgt dit voor differentiatie van radiale gliacellen. Dit is dus een goed beschreven 
mechanisme in radiale gliacellen die zich in de ventriculaire zone bevinden. Het is 
dan interessant te zien dat basale radiale glia, die niet gebruik kunnen maken van 
deze specifieke NOTCH feedbacksystemen in de ventriculaire zone, toch dezelfde 
zelfvernieuwende capaciteiten behouden. Ook is het bekend dat HES1, een gen 
onder invloed van NOTCH, actief is in de basale radiale gliacellen. Dit suggereert 
dat de NOTCH signaalroute actief is in de basale radiale gliacellen, maar het is 
nog onbekend of laterale inhibitie en HES1 - NGN2 oscillaties ook hier aanwezig 
zijn. Omdat veel van deze studies in muizen gedaan zijn, waarin de basale radiale 
gliacellen veel minder voorkomen, is er nog weinig bekend over al deze 
eigenschappen van de NOTCH signaalroute in basale radiale glia en in het 
algemeen tijdens hersenontwikkeling van de mens. 
 
1.4 Genduplicaties als een bron van innovaties in evolutie 
Ondanks technologische vooruitgang, zijn bepaalde delen van het DNA moeilijk in 
kaart te brengen. Deze bevatten veel repetitieve of homologe DNA sequenties. 
Kort gezegd, er kunnen twee of meerdere stukken DNA in het genoom aanwezig 
zijn, die zoveel op elkaar lijken, dat tijdens het in kaart brengen van het genoom 
ze niet gemakkelijk uit elkaar te houden zijn. Hierdoor zijn deze regio’s in het 
genoom minder bestudeerd dan de rest, maar kunnen ze wel veel relevante 
informatie bevatten over de evolutie van de mens. Een deel van deze regio’s zijn 
ontstaan via genduplicaties. In dit onderzoek hebben we ons voornamelijk gericht 
op het bestuderen van een aantal genen die ontstaan zijn via dit proces. Voor ons 
zijn genduplicaties interessant, doordat ze via een relatief snel proces voor 
evolutionaire aanpassingen kunnen zorgen. Daarnaast kunnen genduplicaties in 
sommige gevallen ook genetische hersenafwijkingen veroorzaken. Via analyze 
van de gecombineerde informatie over evolutie van genduplicaties en eventuele 
associaties met hersenafwijkingen, proberen we relevante nieuwe genetische 
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regio’s op te sporen in de mens. Genduplicaties ontstaan vaak via fouten in de 
celdeling, voornamelijk bij de vorming van geslachtscellen en tijdens de eerste 
celdelingen van de bevruchte eicel. Tijdens de celdeling kan DNA uit verschillende 
gebieden foutief met elkaar hybridiseren. Uiteraard zijn er reparatiemechanismen 
in de cel die deze kruislingse DNA interacties herstellen, maar soms wordt dit niet 
correct gedaan. Hierdoor kan een deel van het DNA, en alle genen die hierin 
aanwezig zijn, overgeplaatst worden van de ene streng DNA naar de andere. Als 
dit gebeurd in geslachtscellen, kan dit doorgegeven worden in het nageslacht, 
waardoor dat specifieke individu extra kopieën van een bestaand gen kan hebben. 
Meestal heeft dit geen effect, aangezien het gen reeds aanwezig is in het genoom. 
Soms kan het zelfs tot genetische afwijkingen leiden, wanneer bepaalde genen 
meerdere malen aanwezig zijn. Echter, in sommige gevallen kan het voordeel 
opleveren. De extra genkopieën kunnen namelijk ook aangepast worden, zodat 
deze een nieuwe functie kunnen krijgen. Daarnaast zijn er, naast genduplicaties, 
meer vormen van structurele variatie mogelijk, zoals deleties, inversies, 
genconversie, en andere complexe DNA recombinaties. Al deze processen dragen 
bij aan het ontstaan van genetische variatie, die kan bijdragen aan het ontstaan 
van aanpassingen in evolutie. 
 
