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ABSTRACT 
 

The human brain evolves under a unique set of adaptive pressures, distinguishing 

aspects of form and function from the brains of other primate species. An outstanding 

question in evolutionary biology is the biological tradeoff of human brain adaptations and 

neurodevelopmental/neuropsychiatric disorders (NND). Two ways to investigate 

proximate mechanisms of human evolutionary neurobiology are to study human-specific 

genetic variation and the genetic basis of neuropathology. This dissertation uses an 

evolutionary medicine approach to investigate three cases of functional divergence of 

genetic and molecular variation that mediate human-specific features of neural 

development implicated in NND.  

Segmental duplications (SD) are a rich source of highly plastic genomic variation 

important for human-specific adaptive evolution and a major cause of NND. As result of 

SD, the neuroblastoma breakpoint gene family (NBPF) sequence has undergone 

significant expansion in humans, yet functions of expressed NBPF proteins remain 

unknown. Structural rearrangements of NBPF are associated with autism and 

schizophrenia, and are affected in 1q21.1 deletion/duplication syndrome (1q21DDS, 

OMIM:612474;612475). In this thesis, we characterize NBPF subcellular localization and 

expression profiles in human and chimpanzee models of corticogenesis. To investigate 

dosage effects on cortical development, NBPF-depleted and overexpression in cerebral 

organoids were generated. These findings support the hypothesis that NBPF dosage 



xii 

impacts proliferative dynamics in human corticogenesis, implicating NBPFs in the etiology 

of 1q21DDS. 

Genetic variation in members of the CUB and Sushi Multiple Domains (CSMD) 

gene family of complement pathway regulators is associated with neuropsychiatric 

disorders. Unlike young NBPF duplicates, CSMD genes are fixed across species. 

However, evolved functions in synaptic pruning, specifically of CSMD1, contribute to 

species-specific synaptic plasticity and neuronal circuitry—features linked to human-

specific cognitive adaptations. Expanding on these findings, we identify novel biallelic 

variants in CSMD1 in individuals with overlapping features of neurodevelopmental 

disorders, namely microcephaly, intellectual disability, polymicrogyria, and epilepsy. 

Using CSMD1 knockout human cortical organoids, we identify pathogenic mechanisms 

of NPC over-proliferation and premature differentiation. Our novel data expand CSMD1-

associated functions to a variety of steps in corticogenesis, including neural proliferation, 

differentiation, neuronal migration, and synaptogenesis. Together, human genetics and 

functional findings implicate CSMD1 as a novel genetic basis of NND.  

Proper mRNA maturation and nuclear export regulate eukaryotic gene expression 

that underlies cellular and species diversity. mRNA processing is coordinated by the 

multimeric THO subcomplex of the TREX complex. THO component THOC6 is the 

genetic basis of autosomal recessive THOC6 Intellectual Disability Syndrome (TIDS; 

OMIM:613680). Although TREX is considered conserved, its structural form is not, 

facilitated by THOC6 acquisition in metazoans. Consequently, functional divergence of 

mRNA processing and export coordination by TREX has co-evolved with transcriptomic 

complexity across species. In this dissertation, we generate mouse and human models 
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of TIDS to investigate THOC6-dependent functions. We identify novel THOC6-associated 

mRNA splicing functions in neural tissue. We observe dysregulation of key signaling 

pathways in cortical organoids that dictate the transition from proliferative to neurogenic 

divisions, resulting in delayed differentiation and increased apoptosis—hallmarks of 

microcephaly. Lastly, THO is known to preferentially accumulate at repetitive regions and 

protect against transcription-induced instability. Our findings have further implications for 

THO processing/splicing of highly repetitive loci (e.g., functional human-specific 

duplicates) that shape human-specific features of corticogenesis.  

Together, this thesis extends the contribution of evolutionary medicine research 

and models of molecular neofunctionalization to our understanding of the intersection of 

evolutionary and pathogenic mechanisms of human neural development.  
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Chapter 1                                                                                                           
Introduction and Background 

 

1.1 EVOLUTIONARY MEDICINE 

The complex relationship between our evolutionary biology and socio-cultural-

environmental factors shapes human health at both the individual and collective levels. 

Germline and somatic genetic variation, including genetic adaptation to past 

environmental pressures, interacts with socio-cultural practices, current environment, 

pathogen exposure, diet, and lifestyle variables to modulate modern disease risk and 

severity. The evolutionary history of our species has led to the evolution of diverse traits 

that facilitated our colonization of expansive and extreme environments across the globe. 

Nevertheless, evolution deals in tradeoffs and our species also acquired unique disease 

susceptibilities compared to our closest living relatives, including cardiovascular disease 

(Varki et al. 2009), neurodegenerative disease (Finch 2010), neurodevelopmental 

syndromes (Dennis and Eichler 2016; Dennis et al. 2017; Marques-Bonet et al. 2009) and 

neuropsychiatric disorders (Crow 2000; Crow 2007). The high burden of diseases and 

disorders affecting the brain has been referred to as the ‘Achilles heel’ of human brain 

size and cognitive adaptations (Crow 2000; Crow 2007). Efforts to understand how 

human health has been shaped by (and continues to be shaped by) evolution and apply 

this knowledge to inform medicine is known as evolutionary medicine.  
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One line of research in evolutionary medicine studies the genetic diversity within 

and between human populations that arises from local adaptation and contributes to 

variation in modern disease resistance and susceptibility. Such areas of active 

investigation include the co-evolution of pathogens and human hosts (D'Aeth et al. 2021; 

Huddleston et al. 2020) and evolutionary mismatch whereby adaptive alleles that evolved 

in a past environment become deleterious or increase disease risk in an individual’s 

current environment (Benton et al. 2021; Manus 2018). However, the historical bias of 

studying genetic variation in individuals of European ancestry has hindered our 

understanding of these questions. Increasing the number of genomes sequenced from 

geographically distributed, diverse human populations will enhance knowledge of the 

extent of genetic diversity that characterizes the variation, evolution, and disease of our 

species.  

A second evolutionary medicine approach leverages comparative phylogenetics 

and functional studies to delineate the molecular mechanisms underlying phenotypic 

traits that differ between species to inform understandings of human health. This includes 

research on compelling adaptations of non-human species a potential to benefit medical 

advancement, such as longevity in bats (Seim et al. 2013) or reduced cancer risk in 

elephants (Vazquez and Lynch 2021). Alternatively, one can investigate the biology of 

human-specific adaptive variants to inform human disease susceptibilities. The term 

human-specific in this dissertation refers to the suite of genetic and phenotypic changes 

that occurred in the Homo lineage following divergence with the Pan lineage and that are 

shared among extant humans but may or may not have been common in other extinct 

Homo populations (i.e., Neanderthals, Denisovans, Homo erectus). This interdisciplinary 
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thesis utilizes the perspectives of evolutionary medicine to investigate human-specific 

biology and seeks to integrate concepts and methods from the fields of anthropology and 

human genetics. 

 

1.2 EVOLUTIONARY DEVELOPMENTAL BIOLOGY OF THE CEREBRAL CORTEX 

Development is tightly regulated and constrained via a complex network of gene 

regulation (Davidson and Erwin 2006). Many of the molecular pathways that mediate 

development are highly conserved across organisms (i.e., Hox gene regulation of body 

axis patterning (Lemons and McGinnis 2006)). Despite limited access to primary human 

tissue, this high level of developmental conservation often allows for the use of model 

organisms to study human development. Yet not all aspects of developmental programs 

are conserved. Changes in morphology between species arise from changes in 

development. This is especially the case for the human cerebral cortex. The focus of this 

dissertation is on functional investigation of the genetic basis of human-specific features 

of cortical development and neurodevelopmental disorders using human in vitro model 

systems. 

Primates are a fascinating group of mammals. They exhibit complex social 

organization and communication systems, inhabit diverse ecological niches with 

elaborate dietary adaptations, and navigate the physical world with distinct locomotor 

abilities, grasping hands and feet, and binocular vision. Perhaps one of the most 

scrutinized adaptations of primates as an order is their large brains relative to their body 

size. Cellular scaling rules that dictate the size of primate brains differ from those that 
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orchestrate rodent brains (Herculano-Houzel et al. 2007; Herculano-Houzel et al. 2006). 

In rodents, the brain scales hypermetrically with neuron number whereby the average 

neuronal size is larger in a larger rodent brain compared to a smaller rodent brain 

(Herculano-Houzel et al. 2006). Further, the average size of a non-neuronal cell remains 

constant with brain size increase and neuronal density decreases as the glia-to-neuron 

ratio increases (Herculano-Houzel et al. 2006). Conversely, primate brains do not 

hyperscale as neuron number increases; thus, neuronal size stays constant, and the 

density of neurons remains stable (Herculano-Houzel et al. 2007). Consequently, primate 

brains have more neurons as well as higher neuronal densities in all brain structures 

compared to a rodent brain of equal size (Herculano-Houzel et al. 2007). Given this 

difference between the primate and rodent orders, research that seeks to investigate the 

molecular basis of size expansion of the human brain must utilize model systems that 

obey the same developmental scaling rules.  

Compared to other mammalian species except cetaceans, the primate cerebral 

cortex—the outer layer of the cerebrum composed of grey matter—has expanded 

disproportionately relative to the rest of the brain (Aboitiz and Montiel 2012; Northcutt and 

Kaas 1995; Sherwood et al. 2012). For context, the percentage of the total brain that is 

comprised of cerebral cortex in mammals ranges from 40% in mouse to 80% in humans 

(Azevedo et al. 2009; Herculano-Houzel 2012; Hofman 1988). Comparative studies of the 

cerebral cortex across extant primate species have been a major focus of evolutionary 

inquiry (Figure 1.1) (Herculano-Houzel et al. 2015). Of note, compared to chimpanzees, 

the human cortex is triple the size with twice as many cells (Mora-Bermúdez et al. 2016). 
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Cortical expansion is widely considered to be a fundamental evolutionary substrate that 

facilitated changes in cognition in humans.  

Since the split of the last common ancestor of hominins (Homo) and 

chimpanzees/bonobos (Pan) roughly 4-6 million years ago, human brain evolution has 

been characterized by shifts in relative cranial capacity (Carlson et al. 2011; Falk et al. 

2000) as well as expansion of specific brain regions implicated in complex cognition 

(Semendeferi and Damasio 2000). Paleoneurology discoveries from fossil endocasts 

suggest that the majority of size expansions of the human cerebral cortex occurred in the 

last three million years (Holloway et al. 2004). Though hotly debated, ultimate 

explanations for cortical expansion have included cultural innovations in tool 

technologies, dietary shifts and cooking, increases in population sizes, and migration into 

extreme environments (Ambrose 2001; Stout et al. 2011). While the overall cerebral 

cortex has expanded in humans, the prefrontal cortex has enlarged exceptionally 

compared to that of other primates (Smaers et al. 2017). In other words, the size of the 

prefrontal cortex in humans is larger than expected by general allometric growth patterns 

of primate brains. The prefrontal cortex is of particular interest in human evolution for its 

association with language, complex decision making, and imagination (Forbes and 

Grafman 2010; Krienen et al. 2010; Miller 2000; Powell et al. 2010). Exceptional prefrontal 

expansion also is observed in other great apes, but it is the greatest in humans (Smaers 

et al. 2017). Small changes in the timing of development often translate to morphological 

differences in adulthood. Given this deviation from allometric predictions, ape and human 

prefrontal enlargements reflect derived heterochronic shifts in growth during neural 

development. 
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In terms of life history, humans and non-human apes share a prolonged post-natal 

growth of the brain compared to other primates (Leigh 2004). However, neural 

development is protracted in humans relative to all other primates, from gestation 

extending into childhood and adolescence (Finlay and Darlington 1995). Human brain 

evolution is thus characterized by a special type of heterochrony wherein all stages of 

brain development are prolonged compared to the ancestral state, a process called 

sequential hypermorphosis (McKinney 2002; McNamara 2002; Vrba 1998). This >20-year 

developmental window is longer than the lifespan of many non-human primates (Silbereis 

et al. 2016). The substantially slower development of the human brain, especially of the 

association cortex, is necessary due to its extraordinary complexity. This longer 

developmental time course contributes to enhanced plasticity of the human brain 

involving greater influence of environmental factors on socio-emotional and socio-

cognitive development. 

Developmental shifts that alter cortical size are therefore coupled with changes in 

cortical organization (Markov et al. 2013; Rakic 2008) and neural circuitry (Sousa et al. 

2017) that further distinguish adult human brains from those of other primates (Geschwind 

and Rakic 2013; Sherwood et al. 2012). However, human cortical size and architecture 

are not direct correlates of human cognitive abilities (Sherwood et al. 2012), suggesting 

the genetic basis of derived cortical expansion can be studied independently of the 

primary evolutionary targets critical for enhancing cognition. These findings support a 

model of human brain evolution wherein cortical expansion is a single adaptation of a 

multifaceted process, of which all components are required for the development of human 
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cognitive and behavioral traits (Geschwind and Rakic 2013; Markov et al. 2013; Rakic 

2008; Sherwood et al. 2012; Sousa et al. 2017).  

 

1.3 CELLULAR NEUROBIOLOGY 

Neurobiology has demonstrated that the size of the adult brain is determined by 

the proliferative capacity of neural progenitor cells (NPCs) that generate neurons (Rakic 

1988). Neuron number and density provide the substrate for neural connectivity and 

network complexification, the basis for interspecific differences in cortical areas, 

cytoarchitecture, and neural circuitry. The proximate mechanisms of increased neuronal 

production that underlie evolutionary cortical expansion include 1) more NPCs with 

greater proliferative capacity, and 2) lengthening of the neurogenic period resulting in an 

increase in late-born, or upper layer, neurons (Florio and Huttner 2014; Lewitus et al. 

2014; Lui et al. 2011; Rakic 2009; Stepien et al. 2020; Stepien et al. 2021; Taverna et al. 

2014). Thus, cortical size differences in mammalian adult brains stem from alterations in 

the timing and rate of corticogenesis. 

Mature neurons that propagate the six-layer mammalian cortex are born from 

NPCs that divide to produce immature post-mitotic neurons that migrate up the basal 

processes of NPCs to the cortical plate where they secure their fate (Kriegstein and 

Alvarez-Buylla 2009). This columnar differentiation lineage that determines neuron 

number in the adult brain is known as the ‘radial unit’ hypothesis (Rakic 1988). The 

cerebral cortex develops from two primary germinal zones that are shared among 

mammals: the ventricular zone (VZ) and the subventricular zone (SVZ) (Angevine et al. 
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1970; Kornack and Rakic 1998). In primates and other gyrencephalic mammals, the SVZ 

is further distinguished by an inner and outer region (Dehay et al. 2015; Smart et al. 2002). 

The outer region is referred to as the outer subventricular zone (OSVZ). Notably, this 

zone is absent in most rodents, including mice, which is an important consideration when 

using certain model organisms for studying human neural development (Figure 1.2A). 

Primates have an expansion of the OSVZ, which is more pronounced in great apes and 

further enlarged in humans (Fernández et al. 2016). The OSVZ is established later in 

development than the VZ, and each zone is comprised of morphologically and 

proliferatively distinct NPCs (Betizeau et al. 2013; Lui et al. 2011; Taverna et al. 2014). 

The developing VZ and SVZ harbor the cell bodies of two major classes of NPCs, 

often classified as apical progenitors and basal progenitors (Borrell and Reillo 2012; Gotz 

and Huttner 2005; Lui et al. 2011; Taverna et al. 2014). Apical progenitors, including 

neuroepithelial cells, ventricular radial glia (vRG), and intermediate progenitors (IPs), are 

labeled as such given their contact with the ventricular zone, division at the apical surface, 

and maintenance of apical cellular polarity (Taverna et al. 2014). Conversely, basal 

progenitors (including outer radial glia (oRG) and outer IPs (oIPs)) are named for their 

contact with the basal surface, lack of ventricular contact, and shift in cell polarity towards 

the basal lamina (Taverna et al. 2014). vRG cells divide symmetrically to generate two 

equal daughter cells allowing for self-renewal that builds the VZ proliferative pool. Over 

time vRG switch from symmetric to asymmetric division via a diagonal shift in the 

orientation of the spindle relative to the apical-basal axis of cell polarity, producing one 

vRG that maintains proliferative capacity and one progeny that will differentiate into an 

IP, immature neuron, or oRG (Figure 1.2B). In lissencephalic (unfolded cortex) species, 
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such as the mouse, over 90% of oIPs are neurogenic, i.e., divide once to give rise to two 

post-mitotic neurons, whereas oIPs of gyrencepahlic species undergo symmetric 

proliferative divisions prior to neurogenic divisions (Attardo et al. 2008; Betizeau et al. 

2013; Hansen et al. 2010; Haubensak et al. 2004; Lui et al. 2011). Similarly, oRG 

represent less than 10% of basal progenitors in mouse and are mostly neurogenic 

(Shitamukai et al. 2011). By contrast, oRG constitute more than half of the basal 

progenitors in primates and exhibit increased proliferative capacity, especially human 

oRG (Betizeau et al. 2013; Fietz et al. 2010; Hansen et al. 2010; Reillo et al. 2011). 

Changes in the abundance and duration of symmetric and asymmetric divisions therefore 

determines the intricate balance of proliferation versus differentiation that builds the brain 

(Rakic 1995), and the evolutionary expansion of the cortex is primarily attributed to 

augmented proliferative capacity of basal progenitors (LaMonica et al. 2012; Namba and 

Huttner 2017). 

In humans, both the VZ and OSVZ proliferative window are substantially protracted 

relative to other species, contributing to both a lateral and radial expansion of the cortex 

(Otani et al. 2016). OSVZ expansion is proposed to have played a prominent evolutionary 

role in ‘scaling a phylogenetically ancestral primate brain to the complexity of the human 

brain’ (Dehay et al. 2015). Unlike in other species such as mice where the majority 

neurons are generated by VZ-NPCs, the OSVZ-NPCs produce most neurons in primates 

(Betizeau et al. 2013; Dehay et al. 2015).  

Comparison of NPCs between human, chimpanzee, and macaque determined that 

human NPCs protract the duration of short cell cycle proliferation (Mora-Bermúdez et al. 

2016; Otani et al. 2016; Sousa et al. 2017). Human apical progenitors have a similar cell 



 10 

cycle length to chimpanzees (46.5 hours versus to 43.8 hours, respectively), but there is 

a significant 5-hour increase of S-phase length in human apical progenitors (Mora-

Bermúdez et al. 2016). Further, human apical progenitor cells have a lengthened 

prometaphase-metaphase compared to chimpanzee apical progenitors which is not 

observed in non-neural cells (Mora-Bermúdez et al. 2016). While the differences in 

human and chimpanzee NPC cell cycle kinetics are relatively small, they nevertheless 

provide insight into the cumulative effect of mitotic changes during neural development 

acting to prolong both proliferative and neurogenic phases and subsequently translate 

into morphological differences.  

Structural reorganization of the connectome is predicted to have occurred with the 

allometric expansion of the human cerebral cortex (Sousa et al. 2017). While there are 

no areas of the cortex that are unique to humans, there are notable human-specific 

features with respect to neuronal organization and connectivity. First, humans have larger 

excitatory projection neurons, referred to as pyramidal neurons, with increased spine 

density and dendritic arborization compared to other primates which may facilitate greater 

integrative connectivity (Elston et al. 2011). This may be linked to the maturation of 

pyramidal neurons in the cortex, which is prolonged in great apes compared to macaques 

(Cupp and Uemura 1980; Petanjek et al. 2011; Sedmak et al. 2018), and is further 

protracted in humans (Bianchi et al. 2013; Teffer et al. 2013). In addition, the human 

cortex, primarily the fronto-insular and anterior cingulate cortices, also harbors larger and 

more von Economo neurons than other primates (Allman et al. 2011). Interestingly, 

density of von Economo neurons has been affected in neuropsychiatric disorders (Brüne 

et al. 2010).  
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Upper cortical layers 2 and 3 are thicker with more neurons in the human cortex 

compared to other non-human primates (Hutsler et al. 2005; Marin-Padilla 1978). 

Consequently, humans show an increase in cortical short-range projections that develop 

from pyramidal neurons of layers 2 and 3, which connect nearby regions and are 

positively correlated to the level of gyrification, consistent with the enhanced gyrification 

observed in the human cortex (Catani et al. 2012; Hofman 2012; van den Heuvel et al. 

2016). Unlike chimpanzee primary and association cortices that exhibit similar levels of 

neuropil—used as a proxy for measuring connectivity given its composition of dendrites, 

axons, synapses, and glia cell processes—human association areas, particularly in the 

prefrontal cortex, have a higher proportion of neuropil compared to human primary areas 

(Spocter et al. 2012). Neurons in human frontal and temporal cortices are also more 

spread out compared to that of other primates (Schenker et al. 2008; Semendeferi et al. 

2011).  

Comparative studies have also identified differences among primates in long-

distance projection systems. Humans have increased temporal projections of perisylvian 

axonal tracts of the arcuate fasciculus compared to chimpanzees and which are absent 

in macaques, a feature that has implications for language evolution (Rilling et al. 2008). 

Additionally, the primary white matter tract that connects the lateral frontal and parietal 

areas of the cortex, known as the superior longitudinal fasciculus, shows differential 

organization in humans compared to chimpanzees which may underlie differences in 

spatial attention (Hecht et al. 2015).  

Lastly, cortical myelination maps are comparable between humans and other 

primates; however, humans have unique timing and pattern with a larger total axon 
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surface in the brain coupled with less overall myelination (Glasser et al. 2014; Miller et al. 

2012). These features have functional implications for conduction velocity. Humans 

exhibit reorganized long-range corticopetal, intracortical, and corticofugal projections 

compared to other primates, especially of the prefrontal and temporal association cortices 

(Sousa et al. 2017). Together, changes in local circuitry and long-range projections 

accompanied cortical expansion, perhaps independently, during human brain evolution.  

 

1.4 MODELING HUMAN-SPECIFIC NEURAL DEVELOPMENT 

Research using primary post-mortem adult and developing brain tissue from 

humans and non-human primates has advanced our knowledge about developmental 

differences between primates, such as several of the discoveries discussed above. 

However, access and availability to this tissue is extremely limited and the potential for 

hypothesis testing is constrained. To circumvent this hurdle, recent advances in somatic 

cell reprogramming have allowed for the generation of cell culture models that enable 

researchers to mimic key aspects of organogenesis utilizing cells with a human genetic 

background.  

Pluripotent stem cells can either be embryonically obtained (embryonic stem cells 

(ESCs)) or generated from chemically inducing reprogrammable adult cells, such as 

fibroblasts, to a pluripotent stem cell-like state (induced pluripotent stem cells (iPSCs)) 

(Chin et al. 2009; Zhou and Ding 2010). ESCs and iPSCs can then be differentiated in 

culture to various cell fates (Park et al. 2008). Recent advancements in stem cell 

technology allow for the differentiation of ESCs/iPSCs into 3D structures called 
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‘organoids’ that recapitulate in vivo organs, dependent on a standardized combination of 

nutrients, growth factors, inhibitors, and other small molecules to specify organogenesis 

(Figure 1.3) (Yin et al. 2016); (Lancaster et al. 2013). Significant insights into human brain 

development have come from cortical organoid models, especially when the genetic, 

molecular, and/or cellular features of inquiry are not conserved or phenocopied in rodent 

models (Kanton et al. 2019; Li et al. 2017; Pollen et al. 2019). Cortical organoids serve 

as the primary model system of human neural development and pathogenesis used in 

this dissertation.  

 

1.5 RESEARCH QUESTION AND CHAPTER INTRODUCTIONS 

To understand the evolution of human-specific traits and their relationship to 

modern disease susceptibilities, we must first identify the genetic and molecular changes 

underlying phenotypic differences between humans and our closest living relatives. 

Modification of conserved developmental programs that govern morphology occurs via 

two principal mechanisms: direct changes to genes and gene function, or changes in 

gene regulation (transcription, splicing, translation).  The overarching question that drives 

the research projects of this dissertation is: What is the genetic basis of human-specific 

features of neural development and neurodevelopmental disorders? 

CHAPTER 2. Selection mapping can help pinpoint candidate alleles in the human 

genome underling adaptive traits that are either population-specific due to local 

adaptation (microevolution) or fixed on the species level (macroevolution). Chapter 2 

reviews human population genetics and comparative phylogenetic methods for genetic 

variant discovery and notable findings that have propelled the investigation of human 
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adaptation, with an emphasis on the current landscape of the genetics of human-specific 

features of neural development and cortical expansion. Several genes associated with 

neural development have been identified that show accelerated evolution, divergent 

expression, and/or duplicated sequence across primates and specific to humans (Boyd 

et al. 2015; Burki and Kaessmann 2004; Dumas et al. 2012; Enard et al. 2002; Fiddes et 

al. 2018; Florio et al. 2015; Kamm et al. 2013; Keeney et al. 2014; Montgomery et al. 

2011; Pollard et al. 2006; Zimmer and Montgomery 2015).  

While major advances have been made in the study of human cortical expansion, 

the specific adaptive targets that were favored by natural selection and the causal genetic 

changes that promote these features are not fully characterized. Two main approaches 

have been taken to address how NPC number, particularly basal progenitors, expands 

during human neural development. The first is deciphering the functions of human-

specific genes or genetic variants with preferential expression in human NPCs that are 

prime candidates for human cortical expansion (Chapter 3) (Fiddes et al. 2018; 

Kronenberg et al. 2018; Suzuki et al. 2018; Xing et al. 2021). The second is investigating 

the etiology of cortical malformations such as microcephaly (Chapters 4 & 5), which is a 

smaller than expected brain size for an individual’s age/sex mean and often accompanied 

by intellectual disability (National Birth Defects Prevention Network, nbdpn.org). Roughly 

18 genes have been identified to cause primary microcephaly when disrupted due to their 

role in cortical growth (Jayaraman et al. 2018). However, with rising numbers of exome 

and genome sequencing of clinical cohorts, variant discovery has implicated a growing 

list of genes in neurodevelopmental disorders with microcephaly.  
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CHAPTER 3. Many human-specific structural variants, primarily gene duplicates, 

that arose from segmental duplications are candidates for human-specific adaptions in 

brain development. While these structural were likely adaptive during human evolution, 

the tradeoff of increased repetitive sequence has predisposed the human genome to 

detrimental rearrangements at these loci that cause neuropsychiatric diseases and 

developmental disorders. Fifteen human-specific genes show preferential expression in 

cortical NPCs (Florio et al. 2018). Functional work has only implicated two of these 

duplicate genes in cortical evolution: ARHGAP11B and NOTCH2NL (Fiddes et al. 2018; 

Kronenberg et al. 2018; Suzuki et al. 2018). However, many others are promising 

candidates, such as the neuroblastoma breakpoint gene family (NBPF). NBPF dosage 

has been implicated in primate cortical expansion, autism, and schizophrenia (Davis et 

al. 2019; Davis et al. 2014; Dumas et al. 2012; Keeney et al. 2014; Quick et al. 2016). 

NBPF sequence has undergone significant copy number expansion in the human 

genome, leading to an accumulation of the encoded DUF1220 (Olduvai) protein domains 

(O'Bleness et al. 2014; O'Bleness et al. 2012). Yet, the molecular functions of NBPF 

proteins and DUF1220 domains remain unknown. Chapter 3 investigates the function of 

NBPFs in cortical development using a human and chimpanzee comparative cell culture 

approach of iPSC-derived NPCs and organoid model systems. 

CHAPTERS 4 & 5: Studying the disruption of conserved developmental programs 

due to pathogenic variants in genes or regulatory elements that cause human NND can 

shed light to human-specific features. This often occurs when in vivo model organisms 

fail to phenocopy human disease. Delineating evolutionary differences between 

functional models can help pinpoint shared and derived mechanisms of pathogenicity, 
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and potentially uncover human-specific expressivity of disease phenotypes. Chapter 4 

identifies and utilizes novel pathogenic biallelic variants in the gene CSMD1 to investigate 

previously uncharacterized functions of complement pathway regulation in human neural 

development. Modeling loss of CSMD1 in human cortical organoid identifies proliferation 

defects, premature differentiation, and disrupted cytomorphology—pathogenic 

mechanisms consistent with NND clinical manifestations in individuals with CSMD1 

biallelic variants and defects not phenocopied by Csmd1 knockout mouse. Chapter 5 

investigates and proposes a loss-of-function genetic mechanism of the autosomal 

recessive THOC6 intellectual disability syndrome (TIDS). We generate the first Thoc6 

knockout mouse and demonstrate embryonic lethality of Thoc6 loss, which differs from 

human TIDS wherein affected individuals survive into adulthood. In addition to NND 

clinical presentations (intellectual disability and microcephaly), affected individuals 

present with multi-organ abnormalities including distinctive facial dysmorphology, renal 

and cardiac anomalies, and gonadal dysfunction, raising the question of why the effects 

of pathogenic variants are restricted to, or amplified in, specific cell types and tissues in 

affected individuals. We investigate THOC6-dependent TREX functions in neural tissue 

and identify mRNA processing/splicing defects that contribute to cellular dependencies 

and species differences in TIDS pathology.  

 

Together, these projects provide a better understanding of the genetic 

contributions of human cortical evolution that allow species-specific differences in cortical 

development to be defined. This improves the utility of mammalian models to make 

translationally important discoveries in NND.  
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Figure 1.1. Primate phylogeny showing cortical organization and size differences.  
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Figure 1.2. Schematic of mammalian corticogenesis.  
 (A) mouse versus human cortical development. (B) proliferative and neurogenic capacities of vRG. 
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Figure 1.3. Cerebral organoid differentiation.  
(A) differentiation protocol beginning with confluent PSCs that undergo neural induction followed by neural 
differentiation. (B) Cartoon of cortical organoid cross section showing neural rosettes—structures that mimic the 
developing ventricular zone and subsequent radial unit differentiation from NPC to neurons.     
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Chapter 2 1                                                                                                                 
Identifying Adaptive Genetic Variation in the Human Genome 

 

2.1 INTRODUCTION 

The evolution of modern humans involved extensive migration to diverse 

geographic regions with shifting environmental conditions. Changes in climate, diet, and 

novel exposures to pathogens coincided with transitions in sociocultural organization 

(Laland et al. 2010). During these shifts, changes in the genome that initially arose as 

stochastic events within individuals of populations were subjected to evolutionary forces 

over generational time. These forces of random genetic drift, gene flow, and natural 

selection have together shaped the genetic diversity of our species. Evidence supports 

that a large portion of this variation has evolved neutrally (Harris 2018; Kimura 1968; 

Kimura 1983). Nonetheless, environmental and cultural factors jointly have imposed 

selective pressures on the human genome, contributing to extant patterns of human 

genetic diversity (Feldman and Cavalli-Sforza 1976). Species-specific and local 

adaptation as result of natural selection contributes to the phenotypic variation observed 

across human populations (Bamshad and Wooding 2003; Vitti et al. 2013). Deciphering 

 
 

1 This chapter represents a published review. Werren EA, Garcia O, Bigham AB. Identifying Adaptive Alleles in the 
Human Genome: from Selection Mapping to Functional Validation. Human Genetics. 2021. 140(2):241-276. Epub. 
2020. 
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which genetic changes from natural selection underlie adaptive traits in humans is an 

ongoing area of investigation in evolutionary biology. Additionally, current environments 

may no longer be suitable for formerly beneficial alleles, resulting in a gene-environment 

mismatch underlying human disease (Gluckman et al. 2009; Nesse et al. 2010; Nesse 

and Stearns 2008; Williams and Nesse 1991). Determining the genetic basis of human 

adaptation therefore has broad implications for understanding human biology, health, and 

disease. 

2.2 SELECTION MAPPING STATISTICAL DISCOVERY METHODS 

Natural selection can be described in three general categories: positive directional 

selection, balancing selection, and negative purifying selection (Figure 2.1A). Each mode 

of natural selection will influence the alleles in a population in different ways (Gillespie 

1994). Positive selection favors the fixation of an advantageous allele that increases the 

evolutionary fitness of its carrier. Balancing selection acts to maintain frequencies of 

multiple alleles at a locus for fitness benefit. Purifying selection, also known as 

background selection, removes deleterious alleles that reduce the fitness of the carrier 

from the population (Charlesworth et al. 1993). Purifying selection is essential for the 

evolutionary conservation of biological function (Cvijovic et al. 2018). The effects of strong 

purifying selection on genomic diversity have been characterized in several organisms 

(Begun and Aquadro 1992; Cvijovic et al. 2018; McVicker et al. 2009). Signals of 

evolutionary conservation due to negative purifying selection and accelerated evolution 

driven by positive and balancing selection have been leveraged to detect functionally 

significant regions of the genome (e.g., Thomas et al. 2003; Nielsen et al. 2005; Sawyer 

et al. 2005). Here we focus on the latter two forms of natural selection, positive and 
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balancing, as these forms lead to the fixation or maintenance of adaptive alleles in a 

population over time (Maynard-Smith and Haigh 1974). Furthermore, these evolutionarily 

favored genetic changes can be identified through a process called selection mapping 

and functionally assessed for relevance to proposed adaptive biologies. 

Selection mapping refers to the process of using population genetics methods to 

detect genomic regions, genes, or variants that have been acted on by natural selection 

(Wisser et al. 2008). It is founded on the principle that phenotypic change in a population 

is accompanied by changes in allele frequencies (Fumagalli et al. 2010; Vitti et al. 2013; 

Wisser et al. 2008). Species- and population-specific changes in allele frequency due to 

natural selection can leave distinct statistical signatures at the target loci relative to 

neutrally evolving loci (Fu 1995; Fu and Li 1993). Inferred signals of selection can be 

leveraged to identify fitness-related genomic regions, genes, and/or variants. Larger 

detected genomic regions can be further fine mapped to pinpoint putative functional 

alleles contributing to adaptive phenotypes (Akbari et al. 2018; Schaid et al. 2018; Szpak 

et al. 2018). Indeed, selection mapping has been widely used by evolutionary and 

population geneticists to identify candidate functional alleles underlying adaptive 

phenotypic change in plant and animal populations, including humans (Akey et al. 2002; 

Matsumoto et al. 2017; Wisser et al. 2008).  

This review will discuss the application of selection mapping approaches to identify 

genetic variation contributing to adaptive phenotypes in human populations. We begin by 

describing the search for candidate adaptive alleles, from the detection of selection 

signatures (namely positive and balancing) through genotypic-phenotypic association 

and fine mapping variants. We provide a review of the discovered candidate adaptive 
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alleles in human populations followed by a summary of the molecular approaches for 

functional validation of their biological role. While the bulk of genotyping and sequencing 

efforts have focused on European populations (Popejoy and Fullerton 2016; Sirugo et al. 

2019), we detail several cases of selection mapping in non-European populations. 

Nevertheless, we acknowledge the impact of this major Eurocentric bias in the current 

map of natural selection in humans, and we conclude with comments on future directions 

and inclusivity considerations for population geneticists, human geneticists, and 

molecular anthropologists.  

Genetic variants that define the alleles subjected to natural selection, due to effects 

on biological fitness, are distributed across functional coding and non-coding genomic 

elements (Bamshad and Wooding 2003; Jha et al. 2015; Wooding et al. 2002; Zhao et al. 

2000). The types of genetic variants targeted by natural selection include nucleotide 

substitution, insertion, deletion, duplication, inversion, and translocation (Figure 2.1B). 

Natural selection can act on either de novo genetic variant(s) or standing genetic 

variation, leaving behind distinct signatures in the genome (Barrett and Schluter 2008; 

Hermisson and Pennings 2005; Przeworski et al. 2005). For selection on de novo 

variation, a novel variant arises in a population in which a selective pressure is present 

(Peter et al. 2012). For selection to act, this new variant will confer either an adaptive 

advantage or disadvantage to the existing pressure. Selection on standing variation may 

occur when a population faces an environmental change or range expansion that results 

in a new selective pressure (Przeworski et al. 2005). Thus, standing variation is 

preexisting variation in the ancestral population at the time the environmental conditions 
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for selection appear (Barrett and Schluter 2008). Depending on the mode of natural 

selection, genomic diversity will be shaped differently in a population over time. 

Distinguishing selection on de novo variants from standing variation  

 The structure of haplotypes—sets of alleles (or genetic variants) that are inherited 

together on a single chromosome in an individual—in a population offer clues into how 

natural selection has acted on the genome (Bamshad and Wooding 2003; Nordborg and 

Tavare 2002; Sabeti et al. 2002b). In particular, the heterogeneity of haplotype 

backgrounds that comprise the allele under natural selection, as well as the changes in 

allele frequency, help to distinguish between signals of selection from standing variation 

versus de novo variation (Barrett and Schluter 2008; Peter et al. 2012). If a selective 

pressure is present before a favorable variant originates, as in the case of selection on a 

de novo variant, then the new (or derived) allele will come to exist on a single, distinct 

haplotype (Figure 2.1A) in the study population and will be absent in the ancestral 

population, where only the ancestral allele is found (Nielsen et al. 2007; Peter et al. 2012). 

If the derived allele reaches fixation rapidly from positive selection, haplotype 

homozygosity will be strong around the selected allele before mutation and recombination 

act to break it down (Nielsen et al. 2007; Peter et al. 2012). In other words, the linkage 

disequilibrium (LD)—the non-random association of alleles in haplotypes—will be high 

resulting from genetic hitchhiking of neutral alleles linked to the adaptive allele during the 

rise in frequency (Maynard-Smith and Haigh 1974; Przeworski 2002). This is referred to 

as a ‘hard’ selective sweep. Effective population size and the effect size of the adaptive 

allele contribute to its fixation time, with shorter time to fixation in cases of small effective 

population size and large effect alleles (Pritchard et al. 2010). Once a derived allele has 
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swept to high frequency, recombination acts to break up linkage with neutral sites 

resulting in an excess of both intermediate and high frequency alleles (Barrett and 

Schluter 2008; Fay and Wu 2000). However, if the selective sweep is incomplete, i.e., the 

beneficial allele is in the midst of being swept to fixation in the population, heterozygosity 

increases, and this is called a ‘soft’ sweep (Pritchard et al. 2010).   