1.5: Duplicaties van KRAB zink-vinger gene in de evolutie van primaten 
Zink-vinger genen zijn de meest voorkomende eukaryotische transcriptiefactoren, 
die bij allerlei genregulatie processen betrokken zijn. Hun naam stamt af van het 
zink ion dat essentieel is in de structuur van het eiwit. Er zijn verschillende types 
zink-vinger eiwitten, waarvan het type C2H2 het meest bekend is. In dit geval wordt 
het zink ion gestabiliseerd door interacties met 2 cysteine en 2 histidine residuen. 
Een enkel zink-vinger domein kan een stuk DNA van 3 specifieke nucleotiden 
herkennen via de contact-residuen in het zink-vinger domein. Door meerdere zink-
vinger domeinen sequentieel achter elkaar te zetten in één eiwit, kan een DNA 
sequentie met een veelvoud van 3 nucleotides worden herkend. Variatie in de 
contact-residuen en het aantal zink-vinger domeinen leidt tot een breed scala aan 
potentiële sequenties die door zink-vinger eiwitten herkend kunnen worden. Dit is 
dan ook uitgebuit voor snelle evolutionaire aanpassingen in evolutie van de mens. 
We hebben dit onderzocht voor een subklasse C2H2 zink-vinger eiwitten, de 
KRAB zink-vingers. Deze bevatten een extra domein aan de N-terminus, het KRAB 
domein. Dit domein kan extra factoren rekruteren, zoals KAP1, die H3K9me3 en 
DNA methylatie induceren in het lokale epigenetische landschap. Hiermee wordt 
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lokaal de activiteit van genen of andere regulatoire elementen stilgezet. In de mens 
zijn ongeveer 350 KRAB zink-vinger genen in het genoom te vinden, waarvan er 
zo’n 170 nieuw gevormd zijn tijdens de evolutie van primaten. De snelle expansie 
van deze genen is voortgekomen uit genduplicaties. Veel KRAB zink-vinger genen 
zijn dan ook in clusters te vinden in het genoom. Deze zijn door hun onderlinge 
homologie en door omliggende repetitieve DNA elementen zoals satelliet DNA, 
zeer gevoelig zijn voor recombinaties. In de afgelopen jaren is er meer bekend 
geworden over de achterliggende redenen voor de eigenaardige toename in KRAB 
zink-vinger genen. Er is steeds meer bewijs dat KRAB zink-vinger genduplicaties 
een gevolg zijn van een reactie tegen retrotransposon invasies, om zo de integriteit 
van het genoom te waarborgen. Retrotransposons zijn de overblijfselen van 
geïntegreerde virussen die geslachtscellen hebben geïnfecteerd en kunnen 
overgedragen worden op de volgende generatie. Retrotransposons kunnen via 
een kopieer-en-plak (type I) or knip-en-plak (type II) mechanisme zichzelf 
vermeerderen of verplaatsen in het genoom, met alle mogelijke negatieve effecten 
van dien. Recente studies laten zien dat KRAB zink-vinger genen voornamelijk 
DNA sequenties in retrotransposons herkennen en via de plaatsing van 
heterochromatine de activiteit van retrotransposons tegengaan. Door deze 
doelgerichte aanpak van KRAB zink-vingers en door erosie van retrotransposon 
sequenties over miljoenen jaren, zijn er slechts enkele types retrotransposons 
bekend die nu nog actief zijn. De continue strijd tussen KRAB zink-vingers en 
retrotransposons heeft ook de potentie gehad nieuwe genetische variatie te 
introduceren tijdens evolutie. Zo zijn bepaalde retrotransposons omgevormd tot 
regulatoire sequenties die bijdragen aan endogene genexpressie in verschillende 
omstandigheden. Ook is er bewijs dat de KRAB zink-vingers zelf zijn aangepast 
om genen uit het eigen genoom te reguleren, door binding aan genpromoters. Door 
de omvang van retrotransposons en KRAB zink-vinger genen in het genoom heeft 
dit een groot reservoir aan nieuw DNA aangeleverd, die opnieuw gebruikt kon 
worden voor evolutionaire aanpassingen. 
 
1.6: Organoïden als nieuwe techniek voor onderzoek naar ontwikkeling van 
de mens 
De studie van hersenontwikkeling in de mens is logischerwijs bemoeilijkt door de 
beperkte mogelijkheden dit te doen. Veel van de fundamentele kennis over 
hersenontwikkeling is daardoor opgedaan door studies die gebruik maken van 
modelsoorten, zoals de muis, zebravis en fruitvlieg. Alhoewel deze studies tot vele 
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inzichten hebben geleid, kan de genetische achtergrond van de mens soms 
belangrijk zijn voor de interpretatie van experimentele data. Recent is hiervoor een 
oplossing gekomen in de vorm van een nieuw modelsysteem. Hierin worden 
humane embryonale stamcellen (ESCs) gekweekt, die in principe elke cel van het 
lichaam kunnen vormen, en gevormd tot een bepaalde hersenstructuur na 
toevoeging van specifieke signaalmoleculen. Deze zogenaamde organoïden 
(mini-organen in een kweekschaal) volgen in het algemeen de 
ontwikkelingskenmerken van het embryo en zijn meestal zo’n 1-2 mm diameter in 
grootte. Via deze techniek kunnen veel studies worden uitgevoerd in een model 
met menselijke achtergrond, met als voordeel dat ze een toegankelijke bron zijn 
voor allerlei experimentele methodes. Daarnaast zijn er 2 nieuwe ontwikkelingen 
geweest die het gebruik van stamcellen en organoïden verder hebben uitgebreid. 
Ten eerste de geïnduceerde pluripotente stamcel (iPSC) techniek. Door 
toevoeging van specifieke transcriptiefactoren kunnen somatische cellen, 
bijvoorbeeld fibroblasten of witte bloedcellen, een herprogrammatie naar stamcel 
ondergaan. Deze iPSCs hebben grotendeels dezelfde eigenschappen als ESCs. 
Een voordeel van de iPSCs is dat ze de genetische informatie bevatten van het 
individu waaruit de somatische cellen van zijn verkregen. Hierdoor kan men inzicht 
krijgen in de genetische achtergrond van een individu en welke biologische 
effecten dit heeft. Met name bij vragen over genetische afwijkingen en ziektes is 
dit een veelbelovende methode. De cellen en/of organoïden van een ziek persoon 
kunnen worden vergelijken met gezonde controles, om zo meer te weten over het 
ziektebeeld. De tweede ontwikkeling is het gebruik van CRISPR-Cas9. Dit is een 
van oorsprong bacterieel endonucleases - RNA complex, dat specifieke DNA 
sequenties kan herkennen en middels het nuclease domein DNA schade induceert 
(dubbel-strengs DNA breuk). Het RNA molecuul bepaald welke DNA sequentie 
wordt herkend. Dit werkt door RNA-DNA hybride basenparen, die echter wel de 
traditionele base-paring regels volgen. Hierdoor is het eenvoudig het RNA 
molecuul aan te passen, zodat CRISPR-Cas9 naar vrijwel elke sequentie in het 
genoom kan worden gestuurd. De lokale DNA schade zal DNA-reparatie 
processen aanzetten, welke opnieuw gemanipuleerd kunnen worden om dit gericht 
te laten gebeuren. Ook zijn er aangepaste Cas9 eiwitten te gebruiken die zonder 
DNA schade een tijdelijke functie uitvoeren, zoals het beïnvloeden van de lokale 
epigenetische samenstelling. Met de verschillende CRISPR-Cas9 is het dus 
mogelijk de functie vrijwel elk stukje DNA in het genoom te bestuderen. In 
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combinatie organoïden en iPSC technieken is het nu dus mogelijk een nieuwe 
inzichten te krijgen in de ontwikkeling van de mens. 
 
1.7: De fossiel DNA revolutie 
In de reconstructie van genoom evolutie wordt het DNA van verschillende soorten 
met elkaar vergeleken om uitspraken te doen over aanpassingen in het genoom 
die in het verleden plaatsvonden. Zo kan er bijvoorbeeld een inschatting gemaakt 
worden wanneer 2 soorten van elkaar afgesplitst zijn van een gemeenschappelijke 
voorouder. Door de technologische vooruitgangen in het verzamelen van DNA 
informatie (sequencing), is dit een zeer efficiënte mogelijkheid gebleken. Ondanks 
deze vooruitgang blijft het lastig om bijvoorbeeld de precieze tijdlijn van 
veranderingen in het humane genome in kaart te brengen, nadat de mens van de 
gezamenlijke voorouder met chimpansees is afgesplitst zo’n 6 miljoen jaar 
geleden. Een compleet nieuw inzicht in de recente evolutie begon toen DNA voor 
het eerst werd geïsoleerd uit fossielen van Neanderthalers in 1997. Later is fossiel 
Neanderthaler DNA met nieuwe technieken in kaart gebracht. Hierdoor zijn grote 
delen van het genoom bekend van de moderne mens, Neanderthalers en 
Denisova-mensen, die zo’n 30,000-150,000 jaar geleden leefden. Deze informatie 
geeft een objectieve historische blik op veranderingen in het genoom ten opzichte 
van voorouderlijke soorten die vroeger leefden. De fysieke eigenschappen van 
Neanderthalers zijn namelijk redelijk goed beschreven door vele fossiele vondsten. 
Zo heeft de schedel van Neanderthalers een langere, ovalere vorm vergeleken 
met de moderne mens. Fossielen van de Denisova-mens zijn zeer schaars en 
omvatten tot nu toe enkele vingerbotjes, tanden en kleine delen kaak en schedel. 
Door DNA uit deze fossielen te isoleren, kan er onderzocht worden of specifieke 
delen van het genoom betrokken zijn bij verschillen in fysieke eigenschappen 
tussen de moderne mens, Neanderthaler en Denisova-mens. Ook is het bekend 
deze 3 soorten gezamenlijk nageslacht hebben gekregen, waardoor er vandaag 
de dag nog steeds delen Neanderthaler en Denisova-mens DNA in ons genoom 
zit. Een deel hiervan is betrokken bij genetische aanpassingen die het 
immuunsysteem en metabolisme beïnvloeden. Genetische analyze van DNA uit 
fossielen van de moderne mens hebben ook nieuwe informatie blootgelegd over 
de verspreiding van de mens in de afgelopen ~50,000 jaar en recentere 
verschuivingen in populatiedynamica over de verschillende continenten. 
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Hoofdstuk 2 
 
ESCRT-III eiwit CHMP1A is betrokken bij uitscheiding van SHH via een 
specifiek type extracellulaire blaasjes 
In het laatste experimentele hoofdstuk analyzeren we, in samenwerking met 
andere labs, de functie van het gen CHMP1A. Wij hebben onze expertise in 
gekweekte hersenstructuren gebruikt om meer te weten te komen over 
hersenafwijkingen na een mutatie in dit gen. Door deze mutatie verliest het 
CHMP1A gen zijn functie en veroorzaakt onder andere microcephalie (groeidefect 
grote hersenen), pontocerebellaire hypoplasie (groeidefect pons en kleine 
hersenen), en een klein postuur. In eerdere studies, waarin zebravissen en muizen 
zijn gebruikt als modelorganismen, is de functie van de homologe CHMP1A genen 
utigezocht. Hieruit bleek dat CHMP1A nodig is in cellen voor het uitscheiden van 
verschillende signaaleiwitten, via extracellulaire blaasjes. Het eiwit Sonic 
Hedgehog (SHH) wordt via deze extracellulaire blaasjes getransporteerd, en de 
mutatie in CHMP1A zorgt ervoor dat minder SHH beschikbaar is door defecten in 
de vorming van extracellulaire blaasjes. Waarschijnlijk is SHH tekort een van de 
kenmerken in de eerder genoemde hersenafwijkingen. Om dit verder te 
onderzoeken, is de CHMP1A mutatie nagebootst in gekweekte humane 
embryonale stamcellen via CRISPR-Cas9. Vervolgens zijn deze weer tot 
neocorticale hersenstructuren gekweekt. Analyze van deze structuren gaf aan dat 
ook in dit model de CHMP1A mutatie tot microcephalie leidt. We probeerden dit te 
herstellen door tijdens de kweek SHH extra te activeren door toevoeging van een 
extra signaalmolecuul. Echter, dit had in zowel de controle als de CHMP1A-
mutanten kweken grote algemene effecten. Wel was het interessant te zien dat in 
de controles, genen die indicatief zijn voor celdeling van neuronale stamcellen een 
sterk verhoogde expressie lieten zien. In de mutanten was dit effect veel minder 
aanwezig. Samengevat blijkt hieruit dat CHMP1A nodig is voor de juiste balans 
tussen celdeling en differentiatie in neuronale stamcellen. 
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Hoofdstuk 3 
 