Selection also acts on standing variation. When selection favors variation already 

present in the population, the pre-adaptive alleles may exist on several distinct 

haplotypes, resulting in a greater number of linked neutral alleles at intermediate 

frequencies post-selection (Figure 2.1A) (Barrett and Schluter 2008; Peter et al. 2012; 

Przeworski et al. 2005). In other words, alleles that are maintained within the population 

as neutral or weakly functional before becoming selectively advantageous will have a 

longer population history than de novo alleles (Barrett and Schluter 2008). This protracted 

population history increases the likelihood that recombination has broken up haplotype 

blocks containing the standing variant, placing it on different backgrounds (Barrett and 

Schluter 2008; Peter et al. 2012; Przeworski et al. 2005). Selection on standing variants 

will integrate more polymorphisms than selective sweeps of de novo variants, and this 

distribution across haplotypes weakens the statistical signature of selection (Barrett and 

Schluter 2008; Hermisson and Pennings 2005; Peter et al. 2012; Przeworski et al. 2005). 

Variation around the fixed adaptive allele will therefore be lower in a population following 

selection on de novo variation compared to selection on standing variation (Barrett and 

Schluter 2008). Given the predicted effects of selection on alleles and haplotypes 

between populations, the type of sequence information acquired (SNP microarray, 

targeted sequencing, whole exome, whole genome, etc.) and selection of study 
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populations will determine which methods (Table 1) can be applied for detecting natural 

selection in the genome.  

Haplotype tests of selection  

Several extended haplotype tests for identifying selective sweeps exist and include 

the Long-Range Haplotype (LRH), integrated Haplotype Score (iHS), number of 

segregating sites by length statistic (nSL), and Cross Population Extended-Haplotype 

Heterozygosity (XP-EHH) (Table 1) (Sabeti et al. 2002b; Sabeti et al. 2007; Voight et al. 

2006). The LRH test takes into consideration both the length of extended haplotype 

homozygosity (EHH) and the frequency of the haplotype in the population (Sabeti et al. 

2002b). This test performs well when identifying haplotypes that arose quickly and have 

yet to be broken down by recombination, such as for hard sweeps. A modification of this 

test, the whole genome long-range haplotype (WGLRH) test, has been developed to use 

genome-wide data to detect selection by combining LRH with derived and ancestral allele 

status (Zhang et al. 2006). The iHS test quantifies the strength of selection acting at a 

locus in a single population by calculating the integral of EHH decay at varying distances 

away from a core allele (Figure 2.2) (Voight et al. 2006). It considers the ratio of haplotype 

homozygosity for haplotypes carrying the derived allele relative to those carrying the 

ancestral allele at the candidate locus. By doing so, iHS is sensitive to variation in 

recombination rates across the genome as the two alleles serve as controls for each 

other, canceling out heterogeneity in the estimated genetic map due to recombination 

coldspots and hotspots. This statistic is more powered to detect incomplete, or soft, 

selective sweeps (Pickrell et al. 2009; Voight et al. 2006). Like iHS, nSL uses the ratio of 

haplotype homozygosity for derived and ancestral alleles to identify positive selection in 



 33 

a single population (Ferrer-Admetlla et al. 2014). nSL differs from iHS in that it quantifies 

EHH length for a given haplotype pair based on the number of SNPs present in that region 

on all other haplotypes in the sample population (Ferrer-Admetlla et al. 2014; Voight et 

al. 2006). In doing so, a genetic map is not needed to calculate nSL, thereby further 

increasing sensitivity to varying recombination and mutation rates, with greater power for 

detecting both hard and incomplete/soft selective sweeps. XP-EHH compares haplotypes 

between populations to identify derived selected alleles that have recently reached or 

nearly reached fixation in one population yet remain polymorphic across all human 

populations (Sabeti et al. 2007). It performs well for detecting sweeps that have reached, 

or have almost reached, fixation (Pickrell et al. 2009; Sabeti et al. 2007; Voight et al. 

2006). As such, it has weaker power to detect older selective sweeps that have been 

subjected to LD degradation by recombination over time. 

Confounding variables in haplotype-based tests 

Population-specific recombination rate and copy-number variants (CNVs) may confound 

the results of haplotype-based tests of selection and should be considered (Sabeti et al. 

2007). Certain regions of the genome exhibit variable recombination rates between 

populations (Abecasis et al. 2010). A long-range haplotype signal at these loci could result 

from a slower recombination rate in one population relative to other populations, instead 

of a spike in allele frequency from natural selection (Sabeti et al. 2002b). To account for 

this, the level of EHH decay of non-selected alleles in the region surrounding the 

candidate allele can be compared to the EHH decay of those same non-selected alleles 

in other populations (Sabeti et al. 2002b). If the EHH decay is similar between 

populations, variable recombination rate can be ruled out as the source of the long-range 
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signal, bolstering claims of selection (Sabeti et al. 2002b). CNVs can result in the increase 

of nearly identical sequence at a locus that will reduce heterozygosity (Lucas et al. 2019). 

This makes it challenging to distinguish a selective sweep from a region with high copy 

number variation (Iskow et al. 2012). Likewise, CNVs that lie close to a selected locus 

may falsely extend the signal (Sabeti et al. 2007). To account for potential confounding 

from CNVs, recent innovations in long-read sequencing technologies that avoid PCR 

amplification steps offer a platform to more accurately map and quantify CNVs (Pollard 

et al. 2018). Further, hybrid-sequencing approaches that combine long-read with short-

read technologies that offer higher resolution and lower genotyping error rates, can afford 

both CNV accuracy and resolution (Kronenberg et al. 2018).  

Allele frequency tests 

The joint distribution of allele frequencies in a given population is referred to as the 

allele frequency spectrum (AFS) or the site frequency spectrum (SFS) (Ewens 1972). The 

standard neutral model SFS can be predicted theoretically under the assumptions of no 

selection, no recombination, and that all new genetic variants are unique (Ewens 1972). 

Selection can act to shift the AFS (Figure 2.2) (Fu 1995). Positive selection results in an 

increase in high frequency alleles and a near absence of intermediate frequency alleles 

whereas balancing selection results in an excess of alleles at intermediate frequency 

(Tajima 1989). Demographic events impact the SFS in the same manner as selective 

events (Marth et al. 2004). Similar to balancing selection, population subdivision reduces 

the number of highly shared alleles in the population as a whole, thereby increasing the 

number of intermediate frequency alleles (Tajima 1989). Conversely, population 

expansion increases the number of singletons and high frequency alleles, much like 
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directional positive selection (Tajima 1989). However, demographic changes are 

expected to influence all loci across the genome in a similar manner whereas selection 

tends to be locus-specific (Biswas and Akey 2006; Przeworski et al. 2000). Therefore, to 

distinguish demography from selection, the SFS at one locus can be compared to the 

genome-wide average in each population (Akey et al. 2004; Biswas and Akey 2006).  

SFS summary statistics use sequence data to test for departures from neutrality 

and are useful for identifying loci that have undergone positive or balancing selection 

(Table 1) (Fay and Wu 2000; Fu and Li 1993; Nielsen et al. 2007; Przeworski et al. 2005; 

Tajima 1989). Tajima’s D measures the difference between the number of segregating 

sites (ΘW) and the average number of nucleotide differences (π) (Tajima 1989). Under a 

neutral model, ΘW and π are equal, and Tajima’s D is zero. Positive values indicate an 

excess of intermediate frequency alleles suggesting either balancing selection or 

population subdivision (Nielsen et al. 2007; Przeworski et al. 2005; Tajima 1989). 

Negative values indicate an excess of rare alleles and may suggest positive selection or 

rapid population growth (Nielsen et al. 2007; Przeworski et al. 2005; Tajima 1989). Fu 

and Li’s D and F statistics compare population mutation rate estimates obtained from 

derived singleton variants, to ΘW and π, respectively. Both summary statistics rest on the 

premise that older variants tend to exist on internal branches, or roots of a phylogenetic 

tree, while newer variants exist on the external branches (Fu and Li 1993). Therefore, 

recent positive selection and purifying selection are predicted to result in an excess of 

variants that lie on the external branches resulting in negative values of the statistics. 

Balancing selection is predicted to result in positive values of D and F. One benefit to Fu 

and Li’s D is that it is more sensitive to selective sweeps acting on derived alleles 
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compared to Tajima’s D. However, selection acting on standing variation can favor 

ancestral alleles, limiting the ability of these statistics to distinguish positive selection on 

standing variation. Fay and Wu’s H statistic measures the amount of high and 

intermediate frequency derived variants to detect positive selection (Fay and Wu 2000). 

A negative value of H results from an excess of high frequency derived alleles while a 

positive value implies a lack of intermediate and high frequency derived alleles compared 

to neutral expectations (Fay and Wu 2000). While SFS summary statistics are popular 

statistical tests for identifying deviations from neutral evolution within a population, other 

methods have been developed for comparisons between populations. 

Population-specific natural selection can result in allele frequency changes in one 

population compared to a neutrally evolving population. Wright’s fixation index statistic, 

FST, measures the amount of genetic differentiation between two or more populations 

(Table 1) (Wright 1950). Positive selection tends to increase the population differentiation 

estimates at a selected locus whereas balancing selection tends to decrease FST (Akey 

et al. 2002; Andolfatto 2001; Cavalli-Sforza 1966; Wright 1950). Genetic drift also may 

increase the level of differentiation between populations. However, while positive 

selection is confined to one or few loci, genetic drift is expected to influence heterogeneity 

at many unlinked loci across the genome. 

Phylogenetic-based tests 

Methods that expand on allele frequency differences to explore phylogenetic 

relationships have been developed to identify population-specific selective events (Table 

1, Figure 2.2). The locus-specific branch length (LSBL) approach incorporates FST 

distances to analyze population-specific allele frequency shifts (Shriver et al. 2004). This 
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method compares FST between three closely related populations in order to express 

distances between populations in terms of branch lengths (Shriver et al. 2004). Likewise, 

the population branch statistic (PBS) uses phylogenetic theory to evaluate changes in 

allele frequency since population divergence (Yi et al. 2010). Both LSBL and PBS test the 

null hypothesis that two closely related groups, A and B, have similar branch lengths when 

compared to an outlier group C. If population A experienced positive selection at a locus, 

the effect will be a longer branch length than expected. This tree structure will look very 

different from that of the tree using genome-averaged allelic differentiation values for the 

three populations. 

 A widely used metric that measures substitutions to draw inferences about 

positive or purifying selection is the dN/dS ratio, or ω, which quantifies the ratio of 

nonsynonymous to synonymous nucleotide changes (Kimura 1977; Miyata and 

Yasunaga 1980). Briefly, a high ratio greater than one indicates an excess of 

nonsynonymous changes suggesting positive selection whereas low estimates under one 

suggests purifying selection. Values at or near one indicate neutrality. Although initially 

intended for use in conjunction with phylogenetics analyses on sequences from distantly-

related lineages, major issues have arisen when attempting to interpret ω for within 

species variation or closely-related lineages due to the effects of recombination and large 

population size as both can falsely inflate signals of positive selection (Anisimova et al. 

2003; Mugal et al. 2014; Schierup and Hein 2000; Shriner et al. 2003). Expanding on ω, 

the McDonald-Kreitman test (MKT) uses both polymorphic and divergence information at 

tested sites from two organisms to test the null hypothesis of neutrality where the dN/dS 

ratio within a species is equal to the proportion of nonsynonymous to synonymous 
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variants between species (pN/pS); when the dN/dS ratio is greater than the pN/pS ratio, 

positive selection is suggested whereas if dN/dS is less than pN/pS then purifying 

selection is hypothesized (McDonald and Kreitman 1991). Given the MKT assumes 

strong neutrality at segregating sites, weaker negative selective pressures from slightly 

deleterious variants as well as population size can confound estimates (Charlesworth and 

Eyre-Walker 2008). Extensions of this metric have been developed to try and correct for 

errors of MKT, including the Fay, Wyckoff and Wu correction (FWWMKT), the extended 

MKT (eMKT), and the asymptotic MKT (aMKT) (Fay et al. 2001; Mackay et al. 2012; 

Messer and Petrov 2013). 

Several phylogenetic methods have expanded on dN/dS and offer different 

information to infer the strength of positive selection in sequencing data. Examples 

include: 1. Fixed Effects Likelihood (FEL), which uses a maximum likelihood model to 

infer substitution rates per site for a phylogeny (Kosakovsky Pond and Frost 2005), 2. the 

Genetic Algorithm for Recombination Detection (GARD) that infers phylogenetic histories 

for detected recombination events that can be used when making selection inferences 

(Kosakovsky Pond et al. 2006), 3. Mixed Effects Model of Evolution (MEME) which uses 

a mixed-effects maximum likelihood model to test for episodic positive selection or 

diversifying selection on a site-level under a proportion of branches (Murrell et al. 2012), 

4. Fast, Unconstrained Bayesian AppRoximation (FUBAR) which uses a Bayesian 

approach to infer substitution rates per site for a phylogeny (Murrell et al. 2013), 5. the 

adaptive Branch-Site Random Effects Likelihood (aBSREL), which tests for positive 

selection on a proportion of branches but not at specific sites (Smith et al. 2015), and 6. 

the Branch-Site Unrestricted Statistical Test for Episodic Diversification (BUSTED) that 
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tests for positive selection on a gene-level (Murrell et al. 2015). Collectively, these 

methods can be accessed via the Hypothesis Testing using Phylogenies (HyPhy) site 

(stevenweaver.github.io/hyphy-site/methods/selection-methods/#).   

Composite tests 

Composite tests for selection combine a subset of the independent tests for 

selection described above to increase resolution of the selective signature. Composite 

methods thus decrease the probability that the signal detected is a false positive and are 

an effective way to fine-map causal variants. These methods include the composite 

likelihood ratio (CLR), cross population composite likelihood ratio (XP-CLR), 3.population 

composite likelihood ratio (3P-CLR), the composite of multiple signals (CMS), and the 

SWeep Inference Framework (controlling for correlation) (SWIF(r)) (Table 1). CLR 

identifies an excess of derived alleles across several sites in a single population (Kim and 

Stephan 2002; Nielsen et al. 2005) whereas XP-CLR does so in two populations (Chen 

et al. 2010; Vitti et al. 2013). By integrating multiple populations, XP-CLR models allele 

frequency differences across a chromosome as predicted by the genetic distance from 

the selected allele (Chen et al. 2010). XP-CLR has greater power to detect selection from 

standing variation as well as ‘ancient’ selective sweeps—sweeps that arose following the 

divergence of two populations, yet ended several thousand generations before the 

present (Chen et al. 2010). 3P-CLR is a modification of CLR used to distinguish selection 

events following the divergence of two populations, as well as selection sweeps shared 

between the two populations prior to the divergence from a third outgroup population 

(Racimo 2016). The CMS method combines FST, iHS, and XP-EHH for derived, high 

frequency alleles in one population compared to other populations (Grossman et al. 



 40 

2010). This method has been shown to significantly reduce the number of genomic 

candidates of recent selection for local adaptation in human populations (Grossman et al. 

2013; Grossman et al. 2010). Similar to CMS, SWIF(r) combines scores from FST, iHS, 

and XP-EHH (Sugden et al. 2018). However, this method also incorporates a machine 

learning mechanism whereby SWIF(r) is trained on simulations from user-selected 

demographic models (Sugden et al. 2018). By doing so, the probabilistic statistic does 

not require comparison with a genome-wide distribution, as is the case for CMS, and 

potentially increases power to localize candidate adaptive loci in both soft and hard 

selective sweeps (Sugden et al. 2018).  

Polygenic adaptation 

Polygenic adaptation occurs when multiple adaptive variants across many loci are 

favored by selection. Selection for polygenic traits only produces slight changes in 

frequencies of each of the causal alleles (Figure 2.1A) (Pritchard et al. 2010). 

Consequently, the response of a single allele will be statistically negligible, and the signal 

of selection only can be identified in the cumulative frequency shift of all alleles associated 

with the phenotype in the population. In other words, polygenic selection for adaptive traits 

will dampen the signature of selection at each independent locus (Berg and Coop 2014; 

Haasl and Payseur 2016; Latta 1998), reducing the power of detection by summary 

statistics (Latta 1998; Le Corre and Kremer 2003). One strategy to increase sensitivity to 

detection of selection on multi-allelic traits is to apply regression analysis to extended 

haplotype homozygosity measures (Wiener and Pong-Wong 2011). The regression 

approach has been proven to be most effective at detecting polygenic selection when 

allelic diversity is high (Wiener and Pong-Wong 2011). 
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Limitations for selection mapping on ancient DNA 

Selection mapping also has been applied in the burgeoning field of 

archaeogenetics that seeks to use ancient DNA (aDNA) to resolve questions of human 

evolution, including the timing of selection events (Knapp and Hofreiter 2010). Hominin 

comparative genomics has implications for addressing if candidate human-specific 

genetic variation identified from comparative primate genomics evolved recently in 

modern humans, or is shared with earlier humans, potentially offering insight into human 

phenotypic diversity in the past. However, while some have performed aDNA selection 

scans (Fehren-Schmitz and Georges 2016; Lewandowska et al. 2018; Lindo et al. 2018; 

Mathieson et al. 2015), applying a selection mapping approach with aDNA sequences is 

often very difficult given the highly degraded, short fragment nature of recovered samples 

(Knapp and Hofreiter 2010). This results in low sequencing coverage, often with only one 

mapped read at each nucleotide site (Gunther and Nettelblad 2019; Haak et al. 2015; 

Monroy Kuhn et al. 2018). Given this low sequencing coverage, diploid calls cannot be 

made, resulting in sequences that cannot be confidently phased and thus are unsuitable 

for haplotype-based selection tests (Gunther and Nettelblad 2019; Haak et al. 2015; 

Monroy Kuhn et al. 2018). Therefore, aDNA selection scans are limited to allele 

frequency-based tests (Gunther and Nettelblad 2019; Haak et al. 2015; Monroy Kuhn et 

al. 2018). Technological advances in aDNA recovery that improve sample quality and 

yield upon collection and extraction, as well as methodological improvements of 

imputation and phasing, may offer more opportunities in the future for selection mapping 

of aDNA to inform evolutionary models of the chronology and tempo of selective events.  
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2.3 IDENTIFYING CANDIDATE ADAPTIVE VARIATION IN THE HUMAN GENOME 

The suite of statistical selection methods provides a means for detecting genomic 

loci with evidence of positive or balancing selection that can be further dissected to assess 

their contribution to biological adaptations. Study designs utilizing selection detection 

methods to hunt down functional adaptive alleles in the genome, and to inform 

evolutionary hypotheses of human adaptation, can be thought of in two categories: 

forward genetics or reverse genetics. Those pursuing forward genetics approaches start 

with a putative adaptive phenotype and uncover the genetic basis (Bigham and Lee 2014; 

Vitti et al. 2013). In this way, forward genetics seeks to test a specific hypothesis. A classic 

example of hypothesis-driven, forward genetics using selection mapping to understand 

human adaptation is the discovery of a causal variant in HBB underlying sickle cell anemia 

that was subsequently found to be under balancing selection in populations living in 

malaria-endemic regions (Allison 1954; Vitti et al. 2013).   

Reverse genetics, on the other hand, seeks to understand the biological function 

of observed genetic variation, and therefore is hypothesis-generating (Figure 2.2) (Hardy 

et al. 2010). With advancements in genotyping arrays and genome sequencing 

technology, there have been a burst of whole-genome scans for signals of adaptive 

evolution in human populations (Crawford et al. 2017b; Eaaswarkhanth et al. 2020; 

Grossman et al. 2013; Ilardo et al. 2018; Karlsson et al. 2013). Often, these scans identify 

several candidate genes and/or regulatory regions, or detect signals spanning large 

segments of the genome (Vitti et al. 2013). To pinpoint the causal variant(s) that underlies 

a putative adaptive phenotype and understand its function, genetic variation must first be 

linked to biological phenotypes.   
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Identifying putative adaptive phenotypes associated with selection signatures 

A common strategy for linking genetic variation to phenotypic variation is to 

perform genotype-phenotype association analyses. Association analysis can be targeted, 

such as candidate gene association studies, or genome-wide, such as genome-wide 

association studies (GWAS) (Rodriguez-Murillo and Greenberg 2008). Population-based 

association mapping is the process of linking genotypes to phenotypes within a population 

of unrelated individuals by leveraging LD (Singh and Singh 2015). Study designs include 

case-control association using a logistic regression and linear regression for quantitative 

traits (Tak and Farnham 2015). These approaches can help detect genomic regions 

harboring functional variants, but need to be followed up with further statistical and 

functional testing to identify the causal variants driving the association (Schaid et al. 

2018).  

The power of association mapping is dependent upon genotyped markers that lie 

in regions of strong, detectable LD in the population of interest (Risch and Merikangas 

1996; Tak and Farnham 2015). Sample size, effect size, number of causal variants, and 

allelic heterogeneity all influence the statistical power of detecting an association (Schaid 

et al. 2018). A major issue with association mapping is that neutral variants linked to the 

causal variant can be identified as false positives (Tak and Farnham 2015). Also, 

association mapping is less powered to detect rare functional variants and those of small 

effect size (Xu et al. 2017). Better phenotypic measurements can sometimes improve the 

genetic effect size as can increased SNP density and sample size (Schaid et al. 2018). 

Furthermore, when phenotypic variation correlates with genetic relatedness, or when the 

study sample has unidentified population structure, markers may produce a false signal 



 44 

of association (Kang et al. 2008). Study designs can control for population structure to 

reduce the number of false associations (Kang et al. 2008). Given that association 

mapping can become cumbersome when several causal alleles exist or the relevant 

phenotypic variation is unavailable, a more efficient strategy to find and prioritize 

candidate alleles may be preferred. For example, some association methods combine 

expression data with genetic and phenotypic variables, such as with expression 

Quantitative Trait Locus (eQTL) mapping (Hormozdiari et al. 2016) and Backward Three-

way Association Mapping (BTAM) (Lee et al. 2017).  

Integrating selection mapping with association analysis can be a powerful tool to 

refine loci and localize candidate adaptive alleles (Guo et al. 2018; Johnsson 2018). For 

example, testing genetic variation in the candidate pigmentation gene, SLC24A5, that is 

under positive selection revealed that the rs1426654-A allele was able to explain ~22-

32% of total skin color variation in a cohort of individuals from across South Asia (Basu 

Mallick et al. 2013). Furthermore, selection mapping can be performed before or after 

genotype-phenotype association analysis, or the two can be statistically combined. 

However, most combined selection-association mapping studies identify several 

candidate genes or larger candidate genomic regions. For instance, studies in 

Bangladeshi individuals from the Ganges River Delta show evidence that cholera has 

exerted strong selective pressures at ~305 candidate genes (Chowdhury et al. 2011; 

Faruque et al. 2003; Karlsson et al. 2013). Likewise, for putative polygenic adaptations, 

extensive lists of candidate loci driving overlapping selection and association signals have 

been compiled, such as for high animal-fat diet adaptation in indigenous Central Siberian 

populations (lipid and fatty acid metabolism genes FADS1, FADS2, HADHA, HADHB, 
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MAN1B1, PLD2, and AGPAT1) (Hsieh et al. 2017), or pygmy stature adaptation in African 

rain forest hunter-gatherers (~60 Mb region comprising genes DOCK3, MAPKAP3, and 

CISH) (Jarvis et al. 2012). While these data represent key initial steps to understanding 

human genetic adaptation, they nevertheless substantiate the need for further strategies 

to map causal alleles. These datasets thus serve as rich sources for the fine-mapping 

and prioritization of candidate adaptive variants for functional testing. 

Fine mapping and functional annotation to prioritize candidate adaptive alleles 

‘Fine mapping’ is a strategy to localize causal variants from association and/or 

selection mapping hits through statistical, bioinformatic, and/or functional approaches 

(Schaid et al. 2018). Common statistical fine mapping methods, developed for GWAS 

hits, include heuristic methods (analyze pairwise correlations of each surrounding SNPs 

with the identified lead SNP), penalized regression models (use cross-validation to 

randomly partition into training sets to select SNPs to use in the regression), and Bayesian 

methods (probabilistic modeling) (Schaid et al. 2018). Fine mapping methods include 

CMS (described above), ‘selection detection by conditional coalescent tree’ (SCCT) 

(Wang et al. 2014), ‘integrated selection of allele favored by evolution’ (iSAFE, exploits 

the shoulders of sweeps with high performance up to 5 Mbp regions) (Akbari et al. 2018), 

and Fine-Mapping of Adaptive Variation (FineMAV, combines population differentiation, 

derived allele frequency, and molecular functional annotation) (Szpak et al. 2018).  

Functional annotation of variants present within candidate genes or non-coding 

regulatory regions can help rank and prioritize variants for functional investigation. It can 

be used to inform statistical fine mapping or be assessed following fine mapping analyses 

(Schaid et al. 2018). Annotation criteria include mutation type (substitution, insertion, 
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deletion, duplication, inversion, translocation), effect on coding sequence (missense, 

nonsense, frameshift, splice), and non-coding regulatory element type (promoter, 

enhancer, silencer, insulator) (Ip et al. 2019; Zhou and Zhao 2018). Variants also can be 

prioritized based on where they localize in the functional element, such as within a 

particular protein domain, splicing site, transcription factor binding site, among others (Ip 

et al. 2019; Zhou and Zhao 2018).  

Functional annotations can be made from searching published literature, mining 

publicly available functional annotation databases, and using free bioinformatics tools. 

CAUSALdb is a free database that offers uniform fine-mapping of GWAS summary data 

pulled from 3,000 studies using three state-of-the-art tools (including PAINTOR, 

CAVIARBF and FINEMAP), combined with functional annotation, offering users a 

browser view of variant-, gene-, and trait-level causal relations 

(mulinlab.tmu.edu.cn/causaldb, (Wang et al. 2020). Some tools have been curated for 

improving variant prioritization based on annotation data and functional prediction, such 

as Variant Prioritization Ordering Tool (VPOT) (Ip et al. 2019). The Encyclopedia of DNA 

Elements (ENCODE) Project portal (encodeproject.org) is a great resource for genome-

wide annotations of functional elements, including a web interface called SCREEN, or 

Search for Candidate Cis-Regulatory Elements by ENCODE (screen.wenglab.org). The 

UCSC Genome Browser is another excellent resource to simultaneously visualize 

functional annotations across a genomic interval from several databases, with annotation 

tracks for cross-species conservation scores, structural variants, phenotype-associated 

variants from the Online Mendelian Inheritance in Man (OMIM, omim.org), ClinVar 

(ncbi.nlm.nih.gov/clinvar/), UniProt (uniprot.org), and GWAS studies, to name a few. The 
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browser also includes tracks for common SNPs from catalogs such as dbSNP 

(ncbi.nlm.nih.gov/projects/SNP) and the Genome Aggregation Database (GnomAD) 

(gnomad.broadinstitute.org). The GnomAD browser, developed by the BROAD Institute, 

compiles whole genome and exome sequencing data from disease-specific and 

population genetic cohorts, totaling 213,158 unrelated individuals, offering variant-level 

annotations (gnomad.broadinstitute.org). The Genotype-Tissue Expression (GTEx) 

Portal (gtexportal.org) provides extensive information on the relationship between genetic 

variants and human gene regulation/expression by using global RNA expression data 

across several tissue types and eQTL analysis. The WashU Epigenome Browser 

(epigenomegateway.wustl.edu) is a great visualization tool of high throughput epigenomic 

and expression data from diverse adult and embryonic cell types, including annotated 

regions of open chromatin from DNAse hypersensitivity assays as well as histone 

modifications associated with gene repression or activation.  

Insight into the molecular mechanism of an adaptive change can be gained from 

determining where candidate variants localize with respect to protein structure and protein 

sequence. Some popular biomolecular structure databases include Protein Data Bank 

(PDB, rcsb.org/pdb), Structure Classification of Proteins (SCOP, scop.berkeley.edu), and 

‘Class, Architecture, Topology’ (CATH, cathdb.info). Three-dimensional structural 

analysis can be helpful to model the variant effect on protein structure, which can be 

achieved using free bioinformatics tools, such as PyMol (pymol.org/2/) and Missense3D 

(sbg.bio.ic.ac.uk/~missense3d/). PDB offers a suite of other available molecular graphics 

software (rcsb.org/pages/thirdparty/molecular_graphics). Useful resources to analyze 

protein function and domain information include PFam (pfam.xfam.org), Prosite 
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(prosite.expasy.org), and PRINTS (130.88.97.239/PRINTS/index.php). Lastly, 

phenotype-drive mutagenesis screens, using different genome editing tools, are a rich 

source of annotated variants with visible phenotypes. Several high-throughput 

mutagenesis screens have been performed in diverse human cells, and available 

databases include GenomeRNAi (genomernai.org) and GenomeCRISPR 

(omictools.com/genomecrispr-tool). Functional annotation and bioinformatic modeling of 

genetic variants across diverse criteria using different online resources is a cost- and 

time-effective way to prioritize candidate variants for additional allele frequency tests and 

for functional investigation. Together these data can build a case for putative adaptive 

function in human evolution.  

Major challenges remain for fine-mapping and variant prioritization despite the 

growing number of functional annotation resources and tools. This is particularly the case 

when results from integrated selection and association mapping studies detect extensive 

and/or numerous genomic loci; or when several causal variants of small effect contribute 

to the statistical signature of selection (Akbari et al. 2018; Schaid et al. 2018; Szpak et al. 

2018; van de Bunt et al. 2015). While it remains an ongoing challenge to pinpoint the 

functional allele(s) driving the selection signal, we discuss successful examples in human 

populations below including infectious disease resistance and/or susceptibility, climatic 

adaptations, and dietary adaptations (Figure 2.3 and Table 2). 

 

2.3.2 Candidate Adaptive Alleles within Human Populations 
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Infectious Disease Adaptations: Malaria 

Searching for signatures of selection to identify susceptibility alleles for infectious 

disease is an appealing strategy as pathogens are hypothesized to have exerted strong 

selective pressures on evolving modern humans (Fumagalli et al. 2011; Haldane 1932; 

Karlsson et al. 2014). Many genes subject to local positive natural selection (e.g., DARC) 

or balancing natural selection (e.g., G6PD, SLC4A1) are associated with susceptibility to 

infectious disease (Bamshad et al. 2002; Hughes and Yeager 1998; Sabeti et al. 2002a). 

Malaria, perhaps the most extensively studied human infectious disease, imparts one of 

the strongest selective pressures on modern humans (Evans and Wellems 2002). Co-

evolution with the malaria parasite has led homozygous deleterious alleles that are 

associated with specific blood disorders to confer a selective advantage in the 

heterozygous state (Kwiatkowski 2005; Luzzatto 2012). The most well-known adaptive 

allele that confers resistance to Plasmodium falciparum malaria is the sickle cell allele 

(HbS) of the beta-globin locus, HBB, wherein individuals heterozygous for the HbS allele 

are protected from malaria invasion due to the malformation of a portion of the 

erythrocytes, yet do not present with severe sickle cell anemia (Allison 1954; Haldane 

1949; Piel et al. 2010). The HbS allele of SNP rs334, caused by a missense variant 

c.20A>T(p.Glu7Val) in HBB, may function to reduce malarial virulence by reducing 

surface expression of P. falciparum erythrocyte membrane protein-1 (PfEMP-1) on 

infected erythrocyte cells, thereby impairing their cytoadherence to microvascular 

endothelial cells, a property necessary for the parasite to escape bloodstream removal 

by the spleen (Cholera et al. 2008).  
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In addition to the well-known HBB example, additional candidate alleles under 

balancing selection have been identified that underlie malarial resistance adaptations. 

Hypomorphic alleles at the glucose-6-phosphate dehydrogenase locus (G6PD) on the X 

chromosome that cause G6PD enzyme deficiency are the genetic basis for a number of 

hemopathologies in humans (Gregg and Prchal 2018). Among these alleles, the 

rs137852331-G (or “G6PD A”) allele and the rs1050828-A (or “G6PD A-”) allele are under 

balancing selection for partial malaria resistance in sub-Saharan African populations, 

while the rs5030868-T (or “G6PD Mediterranean”) allele may be under balancing 

selection in Southern European, Middle Eastern, and Indian populations (Kwiatkowski 

2005; Saunders et al. 2002; Saunders et al. 2005; Tishkoff et al. 2001; Verrelli et al. 2002). 

The G6PD A- allele results in the missense change c.292G>A(p.Val98Met) that reduces 

G6PD activity by 82% compared to the ancestral allele, and is associated with a 46-58% 

reduction in severe malaria risk in both heterozygous females and hemizygous males 

(Ruwende et al. 1995). Southeast Asian Ovalocytosis (SAO) is another blood disease 

resulting in oval-shaped erythrocytes that is protective against severe vivax malaria 

(Jarolim et al. 1991). A 27 base-pair deletion (Δ27) in the SLC4A1 gene which encodes 

an anion transport protein is responsible for this phenotypic trait, and while the 

SLC4A1Δ27 allele is protective against malaria and typically asymptomatic in 

heterozygous individuals, it is lethal in its homozygous state (Jarolim et al. 1991; Paquette 

et al. 2015; Wilder et al. 2009). Indonesian populations exhibit an excess of high-

frequency, derived variants around SLC4A1Δ27 (Wilder et al. 2009), suggesting that 

natural selection has acted recently on this locus.  
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The Duffy antigen receptor for chemokine, DARC (or ACKR1), is another target of 

selection from malarial pressure (Oliveira et al. 2012). DARC encodes the 

transmembrane glycoprotein Duffy antigen (Fy) (Hadley and Peiper 1997), which exhibits 

allelic differentiation by geographic region with near fixation for the Duffy-null allele, Fy-, 

in the majority of sub-Saharan Africa (Livingstone 1984). The Duffy-null allele is due to a 

A>G substitution at rs2814778 in the GATA promoter of DARC, and individuals 

homozygous for Duffy-null (Fy-/Fy-) are resistant to erythrocyte invasion by Plasmodium 

vivax  malaria (Miller et al. 1976). The selection signature around DARC extends ~6 kb 

upstream of the 5’ UTR (Hamblin and Di Rienzo 2000). Levels of sequence diversity and 

site frequency spectrum results indicate directional positive selection at DARC in sub-

Saharan African populations (the Mandinka, Beti, Hausa, Mbuti, and Luo) when 

compared to sequence data from non-African groups (Italian, Han Chinese, Pakistani) 

that do not fit simple models of selection (Hamblin and Di Rienzo 2000; Hamblin et al. 

2002). These results support the hypothesis that the fixation of the Duffy-null allele in 

mainland sub-Saharan Africa was the result of selective pressures from vivax malaria. 

Additionally, multiple Malagasy populations in Madagascar show high frequencies of the 

Duffy-null allele, with evidence for recent positive selection in the Merina Highlanders 

(Hodgson et al. 2014).  

  The GYPA locus encodes a ligand of the glycophorin A receptor expressed on the 

cell surface of erythrocytes that P. falciparum malaria uses to gain cell entry (Camus and 

Hadley 1985; Sim et al. 1994; Tolia et al. 2005). From targeted selection tests, GYPA 

shows patterns of variation supporting balancing selection in both malaria-endemic 

populations as well as in European populations (Bigham et al. 2018; Ko et al. 2011). 
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Candidate adaptive alleles driving balancing selection at GYPA are the ancestral alleles 

rs7682260-G and rs7687256-C, and derived alleles rs7682260-A and rs7687256-T, 

which encode the M and N antigens on GYPA, respectively (Bigham et al. 2018; Ko et al. 

2011). Alleles rs7682260-A and rs7687256-T result in missense changes p.Ser20Leu and 

p.Glu24Gly, respectively. In addition, the glycophorin locus (spanning genes GYPE, 

GYPB, and GYPA) is known to undergone copy number variation and gene conversion 

in the human population (Algady et al. 2018; Leffler et al. 2017; Suktitipat et al. 2014). A 

structural variant called DUP4, likely the result of a series of six copy number changes at 

the glycophorin locus, generates a GYPB-GYPA fusion protein (Leffler et al. 2017). The 

DUP4 allele is under positive selection in East African populations, likely conferring 

protection against P. falciparum infection by altering the parasite’s ability to interact with 

erythrocyte surface receptors (Algady et al. 2018). Differential signals of positive selection 

also have been discovered across Orang Asli populations from peninsular Malaysia in the 

immune response interleukin genes IL3 and IL4, as well as genes HMOX1, LTA, TNF, 

CDH13, NOS2, IRF1, and FAS, supporting the hypothesis that these groups have 

undergone convergent adaptation to counteract malaria (Liu et al. 2015). Fine mapping 

of candidate alleles within IL3 and IL4 genes that are under positive selection in the Che 

Wong population identified top candidate SNPs rs40401, rs2243250, and rs2070874 (Liu 

et al. 2015). The rs40401-T allele of IL3, which causes a missense change 

c.79C>T(p.Pro27Ser), is observed at high frequency in the Che Wong, as well as in 

Ghanaian, Nigerian, and African American populations (Liu et al. 2015). Furthermore, 

epidemiological studies found a 33% protective effect from recurrent malaria episodes in 

Ghanaians (Meyer et al. 2011). Top candidate alleles of IL4 (rs2243250-T and 
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rs2070874-T) lie within the promoter and are associated with higher anti-malarial antibody 

levels (Liu et al. 2015). The only other candidate alleles identified were in the Jakun 

population in the heme oxygenase regulator HMOX1 gene (rs2071748-A and rs8139532-

G) (Liu et al. 2015), both were previously found to be associated with cerebral malaria 

protection (Sambo et al. 2010). Altogether, the above examples from diverse populations 

demonstrate that malaria has been a robust evolutionary pressure resulting in localized 

adaptations in immune response. 

 

Infectious Disease Adaptations: HIV-1 

Selection mapping also can be used to identify risk alleles to modern pathogens 

that were not the past selective agent (Karlsson et al. 2014). This is particularly relevant 

given the high level of redundancy of cellular and molecular protective activity within the 

immune system (Nish and Medzhitov 2011). This evolved redundancy arms the immune 

system with surplus compensatory mechanisms, for example, when loss of function 

variants disrupt certain immune response pathways (Fischer and Rausell 2016). In this 

way, host immune response utilizes existing genomic and molecular variation to respond 

to novel pathogens. Favored host genetic variation from past selective pressures from 

ancient pathogens can influence host immune resistance or susceptibility phenotypes in 

the face of novel pathogens. One well-studied immune locus under natural selection in 

human populations is the gene CCR5, which encodes a protein expressed on the cell 

surface of white blood cells (Libert F 1998; Novembre et al. 2005; Stephens et al. 1998). 

A 32 base-pair deletion (Δ32) at this locus, CCR5Δ32, is at high frequencies and under 

selection in Europe and western Asia (Novembre et al. 2005). Interestingly, the CCR5Δ32 
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allele confers resistance to infection by Human Immunodeficiency Virus-1 (HIV-1) by 

abrogating expression of the CCR5 chemokine receptor exploited by HIV-1 for entry into 

CD4+ T cells (Liu et al. 1996; Samson et al. 1996). The HIV-1 lentivirus evolved less than 

100 years ago in Africa from simian immunodeficiency virus, and is therefore not the 

selective pressure that previously acted on the CCR5 locus (Sharp et al. 2001). Through 

the reconstruction of historical events, scholars hypothesize a different pathogen, such 

as smallpox, drove the signature of selection observed at this locus (Galvani and Slatkin 

2003). The story of the CCR5Δ32 allele demonstrates how previously adaptive genetic 

variation can influence current susceptibility to modern infectious diseases. Further, it 

substantiates the use of selection mapping for identifying genes and/or regulatory 

elements that harbor resistance and/or susceptibility alleles to modern pathogens. 

 

Infectious Disease Adaptations: West Nile Virus 

West Nile Virus (WNV) is second modern pathogen for which susceptibility alleles 

have been identified by prioritizing genes with strong signatures of natural selection 

(Bigham et al. 2011; Lim et al. 2009; Yakub et al. 2005). WNV is responsible for highly 

variable infection outcomes across populations wherein infected individuals may be 

asymptomatic, present with West Nile fever, or develop potentially fatal West Nile 

neuroinvasive disease (Bigham et al. 2011). A case-control association study informed 

by selection mapping to identify host genetic susceptibility factors to WNV infection 

among Europeans found strong associations at intronic SNPs in IRF3 (rs2304207-C 

allele) and MX1 (rs7280422-G allele) with symptomatic WNV infection, as well as in OAS1 

(rs34137742-T allele) with severe infection (Bigham et al. 2011). This research illustrates 
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how selection mapping can be used to prioritize candidate genes for case-control 

association testing to localize susceptibility alleles. 

Climatic Adaptations: High altitude 

High altitude, defined as regions lying above 2,500 meters, represents one of the 

most marginalized and harsh environments inhabited by humans (Niermeyer et al. 2001). 

There are three high-altitude regions where humans have resided for millennia: the 

Tibetan Plateau, the Andean Altiplano, and the Semien Plateau of Ethiopia (Beall 2013). 

Populations from these regions display physiological and genetic adaptations to 

overcome reduced oxygen levels (Bigham and Lee 2014; Scheinfeldt and Tishkoff 2013; 

Simonson et al. 2012). Genome-wide and candidate gene research has identified 

compelling evidence for selection on the hypoxia-inducible factor (HIF) pathway and 

hypoxia-related genes (Alkorta-Aranburu et al. 2012; Beall et al. 2010; Bigham et al. 2010; 

Scheinfeldt et al. 2012; Simonson et al. 2010; Yi et al. 2010). Candidate alleles in EGLN1, 

EPAS1, and PRKAA1 are suggested to underlie altitude-adaptive phenotypes including 

hemoglobin concentration, birth weight, and maximal oxygen consumption during 

exercise (Beall et al. 2010; Bigham et al. 2010; Bigham et al. 2014; Brutsaert et al. 2019; 

Eichstaedt et al. 2017; Simonson et al. 2010; Yi et al. 2010). For example, high frequency 

candidate alleles in EGLN1, rs12097901-C and rs186996510-G (resulting in missense 

changes c.380G>C(p.Cys127Ser) and c.12C>G(p.Asp4Glu), respectively), are 

associated with hemoglobin concentration in Tibetan highlanders (Lorenzo et al. 2014). 

In addition to high altitude, human adaptation to hypoxic conditions may have occurred in 

the Bajau deep-sea divers of Southeast Asia. An intronic SNP in PDE10A (rs3008052) 

that is found within a peak positive selection signal in this population, shows significant 
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association with enlarged spleen size (Ilardo et al. 2018). The discovery and functional 

investigation of adaptive alleles that mitigate hypoxia has translational implications for 

understanding and treating the disease biology caused by chronic hypoxia, including 

cases of ischemic heart disease, cerebrovascular disease, anemia, chronic obstructive 

pulmonary disease, and pulmonary hypertension. 

Climatic Adaptations: Cold climate 

Another extreme environmental pressure that challenges human survival is cold 

climate. Siberia is the coldest region inhabited by humans with an average annual 

temperature roughly 5°C. Archaeological data estimate first human arrivals into the region 

around 45-40 kya (Goebel 1999; Goebel et al. 2008). Although cultural adaptations can 

help buffer humans from the physiological stressors of extreme cold, biological 

adaptations, such as increased levels of thermogenic brown adipose tissue (Daanen and 

Van Marken Lichtenbelt 2016), are necessary to withstand continued sub-zero 

temperatures. Genome-wide selection scans on indigenous populations from Siberia 

using iHS, XP-EHH, and PBS discovered a 3 Mb region on chromosome 11, containing 

~79 genes with strong positive selection signals (Cardona et al. 2014; Clemente et al. 

2014). While genes involved in the regulation of energy and metabolism (CPT1A, LRP5, 

and THADA) as well as the smooth muscle contraction, PRKG1, were identified in this 

scan, candidate alleles driving this signal we not identified (Cardona et al. 2014). 

However, further selection mapping work using whole genome sequencing data from 

Canadian and Greenland Inuit populations identified a nonsynonymous variant 

(c.1436C>T (p.Pro479Leu)) at the rs80356779 SNP in CPT1A, which is essential for fatty 

acid oxidation (Clemente et al. 2014). Given the rs80356779-T allele also is observed at 
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a very high frequency in the Northeast Siberian populations from Cardona et al., 2014, it 

is a top candidate causal allele driving the strong signal of positive selection from cold 

exposure (Clemente et al. 2014). Functional evidence shows that the CPT1A c.1436C>T 

(p.Pro479Leu) missense variant decreases fatty-acid oxidation and ketogenesis, 

decreases mitochondrial inhibition of malonyl-CoA on fatty acid b-oxidation, and is 

associated with increased high-density lipoprotein cholesterol with reduced adiposity in 

the Alaskan Yup’iks population (Clemente et al. 2014; Greenberg et al. 2009; Lemas et 

al. 2012). Together these data suggest an adaptive metabolic role based on gene-

environment interaction (Clemente et al. 2014; Collins et al. 2010). Functional models 

seeking to recapitulate an adaptive function of this allele based on different environmental 

parameters of temperature and diet will be important to shed light on gene-environment 

interaction hypotheses. In addition, further fine mapping and functional investigation of 

other candidate adaptive alleles underlying cold adaptation in humans may help to 

uncover regulatory mechanisms of human adipogenesis, with potential to inform medical 

research of certain metabolic diseases, such as obesity.  

In addition to metabolic adaptations, it is widely hypothesized that human body 

size and body proportions have adapted to temperature exposure for proper 

thermoregulation. Signatures of positive selection surrounding height loci have been 

identified (Amato et al. 2011; Voight et al. 2006; Wu et al. 2012). One interesting selection 

candidate for short stature is GDF5, which encodes the growth differentiation factor 5 

protein involved in skeletal, joint, and central nervous system development (Buxton et al. 

2001; Francis-West et al. 1999). Among East Asian populations, GDF5 shows evidence 

of positive selection and variation in this gene is associated with both decreased stature 
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and osteoarthritis risk (Wu et al. 2012). Using a CMS approach, a strong selection peak 

was observed surrounding the 3ʹ UTR of GDF5 (Capellini et al. 2017). Functional fine-

mapping analysis of this signal through a series of transgenic mouse reporter assays and 

gene rescue experiments led to the discovery of a novel growth enhancer of GDF5, 

named GROW1. A search for candidate alleles driving the positive selection signal 

surrounding GROW1 identified the regulatory rs4911178-A allele, which is associated 

with short height, observed at a high frequency in non-African populations, and is present 

in Neanderthal and Denisovan genomes (Capellini et al. 2017). These findings highlight 

the potential of selection mapping in unmasking adaptive variants in regulatory elements 

of the genome.  

Climatic Adaptations: Ultraviolet radiation  

Changes in exposure to ultraviolet radiation (UVR) accompanied changes in 

temperature as humans migrated out of Africa. The continuous spectrum of human skin 

color across the globe strongly maps onto the latitudinal distribution of UVR intensity 

(Chaplin 2004; Elias and Williams 2013; Jablonski and Chaplin 2000, 2013). Darker 

pigmentation is caused by an increased production of eumelanin in the dermis, which 

acts to absorb UV light and scatter it. In this way, melanin protects against dermal damage 

as well as UV-A photolysis of folate—the breakdown of which can lead to neural tube 

defects (Brenner and Hearing 2008; Kaidbey et al. 1979; Schmitz et al. 1995). 

Conversely, in regions of low UVR, lighter pigmentation is hypothesized to have been 

selectively favored for sufficient endogenous synthesis of Vitamin D, minimizing risk of 

Vitamin D deficiency (Loomis 1967).  
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Selection scans for candidate alleles underlying skin pigmentation adaptation have 

uncovered a handful of candidate genes that differ in signals between human populations, 

supporting evolutionary convergence (Alonso et al. 2008; de Gruijter et al. 2011; Izagirre 

et al. 2006; Lamason et al. 2005; Lao et al. 2007; Myles et al. 2007; Norton et al. 2007; 

Voight et al. 2006). For instance, evidence for positive selection in African populations 

has been found at pigmentation-associated genes ASIP, MFSD12, DDB1, HERC2, 

TMEM138, OCA2, TP53BP1, DCT, TYRP1, EGFR, and DRD2 (Alonso et al. 2008; 

Crawford et al. 2017b; Izagirre et al. 2006; Lao et al. 2007), whereas MC1R is under 

strong functional constraint by purifying selection (John et al. 2003, Harding et al. 2000, 

Rana et al. 1999). In European populations, the strongest signals of positive selection 

have been found in SLC24A5, TYRP1, KITLG, MATP, and TYR (Lamason et al. 2005; 

Lao et al. 2007; Norton et al. 2007). OCA2, DCT, KITLG, TYRP1, EGFR, and DRD2 have 

been suggested as candidates for positive selection in Asian populations (Alonso et al. 

2008; Lao et al. 2007; Myles et al. 2007). In indigenous American populations, 14 

candidate genes under positive selection have been identified, including SLC24A5, 

MATP, OPRM1, and EGFR (Quillen et al. 2012). Within these candidate genes, several 

candidate pigmentation alleles have been fine-mapped and functionally annotated. 

Identified dark pigmentation alleles include: rs6058017-G (ASIP); rs6510760-A, 

rs10424065-T, rs112332856-C, and rs56203814-T (MFSD12); rs11230664-C (DDB1); 

rs7948623-T (TMEM138); rs1800404-C (OCA2); rs4932620-T and rs6497271-A 

(HERC2) (Crawford et al. 2017b). Associated light pigmentation alleles include: 

rs1426654-A (SLC24A5); rs16891982-G (MATP), rs6058017-A (ASIP); rs1800414-G and 
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rs1448484-T (OCA2); rs1042602-A and rs1126809-A (TYR) (Lamason et al. 2005; Lao 

et al. 2007; Norton et al. 2007).  

Recently, it has been suggested that light pigmentation alleles in modern human 

populations were present in the hominin lineage before modern humans evolved 

(Crawford et al. 2017b), supporting a model of selection on standing variation instead of 

convergent de novo variants in northern latitude groups. Significant associations with skin 

pigmentation variants in SLC24A5, MFSD12, DDB1, TMEM138, OCA2, and HERC2 were 

observed among diverse African populations (Crawford et al. 2017b). The well-known 

light-pigmentation allele in SLC24A5, rs1426654-A, was introduced via gene flow from 

non-African groups into East Africa (Crawford et al. 2017b). The dark pigmentation alleles 

rs6510760-A, rs10424065-T, rs112332856-C, and rs56203814-T (MFSD12), 

rs11230664-C (DDB1), rs7948623-T (TMEM138), rs1800404-C (OCA2), rs4932620-T 

and rs6497271-A (HERC2) are identical by descent between African populations and 

populations from South Asia and Australo-Melanesia (Crawford et al. 2017b). These 

fascinating results demonstrate the evolutionary complexity of human pigmentation as 

the result of both shared ancestry and derived adaptive variation. Together, the extensive 

body of research on the genetics of human pigmentation variation represents one of the 

greatest selection mapping efforts across diverse human populations.  

Dietary Adaptations 

The advent of agriculture brought about new selective pressures on human 

populations in response to changes in diet. A prominent example of dietary adaptation is 

lactase persistence in diverse pastoralist populations. A 3.2 Mb region defining a strong 

signature of selection in these groups contains the lactase gene, LCT  (Bersaglieri et al. 
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2004; Peter et al. 2012; Tishkoff et al. 2007; Voight et al. 2006). The protein encoded by 

this gene is responsible for breaking down lactose found in dairy products into glucose 

and galactose, thus enabling digestion in the intestines (Arribas et al. 2000). In northern 

European populations, two intronic SNPs upstream in MCM6 (within the regulatory region 

of LCT) are under strong positive selection (rs4988235-T and rs182549-A) and regulates 

LCT expression (Enattah et al. 2002). Evidence supports recent de novo selection for 

these regulatory alleles (Bersaglieri et al. 2004; Peter et al. 2012; Tishkoff et al. 2007; 

Voight et al. 2006). Among African pastoralist populations from Tanzania, Kenya, and 

Sudan, three derived alleles (rs145946881-C, rs41525747-G, and rs41380347-G) in 

intron 13 of MCM6 enhance LCT gene expression (Tishkoff et al. 2007). Lactase 

persistence thus represents another example of convergent evolution in humans from a 

shared cultural adaptation of adult milk consumption in northern Europe and East Africa. 

Additional examples of dietary pressures driving human evolution include 

increased starch and fat consumption and exposure to arsenic drinking water. Copy 

number variation of the salivary α-amylase gene (AMY1) is under positive selection 

among populations with dietary histories of high-starch consumption (Perry et al. 2007). 

Greater AMY1 copy number corresponds to increased salivary amylase protein 

expression, which has led to the hypothesis that increased AMY1 protein levels enhances 

starch digestion and/or plays a role in reducing risk of intestinal disease (Perry et al. 

2007). However, conflicting evidence exists for the biochemical role of AMY1 in starch 

digestion, and some scholars argue AMY1 expression profiles across tissues need to be 

considered when hypothesizing an evolutionary role (Fernandez and Wiley 2017). 

Selection mapping in other populations points to additional parts of the genome involved 
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in starch digestion. Signals of positive selection in the maltase-glucoamylase gene, 

MGAM, involved in the final stages of starch digestion, have been identified from 

comparative analysis of ancient Andean genomes (~7,000 years ago) and contemporary 

lowland and highland Peruvians (Lindo et al. 2018). The top candidate adaptive allele in 

MGAM is the C allele of intronic SNP rs77768615—a locus annotated with promoter-

associated histone modifications in intestinal cells and enhancer-associated histone 

marks in cells of the duodenum, stomach, and intestines (Lindo et al. 2018). The findings 

suggest an adaptive shift to a starch-rich diet in these Peruvian populations consistent 

with archaeological evidence of intensive potato processing and consumption in the 

region (Haas et al. 2017; Rumold and Aldenderfer 2016).  

Aside from food pressures, exceptionally high levels of the carcinogen arsenic 

have permeated the water source of the Colla population in the Puna region of Northwest 

Argentina for thousands of years (Eichstaedt et al. 2015). Candidate adaptive alleles 

rs1046778-C and rs7085104-G, located within the arsenic methyltransferase gene, 

AS3MT, under positive selection in the Colla population, are associated with decreased 

expression of AS3MT and lower excreted monomethylarsonic acid levels in urine 

(Eichstaedt et al. 2015; Schlebusch et al. 2013). Given that high levels of 

monomethylarsonic acid are associated with arsenic-related illness, this data suggests 

adaptive variants altering AS3MT expression underlie adaptation to high arsenic 

environments in the Colla (Eichstaedt et al. 2015). Altogether, natural selection in 

response to dietary changes further exemplifies the diversity of adaptive genetic variation 

that underlies human adaptation.  
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Cardiovascular Health 

Selection mapping also is useful for the study of complex diseases, such as 

cardiovascular disease. As discussed earlier, when a trait is subjected to positive 

directional selection, linked variation rises in frequency along with the causative adaptive 

allele(s). In some cases, linked deleterious variants may exist on the adaptive 

haplotype(s). If the fitness benefits of the adaptive allele(s) outweigh the costs of the 

accompanied deleterious variants, those variants may persist in a population through 

time. In addition, beneficial (or neutral linked) alleles in a past environment may become 

deleterious alleles in a novel or changing environment, resulting in a gene-environment 

mismatch or interaction (Corbett et al. 2018). A powered phenotype-genotype association 

analysis of the top candidate loci under positive selection in a Mexican American cohort 

identified candidate risk alleles for dyslipidemia—a highly prevalent condition among 

Amerindian-origin populations that results in elevated lipid levels in the blood (Ko et al. 

2014). Among the top associated hits were well-known obesity and cardiovascular 

disease genes, previously associated risk alleles rs3135506-A and rs662799-C of 

APOA5, and novel risk alleles rs139961185-A of SIK3 and intergenic rs28680850-A 

(nearby LPL) (Ko et al. 2014), potentially pointing to a gene-environment mismatch 

underlying disease risk in these populations. Similarly, it is well-described that high-

altitude Andean populations, unlike other groups adapted to high altitude, exhibit 

polycythemia—an extreme production of red blood cells that can hinder blood flow to 

tissues from increased viscosity (León-Velarde 2003; Monge 1942). Top candidate alleles 

within haplotypes showing strong signatures of positive selection in a high-altitude 

Andean cohort—BRINP3 (rs11578671-A), NOS2 (rs34913965-T), and TBX5 
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(rs10744822-C)—were associated phenotypic variation in cardiovascular health 

(Crawford et al. 2017a). The authors propose that high-altitude adaptation in Andeans 

involved changes in cardiovascular tolerance to polycythemia, instead of its reduction 

(Crawford et al. 2017a). Together, this work emphasizes how the application of selection 

mapping can aid in the discovery of risk alleles for complex disease, particularly when 

disease expression depends upon gene-environment interactions. Subsequent functional 

investigation of identified human candidate alleles for both adaptive traits and disease 

risk is necessary to determine the molecular mechanism, build models of human 

evolution, and facilitate medical research. 

 

2.3.3 Genetic Variation Underlying Human-Specific Adaptations 

From obligate bipedalism and hairlessness to disproportional expansion of the 

prefrontal cortex and language acquisition, adaptive traits derived in the human lineage 

have been shaped by selective pressures since the divergence of the last common 

ancestor of humans and chimpanzees/bonobos. Understanding how human-specific 

traits develop given a comparable set of genes to other closely related primates is an 

outstanding question yet to be resolved. Genetic variation exclusive to the human 

genome with predicted functional consequence serves as a key starting point for 

uncovering the genetic basis of human-specific adaptations. Functionally important 

lineage-specific genetic variation is often found in regions of high evolutionary 

conservation across other species (Levchenko et al. 2018). Recent advancements in 

sequencing technologies coupled with the increasing availability of high-quality reference 

genomes for diverse primate species, comparative genomics is at the cutting edge of 
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discovery for human lineage-specific adaptive genomic variation (Kronenberg et al. 

2018).  

Human-specific genetic variants affect genes involved in immune response, 

metabolism, olfaction, and brain development (Bitar et al. 2019). Most identified human-

specific variation is non-coding regulatory and structural variation, but there are also 

examples of positive selection resulting in amino acid changes associated with derived 

human adaptive phenotypes (Haygood et al. 2010; Kronenberg et al. 2018; Levchenko et 

al. 2018). Distinguishing between human-specific sequences that are causative for, rather 

than simply associated with, phenotypic variation remains a major challenge. In some 

cases, human disease genetics can provide insight into functional roles of candidate 

adaptive loci if their disruption is linked to specific clinical phenotypes (Cooper and 

Kehrer-Sawatzki 2011; O'Bleness et al. 2012; Sikela 2006). The following discussion will 

highlight the growing literature of protein-coding and non-coding human-specific genetic 

features linked to adaptive functions, with an emphasis on findings implicated in the 

human brain (Figure 2.4). 

Protein-coding substitutions 

Although adaptive coding substitutions unique to humans are scarce, a few 

noteworthy cases have been well studied. A prominent example is the detection of 

selection at primary microcephaly genes in primate genomes (Evans et al. 2006; 

Guernsey et al. 2010; Montgomery et al. 2011; Pervaiz and Abbasi 2016). These genes 

were first explored for evidence of human brain evolution after pathogenic variants were 

discovered in human versions of these genes. The pathogenic variants altered the 

proliferative capacity and mitotic events of cortical neural progenitor cells during 
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development, causing primary microcephaly. Interestingly, selection studies provided 

evidence for positive selection in the primate lineage in the primary microcephaly genes 

CDK5RAP2, CENPJ, CEP152, and WDR62 (Evans et al. 2006; Guernsey et al. 2010; 

Montgomery et al. 2011; Pervaiz and Abbasi 2016). MCPH1 and ASPM show signals of 

positive selection in the great ape lineage, with ASPM showing further evidence of 

positive selection in the human lineage (Evans et al. 2004a; Evans et al. 2004b; Kouprina 

et al. 2004; Wang and Su 2004; Zhang 2003). Another gene implicated in the regulation 

of neural development, REST, shows strong positive selection in humans prior to the 

divergence of modern human and Neanderthal lineages (Mozzi et al. 2017). A missense 

variant in NOVA1 that evolved more recently in modern humans and that is absent in the 

genomes of Neanderthals and Denisovans is implicated in synaptogenesis and 

glutamatergic signaling in human cortical neurons via regulation of splicing (Trujillo et al. 

2021). Consistent with the observation of a medial-lateral expansion of the cerebellum in 

ape evolution (Barton and Venditti 2014), signals of positive selection have also been 

detected in human AHI1, a gene associated with the neurodevelopmental disorder 

Joubert syndrome that causes malformation of the cerebellar vermis and brainstem 

(Cheng et al. 2012; Doering et al. 2008; Ferland et al. 2004; Harrison and Montgomery 

2017).   

Recent work using the branch-site-model CODEML and aBSREL tests for 

selection in over 3,000 gene regulatory factors in the human genome and their 

orthologous sequences in 26 non-human primate genomes identified five regulatory 

proteins under positive selection in the human genome as strong candidates for 

adaptation and/or speciation events (Jovanovic et al. 2021). These included four KRAB-
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zinc-finger containing proteins, PRDM9, ZNF626, ZNF806, and ZNF860, which make up 

the largest class of gene regulatory factors in the human genome, and MAMLD1 

(Jovanovic et al. 2021). Using early hominin genomes, the timing of selection was dated 

prior to divergence with the lineages that led to Neanderthals and Denisovans (Jovanovic 

et al. 2021). PRDM9, involved in meiotic recombination, and MAMLD1, which plays a role 

in sex determination and male gonad development, are candidates for driving speciation 

in humans (Daub et al. 2015; Fukami et al. 2006; Jovanovic et al. 2021; Schwartz et al. 

2014). Less is known functionally about ZNF626, ZNF806, and ZNF860. ZNF626 is highly 

expressed in the middle temporal gyrus involved in language processing and has been 

implicated in bipolar disorder and posttraumatic stress disorder (Acheson and Hagoort 

2013; Jovanovic et al. 2021; Stein et al. 2016). Variants in ZNF806 have been associated 

with Alzheimer’s disease and tardive dystonia (Jovanovic et al. 2021; Parcerisas et al. 

2014) whereas ZNF860 is associated with cancer and early-onset type 2 diabetes 

(Jovanovic et al. 2021; Pan et al. 2019). In addition to natural selection on protein 

regulatory factors, significant discoveries have also implicated regulatory elements and 

non-coding regions of the genome in human adaptation.  

Non-coding regulatory variation 

 Early work comparing human and chimpanzee proteomes documented the high 

similarity in amino acid sequences between the two. In 1975, Mary-Claire King and Allan 

Wilson  hypothesized in a seminal study that most of the genetic variation underlying 

phenotypic differences between humans and chimpanzees is non-coding regulatory 

sequence (King and Wilson 1975). Since then, great efforts to discover regulatory 

variation contributing to morphological differences led to the characterization of several 
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human accelerated regions (HARs)—short DNA sequences of just a couple hundred 

base-pairs found in noncoding, highly conserved regions across vertebrates yet exhibit 

high substitution rates in the human genome (Bird et al. 2007; Bush and Lahn 2008; 

Gittelman et al. 2015; Hubisz and Pollard 2014; Lindblad-Toh et al. 2011; Pollard et al. 

2006; Prabhakar et al. 2006). Given that noncoding regions with high conservation across 

species implicate functional significance, several HARs have been linked to regulation of 

gene expression underlying human traits (Levchenko et al. 2018). Interestingly, loci 

associated with schizophrenia are enriched near several HARs, and variation in HARs 

have been implicated in autism risk (Doan et al. 2016; Xu et al. 2015). 

 HAR1, which encodes the functional lncRNAs HAR1A and HAR1B, has acquired 

human-specific substitutions predicted to influence lncRNA secondary structure stability 

and thus lncRNA function (Beniaminov et al. 2008; Levchenko et al. 2018; Pollard et al. 

2006). Human-specific accelerated evolution of the HAR HACNS1 created a gain-of-

function developmental enhancer in limb development, proposed to contribute to human-

specific adaptations in hand dexterity, limb and digit patterning, and hindlimb morphology 

of bipedalism (Prabhakar et al. 2008). AUTS2, NPAS3, and FZD8 harbor several HARs 

within their noncoding genomic sequence act as enhancers, particularly in the central 

nervous system, wherein human-specific substitutions are hypothesized to modify 

transcription factor binding and influence neural development (Boyd et al. 2015; Kamm 

et al. 2013; Levchenko et al. 2018; Oksenberg et al. 2013). CUX1, PTBP2, and GPC4 

interact with HAR-containing enhancers (HAR426, HAR169, and HAR1325, respectively) 

involved in neural development and/or associated with neurodevelopmental disorders 

(Bird et al. 2007; Doan et al. 2016; Levchenko et al. 2018; Prabhakar et al. 2006). The 
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rising functional literature on HARs is uncovering the extent of their role in shaping human 

adaptive biology and demonstrate how accelerated genetic adaptations can influence 

modern disease risk. 

In addition to accelerated substitution changes, human-specific insertions and 

deletions that affect conserved regulatory sequences have been identified. For example, 

a 3 kilobase deletion of a conserved forebrain subventricular zone-specific enhancer of 

GADD45G has been proposed to augment cortical expansion in humans (McLean et al. 

2011). Human-specific deletion of the conserved enhancer for penile spine development 

occurred during human evolution likely from relaxed selective pressures (McLean et al. 

2011). Positive selection has also led to tandem repeat expansion and single nucleotide 

substitutions in the promoter of PDYN in humans, which is otherwise highly conserved 

among non-human primates, and leads to increased expression of the opioid polypeptide 

hormone prodynorphin in human cells (Rockman et al. 2005). 

Structural variation 

While King and Wilson’s hypothesis continues to hold true (King and Wilson 1975), 

we know substantially more about the role of genomic structural variation—that 

concurrently affects coding and noncoding elements—in human and non-human primate 

evolution. Genomic structural variation is a major driving force of evolution. Novel genetic 

sequence or altered genomic relationships from genomic structural changes create new 

genes, destroy established genes, and/or alter gene expression, giving rise to phenotypic 

diversity (Lupiáñez et al. 2015). The advent of highly accurate long read sequencing, used 

in combination with BAC-based and short read sequencing, has provided high quality 

genome annotation and has led to unprecedented mapping of complex structural variation 
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across human and non-human primate genomes (Kronenberg et al. 2018). According to 

recent comparative genomics analyses, segmental duplications are rapidly and 

disproportionately accumulating in ape genomes (Cheng et al. 2005; Kronenberg et al. 

2018; Marques-Bonet et al. 2009; Sudmant et al. 2013). Potentially, initial expansion of 

segmental duplications in the ape lineage that was adaptive and maintained has made 

ape genomes prone to further structural events due to the increased repetitive sequence, 

and has acted to accelerate structural changes and acquisition of variants of large effect 

during evolution (Kronenberg et al. 2018). In humans, this genomic evolution has led to 

over 17,000 fixed human-specific structural variants, with 90 predicted to disrupt genes 

and 643 influencing regulatory sequence (Kronenberg et al. 2018). The most functionally 

studied category of human-specific structural variants have been human-specific 

duplicate genes.  

A major source of adaptive evolution is gene duplication. However, resolving the 

evolutionary mechanism of the retention of duplicate genes is very difficult. Several 

models have been proposed that invoke either neutral evolution or positive selection, and 

which model best explains observed sequence variation is highly debated (Bergthorsson 

et al. 2007; Kondrashov and Kondrashov 2006; Kondrashov et al. 2002; Ohno 1970; Otto 

and Yong 2002; S 1970). The functional fate of duplicate genes is influenced by mutation 

events in copies, which can involve gain-of-function mutations that contribute to 

divergence of paralog function (neofunctionalization), loss-of-function mutations that 

divvy up ancestral gene functions among duplicates (subfunctionalization), mutations that 

result in complete loss of a functional protein (pseudogenization), or retention of ancestral 

function through achieving dosage-balance (Force et al. 1999; Gout et al. 2009; Gout et 
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al. 2010; Ohno 1970; Papp et al. 2003; Qian et al. 2010; Rastogi and Liberles 2005). 

Duplicate genes can evolve via complete or incomplete duplication events, and both 

mechanisms have been characterized in the human genome. The former involves 

duplication of the complete genic sequence and in some cases leads to intragenic copy 

number expansion (NBPF10, NBPF14, NBPF19, NBPF20) (Astling et al. 2017; Heft et al. 

2020). Incomplete duplication can result in a shortened version of the ancestral gene, 5ʹ 

end truncation with loss of the ancestral promoter that can either result in acquisition of a 

new promoter or loss of expression (FRMPD2B, GTF2IRD2P1, CORO1AP), 3ʹ end 

truncations where the ancestral promoter is retained (SRGAP2B, SRGAP2C, SRGAP2D, 

NOTCH2NL), dual-truncation of 5ʹ and 3ʹ ends (HYDIN2), and/or gene fusion (Dougherty 

et al. 2018). Of the duplicates that retain functionality, one can imagine how such changes 

can lead to altered expression dynamics and/or novel biological functions subjected to 

natural selection.  

Several human-specific gene duplications that are fixed and/or maintained in the 

human population have been mapped to genes that modify brain development. Increased 

NOTCH2NL copy number in humans has been linked to enhanced proliferation of neural 

progenitor cells and delayed differentiation, together increasing total neuronal output and 

cortical size (Fiddes et al. 2018b). Similarly, the human-specific paralog ARGAP11B is 

highly expressed in outer radial glia cells and promotes their proliferation and self-renewal 

(Antonacci et al. 2014; Florio et al. 2015). Other human-specific duplications associated 

with neural development include BOLA2, SRGAP2C, HYDIN2, and NBPF (Antonacci et 

al. 2010; Dougherty et al. 2017; Fossati et al. 2016; Keeney et al. 2014; Nuttle et al. 2016). 

Remarkably, NBPF genes represent the greatest copy number expansion of any protein-
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coding region in the human genome, making their expansion a potentially fascinating 

human evolutionary story. Despite this, little research has been carried out to determine 

their molecular function or to confirm their role in human evolution. This is largely the 

result of the difficulty working with highly identical paralogous sequence. Greater efforts 

to functionally study the suite of human-specific duplicate genes will be important for 

understanding the extent to which structural variation has shaped human adaptation.  

Gene expression differences 

Comparative omics approaches often lead to the discovery of species-specific 

molecular phenotypes with cell-type specificity (Florio et al. 2018). These include 

transcriptomics (RNA), proteomics (protein), and interactomics (molecular interactions) 

(Manzoni et al. 2018). Research studying human variation and disease is growing 

towards the integration of different omics techniques to concurrently evaluate different 

aspects of molecular biology (Karczewski and Snyder 2018). Currently, most efforts to 

identify human-specific molecular changes contributing to adaptive phenotypes have 

used comparative transcriptomics. Single-cell RNA sequencing analysis on cortical tissue 

from human and chimpanzee has identified 383 upregulated genes in human radial glia 

and 219 upregulated genes in human excitatory neurons (Kronenberg et al. 2018). Fifteen 

human-specific genes have preferential expression in cortical neural progenitor cells 

during development, and several have evolved distinct expression profiles from their 

ancestral paralogs (Florio et al. 2018). Upregulation of the plasma membrane-bound 

proteins INSR and ITGB8 in human radial glia compared to chimpanzees and macaques 

leads to increased activation of the PI3K-AKT-mTOR signaling that regulates the 

morphology and migration of human outer radial glia (Andrews et al. 2020; Pollen et al. 



 73 

2019). Isoform-specific expression of membrane-bound PALMD protein in humans 

contributes to enhanced proliferation of outer radial glia (Kalebic et al. 2019). Differential 

expression of the ZEB2 morphogenesis factor in humans versus non-human apes 

contributes to delayed neural epithelia to radial glia cell transition in humans with 

increased proliferation (Benito-Kwiecinski et al. 2021). Species differences in gene 

expression dynamics during neural development jointly with human-specific genetic 

changes highlighted above underscore the heterochrony of human adaptive 

neurobiology. 

 

2.4 NECESSITY OF FUNCTIONAL VALIDATION OF CANDIDATE ADAPTIVE 

VARIATION 

Functional investigation of candidate alleles under natural selection predicted to 

mediate adaptive phenotypic change is necessary to link putative adaptive biology to 

underlying molecular mechanisms. Except for forward genetics approaches noted above 

(e.g., malaria resistance alleles), most candidate adaptive alleles identified by 

evolutionary geneticists and molecular anthropologists have not been investigated 

functionally, or functional studies are limited. Myriad functional assays are currently 

available to investigate the contribution of high-priority candidate adaptive genetic 

variants to phenotypes and inform evolutionary hypotheses.  

To devise an effective research strategy to test for putative adaptive roles, it is 

imperative to confirm a genetic mechanism of action for the candidate adaptive allele(s), 

identify a biological readout of the adaptive allele(s), and develop suitable model systems 

(Figure 2.2). Genetic mechanism refers to the allele’s functional effect on the DNA, RNA, 
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and protein products (Marchetti et al. 2012). Genetic variants that alter the protein 

sequence can have consequences for the protein’s function, including loss-of-function 

alleles that reduce (hypomorph) or completely abrogate (null) protein activity, or gain-of-

function alleles that confer novel or augmented (hypermorph) protein activity (Marchetti 

et al. 2012). For example, functional studies suggest a gain-of-function for candidate 

adaptive alleles in EGLN1 and EPAS1 in Tibetan highlanders, acting to lower hemoglobin 

concentration (Tashi et al. 2017). Alternatively, candidate non-coding variants may impact 

gene expression; for instance, the fine-mapped, dark pigmentation-associated variants 

rs6510760-A and rs112332856-C, under selection in an upstream regulatory element of 

MFSD12 in African populations, show ~4.9x decreased luciferase expression than light 

pigmentation-associated variants rs6510760-G and rs112332856-T (Crawford et al. 

2017b).  

In vitro and in vivo model systems offer the experimental opportunity to capture or 

enrich for relevant, affected biology of the candidate variant predicted to underlie 

physiological adaptations. Model systems include bacteria, yeast, animal models, and cell 

culture. Selection of appropriate model organisms (i.e., mouse, zebrafish, ferret, 

macaque, fruit fly, C. elegans) must consider the ability of that organism to recapitulate 

the human phenotype(s) of interest, feasibility of genetic manipulation, and generational 

time course. In recent years, there is a growing number of studies that have modified the 

genomes of animal models for functional characterization of candidate adaptive alleles to 

define their putative role in human evolution. For example, transgenic mouse models 

carrying the candidate derived regulatory allele (rs4911178-A) in the Grow1 enhancer of 

Gdf5 for human height adaptation have revealed significantly reduced long bone length 
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compared to the ancestral allele (Capellini et al. 2017). Morpholino knockdown of slc24a5 

in zebrafish (Lamason et al. 2005) and CRISPR/Cas9 knockout of Mfsd12 in mice 

(Crawford et al. 2017b)—two genes under positive selection in humans and harboring 

candidate pigmentation alleles—confirmed a functional role in melanogenesis. 

Additionally, the human-specific deletion of the conserved regulatory enhancer for penile 

spine development results in failure of penile spine formation when knocked out in mouse 

models (McLean et al. 2011).  However, it is often necessary to utilize models that carry 

a human genetic background to investigate human biology.  

Work using both monolayer human cell lines as well as human organoid model 

systems have offered compelling information about human adaptive biology. Human 

keratinocytes have been used to investigate the impact of a candidate adaptive SNP in 

KITLG under positive selection in Europeans associated with blond hair color phenotypes, 

revealing an altered LEF1 transcription factor binding site coupled with reduction in 

enhancer activity (Guenther et al. 2014). RNA-seq of cultured primary melanocytes 

obtained from African individuals carrying derived upstream regulatory alleles of MFSD12 

(rs6510760-A and rs112332856-C) confirmed a significantly decreased expression of 

MFSD12 compared to cultured melanocytes derived from individuals carrying the 

ancestral alleles (Crawford et al. 2017b). Cerebral organoid models of human-specific 

NOTCH2NL gene duplicates identified a role in delayed differentiation in human neural 

development corresponding to increased neuronal number (Fiddes et al. 2018a; Suzuki 

et al. 2018). Likewise, the modification of modern human NOVA1 to carry the ancestral 

allele found in Neanderthal and Denisovan genomes, creating an isoleucine-to-valine 

substitution, alters splicing activity and synaptic protein interactions in human organoid 
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models (Trujillo et al. 2021). While the latter two studies highlight the utility of organoid 

modeling of macroevolutionary differences, one can also imagine the use of organoids 

for modeling candidate alleles underlying local adaptation within human populations (e.g., 

spleen organoids to model the candidate PDE10A SNP for deep-sea diving adaptation 

(Ilardo et al. 2018)). 