Het mens-specifieke gencluster NOTCH2NL beïnvloedt corticogenese 
Hier beschrijven we de ontdekking van een mens-specifiek gencluster, de 
NOTCH2NL genen. Deze zijn ontstaan na meerdere duplicaties en recombinaties 
in de gemeenschappelijke voorouder van de mens, chimpansee en gorilla, maar 
intacte NOTCH2NL genen zijn alleen te vinden in de mens. In een specifiek gebied 
van het genoom, de 1q21.1 locus, bevinden zich 3 van deze genen. De 1q21.1 
regio staat bekend door zijn associatie met hersenafwijkingen. Bijvoorbeeld, 
mensen met een duplicatie van de 1q21.1 regio hebben vaak te grote hersenen 
(macrocephalie) en autisme, terwijl mensen met een deletie van de regio vaak te 
kleine hersenen hebben (microcephalie) en schizofrenie. Om de functie van 
NOTCH2NL genen en hun mogelijke associatie met hersenafwijkingen te 
bestuderen, hebben we met CRISPR-Cas9 de NOTCH2NL genen verwijderd uit 
het genoom van gekweekte humane embryonale stamcellen. Deze zijn vervolgens 
tot hersenstructuren gekweekt die lijken op de neocortex. Deze zijn vergeleken 
met dezelfde structuren verkregen uit controle cellen. Hieruit bleek dat NOTCH2NL 
nodig is voor het in stand houden van de neuronale stamcelpopulatie. Verwijderen 
van NOTCH2NL leidde tot vervroegde differentiatie, en te vroege uitputting van de 
neuronale stamcelpopulatie. In hierop volgende experimenten vinden we dat het 
effect waarschijnlijk optreed via veranderde activiteit van het NOTCH2 eiwit, dat 
essentieel is voor signaalmechanismen in neuronale stamcellen. Als laatste vinden 
we dat in bepaalde gevallen met een 1q21.1 genetische afwijking, de NOTCH2NL 
genen zelf de breekpunten in het DNA zijn geweest. Dit suggereert een 
evolutionaire afweging op moleculair niveau. Aan de ene kant helpen NOTCH2NL 
genen bij de ontwikkeling van het brein, maar ze hebben ook tot grotere instabiliteit 
van de 1q21 regio geleid. 
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Hoofdstuk 4 
 
NOTCH2NL eiwit expressie is afgenomen in recente evolutie 
De evolutie van NOTCH2NL genen in recente evolutie wordt hier verder 
behandeld. We vergelijken DNA informatie van de moderne mens met DNA 
informatie uit fossielen van voorouderlijke mensen, Neanderthalers en Denisovas, 
die tot 30-100 duizend jaar geleden leefden. Relatief veel Neanderthalers hebben 
een extra kopie van een NOTCH2NL gen. Ook vinden we specifieke genvarianten, 
die uniek in Neanderthalers en Denisovas te vinden zijn, die de structuur of functie 
van NOTCH2NL eiwit lijken te beïnvloeden. Verder heeft het Denisova genoom 
een zeer ongebruikelijke samenstelling van NOTCH2NL genen, die we in geen 
enkele moderne mens gevonden hebben. Hierdoor lijkt dit Denisova individu een 
zeer lage hoeveelheid NOTCH2NL eiwit te produceren. Uit analyze van 279 
genoom datasets en 49,599 exoom datasets vinden we een aantal NOTCH2NL 
genvarianten die de functie van het eiwit verstoren, of het eiwit expressie niveau 
verminderen. Deze komen echter veel vaker voor dan eerst gedacht. De 
gecombineerde distributie van de varianten geeft aan dat deze synergistisch en 
coöperatief de functionele NOTCH2NL eiwit dosis verlagen. Uit de verschillende 
analyses in dit hoofdstuk blijkt dus dat de configuratie van NOTCH2NL genen zeer 
variabel was in recente evolutie, en dat deze genen nog steeds onder selectie 
staan vandaag de dag. Dit zien we terug in het DNA van een aantal eeneiige 
tweelingen die we hebben geanalyseerd, waar er soms een verschil was in de 
aanwezigheid was van NOTCH2NL genvarianten. Dit heeft onder andere 
consequenties voor de analyze van 1q21 gerelateerde neuronale afwijkingen, 
waarin NOTCH2NL genen betrokken zijn. Niet alleen is het aantal NOTCH2NL 
genen belangrijk, die kunnen immers variëren via genduplicates of deleties. Ook 
de aanwezigheid van de verschillende genvarianten is bepalend voor de 
hoeveelheid NOTCH2NL eiwit die gemaakt wordt. In klinisch genetische studies 
over 1q21 zullen deze twee factoren dus beide bekeken moeten worden, voor een 
nauwkeurige inschatting over de mogelijke rol van NOTCH2NL genen in neuronale 
afwijkingen. 
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Hoofdstuk 5 
 