 

2.5 CONCLUSION 

Selection mapping can be informative for the broader scope of human biology, 

health, and disease when combined with association, fine-mapping, and functional 

analyses. Given the complexity and diversity of human genetic variation, environmental 

and cultural conditions, and gene-culture-environment interactions across 

geographically-defined human populations through time, it is crucial to increase the 

number of selection mapping studies in non-European and admixed populations in order 

to better understand how natural selection shapes human biology across varying 

ancestral genomic backgrounds (Bentley et al. 2017; Bentley et al. 2020; Popejoy and 

Fullerton 2016; Sirugo et al. 2019). Greater efforts must be made to increase 

representation within the community of scientific leaders who study human genetic 

variation, including beyond westernized scientists, to involve individuals from under-

represented, vulnerable, and indigenous populations (Claw et al. 2018; Jackson et al. 

2019). With advancements in whole genome sequencing technology, high-quality and 

accurate annotation of more and more primate genomes will continue to expand the 

landscape of mapped species-specific genetic variation. A more representative map of 

functional human-specific variants/genes together with functional variants under 
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differential natural selection in human populations will have translational value for variant 

annotation in clinical disease cohorts which are currently barraged with hundreds of 

variants of unknown significance. In addition, given the limited sensitivity of current 

genotype-phenotype methods to polygenic traits or rare variants, selection mapping can 

enhance the power of these analyses to detect causal variants. Nonetheless, limitations 

of current selection detection methods need to be overcome to inform the genetics of 

complex traits, requiring improvement of both statistical inference methods and theory to 

better model complex soft selective sweeps and selection on structural variation. Beyond 

genotype-phenotype mapping, genome-wide selection mapping has the potential to 

enrich epigenetic, transcriptomic, proteomic, and interatomic research by pointing to 

functional factors that are evolutionarily conserved or adaptable. 
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Figure 2.1. Natural selection influences genomic diversity. 
(A) Theoretical basis for population genetics models of natural selection. Each dotted strand represents a haplotype. 
Alleles that increase or decrease in frequency over time due to selection are represented as dots in purple (positive 
selection on de novo variants), blue (positive selection on standing variation), green (polygenic positive selection), 
yellow (balancing selection), red (negative selection), and shades of grey (linked variation to causal allele). (B) Types 
of adaptive genetic variants that can be acted upon by natural selection. A, ancestral; D, derived.  
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Figure 2.2. Reverse genetics selection mapping workflow. 
First, perform statistical selection tests for a given dataset. Second, integrate with association mapping analyses and 
fine-mapping approaches to generate a list of high confidence candidate alleles for putative adaptive phenotypes. Third, 
identify the best research strategy to functionally investigate the candidate variation to model its biological role and 
inform hypotheses of adaptive human evolution. 
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Figure 2.3. Map of discovered candidate adaptive alleles within diverse human populations. 
These alleles are represented by rectangular bands, color-coordinated by the general geographic region of the study 
population(s) and mapped to the respective broader chromosomal region. Selection type is indicated by pattern: solid 
(positive selection) and striped (balancing selection). Multi-colored bands indicate loci where adaptive alleles are found 
in multiple populations. Note: this is not a comprehensive map of all identified candidate adaptive alleles in humans.  
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Figure 2.4. Graphic of human cortical development.  
Corticogenesis through time from neural progenitor cell proliferation (left) to neurogenesis and cortical lamination (right). 
Table below indicates cell types corresponding to color in illustration and the human-specific genetic/molecular changes 
that are implicated in their cell biology. VZ, ventricular zone; SVZ, subventricular zone; OSVZ, outer subventricular 
zone; IZ, intermediate zone; CP, cortical plate; HSD, human-specific duplicate gene; HSE, human-specific expression; 
HSS, human-specific substitution; HAR, human-accelerated region.  
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Table 1. Summary of reviewed selection detection methods. 
 

Type Abbrev. Test Name Summary Reference 

Haplotype-
based  

EHH Extended Haplotype 
Homozygosity 

Probability and length of haplotype from a core 
haplotype by IBD.  

Sabeti et al. 2002 

LRH Long-Range 
Haplotype 

The Long-Range Haplotype combines EHH with 
the haplotype frequency in the population to 
detect regions of recent positive selection, 
primarily hard sweeps 

Sabeti et al. 2002 

WGLRH Whole Genome 
Long-Range 
Haplotype Test 

The Whole Genome Long-Range Haplotype test 
incorporates the LRH with patterns of LD to 
identify regions with long haplotypes, which may 
be indicative of positive selection 

Zhang et al. 2006 

iHS integrated Haplotype 
Score 

The integrated Haplotype Score measures the 
ratio of EHH decay of haplotypes carrying 
derived alleles to those carrying ancestral 
alleles. This method is useful for detecting soft 
selective sweeps 

Voight et al. 2006 

nSL Number of 
Segregating Sites by 
Length Statistic 

The Number of Segregating Sites by Length 
Statistic measures the ratio of EHH for 
haplotypes carrying derived alleles relative to 
those with ancestral alleles. However, unlike 
iHS, it incorporates segregating sites to measure 
distance rather than a genetic map. nSL is useful 
for detecting both hard and soft selective sweeps 

Ferrer-Admetlla et 

al. 2014 

XP-EHH Cross Population 
Extended Haplotype 
Homozygosity 

The Cross Population Extended Haplotype 
Homozygosity incorporates the integral of EHH 
and compares haplotypes between two 
populations to detect those containing nearly 
fixed derived alleles. This is useful for detecting 
hard selective sweeps 

Sabeti et al. 2007 

Allele 
frequency  

Tajima's D Tajima's D Statistic Tajima's D measures the differences between 
segregating sites (ΘW) and the average 
nucleotide differences (π). It can be useful for 
detecting departure from neutrality, which may 
suggest balancing or positive selection. 
However, it is confounded by demographic 
conditions, such as population structure and 
growth  

Tajima 1989 

Fu and Li's 
D and F 

Fu and Li's D and F 
Statistics 

Fu and Li’s D and F are based on coalescence 
and compare the number of derived singleton 
variants to ΘW and π, respectively. These 
statistics can suggest recent positive, purifying, 
or balancing selection. Fu and Li’s D and F are 
more sensititve to detect selective sweeps acting 
on derived alleles compared to Tajima’s D 

Fu and Li 1993 

Fay and 
Wu's H 

Fay and Wu's H 
Statistic 

Fay and Wu's H looks for a high frequency of 
derived variants to determine whether the locus 
has undergone positive selection compared to 
neutral expectations 

Fay and Wu 2000 

FST Wright's Fixation 
Index 

Wright's FST is a measure of genetic 
differentiation between two populations. This 
statistic can be used to identify loci under 
positive or balancing selection 

Wright 1950 

Phylogenetic-
based  

LSBL Locus-Specific 
Branch Length 

The Locus Specific Branch Length incorporates 
FST for a three-population comparison, where 
distances between populations are represented 
by branch lengths 

Shriver et al. 2004 

PBS Population Branch 
Statistic 

The Population Branch Statistic, like LSBL, uses 
a three-population comparison based on FST, 

Yi et al. 2010 
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except the values are log-transformed to 
incorporate phylogenetics 

ω dN/dS dN/dS is the ratio of nonsynonymous to 
synonymous nucleotide changes which can 
provide evidence for positive or purifying 
selection across distantly-related lineages 

Kimura 1977 

MKT McDonald-Kreitman 
Test 

The McDonald-Kreitman Test compares dN/dS 
ratio within a species to ratio of nonsynonymous 
to synonymous variants between species 
(pN/pS) to provide test for positive or purifying 
selection 

McDonald and 

Kreitman 1991 

Composite  CLR Composite 
Likelihood Ratio 

The Composite Likelihood Ratio measures an 
excess of derived alleles across several sites in 
a single population 

Nielsen 2005 

XP-CLR Cross Population 
Composite 
Likelihood Ratio 

The Cross Population Composite Likelihood 
Ratio measures the differences in the excess of 
derived alleles following population divergence 
of two populations: the target population and an 
ancestral population  

Chen et al. 2010 

CMS Composite of 
Multiple Signals 

The Composite of Multiple Signals Statistic 
combines results from FST, iHS, and XP-EHH to 
increase power of detecting high frequency, 
derived alleles between populations 

Grossman et al. 

2010 

3P-CLR 3-Population 
Composite 
Likelihood Ratio 

The 3-population Composite Likelihood Ratio is 
based on CLR and XP-CLR, except it uses three 
populations to allow for the detection of selection 
within each of two populations, or shared 
selection among the two populations before 
splitting from a third outgroup population 

Racimo 2016 

SWIF(r)  Sweep Inference 
Framework 
(controlling for 
correlation) 

The Sweep Inference Framework (controlling for 
correlation) combines a deep learning approach 
with a composite of the XP-EHH, iHS, and FST 
statistics. This method does not require a 
genome-wide comparison 

Sugden et al. 2018 
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Table 2. Summary of reviewed human adaptive alleles.  
illustrated in Figure 2.3. IDR, Infectious Disease Resistance; PT, Polycythemia Tolerance from High Altitude Adaptation; 
HA, High Altitude Adaptation; LP, Lactase Persistence; DD, Deep-Sea Diving Adaptation; HSD, High Starch Diet 
Adaptation; AW, Arsenic Water Adaptation; DR, Increased Dyslipidemia Risk (Gene-environment mismatch); SP, Skin 
Pigmentation Adaptation; CC, Cold Climate Adaptation; IDS, Infectious Disease Susceptibility; BSP, Body Size and 
Proportion. 
 

Category Variant 

Type 

Candidate 

Allele 

Functional 

Annotation 

Gene (within 

or nearby) 

Population(s) Selection 

Mode 

Trait References 

Immunity Substitution rs2814778-G 5' UTR DARC Sub-Saharan African, 

Malagasy 

Positive IDR Hamblin and Di Rienzo 

2000; Hamblin et al. 2002; 

Hodgson et al. 2014 

Climatic Substitution rs11578671-A Intergenic  BRINP3 High Altitude Andean Positive PT Crawford et al. 2017a 

Climatic Substitution rs12097901-C Exonic: missense 

(p.Cys127Ser) 

EGLN1 High Altitude Tibetan Positive HA Lorenzo et al. 2014 

Climatic Substitution rs186996510-G Exonic: missense 

(p.Asp4Glu) 

EGLN1 High Altitude Tibetan Positive HA Lorenzo et al. 2014 

Dietary Substitution rs41525747-G Intronic MCM6 African Pastoralist 

(Tanzania, Kenya, 

Sudan) 

Positive LP Tishkoff et al. 2007 

Dietary Substitution rs4988235-T Intronic MCM6 Northern European Positive LP Enattah et al. 2002 

Dietary Substitution rs41380347-G Intronic MCM6 African Pastoralist 

(Tanzania, Kenya, 

Sudan) 

Positive LP Tishkoff et al. 2007 

Dietary Substitution rs145946881-C Intronic MCM6 African Pastoralist 

(Tanzania, Kenya, 

Sudan) 

Positive LP Tishkoff et al. 2007 

Dietary Substitution rs182549-A Intronic MCM6 Northern European Positive LP Enattah et al. 2002 

Immunity Deletion CCR5Δ32  

(rs333) 

Exonic: frameshift 

deletion 

CCR5 European Positive IDR Liu et al. 1996; Samson et al. 

1996 

Immunity CNV DUP4 Fusion protein: 

GYPB/GYPA 

Affects glycoporin 

locus 

East African Positive IDR Algady et al. 2018 

Immunity Substitution rs7687256-T Exonic: missense 

(p.Glu24Gly) 

GYPA Sub-Saharan African, 

South Asian, 

European 

Balancing IDR Bigham et al. 2018; Ko et al. 

2011 

Immunity Substitution rs7682260-A Exonic: missense 

(p.Ser20Leu) 

GYPA Sub-Saharan African, 

South Asian, 

European 

Balancing IDR Bigham et al. 2018; Ko et al. 

2011 

Immunity Substitution rs40401-T Exonic: missense 

(p.Pro27Ser) 

IL3 Orang Asli, Ghanaian, 

Nigerian, African 

American 

Positive IDR Liu et al. 2015 

Immunity Substitution rs2243250-T Intergenic IL4 Orang Asli Positive IDR Liu et al. 2015 

Immunity Substitution rs2070874-T 5' UTR IL4 Orang Asli Positive IDR Liu et al. 2015 
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Climatic Substitution rs16891982-G Exonic: missense 

(p.Phe374Leu) 

MATP European Positive SP Lao et al. 2007; Norton et al. 

2007 

Climatic Substitution rs3008052-T Intronic PDE10A Sama-Bajau Positive  DD Ilardo et al. 2018 

Dietary Substitution rs77768615-C Intronic MGAM Andean Positive HSD Lindo et al. 2018 

Dietary Substitution rs7085104-G Intronic AS3MT Colla Positive AW Eichstaedt et al. 2015 

Dietary Substitution rs1046778-C Intronic AS3MT Colla Positive AW Eichstaedt et al. 2015 

Metabolic Substitution rs3135506-A Exonic: missense 

(p.Ser19Trp) 

APOA5 Mexican American Positive DR Ko et al. 2014 

Metabolic Substitution rs662799-C Intergenic  APOA5 Mexican American Positive DR Ko et al. 2014 

Metabolic Substitution rs662799-C Intergenic  nearby LPL Mexican American Positive DR Ko et al. 2014 

Metabolic Substitution rs139961185-A Intronic SIK3 Mexican American Positive DR Ko et al. 2014 

Immunity Substitution rs334-T Exonic: missense 

(p.Glu7Val) 

HBB Sub-Saharan African, 

Middle Eastern, South 

Asian 

Balancing IDR Allison 1954; Piel et al. 2010 

Climatic Substitution rs11230664-C Intronic DDB1 African, South Asian, 

Australo-Melanesian 

Positive SP Crawford et al. 2017b 

Climatic Substitution rs7948623-T 3' UTR TMEM138 African, South Asian, 

Australo-Melanesian 

Positive SP Crawford et al. 2017b 

Climatic Substitution rs80356779-T Exonic: missense 

(p.Pro479Leu) 

CPT1A Siberian Positive  CC Clemente et al. 2014; 

Cardona et al. 2014 

Climatic Substitution rs80356779-T Exonic: missense 

(p.Pro479Leu) 

CPT1A Alaskan Yup’ik Positive  CC Clemente et al. 2014 

Climatic Substitution rs1042602-A Exonic: missense 

(p.Ser192Tyr) 

TYR European Positive SP Norton et al. 2007 

Immunity Substitution rs34137742-T Intronic OAS1 European Positive IDR Bigham et al. 2011 

Climatic Substitution rs10744822-C Intronic TBX5 High Altitude Andean Positive PT Crawford et al. 2017a 

Climatic Substitution rs1800414-G Exonic: missense 

(p.His615Arg) 

OCA2 East Asian Positive SP Lao et al. 2007 

Climatic Substitution rs1800404-C Exonic: 

synonymous 

OCA2 African, South Asian, 

Australo-Melanesian 

Positive SP Crawford et al. 2017b 

Climatic Substitution rs1448484-T Intronic OCA2 European, East Asian Positive SP Lao et al. 2007 

Climatic Substitution rs6497271-A Intronic HERC2 African, South Asian, 

Australo-Melanesian 

Positive SP Crawford et al. 2017b 

Climatic Substitution rs4932620-T Intronic HERC2 African, South Asian, 

Australo-Melanesian 

Positive SP Crawford et al. 2017b 

Climatic Substitution rs1426654-A Exonic: missense 

(p.Thr111Ala) 

SLC24A5 European Positive SP Lamason et al. 2005; Norton 

et al. 2007 

Climatic Substitution rs34913965-T Intronic NOS2 High Altitude Andean Positive PT Crawford et al. 2017a 

Immunity Deletion SLC4A1Δ27 

(rs769664228) 

Exonic: in-frame 

deletion 

SLC4A1 Indonesian Balancing IDR Jarolim et al. 1991; Paquette 

et al. 2015; Wilder et al. 2009 

Climatic Substitution rs56203814-T Exonic: 

synonymous 

MFSD12 African, South Asian, 

Australo-Melanesian 

Positive SP Crawford et al. 2017b 
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Climatic Substitution rs10424065-T Intronic MFSD12 African, South Asian, 

Australo-Melanesian 

Positive SP Crawford et al. 2017b 

Climatic Substitution rs6510760-A Intergenic, 

regulatory 

MFSD12 African, South Asian, 

Australo-Melanesian 

Positive SP Crawford et al. 2017b 

Climatic Substitution rs112332856-C Intergenic, 

regulatory 

MFSD12 African, South Asian, 

Australo-Melanesian 

Positive SP Crawford et al. 2017b 

Immunity Substitution rs2304207-C Intronic IRF3 European Positive IDS Bigham et al. 2011 

Climatic Substitution rs6058017-G Intronic ASIP African  Positive SP Norton et al. 2007 

Climatic Substitution rs4911178-A Intronic, Regulatory GROW1 enhancer 

(of GDF5) 

East Asian Positive BSP Capellini et al. 2017 

Immunity Substitution rs7280422-G Intronic MX1 European Positive IDS Bigham et al. 2011 

Immunity Substitution rs2071748-A Intronic HMOX1 Orang Asli Positive IDR Liu et al. 2015 

Immunity Substitution rs8139532-G Intronic HMOX1 Orang Asli Positive IDR Liu et al. 2015 

Immunity Substitution rs5030868-T Exonic: missense 

(p.Ser188Phe) 

G6PD Southern European, 

Middle Eastern, Indian 

Balancing IDR Tishkoff et al. 2001; Verrelli 

et al. 2002 

Immunity Substitution rs1050828-A Exonic: missense 

(p.Val98Met) 

G6PD Sub-Saharan African Balancing IDR Saunders et al. 2002; 

Saunders et al. 2005; 

Tishkoff et al. 2001; Verrelli 

et al. 2002 

Immunity Substitution rs137852331-G Exonic: missense 

(p.Asn165Asp) 

G6PD Sub-Saharan African Balancing IDR Saunders et al. 2002; 

Saunders et al. 2005; 

Tishkoff et al. 2001; Verrelli 

et al. 2002 
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Chapter 3                                                                                                             
Functional Fates of NBPF Duplicate Genes in Human and Non-Human Primate 

Corticogenesis 
 

3.1 INTRODUCTION 

A major feature of human brain evolution is the exceptional enlargement of the 

neocortex, particularly of the prefrontal cortex, relative to size scaling predictions for a 

primate brain (Smaers et al. 2017). The biological tradeoff of this cortical expansion, 

which provides the anatomical substrate for further adaptations in neuronal circuitry 

underlying human-specific cognitive traits, is an increased burden of neurodevelopmental 

and neuropsychiatric disorders (Crow 2000; Dennis and Eichler 2016; Dennis et al. 2017; 

Sikela and Searles Quick 2018). Segmental duplication is a rich source of highly plastic 

genomic variation important for human-specific adaptive evolution as well as a major 

cause of developmental disorders (Crow 2000; Dennis and Eichler 2016; Dennis et al. 

2017; Sikela and Searles Quick 2018). Gene duplicates that arise from segmental 

duplication are a common basis of novel biological functions that underlie phenotypic 

variation (Dennis and Eichler 2016; Kronenberg et al. 2018). Functional duplicate genes 

expressed in the developing brain, specific to the human lineage and disrupted in 

neurodevelopmental disorders, are great candidates for the molecular basis of human-

specific features of brain development. One such candidate, the neuroblastoma 

breakpoint gene family (NBPF), has undergone significant gene duplication in primate 
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genomes, coupled with intragenic expansion in the human genome (Figure 3.1A, 3.1B, 

and 3.1C) (Astling et al. 2017; Dumas et al. 2007; O'Bleness et al. 2014), yet the 

molecular functions of NBPF proteins remain unknown. 

Phylogenetic evidence indicates that a single ancestral copy of NBPF first evolved 

in placental mammals and was lost in the rodent lineage prior to duplication by segmental 

duplication in the primate order. In the human genome, there are 24 NBPF paralogs, all 

of which are located on chromosome 1 and enriched in the 1q21 region (Figure 3.1B) 

(Astling et al. 2017). Among these, four human-specific (hs) duplicates (NBPF10, 

NBPF14, NBPF19, NBPF20) arose from human-specific segmental duplications (hsSDs), 

and three paralogs have human-specific changes (NBPF9, NBPF12, NBPF26). Three 

duplicative transposition events involving three hsNBPF genes (NBPF10, NBPF14, 

NBPF19) have led to the placement of each of these genes adjacent to a hsNOTCH2NL 

gene (Figure 3.1B) (Fiddes et al. 2019). HsNOTCH2NL genes, which have been 

implicated in delayed differentiation during human corticogenesis (Fiddes et al. 2018; 

Suzuki et al. 2018), show evidence of coregulation with hsNBPF genes in human neural 

progenitor cells (hNPCs), potentially suggesting paired, dosage-related involvement of 

these genes in human brain evolution  (Fiddes et al. 2019). This expression profile of 

hsNBPF genes is consistent with previous RNA in situ hybridizations in fetal brain 

showing NBPF enrichment at the ventricular zone (Keeney et al. 2015a). De novo 

heterozygous distal microdeletions and microduplications of 1q21.1 in humans harboring 

the hsNBPF genes have been linked to several neurodevelopmental disorders, most 

often including microcephaly and macrocephaly, respectively (Bernier et al. 2016; Dennis 

et al. 2017; Linden et al. 2021). Although a few candidate genes within this interval have 
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been proposed to contribute to the clinical brain phenotypes in individuals with 1q21.1 

deletion/duplication syndrome (1q21DDS), (e.g., hsNOTCH2NL genes and HYDIN2), 

there are nevertheless cases where the dosage of these candidates are not affected due 

to differential breakpoints (Dougherty et al. 2017; Fiddes et al. 2018). While NBPF genes 

have yet to be implicated in the 1q21 disease etiology, NBPF copy number appears to be 

altered in all cases, and NBPF sequence has been associated with brain size variation 

across primates, as well as autism and schizophrenia severity (Davis et al. 2014; Keeney 

et al. 2015a; Keeney et al. 2014). This suggests that NBPF genes are important for neural 

development. 

NBPF genes predominantly encode DUF1220 (Olduvai) protein domains of 

uncharacterized function that are roughly 65 amino acids in length, as well as coiled coil 

domains at their N-terminus (O'Bleness et al. 2012; Popesco et al. 2006). Phylogenetic 

analysis of NBPF-DUF1220 domains has identified six distinct clades based on sequence 

similarity, which have been termed CON1, CON2, HLS1, HLS2, HLS3, and CON3 

(O'Bleness et al. 2012; Popesco et al. 2006). While the copy number of DUF1220 

domains is variable across paralogs, interestingly, their order is highly conserved (Figure 

3.1B) (O'Bleness et al. 2012; Popesco et al. 2006). NBPF-DUF1220 sequences have 

undergone amplification exclusively in primates, with a trend towards increased copy 

number with increasing phylogenetic relatedness to humans, ranging from 1-8 copies in 

non-primate mammals to 48-75 copies in monkeys to 97-138 copies in non-human great 

apes to over 300 copies in humans (O'Bleness et al. 2012; Popesco et al. 2006; Zimmer 

and Montgomery 2015). Tandem intragenic duplication of a three-domain block (HLS1-

HLS2-HLS3) contributes to the exceptional expansion of DUF1220 domains in hsNBPF 
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paralogs relative to ancestral NBPF paralogs, making DUF1220 expansion the greatest 

human-specific copy number increase of coding sequence in the human genome 

(O'Bleness et al. 2012; Popesco et al. 2006; Zimmer and Montgomery 2015). The 

evolutionary hyper-amplification of the triplet DUF1220 sequence in hsNBPF paralogs 

was likely driven by nonallelic homologous recombination via a G-quadraplex-based 

mechanism that promotes genomic instability at NBPF loci and underlies extant copy 

number variation of NBPF-DUF1220 triplets in the human genome (Heft et al. 2020). 

While there is a distinct human-specific range in copy number of NBPF-DUF1220 

domains compared to other species, the domains remain polymorphic in the general 

human population as well as in clinical cohorts (Davis et al. 2014). Clinically, increased 

NBPF-DUF1220 copy number has been linearly associated with autism severity as well 

as severity of ‘negative’ symptoms of schizophrenia (e.g., social deficits), whereas 

reduced NBPF-DUF1220 copy number has been linearly associated with severity of 

‘positive’ symptoms of schizophrenia (e.g., hallucinations, delusions) (Davis et al. 2019; 

Davis et al. 2015; Davis et al. 2014; Quick et al. 2016).  

Despite extensive progress in the genomic annotation of NBPF genes in the 

human genome and improved NBPF paralog expression profiling, very little functional 

data on NBPF proteins exists. This is largely due to the extreme technical difficulty of 

investigating evolutionarily young duplicates of high sequence identity comprised of 

copious repetitive elements. Nevertheless, research efforts have implicated NBPF1 

overexpression in apoptosis via regulation of PI3K/mTOR signaling in HeLa cells (Qin et 

al. 2016), while overexpression of NBPF15 has been shown to increase proliferation of 

human neural stem cells (Keeney et al. 2015a). Here, we expand on the latter finding to 
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test the hypothesis that NBPF-DUF1220 dosage coupled with changes in expression 

dynamics underlie variations in cortical development that distinguish humans from other 

primates. 

Increase in the dosage of DUF1220 protein domains has been proposed as a 

molecular contributor to cortical expansion in primates, with the most exaggerated effect 

in humans (Keeney et al. 2014). However, this has not been functionally tested. To gain 

insight into the function of NBPF proteins in corticogenesis, we leveraged cortical 

organoid models and cultured NPCs. Our goals were to characterize molecular biology 

of endogenous NBPF proteins and identify interspecific differences in cortical growth 

related to DUF1220 dosage using overexpression and deletion approaches. While we 

initially pursued hsNBPF14 for overexpression modeling given its high endogenous 

expression in hNPCs and altered dosage in 1q21DDS, we had to switch experiments to 

human NBPF15 due to significant technical hurdles with the molecular cloning of 

NBPF14. NBPF15, which is exclusive to primates, does not have the same expression 

profile as NBPF14 and encodes fewer DUF1220 protein domains. However, it still allows 

us to utilize NBPF15 ectopic overexpression as a proxy for DUF1220-expanded hsNBPF 

expression and characterize interactions with ancestral NBPF protein in NPCs. For 

investigation of depletion of NBPF, hsNBPF14 was targeted. Our findings highlight 

species differences important for interpreting NBPF function as well as further implicate 

NBPF genes in the etiology of 1q21 neurodevelopmental disorders. This represents the 

first study to utilize human and chimpanzee cortical organoids to investigate NBPF 

function in brain development. 
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3.2 RESULTS 

3.2.1 NBPF paralog expression differences in corticogenesis support cis-

regulatory divergence during human and non-human primate brain evolution  

A common phenomenon underlying gene retention following duplication in evolution is 

alteration of the expression profile, or transcriptional fate, of duplicate genes. Cis-

regulatory divergence is pervasive across duplicate genes that arose from hsSDs (Shew 

et al. 2021). To investigate this in the context of NBPF genes within humans, we first 

analyzed recently published transcriptomics data in lymphoblastoid cell lines (LCL) from 

463 individuals and assessed NBPF paralog expression differences with isoform variation 

across individuals (Shew et al. 2021). We observed differences in expression based on 

paralog, with NBPF4 and NBPF6 (representing the most ancestral protein-coding NBPF 

genes) showing low to no expression compared to the rest, which may reflect changes in 

cis regulatory elements between paralogs (Figure 3.2). Second, based on short read RNA 

sequencing data deposited in the GTEX portal, NBPF4 and NBPF6 show enrichment of 

expression in the testes with little to no expression in other tissues (data not shown). 

Conversely, NBPFs that underwent subsequent gene duplication during primate 

evolution, which resulted in the acquisition of a distinct promoter obtained from the gene 

EVI5 (pEVI5), show low, ubiquitous expression across all adult tissues (data not shown). 

Expression profiles of pEVI5-NBPF and EVI5 were comparable (data not shown). 

Together, this data suggests changes to the spatial and temporal specificity of NBPF 

paralog expression that underlie expression profiles, supporting cis-regulatory 

divergence. 
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 During human NBPF evolution, the loss of the EVI5 promoter with the acquisition of 

new sequence occurs in a subset of human NBPF genes (Figure 3.1B and 3.1C) (Fiddes 

et al. 2019). Shared expression profiles have been previously observed between these 

hsNBPF and hsNOTCH2NL in hNPCs suggestive of shared regulatory elements as 

results of their duplicative evolution (Fiddes et al. 2019). Given this finding, we compared 

scRNAseq data across human and chimpanzee cerebral organoid models deposited in 

the UCSC Cell Browser and scAPEX to identify differences in NBPF gene expression 

between species (data not shown). Consistent with above findings, NBPF4 and NBPF6 

showed no evidence of expression in cortical organoids of both species. In human 

organoids, NBPFs with orthologs in chimpanzees showed overall low expression but 

slightly higher than in chimpanzee organoids. Lastly, chimpanzees showed no expression 

of hsNBPFs. hsNBPF14 showed the most marked increase in expression in organoids 

with an enrichment in cortical NPCs. To assess paralog expression patterns across cell 

types in primary tissue, we obtained gene-level quantifications from primary fetal brain 

(Nowakowski et al. 2017) (Figure 3.1D). hsNBPF14 and hsNBPF10 are highly expressed 

in human mitotic NPCs and outer radial glia (oRG), with notable enrichment in ventricular 

radial glia (vRG) (Figure 3.1D). Additionally, a general trend towards increased 

expression in vRGs and oRGs was noted for other NBPFs except for NBPF4 and NBPF6. 

However, it is important to note that while the older NBPF paralogs have unique sequence 

that is captured in short read scRNAseq data allowing for more accurate annotation of 

expression, the human-specific NBPF genes do not and the data may reflect multi-

mapping issues. Nevertheless, this data does indicate that hsNBPFs are expressed in 

NPCs.  



 110 

Together, cis-regulatory differences across NBPF genes indicate that younger 

duplicates in primates obtain ubiquitous, low expression across tissues, including the 

brain. Subsequently, hsNBPF genes underwent additional cis-regulatory evolution that 

enabled higher expression in NPCs in the developing human cerebral cortex. 

 

3.2.2 NBPF proteins localize to the cytoplasm with enriched expression in mitotic 

hNPCs 

While RNA expression of NBPF genes has shown enrichment in cortical NPCs, 

expression on a protein level has not been assessed. To characterize endogenous NBPF 

protein expression, we differentiated human and chimpanzee iPSCs to 3D cerebral 

organoids and monolayer cortical NPC cultures (Figure 3.3A). Protein expression and 

localization was performed using the Invitrogen pan-NBPF-DUF1220 antibody (Figure 

S3.1A). We confirmed specificity of the pan-NBPF-DUF1220 antibody to NBPF proteins 

by overexpression of NBPF15-mCherry in hNPCs followed by co-immunostaining (Figure 

S3.1B). Protein expression was assessed across developmental time at days 28, 56, and 

84 in cortical organoids differentiated from three human induced pluripotent stem cell 

(iPSC) lines derived from two female individuals (H20682WT, H28834WT) and one male 

individual (H23555WT) together with three chimpanzee iPSC lines derived from two female 

individuals (C40280WT, C3647WT) and one male individual (C3649WT) (Figure 3.3A). All 

six iPSC lines were reprogrammed and passaged together to reduce batch effects and 

improve interspecific comparisons (Gallego Romero et al. 2015). By immunostaining, 

protein expression profiling corroborates the transcriptomics findings (Figure 3.3B) and 

implicates NBPF function at several stages of corticogenesis. 
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Subcellular localization of endogenous NBPF proteins was characterized in 

monolayer cortical NPCs differentiated from the six human and chimpanzee iPSC lines 

using the pan-NBPF-DUF1220 antibody. We observed cytoplasmic localization of NBPF 

proteins at the Golgi apparatus, microtubules, the mitotic spindle apparatus, and the 

midbody of mitotic hNPCs, which may suggest a role in abscission (Figure 3.3C and 

S3.1C). There was a notable enrichment in NBPF signal in mitotic hNPCs compared to 

interphase hNPCs. Conversely, we see little to no NBPF signal in interphase chimpanzee 

NPCs (cNPCs), consistent with transcriptomic findings (Figure 3.3D). However, a slight 

signal was observed at the metaphase plate as well as at the spindle poles during 

anaphase in mitotic cNPCs, suggesting lowly expressed NBPF proteins that are not 

human-specific may function during cell division in primate cortical NPCs. This potentially 

supports the hypothesis that hsNBPF DUF1220-expanded proteins have retained a 

shared, ancestral function with other primate NBPF paralogs.  

Since NBPF proteins are almost exclusively comprised of DUF1220 protein 

domains of uncharacterized function, we searched the literature for other DUF1220-

containing proteins. The only other gene in the human genome containing a DUF1220 

protein domain is PDE4DIP, or Myomegalin, which encodes a single copy of DUF1220 

that is distinct in sequence identity (by ~70%) from NBPF-DUF1220 sequences 

(O'Bleness et al. 2014; O'Bleness et al. 2012). The PDE4DIP-DUF1220 domain may be 

the ancestral sequence of NBPF-DUF1220 domains based on a minimum evolution-

based consensus phylogenetic tree on all DUF1220 sequences in the human genome 

(Keeney et al. 2015b). Shared subcellular localization pattern of NBPF proteins with 
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PDE4DIP raises the possibility that NBPF proteins may retain putative ancestral functions 

of PDE4DIP via DUF1220 domains in NPCs. 

 

3.2.3 NBPF proteins putatively interact with proteins important for NPC 

proliferation 

To explore molecular functions of NBPF proteins in cortical NPCs, we tagged human 

NBPF15 for controlled immunostaining and pull-down experiments. NBPF15 represents 

a primate-specific ortholog, and while we sought to investigate hsNBPF14 given its copy 

number expansion, enrichment in NPCs, and disruption in 1q21DDS, we ultimately had 

to settle on NBPF15 overexpression after significant technical hurdles with isolating and 

cloning hsNBPF14 sequence into an expression plasmid. However, using NBPF15 

overexpression as a proxy for increased DUF1220 expression still allows us to test for a 

DUF1220 dosage effect. We used a piggybac tetracycline-on system (H9iNBPF15-FLAG) to 

generate inducible hESC lines, followed by differentiated to hNPCs for induction together 

with uninduced, empty vector control hESCs (H9EV) (Figure 3.4A). Following 48 hours of 

doxycycline-induction, replicate H9iNBPF15-FLAG and H9EV NPCs were collected for 

immunostaining as well as FLAG-immunoprecipitation followed by mass-spectrometry 

(IP-MS) to identify putative protein interactors. FLAG-immunostaining confirmed 

cytoplasm localizations observed with pan-NBPF-DUF1220 antibody, with an enrichment 

of signal at the spindle apparatus and near the midbody of dividing cells (Figure 3.4B). 

There is also a similar localization of NBPF15-FLAG in surrounding interphase cells as 

described for DUF1220-containing PDE4DIP, consistent with Golgi association and 

microtubules (Figure 3.4B). Given microtubule localizations throughout the cell cycle, 
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NBPF proteins could help facilitate the protracted window of symmetric divisions of vRG 

by ensuring proper spindle orientation during mitosis that distinguish humans from 

chimpanzees, coupled with establishment of proper apicobasal polarity upon which both 

interkinetic nuclear migration of vRG and mitotic somal translocation of oRG depend for 

proliferative divisions.  

To identify proteins that interact with NBPFs at the Golgi, microtubules, and the 

midbody, we prioritized IP-MS hits with greater than two-fold enrichment in bait samples 

based on either peptide sequence matches or abundance measures (Figure 3.4C). To 

exclude potential false positives, top hits were filtered through an online repository of 

common protein contaminants in AP-MS experiments (CRAPome), resulting in a list of 

114 proteins. Gene Ontology Pathway Analysis was performed on the final list, and 

enriched categories of interest included cell-cell adhesion, regulation of apoptosis in brain 

development, proliferation, and mitotic spindle organization (Figure 3.4D). Using a more 

stringent filtering of less than 10% in the CRAPome database, STRING Network analysis 

was performed to identify enriched protein-protein networks (Figure 3.4E). From this 

analysis, we identified enriched interaction networks of proteins associated with the 

extracellular matrix (TNC, FN1, and LGALS1) and microtubules/filaments (NES, DCX, 

and TUBB3). Both the extracellular environment as well as cytoskeletal organization is 

important for proper development and maintenance of the NPC architecture upon which 

neuronal migration relies, and disruptions can cause several cortical malformations 

including premature differentiation leading to microcephaly (Ferent et al. 2020). Further, 

the delayed shift from proliferative to neurogenic cell divisions in the developing human 

cortex relative to chimpanzees is partly regulated by temporal differences in 



 114 

establishment of extracellular matrix and cytoskeletal organizations—biology which may 

be afforded by increased NBPF proteins in hNPCs. Interestingly, other NBPF proteins 

(NBPF1 and NBPF9) interact with NBPF15, validated by replicate co-immunoprecipitation 

of NBPF15 at ~70 kD with NBPF proteins at ~130 kD (Figure 3.4F). While NBPF proteins 

remain unassociated with any interactors in current public databases, highlighting the 

paucity of data on NBPF proteins, this finding of NBPF-NBPF interactions has important 

implications for novel biology in hNPCs.  

For species comparisons, we generated inducible chimpanzee iPSC lines 

(C40280iNBPF15-FLAG, C3647iNBPF15-FLAG) to express hNBPF15-FLAG in differentiated 

cNPCs together with empty vector controls. In cNPCs, NBPF15-FLAG IP-MS identified 

far fewer enriched proteins and no specific proteins overlapped between human and 

chimpanzee datasets (Figure 3.4G). However, enriched functional categories of hits 

included regulation of cell growth, intra-Golgi and retrograde Golgi-to-ER traffic, and 

remodeling of extracellular matrix—findings consistent with hNPC observations (Figure 

3.4H). While not identified in hNPCs, top candidate interactors in cNPCs highlight 

potential shared functions with hNPCs at mitotic biology and microtubule dynamics: 

KLHL9 (regulates AURKB dynamics on mitotic chromosomes and influences mitotic 

progression and cytokinesis completion (Maerki et al. 2009; Sumara et al. 2007)), 

ARFGAP2 (involved in protein transport between the Golgi and endoplasmic reticulum 

(Frigerio et al. 2007)), PAFAH1B3 (involved in neuronal migration and implicated in 

lissencephaly (Sweeney et al. 2000)), and CEP128 (centriole and spindle pole associated 

protein that functions in neural development (Mönnich et al. 2018)). Nevertheless, the 

fewer detected interacting proteins may reflect differences between NBPF-mediated 
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biology in a human versus chimpanzee cellular background due to a greater impact of 

NBPF dosage in humans, which enhances the proliferative capacity of vRG and oRG 

hNPCs.  

 

3.2.4 Ectopic expression of NBPF15 in human and chimpanzee cortical organoids 

suggests critical dosage threshold necessary for elevated proliferation 

To test the hypothesis that NBPF dosage impacts human neural development, we 

evaluated the effect of ectopic human NBPF overexpression in chimpanzee cortical 

organoids and overexpression in human cortical organoids. Again, although NBPF15 

lacks the extreme triplet amplification of hsNBPF that makes up the majority of 

interspecific DUF1220 copy number differences, we sought to utilize NBPF15 

overexpression throughout development as a proxy for increased expression of 

DUF1220-expanded sequence. We generated three inducible chimpanzee iPSC lines 

(C40280iNBPF15-3xFLAG, C3647iNBPF15-3xFLAG, C3649iNBPF15-3xFLAG) to ectopically express 

human NBPF15 together with their respective unedited control cell lines (C40280WT, 

C3647WT, C3649WT). We also generated three inducible human iPSC lines 

(H20682iNBPF15-3xFLAG, H28834iNBPF15-3xFLAG, H23555iNBPF15-3xFLAG) for NBPF15 

overexpression along with respective unedited controls (H20682WT, H28834WT, H23555 

WT).  

We differentiated all control and inducible NBPF15-overexpression iPSC lines to 

cortical organoids across two differentiation replicates per condition. Organoids were 

induced for overexpression with doxycycline at day 14 in neural development with fresh 

doxycycline added to media every 48 hours (Figure 3.5A). Cross section organoid area 
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was measured weekly starting at day 28 neural differentiation (ND) through day 56ND. 

Given that the human genome contains ~115 additional DUF1220 haploid copies relative 

to the chimpanzee genome (Fiddes et al. 2019), coupled with enriched expression in the 

developing brain, we predicted that NBPF overexpression in a DUF1220-rich genomic 

background (human) would have a marginal effect on cortical growth compared to 

overexpression in a DUF1220-low genetic background (chimpanzee). Unexpectedly, 

based on overall size, we observed a stronger effect in human cortical organoids starting 

at day 42ND (p=<0.0001, unpaired two-tailed t test) (Figure 3.5B). There is a subtle trend 

towards increased size captured in chimpanzee organoids at days 49ND and 56ND, 

however this finding is not significant (unpaired two-tailed t test) (Figure 3.5C). This 

finding may suggest that human cells meet a critical DUF1220 dosage threshold wherein 

excess has a more profound phenotypic impact that is not recapitulated in chimpanzee 

cells.  

 

3.2.5 Depletion of DUF1220 diminishes proliferation and causes premature 

differentiation in human cortical organoids 

To test the hypothesis that depletion of endogenously expressed NBPF in hNPCs (i.e., 

NBPF14 and NBPF10) results in a decrease in NPC proliferation and/or premature 

differentiation, biology that is known to cause a reduction in cortical neuron number and 

lead to smaller brain size, we used CRISPR/Cas9 editing to introduce an early termination 

codon in hsNBPF14 in H9 ESCs. Briefly, we used an sgRNA designed to target an early 

exon downstream of any predicted transcription start sites with 100% match to 

NBPF14/10 in conjunction with a ssODN retaining complete homology to the target locus 
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except for 17 bp changes that served to 1) abolish the PAM site and 2) introduce unique 

primer sequence for screening (M13R) upon homologous recombination during double-

strand break repair (Figures 3.6A and 3.6B). To screen colonies and identify edited 

clones, PCR and Sanger sequencing were used with an upstream NBPF forward primer 

and M13R (Figure 3.6C). Using the pan-NBPF-DUF1220 antibody, western blot analysis 

confirmed NBPF protein reduction in NPCs differentiated from three independently 

CRISPR-edited clonal ESC lines compared to unedited control NPCs (Figures 3.6D and 

3.6E). Given the inability to distinguish between paralogs and isoforms of NBPF proteins 

with western analysis, further genotyping was performed using PacBio long-read HiFi 

sequencing, achieving high quality reads with ~5x genome-wide coverage (Figure 

S3.2A). We confirmed the M13R-disrupting allele in one of the three edited lines that may 

suggest heterozygous editing of NBPF14, which would be consistent with NBPF14 

genotypes of 1q21DDS (Figure S3.2B). In addition to confirmation of M13R allele, 

mapping of HiFi reads to hsNBPF sequence indicates several putative indels surrounding 

the target locus (Figure S3.2B) as well as at other NBPF loci (data not shown) that may 

have been generated during editing and contribute to the observed reductions in protein 

levels by western analysis. However, this may also reflect alignment issues using long-

read HiFi reads for highly repetitive NBPF genes. Although sequencing and western blot 

were inconclusive, they nevertheless support depletion of NBPF-DUF1220 sequence on 

a protein level. Given this, we further explored phenotypes in these models to evaluate a 

reduced dosage effect on cortical growth. 

The remaining analyses focus on organoid findings from the one edited line with 

HiFi reads confirming the presence of the M13R allele and will be referred to as H9NBPF-



 118 

DUF1220D. H9NBPF-NBPF-DUF1220D ESCs were differentiated to cerebral organoids and collected 

at day 32ND together with H9WT controls. Immunofluorescent staining was performed on 

12 organoids per genotype from two replicate differentiations (6 per replicate). Grossly, 

H9NBPF-DUF1220D organoids have a thinner and less organized neuroepithelium with fewer 

cells per neural rosette (NR) compared to controls (Figures 3.6F and 3.6G). H9NBPF-

DUF1220D NRs showed a significant reduction in KI67-positive proliferating cells (p = 0.0352, 

two-tailed t test) and a significant increase in NEUN-positive immature neurons (p = 

0.0223, two-tailed t test) suggesting a potential trend towards premature differentiation 

(Figure 3.6H and 3.6I). Together, depletion of NBPF-DUF1220 protein in human cerebral 

organoids impairs proliferation and may result in slight premature differentiation during 

early corticogenesis—biology consistent with pathogenic mechanisms of microcephaly. 

These findings support the hypothesis that NBPF proteins are important for establishing 

cortical neuron number via regulating NPC dynamics.  

To further investigate cellular composition and subtle biological defects not 

detected by immunohistochemistry, scRNAseq was performed on four organoids at day 

32ND per genotype. The total cell yield was lower in the control lines compared to H9NBPF-

DUF1220D, and relatively low for both genotypes compared to other scRNAseq datasets. 

Thus, to fully complement the immunohistochemistry, additional replicates and higher cell 

numbers are required to evaluate cellular ratios important for dissecting proliferation 

versus differentiation in an unbiased way. Nevertheless, we were able to identify 

predicted cell clusters for early-stage organoids (Figure 3.7A). Differences in specific cell 

cluster proportions were observed. A larger proportion of H9NBPF-DUF1220D organoid cells 

made up the deep-layer (DL) cortical neuron and immature neuron clusters compared to 
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H9+/+ cells (Figure 3.7B). Conversely, a smaller proportion of H9NBPF-DUF1220D organoid 

cells was observed for mitotic, cortical neuron, and interneuron clusters (Figure 3.7B). In 

terms of common markers, fewer H9NBPF-DUF1220D progenitor cells expressed proliferation 

markers PCNA and MKI67 than control cells whereas more H9NBPF-DUF1220D cells 

expressed DCX in immature neuron cluster, findings consistent with immunostaining 

(Figure 3.7D). In the cortical DL neuron cluster, more H9NBPF-DUF1220D cells expressed early 

born neuron marker, TBR1, yet fewer H9NBPF-DUF1220D cells expressed layer 5 cortical 

neuron marker, CTIP2, in the general cortical neuron cluster. The latter finding is 

consistent with the subtle trend towards decreased CTIP2 per neural rosette observed 

from immunostaining (Figure 3.6J). These cortical neuron cluster differences could 

indicate premature differentiation and/or cortical lamination defects.  

GO-terms enriched biological categories of the differential genes identified across 

cell clusters in H9NBPF-DUF1220D organoids included: G2/M mitotic cell cycle, actin filament 

organization, neuron migration, positive regulation of cell size, negative regulation of 

microtubule polymerization, axon guidance, protein processing at the endoplasmic 

reticulum, microtubule binding, cognitive trait, Schizophrenia and Autism, and 

neuropsychiatric disorders. These categories suggest NBPF genes are important for 

brain development and proliferation dynamics, potentially through regulation of 

cytoskeleton components and cell cycle kinetics. These findings are consistent with 

subcellular localization patterns and enriched pathways/networks in the NBPF15-FLAG 

IP-MS results, together implicating NBPF proteins in proliferative biology during 

corticogenesis.  
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3.3 DISCUSSION 

Phylogenetic copy number expansion of NBPF-DUF1220 sequence has been proposed 

as a contributor to cortical size expansion in primates (Keeney et al. 2014). Humans, who 

have triple the size of the chimpanzee brain with double the number of neurons and the 

most profound prefrontal cortex expansion across apes, acquire double the copies of 

NBPF-DUF1220 as chimpanzees from hsSDs that arose following the divergence of 

human and chimpanzee lineages (Kronenberg et al. 2018; Mora-Bermúdez et al. 2016; 

O'Bleness et al. 2014; O'Bleness et al. 2012; Smaers et al. 2017). Further, hsNBPF 

duplicate genes that contribute to this doubling of NBPF-DUF1220 sequence show 

evidence of a remarkable enrichment in expression in the developing brain (Fiddes et al. 

2019; Kronenberg et al. 2018; Pollen et al. 2019). While there are multiple contenders for 

cortical expansion that arose with the sequential SDs throughout ape evolution 

(Dougherty et al. 2017; Fiddes et al. 2018; Florio et al. 2015; Suzuki et al. 2018), we 

provide compelling evidence that NBPF genes are players in cortical expansion.  

The functional fate of duplicate genes in the NBPF gene family in humans certainly 

involves gene structure divergence from ancestral copies in the form of copy number 

expansion as well as transcriptional divergence due to differential promoter acquisition. 

There are two general models of functionalization following gene duplication for genes 

that are maintained and escape pseudogenization that we will consider for NBPF 

duplicates. One is retention of ancestral function, often in the form of subfunctionalization 

whereby duplicates acquire changes that allow them to divvy up ancestral functions 

(Force et al. 1999; Hughes 1994; Piatigorsky and Wistow 1991). The other is 

neofunctionalization, where a derived function(s) arises from sequence divergence of 
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either or both copies (Lynch and Katju 2004; Ohno 1970). Our findings support a model 

of cis-regulatory divergence during NBPF evolution in primates that resulted in 

enrichment of NBPF protein expression in the developing human brain, potentially 

reflecting subfunctionalization, coupled with sparse, low expression of other NBPF genes 

across cell types. Further, we provide evidence to suggest a NBPF dosage model with 

retained/redundant ancestral functions afforded by DUF1220 protein domains during 

neural development wherein increased dosage elevates NPC proliferative capacity and 

reduced dosage impairs proliferation.  

Our findings of shared subcellular localizations of NBPF proteins in human and 

chimpanzee mitotic NPCs (albeit low signal in mitotic cNPCs), as well as between NBPF 

and DUF1220-carrying PDE4DIP proteins in human interphase and mitotic NPCs, 

suggest shared functions via DUF1220 domains in human corticogenesis. PDE4DIP 

expression is largely confined to heart and skeletal muscle where it localizes to both the 

Golgi apparatus and the centrosome to activate nucleation and help anchor gamma-

tubulin nucleating ring complexes—processes crucial for directed cell migration and 

establishing mitotic spindle orientation (Roubin et al. 2013). While PDE4DIP has not been 

directly linked to microcephaly, its functions at affected biology in microcephaly and 

interacts with primary microcephaly gene, CDK5RAP2. From IP-MS, we identified 

putative evidence for NBPF interaction with LGALS1 which interacts with the PDE4DIP-

interacting partner, LGALS3BP, that is in complex with PDE4DIP at the Golgi apparatus 

and centrosomes (Roubin et al. 2013), further suggesting shared functions of NBPF15 

with PDE4DIP via DUF1220. In support of NBPF proteins functioning at cell biology 

important for NPC proliferation in cortical growth, we identified putative interactions of 
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NBPF15 with syndromic microcephaly genes, cytoskeletal proteins, and extracellular 

matrix proteins. Additionally, our comparative IP-MS analysis of NBPF15 in human and 

chimpanzee backgrounds indicates interaction with different proteins but at similar 

biology, supporting a model of shared NBPF functions in both species. However, there 

may be a critical threshold for which increased or decreased DUF1220 dosage has a 

substantial effect on cortical growth that is achieved in human cells, as evidenced by our 

interspecies NBPF15-overexpression cortical organoid analysis. A genomic trade-off of 

NBPF-DUF1220 dosage has been previously pondered wherein a minimal and maximum 

threshold in copy number has been proposed for unaffected corticogenesis, and dosage 

decrease or increase beyond this threshold causes neurodevelopmental/neuropsychiatric 

disorders (Sikela and Searles Quick 2018). 

The lack of shared protein partners between human and chimpanzee IP-MS 

experiments may reflect structural plasticity of NBPF15 afforded by its intrinsically 

disordered regions (IDRs). NBPF proteins are characterized as intrinsically disordered 

proteins (IDP) (Van Bibber et al. 2020), which are predicted to have conformational 

flexibility typically in absence of interaction with specific protein partners (Wright and 

Dyson 2015). At least one molecular recognition feature (MoRF)—features that undergo 

disorder-to-order transitions upon protein binding—per DUF1220 region has been 

observed, suggesting that intrinsic-disorder-based interactions are important for NBPF 

protein function (Van Bibber et al. 2020). Proteins with IDRs and low complexity regions 

tend to undergo liquid-liquid phase separation (LLPS) (Banani et al. 2017; Ditlev et al. 

2018; Lin et al. 2018), especially for proteins that have several copies of domains that 

interact with each other at low affinity (Banani et al. 2017; Ditlev et al. 2018; Lin et al. 
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2018). Indeed, from IP-MS, we found evidence of NBPF15 interaction with NBPF1 and 

NBPF9 in hNPCs. Consistent with this, previous evidence has shown that NBPF15 N-

terminal region is able to form aggregates and undergo phase transition (Wu et al. 2020a). 

Considering our findings strongly implicate NBPF proteins at the mitotic spindle 

apparatus, formation of which is known to be driven in part by LLPS (Jiang et al. 2015; 

Tiwary and Zheng 2019), one avenue for future investigation is to test if NBPF-DUF1220 

domains interact with each other to drive biomolecular condensation important for 

microtubule dynamics in NPC activity and polarity, and that an increase in NBPF-

DUF1220 dosage corresponds to elevated capacity for LLPS.  

Given the repetitive nature of young NBPF duplicates, multimapping reads cannot 

be ruled out in short read sequencing data which likely obscures the characterization of 

paralog-specific expression profiles as well as the contribution of isoform diversity in the 

presented data. This renders our transcriptomic data only suggestive and warrants follow-

up investigation using long-read RNA sequencing approaches to dissect NBPF paralog 

expression across development. In addition, whole organoid area measurements from 

overexpression models do not tell us what is happening on a NR level, so further 

investigation of correlated NR phenotypes are necessary to assess proliferative 

mechanisms. It also remains to be tested if DUF1220 domain clades are functionally 

distinct in addition to their sequence diversity. If they are, this could afford human-specific 

triplet DUF1220-expanded NBPFs novel functional divergence in the developing brain 

that will be necessary to assess for implications in 1q21DDS pathogenicity and human 

cortical evolution. Lastly, while gene duplication is a prevalent mechanism across 

eukaryotes, estimated to have created >30% of genes (Zhang 2003), it often leads to 
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pseudogenization (Ohno 1970). Thus, we acknowledge that most duplicate genes are 

expected to undergo non-functionalization with an estimated half-life of 4 million years, 

which is older than most hsSDs including those that created hsNBPF and hsNOTCH2NL 

duplicates (Dennis et al. 2017; Lynch and Conery 2000, 2003). It is likely that most recent 

NBPF genes are in a transitory phase either towards loss or towards fixation by natural 

selection. Nevertheless, this research provides evidence that NBPF proteins are 

important for primate evolutionary biology and contribute to extant human biology. 

In conclusion, our study provides novel data into NBPF protein expression, 

localization, and function in human and chimpanzee models of neural development. 

Utilizing human and chimpanzee NPC and cortical organoid models, we confirm enriched 

NBPF expression profiles in the human brain on a protein level and provide novel 

characterization of NBPF cytoplasmic subcellular localizations consistent with Golgi 

apparatus, microtubules, mitotic spindle, and the midbody. Organoid dosage models 

provide evidence that NBPF-overexpression enhances cortical growth and NBPF-

depletion reduces NPC proliferative capacity, implicating NBPF proteins in establishing 

cortical size. Our findings further implicate NBPF in the etiology of neurodevelopmental 

disorders. 

 

3.4 METHODS 

Human and chimpanzee ESC/iPSC culture 

H9 human embryonic stem cells (female, WA09, WiCell) and all human and chimpanzee 

iPSC lines were cultured using feeder free conditions on Matrigel (Corning with mTeSR-

1 (STEMCELL Technologies). Passaging was performed using mTeSR-1 supplemented 
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1 nM ROCK inhibitor (BD Biosciences 562822) to prevent differentiation. Both manual 

and chemical dissociation with Versene (Gibco 15040066) were performed for splitting. 

Karyotype and CNV microarray analyses were performed on H9 lines prior to 

CRISPR/Cas9 editing, and again before long read genomic and RNA sequencing, to 

ensure no pathogenic changes were acquired during culturing. iPSC lines H20682 

(human female), H28834 (human female), H23555 (human male), C40280 (chimpanzee 

female), C3647 (chimpanzee female), and C3649 (chimpanzee female) were a gift from 

Yoav Gilad and are described in (Gallego Romero et al. 2015). No further validation of 

the iPSCs lines was performed in our lab. 

 

Generation of overexpression cell lines 

For NBPF15-mCherry expression, 3 µg phCMV1-NBPF15-mCherry (gifted to our lab from 

Aaron Issaian and Kirk Hansen and cloned from isolated NBPF15 cDNA) was co-

electroporated into H9-derived hNPCs (H9NBPF15-mCherry). To establish the doxycycline-

inducible NBPF15 lines (H9iNBPF15-FLAG and C40280iNBPF15-FLAG), NBPF15 sequence was 

cloned from phCMV1-NBPF15-mCherry into the piggybac plasmid pPBhCMV1-NBPF15-

FLAG-pA, followed by co-electroporation of pPBhCMV1-NBPF15-FLAG-pA (2 µg) and 

pPBCAG-rtTAM2-IRES-NEO-pA (1 µg) into ~1 x 106 ESCs or iPSCs with the piggybac 

transposase helper plasmid pPBase (1 µg). In addition, ~1 x 106 ESCs or iPSCs were 

electroporated at the same time with pPBhCMV1-NBPF15-FLAG-pA (2 µg) and pPBase 

(1 µg) only as a control for cell survival during drug selection. NBPF15-3xFLAG inducible 

lines with an induction fluorescence marker (H20682iNBPF15-3xFLAG, H28834iNBPF15-3xFLAG 



 126 

H23555iNBPF15-3xFLAG, C40280iNBPF15-3xFLAG, C3647iNBPF15-3xFLAG, C3649iNBPF15-3xFLAG) were 

created by modifying pPBhCMV1-NBPF15-FLAG-pA plasmid to pPBhCMV1-NBPF15-

3XFLAG-pA-eGFP-P2a and electroporated as described above. CON1 and HLS1-HLS2-

HLS3 domain sequence was isolated from NBPF15 cDNA and cloned into pPBhCMV1-

pA-mCherry-P2a followed by electroporation, as indicated above, into human and 

chimpanzee NPCs to generate inducible lines H20682CON1-3xFLAG, C40280CON1-3xFLAG 

H20682HLS1-HLS2-HLS3-3xFLAG, C40280 HLS1-HLS2-HLS3-3xFLAG.  

All electroporations were performed with addition of pmaxGFP for visualization of 

electroporation efficiency (1 µl) using the Human Stem Cell Nucleofector Kit 1 (Lonza, 

VPH-5012) and Amaxa Nucleofector following manufacturer’s instructions (Lonza, A-23). 

After 48 hours post-electroporation, cells with integrated pPBCAG-rtTAM2-IRES-NEO-pA 

were selected for by supplementing mTeSR-1 media with G418 (300 µg/ml, Corning 

61234RF). After three days of selection, complete loss of cells is observed in the control 

well. After seven days of drug selection, cells are split using serial dilution for single colony 

screening for integration of pPBhCMV1-pA using PCR amplification primers targeting a 

unique region of the plasmid upstream of NBPF15. For NBPF15-FLAG and NBPF15-

3xFLAG transgene induction, hNPCs and cNPCs were treated with 2 µg/mL Doxycycline 

(Thermo Scientific 446060050) for 48 hours for immunostaining and immunoprecipitation.  

 

CRISPR/Cas9 editing of cell lines 

To generate H9NBPF-DUF1220D ESCs, CRISPR/Cas9 editing was performed. The sgRNA 

was designed to target NBPF14, with as few matches as possible to other NBPF paralogs, 

using the online tool provided by the Zhang lab (http://crispr.mit.edu). The selected 
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sgRNA had 100% match to both NBPF14 and NBPF10, with 3 or more mismatches to 

other NBPF loci. Cloning of the sgRNA was performed by first annealing and 

phosphorylating sense and antisense oligos of the sgRNA and then cloning the duplex 

into pSpCas9(BB) (PX330) (Addgene plasmid # 42230) via digestion with BbsI (NEB 

R3539S) and ligation with T4 ligase. The U6 forward primer was used to confirm plasmid 

presence in selected bacterial colonies. Selected cultures were expanded, and plasmids 

were isolated and purified by maxiprep (Qiagen A29739). Confluent H9 ESCs were 

electroporated as described above using 3 µg of pX330 plasmid together with 3 µg of a 

200 bp single-stranded oligodeoxynucleotide (ssODN) to promote homologous 

recombination and designed with homology to the target locus except for 17 bp 

differences in the middle of the ssODN to introduce M13R sequence at the target site, 

serving to 1) ablate the PAM site, 2) introduce an early termination codon, and 3) provide 

unique primer sequencing for colony screening. Following electroporation, cells were 

serially diluted and passaged into 96-well plates and screened by PCR and Sanger 

sequencing using an NBPF14/10 forward primer and M13R. Serial dilution of positive 

colonies was performed until single colonies were obtained. Based on PCR screening, 

three H9-edited clonal lines were maintained for further genotyping and analysis. Primers, 

sgRNA, and ssODN sequences are provided in Table 3. 

 

Human and chimpanzee cortical organoid and NPC differentiation 

Telencephalic cerebral organoids were generated based on previously published 

protocols (Lancaster et al. 2013), with few modifications to start with low cell density in 

order to generate smaller and more consistent embryoid bodies (EBs). Briefly, human 
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and chimpanzee iPSCs were passaged into 96-well V-shaped bottom ultra-low 

attachment cell culture plates (PrimeSurface® 3D culture, MS-9096VZ) to achieve a 

starting cell density of 600-1,000 cells per well in 30 µl of mTesRTM1 with 1 nM ROCK 

inhibitor. After 36 hours, 150 µl of N-2/SMAD inhibition media (cocktail of 1X N-2 

supplement (Invitrogen 17502048), 2 µM A-83-01 inhibitor (Tocris Bioscience 2939), and 

1 mM dorsomorphin (Tocris Bioscience 309350) in DMEM-F12 (Gibco 11330032)) was 

added for neural induction. On day 7, EBs were transferred to Matrigel-coated plates to 

enrich for neural rosettes at a density of 20-30 EBs per well of a 6-well plate, and media 

was changed to neural differentiation media (0.5X N-2 supplement, 0.5X B-27 

supplement (Invitrogen 17504044) with 20 pg/µl bFGF and 1mM dorsomorphin inhibitor 

in DMEM/F-12). For organoid differentiation EBs were outlined on day 14 using a pipet 

tip and uplifted carefully with a cell scraper to minimize organoid fusion and tissue ripping. 

Media was changed once more to N-2/B-27 with bFGF only and plates with uplifted 

organoids were placed on a shaker in the incubator set at a rotation speed of 90. On day 

14, media was changed once more to N-2/B-27 with bFGF only. Prior to day 14, media 

changes were performed every 48 hours. After day 14, daily media changes were 

performed until collection. For monolayer NPC differentiation, neural rosettes were scored 

and uplifted on day 14, dissociated in Accutase (Gibco A1110501), and re-plated on poly-

L-ornithine (PLO)/Laminin-coated plates for NPC expansion, selection, and passaging. 

15 μg/mL PLO (Sigma-Aldrich P4957) diluted in DPBS (Gibco 14040-133); 10 μg/mL 

laminin (Sigma-Aldrich L2020) diluted in DMEM/F-12.  

H9WT and H9NBPF-DUF1220D organoids were differentiated based on an older version 

of this protocol that followed the steps as described above except for differentiation began 
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from a confluent dish of PSCs and tissue was manually scored and uplifted for EB 

formation by shaking at day 3. 

 

HMW genomic DNA isolation  

Phenol-chloroform extractions were performed on the screened NBPF14-targeted H9 

ESC lines to obtain high molecular weight (HMW), high quality gDNA for long read 

sequencing. Briefly, cells were transferred to 1.5 mL Eppendorf tubes and pelleted at 

3400 rpm. Media was removed and replaced with ~550 µl lysis buffer per ~1 x 106 cells. 

Cells in lysis buffer are incubated for digestion overnight at 55°C. 2x volumes of phenol 

is added to remove protein, mixed by vertexing, and spun at 3000 rpm for 5 minutes. 

Upper aqueous layer is transferred to a fresh tube and 1x volume of chloroform is added, 

mixed, and spun. Supernatant is transferred for DNA precipitation by addition of 0.1 

volume of 3 M sodium acetate and 2.5 volumes of cold 100% ethanol (-20°C). Sample is 

mixed by inversion and incubated in the -80°C for 1 hr. Sample is spun at 10,000 rpm and 

supernatant is removed. Precipitate is washed with cold 70% ethanol (4°C) and then air 

dried for 10 minutes at room temperature. gDNA pellet is resuspended in low TE for 48 

hours at 4°C without mixing. Concentration was assessed using Nanodrop and Qubit.  

 

PacBio HiFi sequencing and analysis 

For long-read genotyping, 70-100 µg of HMW gDNA per sample was shipped on dry ice 

to the University of Oregon Genomics and Cell Characterization Core Facility (GC3F) for 

QC, single-plex genome assembly library preparation, and sequencing. For HiFi read 

preparation, gDNA was sheared using BluePippin selection at 10-20kb fragments and 
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libraries were sequenced on 2-3 SMRT cells per sample. Average read lengths from 

sequencing were 10-20 kb with average genome coverage of ~5x. NanoPlot (De Coster 

et al. 2018) was used to visualize read lengths by average read quality using kernel 

density estimates and histogram plots in Python3 (v3.10) (Van Rossum and Drake Jr 

1995). HiFi reads were then aligned to the hg38 reference genome using Winnowmap 

(Jain et al. 2022; Jain et al. 2020) and Minimap2 (Li 2018) as described and indexed bam 

files were loaded into Integrated Genome Viewer (IGV) for alignment visualization 

(igv.org).  

 

Organoid dissociation and single-cell RNA sample preparation 

Organoid tissue was dissociated for single-cell RNA preparation as follows. First, 2-4 

medium-sized organoids were transferred to a glass slide and cut with a sterile razor into 

several, tiny pieces. Pieces were then transferred to a fresh tube containing acidified 

EBSS using an unfiltered and cut pipette tip and suspended. EBSS was then aspirated 

and a 1:10 ratio of DNase solution (17.5 µL Papain, 0.5 µL 1 M EDTA, 11 µL 0.5 M 

Cysteine HCL and 971 µL acidified EBSS) to papain solution (0.8 µg DNAse in 800µL of 

acidified EBSS) was added to the tissue, mixed by flicking, and incubated in 37˚C bead 

bath for 8 minutes. Following incubation, tissue was triturated carefully to avoid bubbles 

using a glass pipette tip (~13 times) and then centrifuged for 5 minutes at 2,000 rpm. 

Supernatant was removed then pellet was resuspended in 1:9 DNase solution with 

albumin-ovomucoid inhibitor (AOI) to acidified EBSS and filtered through a 70 µm cell 

strainer. Fresh AOI was added to create a continuous density gradient and centrifuged at 
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1000 rpm for 5 minutes. Supernatant was removed, pellet was resuspended in N-2/B-27 

+ bFGF media by flicking, and cell number and viability were assessed.  

Seq-Well single-cell RNA preparation was performed as described in (Gierahn et 

al. 2017). Briefly, 90,000-picowell Seq-Well arrays were functionalized and loaded with 

barcoded beads (ChemeGenes). ~20,000 dissociated cells were loaded onto the arrays 

and incubated for 15 minutes. PBS washes were performed to remove residual BSA and 

excess cells. Functionalized membranes were sealed in an Agilent clamp to the top of the 

arrays and incubated at 37° for 45 minutes. Sealed arrays were incubated in lysis buffer 

(5 M guanidine thiocynate, 1 mM EDTA, 0.5% sarkosyl, 1% BME) for 20 minutes followed 

by 45-minute incubation in hybridization buffer (2 M NaCl, 1X PBS, 8% PEG8000). Beads 

were removed from arrays by centrifugation at 2,000 rcf for 5 minutes in wash buffer (2 

M NaCl, 3 mM MgCl2, 20 mM Tris-HCl pH 8.0, 8% PEG8000). For reverse transcription, 

beads were incubated with the Maxima Reverse Transcriptase (Thermo Scientific 

EP0742) for 30 minutes at room temperature then overnight incubation at 52°C, followed 

by Exonuclease 1 treatment (New England Biolabs) for 45 minutes at 37°C. Second 

strand synthesis was then performed with Maxima Reverse Transcriptase (Thermo 

Scientific EP0742) for 1 hour at 37°C as described (Hughes et al. 2020). Whole 

transcriptome amplification was performed using the 2x KAPA Hifi Hotstart Readymix 

(KAPA Biosystems). Beads were split to 1,500-2,000 per reaction and run under the 

following conditions: 4 cycles (98°C, 20s; 65°C, 45s; 72°C, 3m), 12 Cycles (98°C, 20s; 

67°C, 20s; 72°C, 3m), final extension (72°C, 3m, 4°C, hold). Products were purified with 

Ampure SPRI beads (Beckman Coulter CNGS005) at 0.6X volumetric ratio then 1.0X 
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volumetric ratio. Libraries were prepared using the Illumina Nextera XT kit and sequenced 

on Illumina NextSeq (75-cycle). 

 

Single-cell RNA sequencing and bioinformatics analysis 

Sequencing reads were processed using a Drop-seq pipeline as described (Macosko et 

al. 2015). First, FASTQ files were converted to bam files, tagged with cell and molecular 

barcodes, and trimmed. Reads were mapped to hg38 using STAR alignment. Bam files 

were subsequently sorted, merged, and tagged with gene exons. Gene expression count 

matrices were generated. Cells with <300 detectable genes, >5000 genes, and/or >10% 

mitochondrial genes were removed from downstream analysis. Genes detected in less 

than 5 cells were excluded. Alter quality control filtering, a total of 2,890 cells were 

analyzed from H9NBPF-DUF1220D (4 organoid replicates) whereas only 970 total cells were 

sequenced from H9 controls (4 organoid replicates).  

We used the Seurat package (v4.0.6) in R for scRNAseq analysis and 

visualizations (Hao et al. 2021). We followed the Fast integration using reciprocal PCA 

(RPCA) vignette for integrative genotype analysis, which uses an optimized algorithm to 

identify anchors for any two datasets. This allowed us to identify cell clusters combining 

genotypes and visualize using UMAP dimensionality reduction plots. Cluster annotation 

was performed using the top defining genes in each cluster using Wilcoxon rank-sum test 

followed by cross-referencing with published scRNAseq from primary cortex and cortical 

organoid data available via the UCSC Cell Browser and scAPEx. Differential expression 

testing between genotypes for each cluster was performed with the FindMarkers() 

function with logfc.threshold=log(2), which perfoms a Wilcoxon rank-sum test. Genes 
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were considered differentially expressed if adjusted p-value was <0.05. DAVID analysis 

(david.ncifcrf.gov/tools) and Metascape analysis (metascape.org) (Zhou et al., 2019) 

were performed to identify enriched biological pathways based on Benjamini-Hochberg 

multiple hypothesis corrections of the p-values. 

 

Immunofluorescence staining and image quantifications 

Human and chimpanzee NPCs were fixed in 4% paraformaldehyde (PFA) for 20 minutes. 

Human and chimpanzee cortical organoids were fixed in 4% PFA for 24 hours at 4°C, 

cryoprotected in 15% and 30% sucrose in 1x DPBS for 24 hours at 4°C, then embedded 

in OCT with quick freezing in -50°C 2-methylbutane, followed by cryosectioning for 

immunostaining. Primary antibodies used: rabbit anti-NBPF (1:250, Invitrogen PA5-

83644), mouse anti-SOX2 (1:250, R&D Systems MAB2018), rabbit anti-KI67 (1:200, 

Abcam ab16667), rabbit anti-cleaved caspase3 (1:400, Cell Signaling 9661), goat anti-

DCX (1:400, Santa Cruz Biotechnology A1313), rat anti-CTIP2 (1:500, Abcam ab18465), 

mouse anti-NEUN (1:250, EMD Millipore MAB377); mouse anti-FLAG (10 µg/ml, Sigma-

Aldrich F3165). Samples for immunostaining were incubated for 1 hour with blocking 

buffer (5% NDS (Jackson ImmunoResearch) 0.1% Triton X-100, 5% BSA) at room 

temperature, then overnight with primary antibodies diluted in blocking buffer at 4°C, and 

for 2 hours in secondary dilution (1:400) at room temperature. Washes performed in PBS. 

For nuclear staining, samples were incubated at room temperature for 10 minutes in 

Hoescht (1:1000 dilution in PBS) prior to final washes.  

Glass covers were mounted onto all slides with Prolong Gold (Molecular Probes 

S36972) and incubated for 24 hours at room temperature prior to imaging. Imaging was 
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performed with a Nikon A1ss inverted confocal microscope using NIS-Elements 

Advanced Research software. Image analysis was performed using Fiji (ImageJ) 

software. Statistical significance of image quantifications was tested using a student’s 

two-tailed t-test, and data was plotted as mean ±SEM using GraphPad Prism (v9.3.1). 

 

Western blot analysis 

ESCs, iPSCs, and NPCs used for western blot analysis were pelleted and lysed in RIPA 

buffer supplemented with 1:50 protease inhibitor cocktail (Sigma-Aldrich P8340) and 

1:100 phosphatase inhibitor cocktail 3 (Sigma-Aldrich P0044) using mortar and pestle 

coupled with end-over-end rotation for 30 minutes to 1 hr at 4°C. Protein concentration 

was quantified by BCA (Thermo Scientific Pierce A53227). Lysis samples were then 

incubated at a 1:3 ratio with 4x Laemali sample buffer (Bio-Rad) supplemented with 10% 

BME and incubated at 95°C on a heat block for 5 minutes for denaturation. Samples were 

loaded into 4-20% SDS-polyacrylamide gels (Bio-Rad) and proteins were separated by 

electrophoresis at 30V for ~4 hours room temperature. Separated proteins were then 

transferred to PVDF membranes (Millipore) overnight using a wet transfer system (Bio-

Rad) at 4°C. For immunoblotting, membranes were incubated in 5% milk blocking buffer 

(1x TBS-T) followed by primary antibody incubation overnight at 4°C with rotation. 

Membranes were washed 3 times for 5 minutes in 1x TBS-T and then incubated with 

secondary antibodies for 1-2 hours at room temperature. Membranes underwent final 

washes before developing using West Femto Substrate (ThermoFisher 34095) with film 

exposure.  
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Primary antibodies used: anti-NBPF (1:1000, Invitrogen PA5-83644), anti-FLAG 

(10 µg/ml), and anti-b-actin (1:2500, Abcam ab6276). Secondary antibodies used: donkey 

anti-rabbit HRP-conjugated (1:5000, Cytiva NA9340V) and goat anti-mouse HRP-

conjugated (1:1000, Invitrogen 32430).  

 

Immunoprecipitation and mass spectrometry  

FLAG-immunoprecipitations were performed using anti-FLAG M2 Magnetic Beads 

(Sigma-Aldrich M8823) according to manufacturer’s instructions. Briefly, whole cell 

lysates were prepared as described above. 40 µl M2 beads were used for ~5 x 106 cells 

and washed with TBS as recommended. 1 mL lysate was added to M2 beads and agitated 

overnight at 4C to increase binding efficiency. Supernatant was removed from beads 

using a magnetic separator. Resin was washed gently three times with TBS, with the 

suspension being split into two fresh tubes during the third wash: one with 80% volume 

and the other with the remaining 20%. The 20% bound fraction was used for protein 

elution in 4x Laemali sample buffer (Bio-Rad) with heat activation for analysis by western 

blot as described above to confirm sufficient NBPF15-FLAG pull-down (Figure S3.1D). 

The 80% fraction, containing ~3-5 mg protein, was submitted to the UM Proteomics Core 

for Liquid Chromatography with tandem mass-spectrometry (LC-MS/MS). For H9 hNPCs, 

two control and two NBPF15-FLAG-bait replicates were submitted. For C40280 cNPCs, 

three controls and three NBPF15-FLAG-bait replicates were submitted for TMT Mass 

Tagging 6-plex (Thermo Scientific, 90061).  