Een KRAB zink vinger gen heeft de balans van HES1 autoregulatie veranderd 
in de evolutie van primaten 
In dit hoofdstuk onderzoeken we een specifiek gen uit de KRAB zinkvinger 
genfamilie, ZNF675. Tijdens de evolutie van primaten, is deze genfamilie enorm 
vergroot via genduplicaties. Daardoor zijn er nu ongeveer 350 KRAB zinkvinger 
genen in het genoom van de mens aanwezig, waarvan er ongeveer 170 uniek in 
primaten te vinden zijn. Deze expansie is te verklaren door de rol van KRAB 
zinkvingers bij de remming van retrotransposon activiteit. Retrotransposons zijn 
afgeleid van virus DNA en kunnen zich via verschillende mechanismen 
vermeerderen en verspreiden in het genoom. Dit is veelvuldig gebeurd in evolutie 
van primaten, waarbij duplicaties en aanpassingen van nieuwe KRAB zinkvinger 
genen hebben geholpen tegen verdere verspreiding van retrotransposons. Uit 
eerder gepubliceerde data, vinden we dat ZNF675, in overeenkomst met het 
model, de activiteit van een bepaalde groep retrotransposons kan afremmen. 
ZNF675 is voor het eerst ontstaan in de gemeenschappelijke voorouder van apen 
uit de Nieuwe Wereld en de mens, zo’n 35-45 miljoen jaar geleden. Verder vonden 
we dat duplicaties en deleties van de 19p12 locus, die ZNF675 omvat, aanwezig 
zijn in een aantal mensen met neuronale afwijkingen. Om het mogelijke verband 
tussen ZNF675 en hersenontwikkeling bloot te leggen, hebben we met CRISPR-
Cas9 ZNF675 verwijderd uit het genoom van gekweekte humane embryonale 
stamcellen. Door deze tot hersenstructuren te differentiëren, verkregen we inzicht 
in het effect van de ZNF675 deletie tijdens de ontwikkeling. Tot onze verrassing 
vonden we geen sterke associatie tussen retrotransposons en het verlies van 
ZNF675 in de gekweekte hersenstructuren. Uit nadere inspectie van ZNF675 data 
vonden we dat ZNF675 ook aan promoters bindt van genen. Eén van deze was de 
HES1 promotor, een essentieel gen in de ontwikkeling van het brein en onderdeel 
van de NOTCH signaalroute. In vervolgexperimenten laten we zien dat ZNF675 
de expressiedynamiek van HES1 heeft veranderd. Dit geeft aan dat ZNF675 de 
activiteit van genen kan reguleren, wat wellicht een belangrijke verklaring kan zijn 
voor neuronale afwijkingen in mensen met een duplicatie of deletie van ZNF675. 
In een andere studie vinden we aanwijzingen dat meerdere KRAB zink-vinger 
genen een zelfde patroon volgen als ZNF675 en genpromoters mogelijk reguleren. 
De KRAB zinkvinger genfamilie lijkt dus een belangrijke factor te zijn geweest in 
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evolutie van primaten en de mens, voor zowel de bescherming tegen 
retrotransposons en evolutionaire aanpassingen van genregulatie.  
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Hoofdstuk 6 
 
Discussie 
Anatomische veranderingen van het menselijke brein tijdens de evolutie zijn lang 
bekend, maar onderliggende genetische veranderingen zijn pas sinds kort 
gevonden. In dit proefschrift hebben we ons gericht op de bijdrage van 
genduplicaties aan evolutie van de mens. In hoofdstuk 2 gebruiken we het 
organoïde model van hersenen om het effect van CHMP1A mutaties in te zien. De 
resultaten laten zien dat organoïden de vroege ontwikkeling van de hersenen 
kunnen nabootsen en ook informatie kunnen geven over genetische 
hersenafwijkingen. In hoofdstuk 3 beschrijven we de mens-specifieke NOTCH2NL 
genen en vinden we bewijs voor een rol voor deze genen in hersenontwikkeling. 
Naast NOTCH2NL genen zijn er ook andere mens-specifieke genen ontdekt met 
vergelijkbare eigenschappen, zoals TBC1D3, ARHGAP11B, TMEM14B en 
SRGAP2. In hoofdstuk 4 vinden we dat NOTCH2NL configuraties zeer variabel 
zijn in de moderne mens, wat aangeeft dat ze hedendaags nog onder selectiedruk 
staan om de optimale dosis te vinden. In hoofdstuk 5 richten we ons op één gen 
uit de KRAB zink-vinger genfamilie, ZNF675. Structurele varianten van de ZNF675 
locus zijn gerapporteerd in een aantal individuen met neurologische afwijkingen en 
we hebben onderzocht wat hieraan ten grondslag ligt. De resultaten in dit 
proefschrift beschreven geven nieuwe inzichten in het genetische en moleculaire 
profiel in de evolutie van het menselijke brein. 
 
6.1: Organoïden om aspecten van neurale stamcellen te onderzoeken 
Om de functie van nieuwe DNA elementen te bestuderen in de mens hebben we 
gebruikt gemaakt van hersenorganoïden. Om beter inzicht te krijgen in dit model 
hebben we samengewekt om de functie van het CHMP1A gen te achterhalen. 
Mutaties in dit gen leiden tot gebreken in ontwikkeling van de grote hersenen en 
kleine hersenen. Ook in het organoïdenmodel konden we soortgelijke gebreken 
zien in cellen met de CHMP1A mutatie. De achterliggende reden lijkt een gebrek 
aan SHH uitscheiding en activiteit te zijn. Daarom hebben we de organoïden 
behandeld met een molecuul dat de SHH-signaalroute kan activeren. Dit had 
verrassend weinig effect in de CHMP1A mutant organoïden, terwijl in de controles 
dit duidelijk leidde tot verhoogde expressie van neurale stamcelgenen. De mutatie 
lijkt dus ook een blijvend effect te hebben op de eigenschappen van neurale 
stamcellen. Opvallend is dat in een muismodel met de CHMP1A mutatie, de kleine 
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hersenen veel minder aangedaan zijn dan in de mens. Dit suggereert dat CHMP1A 
verschillende functies kan hebben in verschillende soorten. Dit zou verder 
uitgezocht kunnen worden door organoïdemodellen van verschillende soorten met 
elkaar te vergelijken en deze onder verschillende condities te behandelen, 
bijvoorbeeld met activators van de SHH-signaalroute. Organoïden zijn dus 
interessante modellen die veel nieuwe inzichten kunnen geven in normale 
ontwikkeling en ziektes. Veel onderzoek is momenteel gaande om deze modellen 
toe te passen en te verbeteren, zodat verschillende aspecten van ontwikkeling 
bekeken kunnen worden. 
 