LC-MS/MS data from hNPCs was searched against the Human Uniprot protein 

database (20,286 entries) whereas cNPC data was searched against Pan troglodytes 
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(Chimpanzee) Uniprot protein database (48,769 entries) appended with human NPPF 

proteins (18 entries). Both datasets were filtered for high confidence proteins based on 

number of peptides identified. Student’s two-tailed t-test was used to generate p-values 

of abundance differences. The ggplot2 package () in R (v4.1.2) was used to create 

volcano plots. Top hits with log2(Abundance ratio) >1 and p-value <0.001 were filtered 

through the Contaminant Repository for Affinity Purification (CRAPome, reprint-

apms.org) to remove commonly identified proteins. Data provided in Table 4 for hNPCs 

and Table 5 for cNPCs. Pathway enrichment analysis was performed using the DAVID 

database (david.ncifcrf.gov/tools) and Metascape (metascape.org) (Zhou et al., 2019) 

with Benjamini-Hochberg multiple hypothesis corrections of the p-values. To identify 

enriched protein networks, a STRING Network (v11.5, https://string-db.org) was 

generated after filtering for hits with less than 10% representation in the CRAPome 

database. 
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Figure 3.1. Cis-regulatory evolution of NBPF duplicate genes.  
(A) Illustration of human-specific gene duplication by segmental duplication followed by sequence expansion. (B) 
Distribution of NBPF protein-coding genes in the human genome on chromosome 1, showing enrichment in 1q21 
region. The six DUF1220 domain clades are represented by different colors. Proteins with pEVI5 are labeled. 
Duplicated hsNBPF-hsNOTCH2NL gene pairs are indicated with directionality. Far left shows the most affected 
1q21DDS interval. This illustration is re-created from Fiddes et al., 2019. (C) Phylogenetic NBPF tree depicting 
relatedness of hsNBPF paralogs. Re-created with same sequence data and software parameters as Fiddes et al., 
2019. NBPF 5’ sequences (1 kb sequence flanking the predicted start codon) were aligned using the Geneious Tree 
Builder function in Geneious Prime software (v2022.2) with a genetic distance model of Tamura-Nei (Tamura and Nei 
1993) and the neighbor-joining build method. (D) NBPF paralog-specific expression levels across cortical cell types 
represented with line graph (top) and heat map (bottom). Expression data was obtained from Kowakoski et al., 2017. 
NE, neuroepithelium. dRG, diving radial glia. eRG, early radial glia. tRG, truncated radial glia. vRG, ventricular radial 
glia. oRG, outer radial glia. EBN, early-born neurons. LBN, late-born neurons.  
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Figure 3.2. LCL RNAseq data from 463 individuals. 
Data obtained from (Shew et al. 2021). (A) Heatmap of expression level of NBPF genes (y-axis) per individual (x-axis) 
with phylogenetic trees based on expression values. Colors indicate increasing values from white to dark blue. (B) Jitter 
plot of TPMs per NBPF gene, colored by NBPF isoform. (C) Jitter plot of TPMs per NBPF gene colored by individual. 
Heatmap and jitter plots made in R (v4.1.2). 
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Figure 3.3. NBPF protein expression and localization in developing cortical organoids.  
(A) Schematic of differentiation timeline for human and chimpanzee cortical organoids and NPC cultures. (B) 
Immunofluorescence staining of human cortical organoids (H20682WT) with markers for radial glia progenitors (SOX2), 
immature neurons (DCX), and NBPF (DUF1220). Scale bar, 10 µm. Subcellular localization by immunofluorescence 
staining of NBPF-DUF1220 protein in cycling NPCs derived from (C) human (H20682WT) and (D) chimpanzee 
(C3647WT). Scale bar, 25 µm. 
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Figure 3.4. NBPF15-FLAG IP-MS in human versus chimpanzee NPCs.  
(A) Schematic of piggybac three-vector system to generate hNBPF15-FLAG, hNBPF15-3xFLAG, hNBPF15-CON1-
3xFLAG, and hNBPF15-HLS1-HLS2-HLS3-3xFLAG inducible lines followed by transgene induction in NPCs. (B) 
Immunostaining of Doxycycline-treated H9iNBPF15-FLAG hNPCs confirming transgene expression and subcellular 
localization. (C) Volcano plot of enriched proteins in NBPF15-FLAG bait hNPCs (H9iNBPF15-FLAG) compared to controls 
(H9WT), highlighted in purple. Two replicates per genotype. (D) Dotplot of enriched GO terms for top candidate NBPF15-
FLAG IP-MS hits in hNPCs. (E) Graphic of STRING Network analysis on Crapome-filtered top IP-MS hits. Grayscale 
represents increasing evidence for functional link. (F) FLAG co-immunoprecipitation and immunoblotting with anti-
NBPF-DUF1220 in bait and control hNPC replicates confirms interaction of NBPF15 (~70 kD) with other NBPF proteins 
(~130 kD and ~100 kD). (G) Volcano plot of enriched proteins in NBPF15-FLAG bait cNPCs (C40280iNBPF15-FLAG) 
compared to controls (C40280WT), highlighted in green. Three replicates per genotype. (H) Metascape network 
visualization of top hits within significantly enriched biological categories and corresponding p-values. 
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Figure 3.5. NBPF15 overexpression in human and chimpanzee cerebral organoids. 
(A) Neural differentiation timeline of doxycycline induction for NBPF15 overexpression in organoids. Weekly cross 
section area measurements of organoids at day 28ND to day 56ND for human (B) chimpanzee (C). Data shown as 
mean±SEM. Measurements collected from organoids differentiated across two independent differentiations per 
condition, and from iPSCs derived from three individuals, per species.   
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Figure 3.6. DUF1220-depleted cortical organoids exhibit proliferation defects.  
(A) Schematic of CRISPR/Cas9 editing strategy to introduce M13R truncating sequence by homologous recombination 
at NBPF14 target locus. (B) NBPF14 predicted 3D protein structure based on AlphaFold predictions. NBPF14 (Q5TI25) 
PDB structure file was downloaded from Uniprot and edited in PyMOL (v2.5.2) to include predicted edit location. Coiled 
coil domain is towards center and DUF1220 domains are peripheral and less structured. Edit site is colored in purple. 
(C) PCR and Sanger validation of edited clonal H9 ESC lines. (D) Predicted molecular weights for each NBPF paralog 
predicted to be recognized by the anti-NBPF-DUF1220 antibody based on the canonical isoform in UCSC genome 
browser. (E) Western blot analysis on NPC whole cell lysates from H9 edited lines and controls. (F) 
Immunofluorescence staining of neural rosettes (circled) in day 32 cortical organoids with marker of proliferation (KI67) 
for wildtype H9 controls (top), unedited H9 electroporation-controls (middle), and H9NBPF-DUF1220D. Scale bar, 10 µm. 
Marker quantifications per neural rosette: (G) Hoescht+ nuclei (p=<0.001), (H) proliferating KI67+ cells/Hoescht+ cells 
(p=0.0352), (I) NEUN+ immature neurons/Hoescht+ cells (p=0.0223), (J) layer V CTIP2+ cortical neurons/Hoescht+ 
cells (p=0.2605). Significance determined by two-tailed unpaired t test. Two differentiation replicates of 6 organoids per 
replicate were analyzed per genotype (H9+/+, H9NBPF-DUF1220D). Neural rosette count: H9NBPF-DUF1220D, n = 34; H9+/+, n = 
10. Cryosection thickness, 13 µm. 
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Figure 3.7. scRNAseq analysis of DUF1220-depleted cortical organoids.  
(A) UMAP plot showing cell clusters following reciprocal PCA integration of H9 edited and control genotypes, separated 
by genotype. Four replicate organoids were analyzed per genotype. Cluster annotations: NECs, neuroepithelia cells. 
DL, deep layer. IPs, intermediate progenitors. (B) Proportions of cells in each cluster for each genotype. (C) Scatterplot 
showing notable skews in expression level towards one genotype. (D) Violin plots of cell expression level differences 
between genotypes for specific markers within clusters: proliferation markers, PCNA and MKI67, within NPC and mitotic 
clusters, DCX within the immature neuron cluster, and TBR1 and CTIP2 in cortical neuron clusters. 
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Figure S3.1. NBPF IHC and IP-MS. 
(A) Immunogen sequence of anti-NBPF-DUF1220 antibody was derived from the HLS1 DUF1220 domain of human 
NBPF15, and this sequence is found at 100% sequence identity in the NBPF paralogs listed in the table. Some paralogs 
encode more than one repeat of this sequence. (B) Immunostaining of endogenous NBPF (DUF1220) in electroporated 
H9 NPCs transiently expressing NBPF15-mCherry confirms binding specificity of DUF1220 antibody for NBPF proteins. 
(C) Immunofluorescent staining of H9 wildtype NPCs showing co-localization with TUBA1A at spindle poles, 
microtubules, and midbody (center in anaphase panel). (D) FLAG-immunoprecipitation on NPC bait replicates and 
controls from 20% sample-M2 magnetic bead fraction for IP-MS submission. Top, human samples; bottom, chimpanzee 
samples. 
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Figure S3.2. PacBio long read HiFi sequencing. 
(A) Nanoplot of HiFi read quality distribution by read length. (B) IGV screenshots of Winnowmap alignment of HiFi 
reads at NBPF14 locus (top) and the edit site in NBPF14 exon 3 (bottom). 
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Table 3. List of oligo sequences used for NBPF cloning and sequencing.  
 

ID Sequence 

NBPF14/10 forward primer  5’ TTCTCCAAGGGGCTCAATCG 
 

M13 reverse primer  5’ GTCATAGCTGTTTCCTG 
 

NBPF14/10 sgRNA sense oligo 5’ CACCG CCTCCTCACTCCGTATGAGC 
 

NBPF14/10 sgRNA antisense oligo 5' AAAC GCTCATACGGAGTGAGGAGG C 
 

NBPF14/10 ssODN 5’ 
TCACTCTCAGGAACGAGAGCTGACCCAGCTAAGGGAGAAGTTACGGG
AAGGGAGAGATGCCTCCCGCTCATTGTATGAGCATCTCCAGGCCCTC
CTCACTCCGTATGAGCCGTCATAGCTGTTTCCTGAGGACCTCCAAGAA
CAGCTGGCTGAGGGGTGTAGACTGGCACAGCACCTTGTCCAAAAGCT
CAGCCCAGGTA 

pPBhCMV1-NBPF15 forward primer 5’ CGACTGTGCCTTCTAGTTGC 
 

pPBhCMV1-NBPF15 reverse primer 5’ TTGTCTTCCCAATCCTCCCC 
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Table 4. hNBPF15-FLAG IP-MS top hits in hNPCs.  
Log2 (Abundance ratio) > 2.5; p-value < 0.001. *PSM values instead of abundance counts were provided. 
 

Protein 
 
  

Grouped 
Abundances: 
H9WT 

Grouped 
Abundances: 
H9iNBPF15-FLAG 

Abundance ratio (log2):  
H9iNBPF15-FLAG/ 
H9WT  

p-value CRAPome  
# experiments 
found/total  

NBPF1* 83.135 1 0.000461934 2.392E-05 0 / 716 

NBPF9* 105.5 1 0.000265628 1.62E-38 1 / 716 

NBPF15 476131.373 255984609 10.83597901 2.372E-19 1 / 716 

DNAJC7 96182.1367 74751127.5 9.602110647 0.0001526 150 / 716 

S100A10 4173.60156 222118.375 5.733892058 3.16E-05 17 / 716 

HSPH1 93439.5542 2708513.7 4.857324188 4.012E-10 347 / 716 

RPL5 446079.447 12793021.8 4.841912595 0.0009438 395 / 716 

PRPS1 5180.38281 135507.703 4.709172344 0.0008227 225 / 716 

HSPB1 888778.573 21657933.8 4.606927766 0.0001541 128 / 716 

SMARCA5 12737.6045 244658.391 4.263602875 6.258E-05 210 / 716 

HMGN3 103743.898 1940174.33 4.225087893 0.0004497 19 / 716 

ARHGEF2 90092.9795 1636981.39 4.183479426 0.0001385 78 / 716 

RPL23 448208.178 7866677.16 4.133513502 0.0002965 507 / 716 

HSPA1B 218854.456 3816118.37 4.124062257 4.439E-06 698 / 716 

HIST3H3 2312383.39 39063578.3 4.078371587 9.597E-05 383 / 716 

PARP1 223395.166 3685269.27 4.044100164 0.0008533 438 / 716 

SLC25A1 11131.9971 177212.508 3.992696095 2.732E-05 175 / 716 

HSPA8 5354806.02 84789039.6 3.984971564 5.146E-06 703 / 716 

BLVRA 48651.0923 739245.664 3.925509775 0.0001494 98 / 716 

EIF3B 18856.5176 272213.18 3.85160175 0.0007739 282 / 716 

ABCD3 7015.17236 91161.6445 3.699876494 1.347E-05 148 / 716 

HMGA1 2182108.62 27127954.8 3.635985461 0.0009774 174 / 716 

RPS28 83253.375 1025677.09 3.622924041 3.58E-06 404 / 716 

MAP4 179123.219 2198653.49 3.61759599 0.0002552 312 / 716 

RPL21 276973.992 3289728.33 3.57014603 0.0003423 329 / 716 

HMGN2 4917460.5 58244907.8 3.566146556 9.701E-05 193 / 716 

CKB 165063.53 1822395.25 3.464742585 0.0007687 308 / 716 

MAT2A 63155.146 607603.223 3.266157324 0.000429 228 / 716 

RNPS1 54549.2344 519052.188 3.250248747 0.0004854 242 / 716 

PSMC4 28118.7148 262390.836 3.222114771 1.285E-05 210 / 716 

ACTA1 1512511.17 14104328 3.22112023 8.075E-05 656 / 716 

ABCF1 107597.569 970633.703 3.173281468 0.0002302 288 / 716 

EIF1AX 1717625.72 15122995.8 3.13825636 0.000326 157 / 716 
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RPS20 246056.029 2092228.15 3.087981409 0.0004356 383 / 716 

TMEM33 40680.3945 342525.625 3.073806347 0.0002261 144 / 716 

TWISTNB 294120.391 2473113.92 3.071849984 0.0006665 14 / 716 

RPL38 238602.813 2005413.84 3.071217033 0.0004644 300 / 716 

PTHLH 18609.8477 155587.414 3.063587211 0.0002779  / 716 

RPL17-
C18orf32 

3565042.75 28795784.6 3.013866352 0.0003701 424 / 716 

HIST1H1E 13558727.4 109126506 3.008707874 9.595E-06 605 / 716 

CCT3 370729.033 2932396.2 2.983643031 0.0001329 367 / 716 

MYEF2 16105.5908 126582.496 2.974444431 4.343E-05 27 / 716 

HMGA2 2685060.8 20312657.1 2.919352309 0.0002001 37 / 716 

HDLBP 66815.0508 500639.867 2.905528155 6.442E-06 218 / 716 

PDHA1 39756.9512 297771.813 2.904928162 1.322E-05 126 / 716 

RCN2 66427.3047 489864.969 2.882535842 0.0009628 208 / 716 

KPNA4 25714.6094 188214.359 2.871716556 4.361E-05 127 / 716 

RPL7A 507829.704 3658563.44 2.848860586 2.323E-05 398 / 716 

RPS11 2427383.66 17205212 2.82537161 3.978E-05 340 / 716 

RPS23 2280336.19 16106463.4 2.820321309 4.452E-05 413 / 716 

PSMC6 41918.5 290198.805 2.791382579 5.56E-05 179 / 716 

EIF3D 21623.0234 149029.367 2.784956484 0.0009736 249 / 716 

VAPA 55416.0898 379616.539 2.776166026 0.0009316 116 / 716 

FRG1 867202.379 5881087.14 2.761642248 0.0002929 138 / 716 

MORF4L2 233846.688 1578623.9 2.755032595 0.0006308 76 / 716 

ILF3 296070.009 1987188.78 2.74671867 0.000344 379 / 716 

RPL28 939669.189 6276102.89 2.739644154 0.0001875 316 / 716 

TUFM 617267.316 4069279.47 2.720806055 0.0001046 408 / 716 

HNRNPM 2316386.13 15181453.5 2.712362254 0.000737 520 / 716 

HSPA9 777408.136 5071337.75 2.705622249 9.624E-05 552 / 716 

IMPDH2 146258.004 948911.047 2.697757274 1.228E-05 195 / 716 

RPL30 182714.473 1176518.36 2.686861011 9.075E-05 255 / 716 

GNB2L1 1057689.28 6803339.13 2.685327145 5.113E-05 Not identified 

PABPC1 236542.924 1511069.56 2.675396168 2.211E-05 408 / 716 

RPSA 419525.263 2654073.03 2.661378476 7.437E-06 335 / 716 

GPX1 24697.5078 155788.375 2.657150209 0.0009395 68 / 716 

RPL26 3323896.13 20941700.7 2.655431405 0.000131 312 / 716 

TUBB6 126841.652 798012.215 2.653382253 0.0001804 617 / 716 

RPL32 1168233.22 7304372.7 2.644432066 3.091E-06 184 / 716 

CBX5 243830.916 1522356.81 2.64235357 0.000104 100 / 716 

IDH2 168522.16 1035965.46 2.61996568 0.0008435 65 / 716 
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RPS2 1617969.84 9733437.09 2.588764624 0.0002941 447 / 716 

HMGN4 4166813.11 25039268.5 2.587176118 6.577E-05 31 / 716 

TMPO 16156.8623 94639.5586 2.550296294 2.268E-06 386 / 716 

RPS3 2375040.53 13803511.2 2.539011259 5.191E-07 491 / 716 

RPS16 974599.867 5647141.98 2.534638974 0.000312 411 / 716 

HSDL1 23591.1328 136621.906 2.533872225 5.017E-06 9 / 716 

FASN 1151607.27 6608939.97 2.52077009 1.61E-05 436 / 716 

DDX5 2162319.98 12350652.1 2.513935281 0.0002825 528 / 716 

NAT10 262284.457 1494934.3 2.510877857 9.643E-06 196 / 716 
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Table 5. hNBPF15-FLAG IP-MS top hits in cNPCs.  
Log2 (Abundance ratio) > 1; adj. p-value < 0.05. 
 

Protein 
 
  

Grouped 
Abundances: 
C40280WT 

Grouped 
Abundances: 
C40280iNBPF15-FLAG 

Abundance ratio 
(log2): 
C40280iNBPF15-FLAG 

/C40280WT 

adjusted  
p-value 

CRAPome  
# experiments 
found/total  

CD38 28.4 171.6 2.79 2.1558E-09 0 /716 

NBPF15 23.1 176.9 2.64 2.9563E-07 0 /716 

RIMS1 65.4 134.6 2.61 2.7353E-09 1 /716 

LOXL3 34.8 165.2 2.48 9.9044E-10 0 /716 

IQCD 33.3 166.7 2.33 8.6896E-08 1 /716 

RPAP1 37 163 2.14 0.00027963 29 /716 

DDA1 32.5 167.5 1.98 0.00078047 4 /716 

KCNH4 28.9 171.1 1.95 0.00076639 1 /716 

NTPCR 44.1 155.9 1.78 0.00026923 101 /716 

CGNL1 59.2 140.8 1.77 0.01218625 9 /716 

ARFGAP2 48.4 151.6 1.76 0.00985676 34 /716 

STOM 43.9 156.1 1.76 0.01393707 10 /716 

KLHL9 35.6 164.4 1.67 0.00036412 0 /716 

RILPL1 47.1 152.9 1.66 0.00036412 2 /716 

PRSS1 42.6 157.4 1.65 0.00372851 108 /716 

H2BC13 55 145 1.62 0.00463814 Not identified 

TRIM29 52.9 147.1 1.58 0.00985676 3 /716 

H1-0 51.9 148.1 1.57 0.00093686 Not identified 

THSD4 56.9 143.1 1.57 0.01269582 2 /716 

CDC73 50.7 149.3 1.56 0.01726639 162 /716 

FRZB 51.4 148.6 1.53 0.00504721 0 /716 

SERPINB9 47.5 152.5 1.53 0.00637089 3 /716 

ITGA8 51.9 148.1 1.49 0.00242035 0 /716 

PRSS1 40.4 159.6 1.49 0.01218625 108 /716 

RDH10 41.8 158.2 1.49 0.03378906 0 /716 

 A0A2I3TBV7 26.6 173.4 1.49 0.03959285 Not identified 

 A0A2I3RS64 33.4 166.6 1.42 0.00463814 Not identified 

SREK1IP1 55.9 144.1 1.37 0.02769207 72 /716 

MT1X 56.2 143.8 1.21 0.0272052 24 /716 

FBLN1 62.8 137.2 1.2 0.03508771 3 /716 

CTNNBL1 62 138 1.15 0.04003666 61 /716 
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Chapter 4                                                                                                               
Biallelic CSMD1 Variants as a Novel Genetic Basis of Malformations of Cortical 

Development 
 

4.1 INTRODUCTION 

Advances in clinical genomics testing using exome and genome sequencing has led to 

the discovery of novel genes and genetic variants implicated in neurodevelopmental and 

neuropsychiatric disorders (NND). One cluster of NND with a growing number of 

pathogenic variants identified by clinical genomics testing is malformations of cortical 

development (MCD). MCD is a broad group of heterogeneous disorders that often present 

with developmental delay, intellectual disability, and epilepsy (Barkovich et al., 2012; 

Guerrini and Dobyns, 2014). Pathogenic variants in over 100 genes have been implicated 

in the etiology of several classes of MCD (Guerrini and Dobyns, 2014). Here, we expand 

this list to include the CSMD1 gene as a novel genetic basis of MCD. 

CSMD1 has predominantly been studied within the context of immune-centered 

activation as a key regulator of the complement pathway (Escudero-Esparza et al., 2013; 

Kraus et al., 2006). In brief, the complement system does is comprised of a cluster of 

soluble proteins that facilitate the innate immune response by recognition and removal of 

pathogens as well as signal and sequester immune cells to sites of inflammation 

(Coulthard et al., 2018). New avenues of research implicate emerging patterns of CSMD1 

expression, activation, and function in development and physiology, notably brain 
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development (Coulthard et al., 2018). CSMD1 is an inhibitor of the complement pathway 

in neural tissues and is highly expressed in neurons with synaptic enrichment (Baum et 

al., 2020). The complement cascade has documented roles in neural proliferation, neural 

migration, and synaptic pruning (Coulthard et al., 2018; Schafer et al., 2012)—affected 

aspects of biology in MCD. 

Single nucleotide variants (SNVs) and copy number variants (CNVs) in CSMD1 

have been previously associated with strong risk for schizophrenia (Consortium, 2011; 

Sekar et al., 2016), Alzheimer’s disease (Hong et al., 2016), Parkinson’s disease (Ruiz-

Martínez et al., 2017), and infertility (Lee et al., 2019). Consistent with gonadal 

association findings, Csmd1 knockout (Csmd1KO) mouse exhibit loss of germ cells within 

seminiferous tubules (Lee et al., 2019). Consistent with associations with schizophrenia, 

cortical neurons differentiated from human embryonic stem cells (hESCs) with biallelic 

knockout variants (CSMD1fs/fs) showed enhanced complement deposition (Baum et al., 

2020). Despite differences in synaptogenesis and neural circuitry that distinguish human 

and mouse brains, Csmd1KO mouse neurons also showed elevated complement activity 

with fewer synapses and disruption to complement-dependent circuit formation, without 

overall structural brain defects (Baum et al., 2020). These findings strengthen the 

implicated role of CSMD1 in mediating synaptic plasticity. However, human neural 

developmental phenotypes were not assessed. 

Here, we identify novel biallelic variants in CSMD1 in a cohort of individuals from 

seven families with overlapping and unique MCD clinical phenotypes, namely 

microcephaly, global developmental delay, intellectual disability, and polymicrogyria. To 

investigate CSMD1 function in human neural development, we generated human cerebral 
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organoid models differentiated from CSMD1fs/fs hESCs. Forebrain-fated organoid models 

display elevated proliferation, premature differentiation, and disorganization 

cytoarchitecture. The lack of cortical structural defects in Csmd1KO mouse (Baum et al., 

2020) may reflect functional divergence of CSMD1 in the developing cortex between 

human and mouse. The formation of proper neuronal circuits depends on successful 

neuronal migration tightly orchestrated by spatiotemporal architecture of the cortex during 

development (Marin et al., 2010). The secondary insults of this disruption on later 

synaptogenesis and synaptic plasticity may further underlie human-specific 

susceptibilities and expressivity of CSMD1 variants. This represents the first study to 

propose CSMD1 as a novel genetic basis of MCD. 

 

4.2 RESULTS 

4.2.1 Biallelic variants in CSMD1 identified in individuals with MCD 

Using exome-based sequencing, we identified ten novel variants in CSMD1 in eight 

individuals with MCD inherited as compound heterozygous or homozygous from seven 

families (Table 6). Two are intronic variants and eight are missense variants. CSMD1 is 

a long gene, comprised of 70 exons encoding a 3,564 amino acid (388 kD) type-I 

transmembrane protein (Figure 4.1). CSMD1 is made up of several repetitive elements 

encoding alternating CUB and sushi domains (Figure 4.1). Identified missense variants 

localize to CUB and Sushi domains throughout the CSMD1 protein. While no nonsense 

variants were identified in our cohort, CSMD1 demonstrates high probability of loss-of-

function intolerance (pLI) in gnomAD.  
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Missense variants that lie within CSMD1 CUB domains (E138K, R213L, R621Q, 

and L1332V) cluster more N-terminally in the protein whereas those that lie within Sushi 

domains are more evenly distributed (V187I, S188N, Q1782K, P2262A, D2296N, 

G2980S). All individuals with biallelic CSMD1 variants have moderate-to-severe 

intellectual disability (ID) and/or global developmental delay (GDD). All individuals 

carrying at least one N-terminal variant present with microcephaly and/or seizures 

(Probands 1-2 and 6-8). Two individuals have polymicrogyria, one displaying corpus 

callosum agenesis (Proband 1) and the other with cerebellar agenesis (Proband 8). Of 

note, Proband 3, who is compound heterozygous for two C-terminal variants 

(c.7285+2T>C; D2296N), showed an unremarkable MRI without seizures and mild ID, 

suggesting N-terminal variants correlate with increased severity of MCD. However, there 

is no apparent difference between phenotypic correlation between homozygous versus 

compound heterozygous genotypes. Shared facial dysmorphisms among multiple 

individuals include retrognathia, micrognathia, and strabismus. Detailed clinical 

summaries for each proband are provided below. 

Proband 1 

Proband 1 is from Alpena, Michigan, USA and of European ancestry. She was seven 

years old at last examination. Proband 1 was carried to full-term (39 weeks at birth) with 

pregnancy characterized by intrauterine growth delay. She had neonatal hypotonia and 

microcephaly. She presented with upper respiratory infections, GERD, drooling, focal 

epilepsy, G-tube-dependence, tracheostomy-dependence, dysphagia, and repeated ear 

infections. Bilateral club feet, amblyopia of the left eye, myopia bilateral, eustachian tube 

dysfunction, and esotropia were noted. She exhibited GDD, moderate-to-severe ID, 
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dysphagia, and focal epilepsy. She had onic clonic, myoclonic-tonic and myoclonic 

seizures, with minimal response to varying dosages of oxycarbazepine, levetiracetam, 

and CBD oil. MRI at 12 months indicated diffusely dysplastic cerebral hemispheres, 

polymicrogyria, and corpus callosum agenesis.  

Upon exome sequencing, compound heterozygous variants g.4277477C>T, 

p.E138K and g.3855604C>A, p.R213L were identified in CSMD1. Of note, compound 

heterozygous variants were also identified in ABCA1. Biallelic variants in ABCA1 cause 

autosomal recessive disorder called Tangier disease that causes reduced levels of 

plasma high density lipoproteins (HDL).  

Proband 2 

Proband 2 is from Monza, Italy and of European ancestry. Prenatal manifestations of 

dextrocardia and polyhydramnios were noted. Proband 2 was born at 40 weeks of 

gestation. He had patent foramen ovale at birth. As a newborn, he experienced feeding 

difficulties and doliocephaly. He has mild ID and displays oppositive behavior. He had 

anorectal malformation and mandibular hypoplasia, both requiring surgical correction. He 

has malar hypopplasia, micrognathia (after mandibular hypoplasia surgery), anteverted 

ears, downslanting of palpebral fissures, deep-set eyes, high nasal bridge, nasal voice, 

thin lips, and hypoglossia. Age of onset of seizures at 5 years old. Proband 2 was 

responsive to levetiracetam. New seizures occurred after 18 months without therapy at 

age 11 years requiring reintroduction of levetiracetam. Exome sequencing identified 

compound heterozygous CSMD1 variants c.1862G>A, p.R621Q; c.3994C>G, p.L1332V.  
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Proband 3 

Proband 3 is from Phoenix, Arizona, USA and of European ancestry. Prenatal 

polyhydramnios and preterm labor were noted. Proband 3 was born at 37 weeks of 

gestation. Episode of hypoglycemia occurred at birth and possible respiratory arrest 

requiring NICU stay for 24 hours. He has mild ID, hypotonia, and ADHD. Generally, he 

has nondysmorphic head features. Brain MRI at 12 months of age indicated mild bilateral 

periventricular white matter injury, likely remote, with normal brain development for age. MRA 

was normal. Hypertelorism was noted, but father also has slight hypertelorism. He has 

strabismus, non-paralytic estropia, eczema, nevus flammeus over the glabella, retractile testes, 

and inguinal hernia. MRI was unremarkable. Proband 3 sat independently at 10 months, 

walked unassisted at 2.5 years, and said first words at 1 years of age. He could speak in 

sentences at 3 years of age. Diffuse joint hypermobility and spiral fracture of his right leg were 

also noted. Genome sequencing identified compound heterozygous CSMD1 variants 

c.7285+2T>C; c.6886G>A, p.D2296N.  

Probands 4 and 5 

Probands 4 and 5 are siblings from Quetta, Pakistan of Pashtoon ancestry. Both siblings 

were carried to full-term. Proband 4 was 16 years of age upon last examination. Proband 

5 is the younger brother of Proband 4, 8 years of age upon last examination. Both present 

with severe-to-profound ID, GDD, hypotonia, and restricted speech. Proband 5 can walk 

while Proband 4 cannot. Exome sequencing of both siblings identified compound 

heterozygous CSMD1 missense variants c.8938 G>A, p.G2980S and c.6784C>G, 

p.P2262A. 
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Proband 6 

Proband 6 is from the United Kingdom and of European ancestry. Proband 6 presents 

with microcephaly, GDD, and hypotonia. Compound heterozygous CSMD1 variants 

c.1098-4T>C and c.861G>T, p.K287N were identified by exome sequencing. Additionally, 

a heterozygous variant was identified in PRPS1. Variants in PRPS1 cause Arts 

syndrome, which is characterized by sensorineural hearing impairment, early-onset 

hypotonia, ID, ataxia, developmental motor delay, and increased infections.  

Proband 7 

Proband 7 is from Utrecht, the Netherlands and is of Afghani ancestry. Pregnancy was 

uneventful and proband 7 was born at 37 weeks of gestation. He has severe ID, 

microcephaly, hypotonia, mildly protruding ears and deep-set eyes, ptosis, broad upper 

incisors, sandal gap bilateral feet, and mild hypertrichosis on his back. Proband 7 began 

sitting at 6 months, walking at 1 year, and first words at 2 years of age. Trio exome 

sequencing identified homozygous CSMD1 missense variant c.559G>A, p.V187I in 

Proband 7. 

Proband 8 

Proband 8 is from Italy and of European ancestry. She was born at gestation week 

36 (birth weight, 2150 kg; birth length, 44 cm; birth head circumference, 33 cm). Risk of 

miscarriage occurred in the first trimester of pregnancy. Mother had gestational diabetes. 

Proband 8 exhibited failure to thrive. She had frontal bossing, retrognathia, strabismus, 

and club feet. She began walking at 3 years of age. Seizures were noted at 21 months of 

age. Proband 8 responded to valproate and remained stable over time. Proband 8 has 

been seizure-free for last 1.5 years with the following medications: topamax, Depakin, 
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and Tolep. Fronto-temporal anomalies were reported on EEG. She has generalized 

hypotonia, and MRI identified cerebellar agenesis and polymicrogyria. Compound 

heterozygous missense variants c.5344C>A, p.Q1782K and c.563G>A, p.S188N in 

CSMD1 in Proband 8 were identified by exome sequencing. 

 

4.2.2 CSMD1fs/fs cortical organoids exhibit features of premature differentiation with 

disorganized neural rosette morphology 

To investigate the function of CSMD1 in human cortical development, 3D forebrain-fated 

organoid models were generated by neural differentiation from previously generated 

CSMD1fs/fs and CSMD1+/+ control hESCs (Baum et al., 2020). CSMD1fs/fs organoids were 

consistently smaller throughout development compared to CSMD1+/+ controls across 

three independent differentiations (p = 0.0018, two-tailed t test) (Figure 4.2A). However, 

growth rates were similar with exceptions of significant elevation differences attributed to 

slower growth rate from day 21 neural differentiation (ND) to day 28ND, followed by a 

faster growth from day 28ND to day 35ND, in CSMD1fs/fs compared to controls (p = 

0.0013, two-tailed t test) (Figure 4.2A).  

While consideration of whole organoid size is helpful for pinpointing affected 

timepoints during cortical development, assessment of individual neural rosette (NR) 

structures allows us to hone the cellular mechanisms of pathogenesis. A slight reduction 

in the number of cells per NR at day 28ND was noted, however this finding was not 

significant (Figure 4.2B). CSMD1fs/fs NRs showed a significant increase in proliferating 

NPCs (KI67) (p = <0.0001, two-tailed t test) at day 28ND (Figure 4.2C and 4.2D). Further, 

while CSMD1+/+ NRs show a uniform distribution of proliferating cells across the 
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pseudostratified neuroepithelium, cells in affected NRs appear to lose their polarity and 

are more condensed around the central lumen (Figure 4.2C). Immunostaining of 

adherens junctions (N-cadherin) further highlights altered spatial organization at NR 

structures in CSMD1fs/fs organoids (Figures 4.2E and 4.2F). Cells appear less condensed 

radially with wider somas. This disrupted spatial disorganization is either directly or 

indirectly causing premature differentiation of deep layer neurons, as measured by an 

increase in the fraction of TBR1-expressing cells per NR (p = <0.0056, two-tailed t test) 

at day 28ND, suggestive of premature differentiation (Figures 4.2G and 4.2H). These 

findings implicate disrupted neural proliferation, differentiation, and spatial organization in 

the pathology of CSMD1-associated MCD. 

 

4.3 DISCUSSION 

As CSMD1 is gaining traction as an important regulator of the complement pathway 

influencing synaptic activity (Baum et al., 2020; Coulthard et al., 2018; Schafer et al., 

2012), our findings expand its functions to include neural development. For the first time, 

this study implicates biallelic variants in CSMD1 in the genetic etiology of MCD. 

Individuals in this study present with overlapping features of ID and/or GDD, 

polymicrogyria, microcephaly, epilepsy, and facial dysmorphisms.  

A variety of pathogenic mechanisms have been implicated in MCD, including 

abnormal proliferation and/or altered apoptosis, which often causes microcephaly, 

megalencephaly, and dysplastic malformations, or altered neuronal migration that can 

lead to malformations such as lissencephaly and polymicrogyria (Guerrini and Parrini, 

2010). Here, findings from CSMD1fs/fs cerebral organoid models reveal several hallmark 
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features of MCD, including over-proliferation of neural progenitors, premature 

differentiation, and altered NR spatial and cellular morphology. The cytoskeleton works 

closely with cell adhesion receptor systems to ensure proper cell polarity for successful 

neuronal locomotion, including tangential and radial migrations (Govek et al., 2011). 

Observed alterations to the compact, pseudostratified organization of CSMD1fs/fs 

neuroepithelium may reflect disturbances to cytoskeletal projections and the apicobasal 

polarity of NPCs, which ultimately can impair migration kinetics during NPC cell division 

and/or the guidance of migrating neurons to their final destinations in the cortical plate 

that may lead to premature differentiation. Premature differentiation is a known 

developmental mechanism of primary microcephaly due to diminishing the number of 

proliferative cells leading to fewer neurons and may be the primary cause of microcephaly 

in individuals with biallelic pathogenic CSMD1 variants. 

While our data from cortical organoids offer insight into early-stage developmental 

defects, we did not assess effects on later-stage development. Future work will be 

necessary to directly evaluate deficits in neuronal migration and assess consequences 

on cortical lamination that may underlie CSMD1-related pathology. Further investigation 

is also required to determine the genetic mechanism of pathogenic CSMD1 variants, 

which we propose is loss-of-function. Our finding of over-proliferation in CSMD1fs/fs 

neuroepithelium supports the model that CSMD1 is an inhibitor of complement pathway 

in early-stage NPCs, as described for neurons. Follow-up functional investigation to 

address test this model and to determine how complement deposition is mechanistically 

linked to changes in radial organization and morphology will be important for elucidating 

CSMD1-associated neuropathology. 
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Taken together, we discover novel human genetics findings that implicate CSMD1 

as the genetic basis for human neurodevelopmental disorders. Our functional findings 

support the hypothesis that CSMD1 is an important regulator of early neural proliferation 

and differentiation in corticogenesis.  

 

 

4.4 MATERIALS AND METHODS 

Subject accrual  

All subjects or parents/guardians provided informed consent and were enrolled in 

institutional review board-approved research studies. Followed procedures were in 

accordance with the ethical standards of the respective institution’s committee on human 

research and were in keeping with international standards. Probands 2-8 were identified 

through GeneMatcher (Sobreira et al., 2015). 

 

Exome-based sequencing  

Exome libraries from genomic DNA of all probands were prepared and captured with the 

Agilent SureSelectXT Human All Exon 50Mb Kit. Exome libraries were sequenced on an 

Illumina HiSeq instrument as described previously (Srivastava et al., 2018) at the 

University of Washington Mendelian Sequencing Center.  