6.2: Evolutie van NOTCH2NL genen en het ontstaan van mens-specifieke 
herseneigenschappen 
NOTCH2NL genen zijn mens-specifiek en zijn onderdeel van een groep recent 
ontstane genen in de evolutie die betrokken zijn bij hersenontwikkeling. 
NOTCH2NL kan de activiteit van de NOTCH-signaalroute verhogen en hiermee 
zelfvernieuwing van neurale stamcellen stimuleren. Dit zou één van de effecten 
kunnen zijn die bijgedragen hebben aan evolutionaire vergroting van de menselijke 
hersenen. Het is namelijk bekend dat NOTCH activiteit belangrijk is voor 
uitbreiding van de radiale gliacelpopulatie. Ook is er expressie van NOTCH2NL in 
de basale radiale gliacellen. Wellicht dat NOTCH2NL hier extra bijdraagt aan 
activatie van de NOTCH-signaalroute en expressie van HES1. In een opvolgende 
studie vinden we dat de genetische configuratie van NOTCH2NL genen sterk 
varieert per individu en effect heeft op de hoeveelheid NOTCH2NL eiwit die wordt 
geproduceerd. Dit geeft aan dat er mogelijk selectiedruk is op NOTCH2NL genen 
om de optimale genconfiguratie te vinden. Ook is het interessant in 1q21.1 
ziektebeelden, waar NOTCH2NL genen ook bij betrokken kunnen zijn. Door 
duplicatie of deletie van specifieke NOTCH2NL genvarianten die verschillende 
hoeveelheid eiwit produceren, zou dit bepalend kunnen zijn hoe het ziektebeeld 
per individu verschillend is. Ook deze effecten kunnen met organoïdemodellen 
onderzocht kunnen worden. Doordat de 1q21.1 locus erg instabiel is, zal een beter 
begrip van variatie in de 1q21.1 variatie ook meer inzicht geven in het ziektebeeld. 
Alhoewel NOTCH2NL genen sterke kandidaten zijn die bijdragen aan het 
ziektebeeld, zijn er misschien ook andere genen of regulatoire elementen die nog 
niet in hiermee in verband gebracht zijn. Daarnaast is er steeds meer data 
beschikbaar in zogenaamde biobanken. Hierin wordt van een groot aantal mensen 
DNA informatie in kaart gebracht. Ook wordt allerlei biologische, fysiologische en 
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medische data verzameld van de individuen, die dus weer gekoppeld kan worden 
aan individuele genoomconfiguraties. Met deze verschillende experimentele 
technieken en databanken is het dus mogelijk een steeds beter inzicht te krijgen 
in hoe DNA variatie de biologie van de mens beïnvloed. 
 
6.3: KRAB zink-vinger genen als nieuwe regulatoire factoren in evolutie van 
primaten 
De KRAB zink-vinger genfamilie is één van de grootste in het humane genoom. 
Deze zijn ontstaan door vele genduplicaties recent in evolutie. Doordat KRAB zink-
vinger genclusters genetisch instabiel zijn, hebben duplicaties snel kunnen 
plaatsvinden om zo adapaties in gang te zetten. Echter, kan hier ook een risico 
aan verbonden zijn, doordat de instabiliteit voor genetische afwijkingen kan zorgen 
en tot ziektes kan leiden vandaag de dag. KRAB zink-vinger eiwitten zijn 
voornamelijk bekend door hun functie om retrotransposon activiteit tegen te gaan. 
Daarnaast is zijn er al langere tijd hypothesis dat KRAB zink-vinger eiwitten ook bij 
andere processen in de cel een rol spelen. Dit is al wel bekend voor een handje 
vol KRAB zink-vinger genen die al lang geleden zijn ontstaan. Voor recente KRAB 
zink-vinger genen is dit weinig onderzocht. Wij hebben hiernaar gekeken en 
vonden bijvoorbeeld dat 26% van alle genen een primaat-specifieke KRAB zink-
vinger bindingspositie in hun promoter hebben. Dit is waarschijnlijk een 
onderschatting, aangezien van nog niet alle KRAB zink-vinger deze data 
beschikbaar is. Wij hebben ZNF675 als specifiek voorbeeld verder onderzocht, 
aangezien de locus waarin deze op het genoom ligt bekend is bij een aantal 
individuen met neurologische afwijkingen. Hier vonden we dat ZNF675 de 
expressie van HES1 beïnvloed, een belangrijk gen in de ontwikkeling van de 
hersenen, door regulatoire processen in de HES1 promoter te moduleren. Dit geeft 
dus aan dat recente KRAB zink-vingers ook bij endogene genregulatie betrokkken 
kunnen worden. Dit kan ook nieuwe ideeën over de evolutionaire wapenwedloop 
tussen retrotransposons en KRAB zink-vinger genen aanleveren. Zo zal in de 
evolutie en optimalizering van KRAB zink-vinger genen rekening moeten worden 
gehouden met de effecten op het endogene DNA: Het tegengaan van 
retrotransposon activiteit moet niet ten koste gaan van verstoring van de eigen 
genregulatie. Hier is dus een samenspel van meerdere parameters, die nieuwe 
variatie in het DNA tot gevolg hebben. Deze variatie kan negatief zijn, maar kan 
ook uitgebuit worden voor evolutionaire aanpassingen in het genoom. 
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6.4: De toekomst van het ontdekken en interpreteren van structurele variatie 
in het genoom 
Het ontdekken en annoteren van complexe stukken DNA in het genoom is en blijft 
lastig. Dit komt met name doordat de technieken om dit in kaart te brengen de 
informatie halen uit kleine stukken DNA. Met nieuwe technieken kan er uit grotere 
stukken DNA informatie gehaald worden, waardoor delen van het genoom die 
hoge homologie of veel repetitieve sequenties hebben, zoals regio’s met veel 
recente genduplicaties. Dit maakt het mogelijk een beter beeld te krijgen van 
complexe delen van het genoom. Zo is er recent een compleet X-chromosoom 
geannoteerd, door DNA informatie uit alle verschillende onderzoeken en 
technieken te combineren. Dit laat zien dat met de huidige technieken het mogelijk 
is om het DNA van de mens compleet in te zien. Deze technieken zijn ook gebruikt 
om variatie tussen individuen te onderzoeken. Zo zijn uit het DNA van 15 
individuen uit verschillende populaties 100,000 nieuwe structurele varianten 
ontdekt ten opzichte van het referentiegenoom hg38. Het ontdekken van deze 
informatie is essentieel voor verdere interpretatie van DNA informatie. Deze 
variatie kan worden meegenomen in analyzes van DNA informatie in biobanken, 
welke veelal nog de oudere DNA technieken gebruiken, simpelweg om praktische 
redenen als geld, beschikbaarheid van apparatuur en duur van analyzes. Een 
bekende biobank is de UK biobank, waar DNA informatie van genen van 150,000 
individuen binnenkort beschikbaar is. Door toevoeging van alle bekende DNA 
variatie in analyzes kunnen betere associates gemaakt worden tussen het genoom 
van een individu en biologische eigenschappen. Er zijn collectieve inspanningen 
om genoomanalyzes te verbeteren, DNA informatie uit diverse populaties te 
verkrijgen en het aantal beschikbare datasets te verhogen. Hiermee is het nu 
mogelijk humane genetica tot in ongekend detail te onderzoeken. De tijd zal 
uitwijzen of dit genoeg is de wisselwerking tussen DNA en biologie per individu te 
begrijpen. 
 
6.5: Evolutionaire genetica en systeembiologie 
De genetische componenten die betrokken zijn bij evolutie van de mens worden 
langzaam maar zeker gevonden. Met name veranderingen in de hersenen, het 
metabolisme en het immuunsysteem lijken in evolutie van de mens te zijn 
opgetreden. Een openstaande vraag is hoe verschillende genetische 
veranderingen samen hebben bijdragen aan deze biologische systemen. Deze zijn 
deels te beantwoorden door experimentele vergelijkingen, waarbij middels 
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organoïden, quantitatieve beeldvormende technieken en CRISPR-Cas9 
screenings deze processen kunnen inzien. Hiermee kunnen verschillen in 
ontwikkelingspatronen van de mens en andere soorten inzien. Een interessant 
voorbeeld is de vorming van somieten in het embryo. Dit proces verloopt in de muis 
twee keer zo snel als in de mens. Recent is gevonden dat een gen dat essentieel 
is voor de ontwikkeling van somieten, HES7, hierbij van invloed is. Dit gen heeft 
een oscillerend expressiepatroon met een periode van 2 uur in de muis. In de mens 
is deze periode 4 uur gebleken. De oscillerende expressie van HES7 is in beide 
soorten gecorreleerd aan de vorming van individuele somieten, die ook weer 
respectievelijk 2 en 4 uur duurt per somiet in muis en mens. Een ander voorbeeld 
is een onderzoek naar de eigenschappen van neurale stamcellen in de mens en 
de rhesusaap. Neurale stamcellen van de mens ondergaan relatief meer 
zelfvernieuwende delingen voordat ze differentiëren in neuronen en anders 
celtypes, in vergelijking met neurale stamcellen uit de rhesusaap. Door een klein 
aantal neurale stamcellen van de mens in de kweek van de rhesusaap toe voegen, 
en vice versa, werd onderzocht of deze eigenschappen vastlagen in de individuele 
cellen of dat deze beïnvloed werden door externe signalen. In de gemengde 
neurale stamcelkweken lieten de cellen echter hun eigen, soort-specifieke 
eigenschappen zien. Dit geeft aan dat in deze omstandigheden de intrinsieke 
eigenschappen van de neurale stamcellen belangrijker zijn dan externe signalen. 
Een interessante vervolgvraag op deze studies is of HES1 en HES5 ook soort-
specifieke eigenschappen hebben in het ontwikkelende brein. Deze bevindingen 
leiden tot de hypothese dat cel-intrinsieke en cel-extrinsieke parameters in een 
ontwikkelingssysteem aangepast worden in de evolutie om evolutionaire 
veranderingen in gang te zetten. Begrijpen hoe deze parameters werken en wat 
hun effect is op biologische systemen, zoals hersengrootte en hersenstructuur in 
de mens, is wellicht essentieel om het begrijpen hoe dit gestuurd wordt tijdens 
evolutie. 
 