 

Variant calling and filtering 

Reads were aligned to the hg38 reference genome (GRCh38.p13) using Burrows-

Wheeler Aligner (BWA). Variant calling of single nucleotide variants (SNVs) and copy 
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number variants (CNVs) was performed using GATK. The data were filtered and 

annotated from the canonical CSMD1 transcript (ENST00000635120.2) using in-house 

bioinformatics software. Variants were also filtered against public databases including the 

1000 Genomes Project phase 311, Genome Aggregate Database (gnomAD), National 

Heart, Lung, and Blood Institute Exome Sequencing Project Exome Variant Server 

(ESP6500SI-V2). Those with a minor allele frequency >3.3% were excluded. Additionally, 

variants flagged as low quality or putative false positives (Phred quality score 14; 15 < 

20, low quality by depth <20) were excluded from the analysis. Variants in genes known 

to be associated with MCD were selected and prioritized based on predicted 

pathogenicity. Reported variants were confirmed by Sanger sequencing of CSMD1 

(NM_033225.6) for each individual and respective family members who submitted 

samples. 

 

Human ESC culture 

Human ESCs were cultured using feeder free conditions on Matrigel (Corning with 

mTeSR-1 (STEMCELL Techonologies). H1 (CSMD1+/+, 46XY, WA01, WiCell) and H1 

(CSMD1fs/fs, 46XY, WA01, WiCell) ESC lines used in this manuscript were obtained from, 

and validated by, the Stevens lab at the BROAD Institute of MIT and Harvard where cell 

line quality was assessed by CNV, karyotype, and morphology analyses. No further 

validation of ESCs was performed in our lab. 

 

Cerebral organoid generation 
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Telencephalic cerebral organoids were generated based on previously published 

protocols (Lancaster et al., 2013), with few modifications to start with low cell density to 

generate smaller and more consistent embryoid bodies (EBs). Briefly, human and 

chimpanzee iPSCs were passaged into 96-well V-shaped bottom ultra-low attachment 

cell culture plates (PrimeSurface® 3D culture, MS-9096VZ) to achieve a starting cell 

density of 600-1,000 cells per well in 30 µl of mTesRTM1 with 1 nM ROCK inhibitor. After 

36 hours, 150 µl of N-2/SMAD inhibition media (cocktail of 1X N-2 supplement (Invitrogen 

17502048), 2 μM A-83-01 inhibitor (Tocris Bioscience 2939), and 1 mM dorsomorphin 

(Tocris Bioscience 309350) in DMEM-F12 (Gibco 11330032)) was added for neural 

induction. On day 7, EBs were transferred to Matrigel-coated plates to enrich for neural 

rosettes at a density of 20-30 EBs per well of a 6-well plate, and media was changed to 

neural differentiation media (0.5X N-2 supplement, 0.5X B-27 supplement (Invitrogen 

17504044) with 20 pg/μl bFGF and 1mM dorsomorphin inhibitor in DMEM/F-12). For 

organoid differentiation EBs were outlined on day 14 using a pipet tip and uplifted carefully 

with a cell scraper to minimize organoid fusion and tissue ripping. Media was changed 

once more to N-2/B-27 with bFGF only and plates with uplifted organoids were placed on 

a shaker in the incubator set at a rotation speed of 90. On day 14, media was changed 

once more to N-2/B-27 with bFGF only. Media changes were performed every 48 hours.  

 

Immunohistochemistry 

Human cortical organoids were fixed in 4% PFA for 24 hours at 4°C, cryoprotected in 

15% and 30% sucrose in 1x DPBS for 24 hours at 4°C, then embedded in OCT with quick 

freezing in -50°C 2-methylbutane, followed by cryosectioning at 16 µm. Antigen retrieval 
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was performed on sections by incubation in heated 10 mM sodium citrate solution (95-

100°C) for 20 minutes prior to immunostaining. Sections were then incubated for 1 hour 

with blocking buffer (5% NDS (Jackson ImmunoResearch) 0.1% Triton X-100, 5% BSA) 

at room temperature, then overnight with primary antibodies diluted in blocking buffer at 

4°C, and for 1-2 hours in secondary dilution at room temperature. Washes performed in 

PBS. For nuclear staining, samples were incubated at room temperature for 10 minutes 

in Hoescht (1:1000 dilution in PBS) prior to final washes. Primary antibodies used: mouse 

anti-PAX6 (1:250, Abcam, MA-109), rabbit anti-KI67 (1:200, Abcam ab16667), rat anti-

PH3 (1:250, Abcam ab10543), mouse anti-N-Cadherin (1:200, BD Biosciences 610920), 

rabbit anti-ZO-1 (1:200, Invitrogen 61-7300), and rabbit anti-TBR1 (1:200, Abcam 

ab31940). AlexaFluor-conjugated secondaries used: donkey anti-mouse 647 (1:400, 

Invitrogen A31571), donkey anti-rat 555 (1:400, Invitrogen A48270), and donkey anti-

rabbit 488 (1:400, Invitrogen, A21206). 

Glass covers were mounted onto all slides with Prolong Gold (Molecular Probes 

S36972) and incubated for 24 hours at room temperature prior to imaging. Imaging was 

performed with a Nikon A1ss inverted confocal microscope using NIS-Elements 

Advanced Research software. Image analysis was performed using Fiji (ImageJ) 

software. Statistical significance of image quantifications was tested using a two-tailed 

unpaired t-test, and data was plotted as mean ±SEM using GraphPad Prism (v9.3.1). 
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Figure 4.1. Protein map of CSMD1 clinical variants.  
Missense variants identified by exome and genome sequencing map to the CUB (blue square) and sushi (green oval) 
domains of CSMD1. Inherited variants (compound heterozygous or homozygous) are denoted on top. 
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Figure 4.2. Characterization of CSMD1fs/fs cerebral organoids.  
(A) Organoid growth analysis of cross-section area per genotype (CSMD1fs/fs, CSMD1+/+) shown as weekly 
measurements from day 21 to day 42, mean±standard deviation (left). Growth rate determined by mean relative to day 
21 from day 21 to day 42 (right). (B) Number of nuclei (Hoescht) per NR in day 28 organoids. (C) Immunostaining of 
proliferation (PH3, KI67) in day 28 NR per genotype with quantifications (D). n = 50 NRs per genotype across three 
differentiations. (E) Immunostaining of NPCs (PAX6) and early born neurons (TBR1) with quantifications (F). n = 30 
NRs per genotype across three differentiations. Scale bars, 50 µm. Data shown as mean±SEM. Significance, two-tailed 
t test. N-cadherin immunostaining showing organization of entire NR (G) and segment (H). Scale bars, 50 and 25 µm, 
respectively. 
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Table 6. Summary of CSMD1 clinical findings.  
ID, intellectual disability; GDD, global developmental delay; N/A, not available. 
 

Proband 1 2 3 4/5 6 7 8 

Country USA Italy USA Pakistan 
(2 siblings) UK Netherlands 

Afghanistan Italy 

CSMD1 variants 
(NM_033225.6) 

g.4277477C>T, 
p.E138K;  
 
g.3855604C>A, 
p.R213L   

c.1862G>A,    
p.R621Q; 
 
c.3994C>G,  
p.L1332V 

c.7285+2T>C; 
 
c.6886G>A, 
p.D2296N 

c.8938 G>A, 
p.G2980S;  
 
c.6784C>G,
p.P2262A 

c.1098-4T>C; 
 
c.861G>T, 
p.K287N  

c.559G>A,  
p.V187I; 
 
c.559G>A,  
p.V187I 

c.5344C>A,  
p.Q1782K; 
 
c.563G>A,  
p.S188N 

Brain 
Microcephaly; 
polymicrogyria, 
CC agenesis 

N/A Unremarkable 
MRI N/A Microcephaly Microcephaly 

Polymicrogyria, 
cerebellum 
agenesis 

Seizures Yes Yes No No No No Yes 

ID/GDD 
Severe ID,  
GDD,  
hypotonia 

Mild ID Mild ID 

Severe ID, 
GDD,  
few words, 
hypotonia 

GDD, 
hypotonia Severe ID Moderate GDD 

Dysmorphism 
Severe 
retrognathia, 
esotropia 

Micrognathia
, 
down 
slanting 
palpebral 
fissures, 
deep-set 
eyes 

strabismus, 
non-paralytic 
esotropia 

N/A N/A ptosis, 
eyes deep-set 

Retrognathia, 
strabismus 
(club feet) 

2nd genetic hit 
Compound 
heterozygous 
ABCA1  
Tangier disease  

   

Heterozygous 
PRPS1 
Sensorineural 
hearing 
impairment 
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Chapter 5 2                                                                                                     
Mechanisms of mRNA Processing Defects in Inherited THOC6 Intellectual 

Disability Syndrome                                                                                                                  
 

 

5.1 INTRODUCTION 

Intellectual disability (ID) is a clinical feature of neurodevelopmental disorders 

characterized by limitations in cognitive ability and adaptive behavior (Schalock et al., 

2021). In recent years, genetic etiologies of syndromic ID have become increasingly 

heterogeneous due to broad use of exome-based genetic testing (Anazi et al., 2017; 

Gieldon et al., 2018; Retterer et al., 2016; Vasudevan and Suri, 2017; Yang et al., 2014). 

Monogenetic causes account for a substantial portion of syndromic ID, with many 

following an autosomal-recessive mode of inheritance (Kochinke et al., 2016). ID-

associated genes are enriched in diverse biological networks including metabolism, 

nervous system development, RNA metabolism, transcription, sonic hedgehog signaling, 

glutamate signaling, peroxisomes, glycosylation, and cilia (Kochinke et al., 2016). THOC6 

Intellectual Disability Syndrome (TIDS; OMIM# 613680) is one such recessive disorder, 

attributed to biallelic pathogenic variants in THOC6 (Accogli et al., 2018; Amos et al., 

 
 

2 This chapter represents a submitted manuscript. Werren E.A. et al., Mechanisms of mRNA processing defects in 
inherited THOC6 intellectual disability syndrome. 
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2017; Anazi et al., 2016; Boycott et al., 2010; Casey et al., 2016; Gupta et al., 2020; 

Hassanvand Amouzadeh et al., 2020; Kiraz et al., 2022; Mattioli et al., 2018; Ruaud et 

al., 2022; Zhang et al., 2020). Individuals with TIDS exhibit moderate to severe syndromic 

ID with microcephaly and multi-organ involvement. Genetic testing is necessary for 

diagnosis of TIDS, as clinical features overlap other inherited neurodevelopmental 

disorders (Lemire et al., 2020). 

THOC6 is a subunit of the six member THO (suppressors of the transcriptional 

defects of hpr1 delta by overexpression) complex (Jimeno and Aguilera, 2010). The THO 

complex is a core component of the transcription/export (TREX) complex. Prior to 

translation, mRNA transcripts progress through a series of coordinated steps that include 

mRNA 5’ capping, splicing, and 3’ end processing to create a messenger 

ribonucleoprotein complex (mRNP) capable of translocating through the nuclear pore 

complex into the cytoplasm (Heath et al., 2016; Köhler and Hurt, 2007; Xie and Ren, 

2019). TREX is necessary for proper mRNA processing and nuclear export required for 

gene expression, with a more appreciated role in export based on current literature (Chi 

et al., 2013; Heath et al., 2016; Luna et al., 2012; Masuda et al., 2005; Peña et al., 2012; 

Rondón et al., 2010; Wickramasinghe and Laskey, 2015). TREX is recruited to the 

maturing mRNP during transcription (Heath et al., 2016; Viphakone et al., 2019), in 

coordination with pre-mRNA binding proteins at the cap-binding complex (CBC), exon-

junction complex (EJC), and the polyadenylated 3’ end (Cheng et al., 2006; Gromadzka 

et al., 2016; Merz et al., 2007; Shi et al., 2017). Despite a well-studied role in mRNA 

export, the precise timing of initial TREX recruitment to maturing mRNPs in mammalian 

cells is unclear, but mounting evidence suggests mammalian TREX associates to the 
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mRNPs during splicing (Chi et al., 2013; Luo et al., 2001; Masuda et al., 2005). Ultimately, 

TREX promotes the loading of licensing export factors required for nuclear pore docking 

and export (Hautbergue et al., 2008; Köhler and Hurt, 2007; Strässer and Hurt, 2001; 

Taniguchi and Ohno, 2008). 

While the general role of TREX in mRNA processing and export is thought to be 

conserved, there are notable species differences in TREX composition and function that 

mirror the evolutionary complexity of mRNA processing requirements. In yeast, the TREX 

dimer is composed of two five-subunit THO monomers, with THOC6 being the notable 

exception. Yeast TREX monomers dimerize via the coiled coil domains of Thp2 and Mft1, 

the yeast orthologs of THOC5 and THOC7 (Pühringer et al., 2020). In humans, the THO 

monomers are composed of six subunits, including THOC6, that form a tetramer with 

THOC6 serving as the central tethering component (Pühringer et al., 2020). The 

increased size and molecular complexity of the mammalian TREX tetramer correlates 

with increased mRNA processing demands that have evolved in organisms with higher 

transcriptome complexity and mRNP composition, namely expression of long genes with 

high levels of complex splicing patterns (Singh et al., 2015). For example, introns 

comprise ~24% of mammalian genomes (Venter et al., 2001). On the level of gene 

organization, introns are longer and are present in >95% of all human genes (Chen et al., 

2006; Lander et al., 2001; Nagasaki et al., 2005). By contrast, introns constitute only 5% 

of yeast genes, are short relative to the gene length, and mostly limited to one per gene 

(Chen et al., 2006; Chervitz et al., 1999; Juneau et al., 2006; Nagasaki et al., 2005). Thus, 

alternative splicing is rare in yeast, but plays a major role in gene expression in mammals, 

especially humans. Functional differences between a TREX dimer and tetramer may 
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correlate to differences in complex size and number of molecules that can be 

simultaneously accrued to coordinate mRNP processing through export (Pühringer et al., 

2020). 

Yeast TREX dimers are configured to bring two bound Sub2 helicases (yeast 

ortholog to the metazoan DDX39B/UAP56 RNA helicase which couples ATP hydrolysis 

to mRNA release) in proximity. This formation enables Yra1 (yeast ortholog of ALYREF), 

a mRNP processing/export factor to bridge the THO monomers by binding the N- and C-

terminal of aligned Sub2 components. Components of the mammalian TREX tetramer 

exhibit the ability to interact with a diversity of mRNP processing and export factors. The 

TREX tetramer also binds UAP56 molecules, however the tetramer organization means 

the putative loading sites for ALYREF are doubled, the potential of affording increased 

affinity of processing adaptors to their target mRNPs (Pühringer et al., 2020). The 

tetramer structure is predicted to enhance physical support for processing longer 

mammalian transcripts, allowing TREX to serve as a mRNA chaperone to prevent 

formation of DNA-RNA hybrid or R-loop structures that can promote genome instability 

(Luna et al., 2019; Pérez-Calero et al., 2020). In line with the mammalian mRNP 

processing complexity, the tetramer recruits a portfolio of functionally diverse auxiliary 

factors, predicted to enhance coordination of mRNA processing steps. Several TREX 

adaptor proteins in metazoans that have no yeast ortholog include, DDX39A, CHTOP, UIF, 

LUZP4, POLDIP3, ZC3H11A, ERH, ZC3H18, SRRT, and NCBP3, representing proteins 

that participate in each step of mRNP processing and export and hinting at a level of 

coordination required as the complexity of mRNP processing evolved with the emergence 

of longer transcripts with elevated splicing (Dufu et al., 2010; Heath et al., 2016).   
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While functions of THO within TREX have primarily focused on mRNP export (Chi 

et al., 2013; Guria et al., 2011; Maeder et al., 2018), disruption of the tetramer is predicted 

to disrupt coordination of mRNP processing steps that precede export. TREX-associated 

functions of CHTOP and ALYREF exemplify this molecular biology. CHTOP and ALYREF 

bind to THO-bound UAP56 in a mutually exclusive manner (Chang et al., 2013). ALYREF 

exhibits preferential binding to the 5’ end and 5’ splice sites of mRNA to regulate splicing 

fidelity, whereas CHTOP preferentially binds the 3’ UTR to regulate polyadenylation site 

choice along with THOC5 (Viphakone et al., 2019). Lastly, ALYREF, CHTOP, and THOC5 

interact with and load the global NXF1-NXT1 licensing heterodimer onto mRNA for export 

(Hautbergue et al., 2008; Köhler and Hurt, 2007; Strässer and Hurt, 2001; Taniguchi and 

Ohno, 2008). This organization provides structural logic for how the molecular component 

required for the many aspects of mRNP processing can be coordinated, but the impact 

of disrupting a single step on progression of the entire process has not been evaluated. 

The conservation of THO dimer functions in mammalian cells is an open question. 

THOC1, THOC3, THOC5, and THOC7 exhibit high probability of loss-of-function 

intolerance (pLI) in gnomAD and have not been identified as the genetic basis of 

developmental disorders, suggesting conserved THO components are likely embryonic 

lethal. THOC2 is the genetic basis of an X-linked neurodevelopmental disorder (Kumar 

et al., 2015). Depletion of THO components THOC1-THOC5 and THOC7 lead to strong 

nuclear export defects (Chi et al., 2013). This leads to the speculation that dimers retain 

mRNP functions in mammals, and that THOC6-dependent tetramer functions enhance 

the efficiency and coordination of these activities. This would also explain the tissue 

sensitivity in TIDS, where development is disrupted in tissues that disproportionately 



 185 

express long genes. In addition, neural-expressed genes display many isoforms which 

enhance the mRNP processing burden.  

THOC6 evolved as a scaffolding protein to create a larger TREX complex, that has 

implication for mRNA processing coordination in metazoans relative to yeast. Despite 

extensive research on TREX, there is a lack of research in neural cells, cells that undergo 

extensive changes in mRNA processing during differentiation, particularly alternative 

splicing with increased intron retention (Mauger et al., 2016). Given this, there may be 

functions of THO within a tetramer conformation mediated by THOC6 that have not been 

the main focus of study. Here, we investigated this by utilizing a series of models with 

pathogenic alleles that disrupt THOC6 to assess essential functions of tetramers in 

features of mRNA processing in neural development. First, we contribute to the THOC6 

pathogenic allele series and TIDS clinical phenotypic spectrum, extending the total 

number of reported THOC6 variants in TIDS to 20 and the total number of reported 

affected individuals to 34. Second, we generated a Thoc6 mouse model and human 

induced pluripotent stem cell (iPSC)-derived cell culture models to investigate shared 

pathogenic mechanisms of mammalian THOC6. Given the high penetrance of 

microcephaly in TIDS, we focus on mRNA processing/export changes and accompanying 

phenotypes that occur during cortical development by analyzing primary mouse and 

dorsal forebrain fated human organoids. We propose a model of unproductive selective 

mRNA processing/export from partial TREX disruption due to loss-of-function THOC6 

alleles leading to dysregulation of proliferation and differentiation. Our findings reveal a 

broader supportive role across mRNA processing within the context of THOC6 variants 

than has previously been attributed to THO. 
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5.2 RESULTS 

5.2.1 Biallelic missense and nonsense THOC6 variants are the genetic basis of 

TIDS 

While initially detected in Hutterite populations (Boycott et al., 2010), a growing number 

of pathogenic biallelic THOC6 variants are being discovered across the globe in 

individuals of diverse ancestry (Accogli et al., 2018; Amos et al., 2017; Anazi et al., 2016; 

Beaulieu et al., 2013; Casey et al., 2016; Gupta et al., 2020; Hassanvand Amouzadeh et 

al., 2020; Kiraz et al., 2022; Mattioli et al., 2018; Ruaud et al., 2022; Zhang et al., 2020). 

As part of an ongoing effort to determine the genetic etiologies of syndromic ID, we 

discovered nine THOC6 variants by exome-based genetic testing (Figure 1A). We 

confirmed six recurrent variants at W100, G190, V234, and G275 amino acids and 

identified three novel alleles (p.Q47*, p.E188K, and p.R247Q). The clinical phenotype 

associated with THOC6 variants affirm penetrance of the core clinical features of TIDS, 

namely global developmental delay, moderate to severe ID and facial dysmorphisms 

(Figure 1B). Variable expressivity of cardiac and renal malformations, structural brain 

abnormalities with and without seizures, urogenital defects, recurrent infections, and 

feeding complications were also noted, clinical features that highlight the multiorgan 

involvement of this developmental syndrome (Figure 1C). Detailed clinical summaries for 

all individuals are provided in Table S1 and S2.  

The novel THOC6 variants are representative of previously described nonsense 

and missense variants that contribute equally to the severity of TIDS phenotypes. We 

describe a nonsense THOC6 c.139C>T, (p.Q47*) variant in exon 2 of proband 1, a 
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missense c.740G>A, (p.R247Q) variant in exon 11 of proband 5, and a missense 

c.562G>A, (p.E188K) variant in proband 6 (Figures 1A and 1C). THOC6 is comprised of 

seven WD40 repeat domains (Figure 1D) that form a β-propeller structure when folded. 

These novel variants, like other clinically relevant THOC6 variants, map to the WD40 

repeats that comprise the beta strand structural regions of THOC6 (Figure 1D). The 

p.Q47* nonsense variant represents a cluster of three THOC6 variants in the first WD40 

repeat that exhibit a consistent genotype-phenotype correlation for both recessive 

nonsense and missense variants. The same trend is observed for the novel missense 

variants that are localized to subsequent THOC6 WD40 domains, which support a loss-

of-function (LOF) pathogenic mechanism for both THOC6 variant types. 

A LOF mechanism is also implicated by the clinical consistency observed between 

biallelic inheritance of pathogenic THOC6 haplotypes and biallelic inheritance of a single 

haplotype variant alone. Biallelic inheritance of a triple-variant haplotype (TVH), THOC6 

c.[298T>A;700G>C;824G>A], (p.[W100R;V234L;G275D]) has been reported in seven 

individuals with clinical features of TIDS (Casey et al., 2016; Gupta et al., 2020; Mattioli 

et al., 2019; Ruaud et al., 2022). The TVH segregates as a founder haplotype in 

individuals of European ancestry (Mattioli et al., 2019). In comparison, a homozygous 

THOC6 c.824G>A; p.G275D variant was identified in siblings with classic TIDS in family 

4 who are of South Asian ancestry. This finding provides additional evidence for the 

pathogenicity of the TVH THOC6 c.824G>A; p.G275D variant but does not negate the 

predicted pathogenicity of the corresponding W100R or V234L TVH variants. 

Pathogenicity of p.W100R or p.V234L are supported by variants detected in WD40 

repeats 2 and 4 (Figure 1D). Comparing biallelic inheritance of TVH and THOC6 
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c.824G>A; p.G275D suggests a single THOC6 variant in both alleles are sufficient to 

comprehensively disrupt THOC6, a baseline deficiency not exacerbated by accumulation 

of additional LOF variants. 

 

5.2.2 THOC6 variants show mRNA stability with differential effect on protein 

abundance 

To investigate the genetic mechanism of THOC6, the impact of on mRNA nonsense 

mediated decay (NMD) and protein expression on pathogenicity was tested in embryonic 

stem cells (ESCs) and iPSCs, collectively referred to as human pluripotent stem cells 

(hPSCs). hPSCs were reprogrammed from two individuals with TIDS (6:IV:1, 

THOC6E188K/E188K and 7:V:2, THOC6W100*/W100*) and their respective unaffected 

heterozygous parent (6:IV:2, THOC6E188K/+ and 7:V:1, THOC6 W100*/+) (Figure 1E), 

preserving the shared genetic background between affected and unaffected conditions. 

Consistent with a LOF mechanism, reduction in protein expression due to mRNA 

nonsense mediated decay was predicted. However, THOC6 mRNA transcripts remain 

relatively stable between genotypes, as assessed by Actinomycin D treatment where 

transcription is inhibited, compared to the unstable mRNA, FOS, that is quickly degraded 

(Figure 1F) (Moon et al., 2012). This finding is consistent regardless of THOC6 variant, 

with the c.299G>A, (p.W100*) and c.562G>A, (p.E188K) variants exhibiting similar decay 

rates as wildtype transcripts (Figure S1C and S1D). This finding could reflect defective 

NMD from failure of THOC6-affected mRNA to be exported to the cytoplasm. 

Nevertheless, the impact on protein expression is divergent between nonsense and 

missense variants. Significant reductions in THOC6 abundance were detected in 
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THOC6W100*/W100* and THOC6E188K/E188K iPSCs relative to the THOC6+/+ control, with the 

most remarkable reduction for THOC6W100*/W100*. Significant abundance differences were 

also noted for heterozygous unaffected iPSCs relative to wildtype controls (Figure 1G). 

Full-length THOC6 in THOC6W100*/W100* samples represent a minority readthrough 

product. Increased frequency of this rare event was promoted by treatment with 30 µM 

Ataluren, which extends translation by skipping premature termination codons, leading to 

an increase in THOC6 detectable by Western blot in THOC6W100*/W100* iPSCs (Figure 1G). 

No truncated product was observed by Western blotting in THOC6W100*/W100* and 

THOC6W100*/+ iPSCs, suggesting THOC6 reduction is due to rapid degradation of an 

unstable, truncated protein. Stable expression from missense THOC6 alleles suggests 

variant THOC6 is likely functionally inactive. 

 

5.2.3 THOC6 variants interfere with TREX functions 

Based on the solved crystal structure (Pühringer et al., 2020), LOF THOC6 variants are 

predicted to impair TREX tetramer formation. The WD40 repeat domains of THOC6 form 

beta strands predicted to provide the structural interface for TREX core tetramer 

formation. Pathogenic THOC6 variants disrupt residues conserved in mammals, though 

several are not conserved across other metazoan species, mirroring TREX composition 

variability across species and the evolving function for THOC6 in TREX (Figure 2A). 

Evaluation of the TREX crystal structure indicates that pathogenic THOC6 variants are 

positioned at the TREX core tetrameric interface, where THOC5-THOC7 interaction is 

responsible for dimerization and THOC6-THOC5 interaction tetramerizes the complex 

(Figure 2B, 2C, and 2D). The allelic series of THOC6 LOF variants implicate a pathogenic 
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mechanism where LOF missense variants are predicted to perturb THOC6 β-propeller 

folding and/or interactions with THOC5 and THOC7 that are required for TREX tetramer 

assembly, and nonsense variants would produce a similar outcome due to low protein 

abundance (Pühringer et al., 2020). Likewise, THOC6 variants do not alter the protein 

abundance of other THO/TREX members (Figure 2E). Consistent with normal abundance 

of functional THO protein, subcellular localizations at nuclear speckle domain were 

observed by immunohistochemistry (Figures S1E and S1F). Conversely, ALYREF 

association with the THO subcomplex is diminished in THOC6E188K/E188K and 

THOC6W100*/W100* as assessed by co-immunoprecipitation with THOC5 and THOC6 in 

patient-derived iPSC lines (Figure 2F). These findings suggest a THOC6-dependent 

association of ALYREF to THO, with implications for the affinity of other adaptors due to 

the potential disruption of TREX tetramer formation. 

 

5.2.4 Thoc6 is required for mouse embryogenesis 

To investigate Thoc6 pathogenic mechanisms in mammalian neural development in vivo, 

we used CRISPR/Cas9 genome editing to introduce an insertion variant in mouse Thoc6 

exon 1 that resulted in a premature termination codon predicted to ablate Thoc6 

expression (p.P6Lfs*8, herein referred to as Thoc6fs) (Figure 3A). Thoc6+/fs male and 

female mice do not display phenotypic abnormalities, but their intercrosses yielded no 

homozygous offspring. Analysis at selected embryonic days (E) of gestation confirmed 

Thoc6fs/fs littermates die in utero. Differences in embryonic morphology between wildtype 

(WT) and Thoc6fs/fs embryos were noted starting at E7.5, the earliest day of analysis. By 

E9.5, Thoc6fs/fs embryos were smaller with delayed development; however, the difference 
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in the developing neocortex was particularly pronounced (Figure 3B). No body turning 

differences were observed. Consistent with embryonic lethality, THOC6 was 

undetectable in E8.5 Thoc6fs/fs mouse embryos relative to control littermates (Figure 3C). 

In E9.5 Thoc6fs/fs embryos, a developmental timepoint with high Thoc6 expression, Thoc6 

is detectable by Western blot at greatly diminished levels (Figure 3C). Embryonic lethality 

was confirmed by E11.5, indicating one functional allele of Thoc6 is essential for mouse 

embryonic development (Figures 3C and 3D). 

 Forebrain tissues of E8.5-E10.5 Thoc6 littermates were characterized to identify 

neurodevelopmental changes in Thoc6fs/fs pups. Immunohistochemistry of the 

telencephalic vesicles revealed a consistently thinner neuroepithelium (PAX6) in 

Thoc6fs/fs compared to Thoc6+/+ littermate controls (Figures 3E,3F, S2B, and S2D). While 

E9.5 neuroepithelium showed a relative increase in mitotically active cells (PH3), 

widespread apoptosis (Cleaved Caspase-3 (C.CASP3)) was noted (Figures 3E and 3F). 

These findings are consistent with proliferative defects noted in Thoc6fs/fs tissue, 

suggesting THOC6 is important for corticogenesis. 

 

5.2.5 Global mRNA export is not altered in THOC6 models of human in vitro neural 

development  

Given the prominent link between the THO subcomplex and RNA export in current 

literature, we first sought to investigate the impact of THOC6 variants on RNA nuclear 

export functions in human neural progenitor cells (hNPCs) differentiated from hPSCs 

(Figure 4A). NPCs are the embryonic cell population frequently implicated in the 

developmental mechanism of primary microcephaly, a TIDS clinical feature. Defects in 
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mRNA export are typically observed as differential accumulation of polyadenylated 

(polyA+) mRNA in the nucleus, enriched at nuclear speckle domains (Bahar Halpern et 

al., 2015). Standard oligo-dT fluorescent in situ hybridization (FISH) was performed on 

hNPCs to visualize polyA+ mRNA signal in nuclear and cytoplasmic cellular fractions 

(Figures S3A, S3B, and S3C). Comparison of the nuclear-to-cytoplasmic (N/C) polyA+ 

signal intensity ratios across genotypes indicates a slight reduction in THOC6 affected 

samples, suggesting a trend towards nuclear reduction in affected hNPCs relative to 

THOC6+/+ and heterozygous unaffected control hNPCs (Figure S3C). The significance of 

this modest export finding is evident when the N/C polyA+ signal intensity ratios are 

compared to THOC6+/+ hNPCs treated with wheat germ agglutinin (WGA), a potent 

inhibitor of all nuclear pore transport and the positive control for export changes (Mor et 

al., 2010) (Figure S3A), Relative to all THOC6 genotypes, WGA treated hNPCs have a 

significantly higher N/C ratio (Figure S3C) attributed to strong polyA+ mRNA 

accumulation in the nucleus (Figure S3B). Although bulk mRNA export is largely 

unaltered in THOC6-affected hNPCs, a THOC6 dependent tetramer TREX export cannot 

be ruled out for specific polyA+ or in mRNP processing functions upstream of export—

TREX functions that have not been explored in hNPCs. 

 

5.2.6 THOC6 depletion reveals TREX function in pre-mRNA splicing in hNPCs  

Proper mRNP processing, including mRNA splicing, is required for TREX-dependent 

RNA nuclear export, linking these steps in mRNA biogenesis. Co-transcriptional 

recruitment of TREX to the 5’ end of maturing mRNPs coupled with described TREX 

associations with splicing factors (Viphakone et al., 2019)  led us to investigate features 
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of mRNA processing for vulnerability to loss of THOC6. To capture RNA processing 

differences caused by loss of THOC6 function, we performed RNA-sequencing (RNAseq) 

on ribosomal (r)RNA-depleted RNA extracted from wildtype and heterozygous unaffected 

and homozygous affected hNPCs (Table S4). Principal components analysis (PCA) of 

RNAseq data demonstrates reproducibility across, and distinct transcriptomic differences 

between the affected hNPC replicates compared to the unaffected control hNPC 

replicates (Figure S4A). Genotype driven differential expression and splicing changes 

were assessed. To investigate a THOC6-dependent role for TREX in splicing, 

comparative splicing analysis was carried out using the rMATS pipeline on biallelic 

THOC6E188K/E188K and THOC6W100*/W100* samples versus heterozygous controls (Table 

S5) (Shen et al., 2014). A combined total of 3,796 significant alternative splicing (AS) 

events were detected in affected hNPCs, representing the major AS types: 

skipped/cassette exon (SE), alternative 5’ splice site (A5SS), alternative 3’ splice site 

(A3SS), retained intron (RI), and mutually exclusive exon (MXE). The most 

overrepresented AS events observed in affected cells were SE (56%, 2136 of 3796) and 

RIs (21%, 784 of 3796). The high frequency of RIs is notable and unique relative to 

splicing defects identified in LOF models of other splicing factors, as well as for normal 

splicing patterns in neural development (Figure 4B) (Chai et al., 2021; Ellis et al., 2012; 

Jin et al., 2020; Licatalosi et al., 2008; Llorian et al., 2010; Weyn-Vanhentenryck et al., 

2018). AS events in affected hNPCs show comparable inclusion and exclusion of AS 

junctions, with a slight trend towards inclusion due in part to the high frequency of RIs 

(Figure 4B). SE and RI splicing events occur by distinct molecular mechanisms, mediated 

by EJC pathways. Detection of defects in both splicing categories suggests the THO 
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tetramer serves as a molecular platform for coordinating complex splicing events, as 

opposed to regulation of a specific subset of splicing events controlled by association with 

and function of individual RNA splicing factors. In agreement with this finding, we did not 

find consistent motif enrichment for specific RNA-binding proteins at AS junctions. These 

findings implicate a novel role for THOC6-dependent TREX splicing in mRNP processing 

in hNPCs. 

Since AS motif enrichment analysis of THOC6-affected and control hNPCs 

transcriptomic data did not reveal trans-regulatory elements responsible for the 

differential splicing patterns, it was posited that cis-elements may underlie these 

differences. A maximum entropy model that assesses short sequence motif distributions 

was used to test the strength of the donor (5’) and acceptor (3’) of AS events (Yeo and 

Burge, 2004). A general trend towards weaker splice sites were detected at differential 

SE, RI, and A3SS events in affected cells (unpaired two-tailed t test, Figure 4C). The SE, 

RI, and A3SS events were enriched in genes with a disproportionately high number of 

isoforms that show dependence on weak, alternative/cryptic splice sites to facilitate 

isoform diversity (Figure 4D) (Wang et al., 2015). RI events in affected hNPCs also had 

weaker splice sites compared to controls, suggesting that THOC6 deficiency induces mis-

splicing at weak splice sites. In addition, the AS SE, RI, and A3SS events in affected 

THOC6 hNPCs impacted exons/introns that are significantly longer than nonsignificant 

events (Figure 4E). Likewise, the length of introns retained in RI events were significantly 

longer, with a 1.4-fold increase in length quantified for significant RI events (P=<0.0001, 

unpaired two-tailed t test, Figure 4E). Lastly, no positional bias was observed for AS 

events (Figure S4D and S4F). To validate our bioinformatic analysis, AS inclusion trends 
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in select, top, shared events were validated by qRT-PCR, demonstrating a high 

correlation (unpaired two-tailed t test, Figure 4F). Together, the detected RNA processing 

signature across diverse SE and RI events at weak splices sites suggest impaired splicing 

fidelity from loss of THOC6. 

To investigate the role of RNA misprocessing in ID pathology, we intersected our 

AS events with the genes that are known to cause syndromic ID, deposited in the SysID 

database (SysIDdb). 152 genes with significant AS events included or excluded in >10% 

of transcripts in hNPCS were detected in nonsense and missense affected genotypes 

(Figure 4G). 185 AS genes in THOC6W100*/W100* and 105 AS genes in THOC6E188K/E188K 

hNPCs are known genes causative for syndromic ID represented in the SysIDdb (Figure 

4G). Aberrantly spliced ID genes were identified in both THOC6 affected genotypes, 

consistent with a role for THOC6 in ID. 37 ID genes (1.3% of SysIDdb) are AS in both 

affected genotypes, identifying genes for shared mechanisms that may preferentially 

contribute to TIDS pathology. To identify biological mechanisms implicated by THOC6-

dependent AS, biological pathway enrichment analysis was performed on mis-spliced 

genes in affected cells. Genes with differential splicing were significantly enriched for 

functions in RNA splicing, cell projection organization, membrane trafficking, organelle 

organization, mitosis cell cycle, and DNA damage response (Figure 4H). RNA processing 

is tightly controlled by feedback loops (e.g., auto-repression by poison exons or intron 

retention), which would explain how effects on cis elements may lead to changes in trans 

factors (i.e., AS events in splicing regulatory factors). 
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5.2.7 THOC6-dependent mRNP processing required for hNPC proliferation and 

differentiation 

Alternative mRNA processing events, such as SE and RI in mRNA splicing, can impact 

gene expression through different mechanisms; isoform ratio differences versus inclusion 

of premature termination codons that initiate NMD.  To investigate the impact of AS events 

on expression, we performed differential gene expression analysis on THOC6E188K/E188K 

versus THOC6W100*/+, and THOC6W100*/W100* versus THOC6W100*/+ dyads (Figure S5B). 

Among the 336 differentially expressed genes (DEGs) in THOC6E188K/E188K hNPCs, only 

13 had splicing defects (p = 5.3x10-3, Fisher’s exact test) compared to 46 mis-spliced 

DEGs (of 661 DEGs, p = 4.2x10-7, Fisher’s exact test) in THOC6W100*/W100* hNPCs, 

indicating a subtle effect of mis-splicing on expression (Figure 5A). Notably, there are 

nearly double the number of AS genes (ASGs) (435 E188K; 741 W100*) and DEGs (336 

E188K; 661 W100*) in THOC6W100*/W100* hNPCs, suggesting that the nonsense genotype 

has a greater impact on splicing and gene expression (Figure 5A). Relevant for TIDS 

pathology, 20% (68 of 336; p = 1.5x10-5, Fisher’s exact test) of THOC6E188K/E188K DEGs 

and 18% (118 of 661; p = 9.7x10-6, Fisher’s exact test) of THOC6W100*/W100* DEGs are 

syndromic ID genes, which conveys important information pertinent for understanding the 

pathogenic mechanisms of TIDS (Figure 5A).  