6.6: Genconversie en genetische variaties in de vroegste stadia van het leven 
Onze obervaties in de genetische samenstelling van NOTCH2NL genen leiden tot 
vragen over de frequentie van genconversie in het genoom van de mens. De 
frequentie van genconversie is in een aantal studies waargenomen, maar blijkt 
zeer variabel per studie en per regio in het genoom. Genconversie is betrokken bij 
genetische afwijking die tot ziektes leiden, bijvoorbeeld spinale musculaire atrofie. 
Ook kan genconversie voor veranderingen zorgen in repetitieve stukken DNA, 
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waarbij na DNA schade en reparatieprocessen, de lengte van dit repetitieve DNA 
veranderd kan zijn. Verlengde delen repetitief DNA zijn veroorzaken bijvoorbeeld 
de ziekte van Huntington en het fragiele X-syndroom. Kortgeleden is ook in 
meedere studies een verlengd repetitief DNA fragment in NOTCH2NLC bij een 
neurodegeneratieve ziekte gevonden. Door de instabiliteit van NOTCH2NL genen 
is het mogelijk dat dit veroorzaakt wordt tijdens genconversie met NOTCH2NLC. 
Variatie in repetitief DNA in het complete genoom is recent ook gekoppeld aan 
veranderingen in genexpressie tussen individuen. Genconversie zou dus een 
belangrijk mechanisme kunnen zijn dat het humane genoom gevormd heeft in de 
evolutie. Aangezien genconversie voornamelijk actief is in geslachtscellen en 
gedurende de eerste celdelingen in het embryo, zou het ook hedendaags kunnen 
bijdragen aan nieuwe genetische variatie. Via dit proces kan ook niet-
Mendeliaanse overerving plaatsvinden. Zo komt het voor dat er plekken in het DNA 
van een kind niet overeenkomen met de mogelijk overerving die van de ouders af 
kan komen. Posities die inconsistent zijn met Mendeliaanse overerving zijn relatief 
vaak te vinden in instabiele genetische regio’s en repetitief DNA. Of genconversie 
hier een rol in speelt en hoe frequent dit gebeurd is nog onbekend. Dit is 
bijvoorbeeld te onderzoeken door te kijken naar het DNA van eeneiige tweelingen 
of door het DNA van individuele cellen in kaart te brengen en met elkaar te 
vergelijken. Ook zouden celkweekmodellen inzicht kunnen geven in de 
mechanismen achter genconversie, bijvoorbeeld in embryonale stamcellen. Door 
het systematisch aanbrengen van schade in repetitief DNA met CRISPR-Cas9, 
zou gekeken kunnen worden of genconversie betrokken is bij reparatie van de 
DNA schade. Het is echter nog niet helemaal bekend hoe embryonale stamcellen 
in kweek functioneren in vergelijking met het embryo in de mens. Nieuwe 
ontwikkelingen hierin kunnen gebruikt worden om functies van genconversie in 
evolutie van de mens te onderzoeken, alsmede het effect of hedendaagse 
genetische variatie. 
 
Conclusie 
Vragen over de oorsprong van de mensheid hebben tot verwondering geleid in 
generatie op generatie. Met de nieuwe inzichten uit genoomonderzoeken is er nu 
een veel beter beeld van de geschiedenis van de mens en functie van mens-
specifieke DNA sequenties. Grootschalige structurele variatie, zoals 
genduplicaties en recombinaties, evenals kleinere structurele variatie, zoals 
repetitief DNA en retrotransposon inserties, zijn van grote invloed geweest op het 
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humane genoom. Het ontstaan van deze nieuwe sequenties zijn geassocieerd met 
instabiele regio’s van het genoom, die door hun instabiliteit duplicaties en 
herorganisaties zijn ondergaan. Hierdoor zijn snelle evolutionaire aanpassingen 
mogelijk geworden, door grote veranderingen in genetische configuraties door 
duplicaties, deleties, inversies, enzovoorts. Inherent aan deze strategie is dat de 
nieuw gevormde regio’s in het genoom, die bijgedragen hebben aan evolutie van 
de mens, nog steeds gevoelig zijn voor recombinaties. Hierdoor ontstaat er nieuwe 
genetische variatie in de mens vandaag de dag, die soms ook tot genetische 
afwijkingen en ziektes kan leiden. Het lijkt er op dat er een balans is tussen 
innovatie en stabiliteit van het genoom middels structurele variatie, een 
tweesnijdend zwaard in evolutionaire aanpassingen. Waar de eerste mijlpalen 
gezet zijn in onderzoek naar structurele variatie, blijft het een uitdaging om het 
complete genoom van de mens in kaart te brengen. Door de steeds toenemende 
stroom aan data, wordt langzaam maar zeker het volledige spectrum van 
individuele genetische variatie blootgelegd. Door nieuwe technieken en de enorme 
toestroom aan data zijn er nu al vele nieuwe regio’s ontdekt die variëren in de 
populatie. Het toepassen van modelsystemen en technieken als organoïden, 
iPSCs, en CRISPR-Cas9 leveren nieuwe mogelijkheden de functies van deze 
variatie te bestuderen, betrokken bij normale ontwikkelingen of in de context van 
bepaalde ziektebeelden. Het staat buiten kijf dat structurele variatie in het genoom 
een grote rol heeft gespeeld in evolutie van de mens. We staan aan het begin de 
invloeden te begrijpen die het heeft op de onze biologie hedendaags
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