Retained intron AS events are often subject to NMD in protein-coding genes 

(PCGs), while intron inclusion in lncRNAs alters nuclear export and conformation. Given 

the high number of RI events detected in THOC6 affected hNPCs, we tested the 

correlation between differential expression and RI events. For this analysis, gene-level 

mRNA abundance fold-change in affected hNPCs was correlated to the change in intron 



 197 

inclusion within transcripts from PCGs or non-coding RNA loci, referred to as percentage 

spliced-in (DPSI). We observed a trend in both THOC6-affected genotypes that lower 

gene expression correlates with greater intron inclusion (slope, p = 0.0045 for 

THOC6W100*/W100*and p = 0.0002 for THOC6E188K/E188K, simple linear regression) (Figure 

5B). Conversely, the quadrant representing differential intron exclusion and elevated 

expression was prominently represented by lncRNAs, where intron exclusion is 

implicated in impaired lncRNA function. The three significantly dysregulated ASGs 

represented in both affected genotypes were MEG3, PAX6, and POSTN. Consistent with 

the observed trend between RI events and expression, analysis of all DEGs revealed that 

PCGs make up the largest portion of DEGs (with a greater portion, 96.45% affected in 

downregulated genes), while the portion of lncRNAs is highest in upregulated genes 

(6.29%; compared to 1.98% of non-significant genes), reflecting the molecular differences 

between these distinct mRNA subtypes. 

Additional mRNA characteristics that may account for a portion of the observed 

differential expression are gene length and isoform number. In affected hNPCs, 

significantly more transcripts from long genes with on average of less than 10 annotated 

isoforms were identified compared to non-significant genes (Figures 5D and 5E). The 

trend towards DEGs with fewer transcript isoforms in affected hNPCs suggest 

alternatively spliced transcripts are more stable in affected cells (Figure 5C). These 

findings again reflect a requirement for the larger THOC6-dependent TREX tetramer 

complex function in facilitating mRNP processing of long mRNAs with high expression in 

brain.   
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To identify biological pathways predicted to contribute to THOC6 neuropathology, 

DAVID analysis was performed to identify biological categories defined by DEGs 

inTHOC6 affected hNPCs (Figure 5D). Downregulated genes are enriched in integrin cell 

adhesion, extracellular matrix interactions, PI3K-AKT signaling, and TGF-b signaling 

pathways, which are critical for brain development (Figure 5F). PI3K-AKT/mTOR 

signaling regulates cortical NPC proliferation, differentiation, and apoptosis (Andrews et 

al., 2020; Li et al., 2017). Over 30 genes attributed to the PI3K-AKT/mTOR signaling 

pathway were downregulated in affected cells, accounting for the significant enrichment 

(p = <1 x 10-13). HAPLN1, MYC, BMPR1B, DCN, FBN1, INHBA, ID4, THBS1, TGFB2, 

DEGs enriched in the TGF-b signaling pathway (p = <0.001), have direct implications for 

TGF-b signaling in neural induction, differentiation, and NPC fate specification in TIDS 

developmental mechanisms (Meyers and Kessler, 2017; Vogel et al., 2010). 

Complementary pathways enriched with upregulated DEGs implicate multipotency 

(OCT4, PAX6), proliferation, neuron differentiation and WNT signaling pathways (p = <1 

x 10-6, p = <0.001, p = <0.001, and p = <0.001, respectively). WNT signaling is known to 

promote NPC self-renewal expansion during corticogenesis (Harrison-Uy and Pleasure, 

2012; Qu et al., 2013). Shared dysregulation of mTOR, TGF-b, and WNT signaling, 

coupled with upregulation of multipotency factors in affected genotypes, suggests defects 

in hNPC multipotency and neural differentiation underlie TIDS pathogenesis. 

To identify transcription factor networks dysregulated in THOC6-affected hNPCs, 

transcription factor motif enrichment analyses was performed. Significant enrichment of 

MEF2, LHX3, and SRF target genes was observed in heterozygous controls compared 

to both affected genotypes (Figure S5D). Using a second analysis tool, ChEA3, 
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differential expression of SOX, FEZF, FOX, and GLI target genes, and downregulation of 

HEYL, TWIST, FOX, MEOX2, PRRX2, and MKX target genes were enriched in affected 

hNPCs (Figure S5E). These transcription factor networks are important for neuronal 

differentiation and fate specification (Jalali et al., 2011; Tsui et al., 2013; Wang et al., 

2011), concordant with GSEA findings. Together, these results suggest that gene 

expression programs that modulate timing of the switch from neural proliferation to 

differentiation are altered in TIDS. 

To refine specific candidate genes implicated in shared TIDS neuropathology, 

DEGs between affected THOC6 genotypes were intersected. 12 genes were upregulated 

and 117 were downregulated in affected hNPCs, with notable lncRNAs represented. 

Significant enrichment was detected in Integrin 1 pathway and extracellular matrix protein 

interaction networks (Figure S5C). Using mRNA obtained from three additional replicate 

differentiations of hNPCs per genotype, significant upregulation of MEG3, MEG8, ESRG, 

and NEAT1 lncRNAs was confirmed by qRT-PCR (Figures 5G). RNA FISH confirmed 

increased expression of MEG3 in affected hNPCs compared to controls, with elevated 

signal observed in both nuclear and cytoplasmic fractions (Figure 5H). Upregulation of 

functional lncRNAs NEAT1 and MEG3 has been linked to activation of WNT activation 

and suppression of TGF-b signaling, respectively (Cui et al., 2019; Mondal et al., 2015). 

Concordant with these findings, the protein level of WNT and TGF-b signaling 

components in THOC6-affected hNPCs exhibit a corresponding differential up- and down-

expression relative to controls.  Specifically, WNT signaling components WNT7A and 

TP53 showed increased protein expression, with higher abundance detected in affected 

hNPCs (Figure 5I). TGF-b pathway proteins HAPLN1 and TGFB2 also showed reduced 
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protein expression in affected hNPCs together with high CEMIP and DKK2 (Figure 5I). 

We propose that loss of THOC6 leads to lncRNA-mediated dysregulation of key 

developmental signaling pathways which has implications for the balance of proliferation 

and differentiation during neural development.  

 

5.2.8 Apoptotic upregulation and retained intron enrichment in Thoc6fs/fs E9.5 

mouse forebrain 

To investigate the conserved THOC6-dependent TREX functions that account for 

divergent phenotypic outcomes between mammalian models, mRNP processing was 

assessed in E9.5 mouse brain using complementary RNAseq experiments to those 

performed in hNPCs (Figures 6A and S6A). Three biological replicates were analyzed per 

genotype (Thoc6+/+, Thoc6fs/+, Thoc6fs/fs). Fewer significant AS events (FDR <0.05) were 

detected in Thoc6fs/fs E9.5 brain than in affected hNPCs, but the pattern of AS events was 

recapitulated, with the majority of AS events categorized as SE (45%) and RI (26%) 

(Figure 6B). Greater than 40 PSI was quantified in the Thoc6fs/fs transcriptome and 

retained and excluded intron events in Cenpt, Admts6, and Fam214b were validated 

(Figures 6C and S6B). Maximum entropy model analysis of splice junctions revealed 

significantly weaker 3’ splice site strengths for SE events and weaker 5’ splice sites 

associated with RI events in the Thoc6fs/fs mouse model. While this signature of splice 

site weakness is more modest in mouse than in human THOC6 models, these findings 

suggest a conserved role of THOC6-dependent TREX tetramer in coordinating mRNA 

processing that precedes TREX export functions (Figures 6D and S6C).  
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Notably, biological pathway and network enrichment analysis of AS genes 

identified mRNA processing, pre-miRNA processing, de-adenylation of mRNA, central 

nervous system development, forebrain development, multicellular growth, response to 

oxidative stress, cytoskeletal organization, and neuron projection (Figure S6D) — several 

of the biological categories associated with hNPCs ASGs. These shared findings suggest 

selective conservation of mRNP processing mechanisms by THOC6 in mouse and 

human forebrain.  

To assess the correlation between THOC6 mRNP processing defects and 

expression, differential expression analysis of Thoc6fs/fs forebrain mRNA sequencing data 

was performed compared to Thoc6+/+ controls. Of note, Thoc6 mRNA is downregulated 

(two-fold, p=<0.0001), consistent with NMD (Figures 6E and S6F). In this model, 5x more 

genes were upregulated (144 genes) than downregulated (27 genes). Nevertheless, 

downregulated genes may covey important pathology. First, downregulated genes 

functionally converge on neurogenesis, proliferation, and differentiation pathways (Figure 

6F). Upregulated genes are implicated in the hypoxic response, HIF-1 signaling pathway, 

and glycolysis—biological categories indicative of increased apoptosis in affected cells 

(Figure 6F). To investigate if altered transcription factor networks contribute to pathway 

dysregulation, we performed GSEA transcription factor motif enrichment analysis. HIF1, 

NRSF, SMAD3, and STAT3 target genes were enriched in Thoc6fs/fs E9.5 forebrain 

(Figure S6G). HIF-1 and STAT3 can induce apoptosis in response to hypoxia (Greijer 

and van der Wall, 2004; Zhou et al., 2021), which is consistent the observed elevation of 

apoptosis in Thoc6fs/fs E9.5 neuroepithelium (Figures 3E and 3F). SMAD3 signaling is 
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activated by TGF-b to promote cortical differentiation (Vogel et al., 2010), suggesting 

shared disruption of TGF-b signaling in both human and mouse model systems. 

DEGs shared between mouse and human model systems are consistent with 

conserved TIDS molecular pathology (Figure 6G). More Thoc6fs/fs DEGs overlapped with 

THOC6W100*/W100* (23 genes) than THOC6E188K/E188K (9 genes) samples, and include 

genes involved in neurogenesis, hypoxic response, and synapse regulation. Validation of 

Ier3, Islr2, Wnt7a, Kcnt2, Anax2, and Vegfa DEGs shared across affected models were 

confirmed by qRT-PCR in three additional E9.5 forebrain biological replicates for 

Thoc6+/+, Thoc6fs/+, and Thoc6fs/fs samples (Figures 6E and S6H). Overlapping affected 

human and mouse molecular mechanisms suggest shared pathology. However, the 

extent of upregulation of genes in response to increased apoptosis is exacerbated in 

mouse, highlighting species-specific phenotypic differences due to loss of THOC6.  

 

5.2.9 Delayed differentiation and elevated apoptosis in THOC6-affected forebrain 

organoids 

THOC6 pathogenesis in human cortical development was investigated using dorsal 

forebrain-fated organoids, neural differentiated from iPSC lines (Figure 7A). Forebrain 

organoids recapitulate the cellular heterogeneity and developmental dynamics of early 

corticogenesis (Qian et al., 2016). Within each organoid, several neural rosette (NR) 

structures develop stochastically to recapitulate features of in vivo ventricular zone 

development, including hNPC proliferation and differentiation to cortical neuron fates 

(Figure 7A). NR morphology was evaluated in cortical organoids at 28 days of neural 

differentiation (ND) from three independent differentiations per genotype. To minimize the 
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effect of inter-cell line NR variability, the following analyses focus on heterozygous 

unaffected and homozygous affected comparisons. To characterize the NR proliferative 

niche, the maximum thickness of the NR neuroepithelial center was measured as defined 

by N-cadherin immunostaining and pseudostratified NR cytoarchitecture by Hoescht 

staining (Figures 7B, 7C, S7A, and S7B). THOC6-affected organoids show significantly 

thinner pseudostratified neuroepithelium (p = <0.0001, two-tailed t test), concordant with 

reduced NR size composed of fewer cells (p = <0.0001, two-tailed t test) (Figures 7B, 7C, 

S7A, and S7B). Given the stark upregulation of apoptosis observed in Thoc6fs/fs E9.5 

mouse forebrain, we investigated the contribution of apoptosis as a mechanism of 

reduced NR size in the THOC6-affected organoids (Figures 7B, 7D, S7A, and S7B). A 

significantly higher proportion of affected NR cells expressed the apoptotic marker 

C.CASP3, providing evidence for shared mechanism of altered corticogenesis (p = 

<0.0001, two-tailed t test) (Figure 7D). 

To assess alterations in the timing of differentiation in affected NRs, we performed 

EdU-pulse labeling at day 21ND for 24 hours to label mitotically active cells, followed by 

organoid immunohistochemistry analysis at day 28ND (Figures 7E, 7F, S7C, and S7D). 

To assess the balance of multipotency and differentiation EdU, KI67, and DCX co-labeled 

cells per NR were quantified. A significant increase in cells co-stained with the 

proliferation marker KI67 and EdU per affected NR were detected at day 28ND (p = 

<0.0001, two-tailed t test), indicating affected NPCs remain mitotically active longer than 

control NPCs (Figure 7F). This finding paired with elevated mRNA and protein expression 

of OCT4 in affected hNPCs (data not shown) supports retention of multipotency model. 

Consistent with this finding, we observed a significant reduction in the fraction of EdU 
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cells co-labeled with the migrating neuron marker doublecortin (DCX) in affected NRs (p 

= <0.0001, two-tailed t test) (Figure 7F). Paired with the prolonged proliferation dynamics, 

this suggests a disruption to the differentiation timeline in affected organoids.  

To investigate effects of reduced NR growth on organoid size, we measured whole 

organoid cross section areas weekly from day 21 to day 42. Compared to the steady size 

increase of THOC6+/+ organoids, affected organoids showed a slower growth rate 

(E188K/E188K: p = 0.0122; W100*/W100*: p = 0.0362) (Figure 7G). Together, our 

findings implicate a pathogenic mechanism of delayed differentiation due to reduced NPC 

proliferative capacity and elevated apoptosis with subsequent cortical growth impairment 

in affected organoids. 

 

5.3 DISCUSSION 

There is a growing cohort of individuals with TIDS due to variant discovery resulting from 

exome based genetic testing (Accogli et al., 2018; Amos et al., 2017; Anazi et al., 2016; 

Anazi et al., 2017; Beaulieu et al., 2013; Boycott et al., 2010; Casey et al., 2016; Gupta 

et al., 2020; Hassanvand Amouzadeh et al., 2020; Kiraz et al., 2022; Mattioli et al., 2018; 

2019; Ruaud et al., 2022; Zhang et al., 2020). However, our understanding of the 

molecular functions of THOC6 are limited, despite robust research on the TREX complex 

(Chi et al., 2013; Dias et al., 2010; Guria et al., 2011; Heath et al., 2016; Katahira et al., 

2009; Katahira et al., 2013; Luna et al., 2012; Maeder et al., 2018; Mancini et al., 2010; 

Masuda et al., 2005; Peña et al., 2012; Pühringer et al., 2020; Rondón et al., 2010; Tran 

et al., 2014; Viphakone et al., 2019; Wickramasinghe and Laskey, 2015; Zuckerman et 

al., 2020). Information implicating important species differences in TREX composition and 
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function that are THOC6-dependent serve to highlight this gap in knowledge (Chávez et 

al., 2000; Jimeno et al., 2002; Meinel et al., 2013; Strässer et al., 2002). Our findings 

support a novel THOC6 LOF model of TIDS pathogenesis whereby pathogenic variants 

impair the formation of the THO/TREX tetramer complex that facilitates multivalent 

protein-mRNA interactions to support coordination of mRNP processing and export 

functions (Figure 7H). The resulting molecular impact preferentially disrupts processing 

of long mRNAs, with complex splicing patterns that are compounded by genetic feedback 

loops that regulate splicing. The neurological features of TIDS and the enrichment of long 

genes expressed in the brain further implicate a critical role for the THOC6-dependent 

TREX tetramer in providing a platform for enhanced coalescence of mRNP processing 

cofactors and maintenance of mRNA structural integrity during splicing of long mRNA 

transcripts important for brain development. Cell-type and organism specific requirements 

for splicing and gene length are predicted to inform the variation in tolerance that underlies 

distinct human phenotypic presentations and interspecific differences.  

The crystal structure of human THO-UAP56 was recently solved, implicating 

several putative consequences of THOC6-dependent TREX tetramer disruption (Figure 

7H) (Pühringer et al., 2020). Defects in TREX tetramer assembly are not predicted to 

disrupt formation of stable functional dimers, allowing THOC6-depleted models to 

discriminate between dimer and tetramer functions. The tetramer affords greater surface 

area for mRNP processing and permits enhanced co-adaptor loading of known and 

potentially species-specific TREX cofactors in species with a substantial splicing burden. 

Certainly, we see evidence for reduced association of ALYREF with THO complexes by 

THOC6 co-immunoprecipitation in THOC6-affected iPSCs, providing indirect evidence for 
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altered TREX tetramer formation with impaired binding of tetramer-associated mRNP 

processing cofactors (Figure 2F). Tetramer formation juxtaposes two UAP56 helicases 

on each end of dimers (Chang et al., 2013) to support a greater number of cofactors with 

broad mRNP processing capabilities (e.g., CHTOP in 3’ end processing and ALYREF in 

splicing) (Viphakone et al., 2019) known to compete for the limited number of UAP56 

binding sites (Hautbergue et al., 2009; Heath et al., 2016; Izumikawa et al., 2018). The 

tetramer also affords a greater surface area to maintain the structural integrity of long 

mRNA transcripts during mRNP processing and export. Through this process, TREX 

serves as a mRNA chaperone to prevent formation of DNA-RNA hybrid or R-loop 

structures that can promote genome instability (Luna et al., 2019; Pérez-Calero et al., 

2020). Thus, the TREX tetramer helps ensure mRNP quality control and evasion of 

degradation by the nuclear exosome (Fan et al., 2017). The tetramer may also enable 

multiple TREX complexes to simultaneously bind several mRNP regions (Pühringer et 

al., 2020) to facilitate compaction and/or protection of longer transcripts with elevated 

splicing. 

 Additional insights into dimer versus tetramer functions come from functional 

investigation of THO monomer components. For instance, THOC2 and THOC5 are 

required for the maintenance of ESC pluripotency, whereas TREX tetramer cofactors 

ALYREF and UAP56 impact differentiation (Wang et al., 2013). This phenotypic 

difference may reflect cell- and/or species-specific TREX dimer versus tetramer mRNP 

processing and export functions, with THO monomers being essential for viability and 

tetramer cofactors critical for differentiation and development. Enhanced mRNA 

processing efficiency provided by UAP56, ALYREF, CHTOP, and other export adaptors 
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associated with the TREX tetramer are susceptible to THOC6 pathogenic variants. 

Likewise, the diversity of expressed isoforms increases phylogenetically (yeast versus 

mammals), as well as during mammalian differentiation (Chen et al., 2006; Mazin et al., 

2021; Nagasaki et al., 2005), especially in the brain, highlighting the vulnerability of neural 

development to THOC6 loss. (Mauger et al., 2016; Wang et al., 2008). Neuronal 

expression of long genes is imperative for proper neuronal differentiation and 

synaptogenesis (Zylka et al., 2015). ALYREF is predicted to interact with other 

UAP56/TREX-bound adaptors associated to the same mRNP (Pühringer et al., 2020), 

suggesting that the tetramer facilitates increased mRNP compaction required for proper 

export, especially of longer mRNAs. It is possible that enhanced selectivity of mRNP 

processing and export co-evolved with TREX conformation, contributing to organismal 

complexity and distinguishing mammalian and yeast cells.  

In addition to its prominent role in nuclear RNA export, TREX has been implicated 

in splicing functions that correlate to increased export efficiency of spliced mRNAs 

(Masuda et al., 2005; Viphakone et al., 2019). As such, a significant reduction in global 

polyA+ RNA nuclear export was predicted to result from loss of THOC6-mediated TREX 

function. However, the absence of global export defects provides evidence to suggest 

that the dimers may be present and functional for RNA export in THOC6-affected hNPCs. 

Given this finding, alternative pathogenic mechanisms were investigated that may 

represent tetramer functions. Significant splicing changes implicate a pathogenic 

mechanism where THOC6-dependent disruption of TREX tetramer formation indirectly 

disrupts coordination of multiple steps of mRNP processing, including splicing, upstream 

of polyA+ mRNA packaging and export. This interpretation is supported by the diversity 
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of mRNP processing functions attributed to tetramer-associated cofactors. UAP56 and 

ALYREF play important roles in mediating pre-mRNA splicing decisions (Shen et al., 

2007; Viphakone et al., 2019). This finding does not rule out the possibility that THOC6 

plays a direct role in pre-mRNA splicing outside of mediating TREX core tetrameric 

assembly on the EJC. That THO member THOC5 can interact with unspliced transcripts 

(Chi et al., 2013), and WD40-repeat domains facilitate splicing factor interactions with 

pre-mRNA are evidence in support of this possibility (Jin et al., 2020).  

Our findings implicating THOC6-dependent TREX tetramers as indirect facilitators 

of splicing by coordinating the mechanics of mRNP processing is also supported by 

enrichment of aberrant splicing events at weaker splice sites. Weak splice sites are most 

often utilized by transcripts during alternative splicing, and genes with elevated isoform 

diversity from alternative splicing are more susceptible to disruption of the overall integrity 

of mRNP processing in THOC6-affected hNPCs. Long genes that are highly expressed 

in the brain particularly rely on such infrastructure to ensure pro-neural gene expression. 

This may also be supported by the observed enrichment of retained introns in THOC6-

deficient cells. Indeed, retained introns in unaffected tissues typically have weaker 5’ and 

3’ splice sites compared to other splice junctions (Monteuuis et al., 2019). In addition, 

intron retention increases during mammalian differentiation (Braunschweig et al., 2014), 

again suggesting differentiated cells may be more susceptible to loss of THOC6-mediated 

TREX tetramer functions by miscoordination affecting splicing outcomes. 

Given the conserved splicing and nuclear export functions in mammals, the 

phenotypic discrepancy between Thoc6fs/fs mouse embryonic lethality and human biallelic 

pathogenic THOC6 variants is notable. Superficially, this finding suggests that humans 
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are more tolerant to THOC6 variants. Alternatively, this may represent differences in the 

pathogenic mechanisms of each variant or interspecies sensitivities to splicing defects. 

In addition, the downstream genetic mechanisms of Thoc6 and THOC6 variants are 

divergent. Human pathogenic THOC6 variants reside in the WD40 repeat domains 

whereas the mouse Thoc6fs variant is located upstream of the first WD40 repeat domain. 

Nonsense THOC6 variant transcripts are stable and readthrough permits limited THOC6 

expression. Conversely, Thoc6fs transcripts are subject to NMD, impairing THOC6 

expression. This suggests that minimal THOC6 expression may be sufficient for human 

embryogenesis. Splicing requirements may also account for interspecific phenotypic 

differences. While SE and RI events were the predominant splicing defects in both model 

systems, AS events affect more protein coding transcripts and lncRNAs in THOC6-

affected hNPCs. Despite less AS events in Thoc6fs/fs cells, lethality in the mouse could be 

attributed to aberrant alternative splicing of specific transcripts important for mouse 

embryogenesis. Additionally, previous findings indicate that RI events account for a 

substantial portion of splicing variation in the primate prefrontal cortex, a trend that is most 

pronounced in humans (Mazin et al., 2018). Although intron retention is a known 

mechanism of mouse neuronal gene regulation by initiating RNA exosome-mediated 

degradation (Yap et al., 2012), it is possible that human cells are more tolerant than 

mouse cells to elevated intron retention. Further investigation of these interspecific 

differences is important for generating translationally relevant discoveries.  

The number of ID genes that are mis-spliced in THOC6 affected hNPCs relative to 

controls implicate shared underlying developmental mechanisms of ID pathology. 

However, developmental impact of individual defects on TIDS neuropathology is 
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complicated by the compounding effects of constitutive THOC6 LOF models. In addition 

to trends shared with the mouse model, we show that biallelic THOC6 LOF is responsible 

for disruption of key TGF-β and Wnt signaling pathways via a mechanism that involves 

dysregulation of signaling components and lncRNAs resulting in delayed hNPC 

differentiation, prolonged retention of multipotency, and enhanced apoptosis. This is 

exemplified by intron retention and upregulation of MEG3 in affected hNPCs. MEG3 is 

linked to the regulation of TGF-b signaling and other EZH2 common target genes (Mondal 

et al., 2015). Our findings suggest that RI events alter MEG3 subcellular localization, 

expression, and downstream WNT signaling that increases multipotency and disrupts the 

balance of proliferation and differentiation in affected hNPCs. A shift towards cytoplasmic 

localization of lncRNAs has evolved in human cells, which is important for the 

maintenance of stem cell pluripotency (e.g., cytoplasmic FAST binds E3 ubiquitin ligase 

b-TrCP to block its interaction with b-catenin and enable activation of Wnt signaling) 

(Azam et al., 2019; Guo et al., 2020). Given the increased diversity of lncRNA functions 

in human developmental biology, mouse cells may be less tolerant to lncRNA 

dysregulation than human cells. In addition, MEG3 is also upregulated by CREB (Zhao 

et al., 2006) whose target genes are affected in Thoc5 conditional knockout mouse 

cortical neurons (Maeder et al., 2018), potentially reflecting a shared mechanism of THO 

dysregulation in neural cells. While our analyses from mouse and human organoid 

models of Thoc6/THOC6 disruption provide insight into the molecular pathology of early 

neural development, later analysis of synaptic physiology will be important to elucidate 

mechanisms of neuronal dysfunction in TIDS.  



 211 

 Altogether, our findings expand the TIDS clinical population and provide novel 

functional insight into the pathogenic mechanisms of biallelic LOF variants in THOC6 

using comparative mammalian model systems. Functional studies with THOC6 enable us 

to assess TREX tetramer function while retaining THO subcomplex formation, and our 

findings provide novel insight into TREX splicing functions separate from export. Future 

work is needed to dissect the direct and indirect effects of THOC6 loss and confirm 

endogenous tetramer disruption under native protein conditions. In addition, the well-

known role of several TREX members in determination of polyadenylation site choice 

necessitates research focused on characterizing global aberrant alternative 

polyadenylation changes that could be contributing to dysregulation. Follow-up 

investigation at later-stage cortical organoids, and with use of unbiased single-cell 

RNAseq profiling, will allow for more detailed assessment of the developmental 

consequences of observed defects for cortical lamination and cell type composition. 

Lastly, it will be important to determine if alterations in mRNA processing/export also 

underlie synaptic defects—a morphological basis of ID, and a prominent clinical feature 

shared between THOC2 and THOC6-associated neurodevelopmental disorders. 
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METHODS 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Human subjects 

All subjects or parents/guardians provided informed consent and were enrolled in 

institutional review board-approved research studies. In all cases, the procedures 
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followed were in accordance with the ethical standards of the respective institution’s 

committee on human research and were in keeping with international standards. 

Probands 1-3 and 5 were identified through GeneMatcher (Sobreira et al., 2015). Details 

for all subjects are provided in Table 7.  

 

Animal models 

All mice were maintained according with the National Institutes of Health Guidelines for 

the Care and Use of Laboratory Animals and were approved by the Case Western 

Reserve Institutional Animal Care and Use Committee. CRISPR genome editing was 

performed in the University of California, San Diego Transgenic and Knockout Mouse 

Core. C57BL/6JN hybrid mice (Jackson Laboratory, 005304) were used for CRISPR 

editing of the Thoc6 locus. Founder mice with the Thoc6fs/+ allele were intercrossed with 

C57BL/6JN mice (Jackson Laboratory, 005304) for line maintenance. All ex vivo analyses 

were performed on tissue collected from mice of both sexes at embryonic day (E) 8.5-

10.5. Sex-dependent differences were not assessed. 

Litters were genotyped by allele-specific polymerase chain reaction (AS-PCR). 

Genomic DNA was prepared from mouse tissue samples as previously described (Truett 

et al., 2000). AS-PCR for each allele was assembled using the standard GoTaq DNA 

polymerase (Promega) protocol. Reaction conditions were executed as recommended by 

the manufacturer.  

 

Human ESC/iPSC culture 
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Human ESC and iPSC lines were cultured using feeder free conditions on Matrigel 

(Corning with mTeSR-1 (STEMCELL Technologies). Lines used in this manuscript 

include: H9 (THOC6+/+, 46XX, ESCs, WA09, WiCell), AS0035 (THOC6+/+, 46XX, iPSCs, 

New York Stem Cell Foundation (NYSCF) Diabetes iPSC Panel), AS0041 (THOC6+/+, 

46XY, iPSCs, NYSCF Diabetes iPSC Panel), KMC6002 (THOC6E188K/+, 46XY, iPSCs), 

KMC6003 (THOC6E188K/E188K, 46XY, iPSCs), KMC7001 (THOC6W100*/+, 46XY, iPSCs), 

KMC7002 (THOC6W100*/W100*, 46XY, iPSCs). Passaging was performed using mTeSR-1 

supplemented 1 nM ROCK inhibitor (BD Biosciences 562822) to prevent differentiation. 

Both manual and chemical dissociation with Versene (Gibco 15040066) were performed 

for splitting. Sanger sequencing validation of genotypes (Figures S5.1B and S5.1C) and 

CNV microarray analysis (Illumina Bead Array, analysis with Genome Studio v2.0) were 

performed on all lines to ensure no pathogenic changes were acquired during culturing. 

No further validation of iPSCs lines was performed in our lab. 

 

METHOD DETAILS 

Whole exome sequencing and analysis 

Exome libraries from genomic DNA of all BBIS-affected probands were prepared and 

captured with the Agilent SureSelectXT Human All Exon 50Mb Kit for Probands 1 & 4-7 

and Individual 5, the Agilent SureSelectXT Clinical Research Exome kit for Proband 3, 

and the TrueSeq Rapid Exome Kit for Proband 2. Further, exome libraries were 

sequenced on an Illumina HiSeq or NextSeq instrument as described previously 

(Srivastava et al., 2018). 
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Reads were aligned to the human genome version 19 (hg19/NCBI build 37) using 

Burrows-Wheeler Aligner (BWA). Variant calling of single nucleotide variants (SNVs) and 

copy number variants (CNVs) was performed using GATK, VEP, CoNIFER, and 

NextGENE Software. Average depth of coverage was calculated across all targeted 

regions. The data were filtered and annotated from the canonical THOC6 transcript 

(ENST00000326266.8 and ENSP00000326531.8) using in-house bioinformatics 

software (Müller et al., 2017). Variants were also filtered against public databases 

including the 1000 Genomes Project phase 311, Exome Aggregation Consortium (ExAC) 

v.0.3.1, Genome Aggregate Database (gnomAD), National Heart, Lung, and Blood 

Institute Exome Sequencing Project Exome Variant Server (ESP6500SI-V2). Those with 

a minor allele frequency >3.3% were excluded. Additionally, variants flagged as low 

quality or putative false positives (Phred quality score 14; 15 < 20, low quality by depth 

<20) were excluded from the analysis. Variants in genes known to be associated with ID 

were selected and prioritized based on predicted pathogenicity. 

 

Sanger sequencing 

All variants discovered by WES were confirmed with Sanger sequencing of THOC6 for 

each individual and respective family members who submitted samples except Proband 

1 where high-coverage WES of THOC6 in the proband and parents was deemed 

sufficient to report without Sanger confirmation. Chromatograms were analyzed using 

Sequencer and Geneious Prime Software (v.2022.1.1). 

 

Cerebral organoid generation 
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Telencephalic cerebral organoids were generated based on previously published 

protocols (Lancaster et al., 2013), with few modifications to start with low cell density in 

order to generate smaller and more consistent embryoid bodies (EBs). Briefly, human 

and chimpanzee iPSCs were passaged into 96-well V-shaped bottom ultra-low 

attachment cell culture plates (PrimeSurface® 3D culture, MS-9096VZ) to achieve a 

starting cell density of 600-1,000 cells per well in 30 µl of mTesRTM1 with 1 nM ROCK 

inhibitor. After 36 hours, 150 µl of N-2/SMAD inhibition media (cocktail of 1X N-2 

supplement (Invitrogen 17502048), 2 μM A-83-01 inhibitor (Tocris Bioscience 2939), and 

1 mM dorsomorphin (Tocris Bioscience 309350) in DMEM-F12 (Gibco 11330032)) was 

added for neural induction. On day 7, EBs were transferred to Matrigel-coated plates to 

enrich for neural rosettes at a density of 20-30 EBs per well of a 6-well plate, and media 

was changed to neural differentiation media (0.5X N-2 supplement, 0.5X B-27 

supplement (Invitrogen 17504044) with 20 pg/µl bFGF and 1mM dorsomorphin inhibitor 

in DMEM/F-12). For organoid differentiation EBs were outlined on day 14 using a pipet 

tip and uplifted carefully with a cell scraper to minimize organoid fusion and tissue ripping. 

Media was changed once more to N-2/B-27 with bFGF only and plates with uplifted 

organoids were placed on a shaker in the incubator set at a rotation speed of 90. On day 

14, media was changed once more to N-2/B-27 with bFGF only. Prior to day 14, media 

changes were performed every 48 hours. After day 14, daily media changes were 

performed until collection. For monolayer NPC differentiation, neural rosettes were scored 

and uplifted on day 14, dissociated in Accutase (Gibco A1110501), and re-plated on poly-

L-ornithine (PLO)/Laminin-coated plates for NPC expansion, selection, and passaging. 
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15 μg/mL PLO (Sigma-Aldrich P4957) diluted in DPBS (Gibco 14040-133); 10 μg/mL 

laminin (Sigma-Aldrich L2020) diluted in DMEM/F-12. 

 

Western blot analysis and immunoprecipitation 

ESCs, iPSCs, and NPCs used for western blot analysis were pelleted and lysed in RIPA 

buffer supplemented with 1:50 protease inhibitor cocktail (Sigma-Aldrich P8340) and 

1:100 phosphatase inhibitor cocktail 3 (Sigma-Aldrich P0044) using mortar and pestle 

coupled with end-over-end rotation for 30 minutes to 1 hr at 4°C. Protein concentration 

was quantified by BCA (Thermo Scientific Pierce A53227). Lysis samples were then 

incubated at a 1:3 ratio with 4x Laemmli sample buffer (Bio-Rad) supplemented with 10% 

BME and incubated at 95°C on a heat block for 5 minutes for denaturation. For co-

immunoprecipitation, primary antibodies anti-THOC5 and anti-THOC6 (1:50 dilution in 1x 

PBS with Tween-20) were incubated overnight at 4°C with Dynabeads Protein G 

(Invitrogen, 10003D). Beads were washed and cell lysis (35 μg of protein) was added for 

incubation overnight at 4°C with rotation. IP samples were prepared according to 

manufacturer’s instructions with elution in Laemmli sample buffer with 10% BME. For 

promotion of readthrough of premature termination codons, ataluren (eMolecules 

NC1485023) was dissolved in DMSO added to ESC/iPSC media at a final concentration 

of 30 µM for 48 hours as previously described (Roy et al., 2016). Protein was then 

extracted as described above. 

Samples were loaded into 4-20% SDS-polyacrylamide gels (Bio-Rad) and proteins 

were separated by electrophoresis at 30V for ~4 hours room temperature. Separated 

proteins were then transferred to PVDF membranes (Millipore) overnight using a wet 
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transfer system (Bio-Rad) at 4°C. For immunoblotting, membranes were incubated in 5% 

milk blocking buffer (1x TBS-T) followed by primary antibody incubation overnight at 4°C 

with rotation. Membranes were washed 3 times for 5 minutes in 1x TBS-T and then 

incubated with secondary antibodies for 1-2 hours at room temperature. Membranes 

underwent final washes before developing using West Femto Substrate (ThermoFisher 

34095) with film exposure. Primary antibodies used: anti-THOC6 (1:1000, Abnova 

H00079228-A01), anti-THOC1 (1:200, Bethyl Laboratories A302-839A), anti-THOC2 

(1:200, Bethyl Laboratories A303-630A), anti-THOC5 (1:200, Bethyl Laboratories A302-

120A), anti-ALYREF (1:200, Sigma Aldrich, A9979), anti-CHTOP (1:200, Invitrogen PA5-

55929), anti-b-actin (1:250, Abcam ab6276). Secondary antibodies used: donkey anti-

rabbit HRP-conjugated (1:5000, Cytiva NA9340V) and goat anti-mouse HRP-conjugated 

(1:1000, Invitrogen 32430). 

 

Immunofluorescence and Single-molecule Fluorescence in situ Hybridization 

Human NPCs were fixed in 4% paraformaldehyde (PFA) for 20 minutes. Human cortical 

organoids and mouse embryos were fixed in 4% PFA for 24 hours at 4°C, cryoprotected 

in 15% and 30% sucrose in 1x DPBS for 24 hours at 4°C, then embedded in OCT with 

quick freezing in -50°C 2-methylbutane, followed by cryosectioning for immunostaining. 

Mouse embryos were sectioned at 13 µm and organoids at 16 µm. Samples for 

immunostaining were incubated for 1 hour with blocking buffer (5% NDS (Jackson 

ImmunoResearch) 0.1% Triton X-100, 5% BSA) at room temperature, then overnight with 

primary antibodies diluted in blocking buffer at 4°C, and for 1-2 hours in secondary dilution 

at room temperature. Washes performed in PBS. For nuclear staining, samples were 
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incubated at room temperature for 10 minutes in Hoescht or DAPI (1:1000 dilution in PBS) 

prior to final washes. For EdU labeling detection, the Click-IT EdU imaging kit (Invitrogen 

C10337) was used according to the manufacturer’s instructions. After incubation with the 

Click-IT reaction cocktail, sections were blocked and immunostained as described above. 

Some antibodies required antigen retrieval via incubation in heated 10 mM sodium citrate 

solution (95-100°C) for 20 minutes prior to immunostaining. Primary antibodies used: 

mouse anti-PAX6 (1:250, Abcam, MA-109), rabbit anti-KI67 (1:200, Abcam ab16667), rat 

anti-PH3 (1:250, Abcam ab10543), rabbit anti-cleaved caspase3 (1:100-1:400, Cell 

Signaling 9661), mouse anti-N-Cadherin (BD Biosciences 610920), goat anti-DCX 

(1:400, Santa Cruz Biotechnology A1313), rat anti-CTIP2 (1:500, Abcam ab18465), rabbit 

anti-PAX6 (1:100, BioLegend) and goat anti-SOX1 (1:100, R&D Biosystems), and mouse 

anti-KI-67 (1:500, Cell Signaling). AlexaFluor-conjugated secondaries used: donkey anti-

mouse 647 (1:400, Invitrogen A31571), donkey anti-rat 555 (1:400, Invitrogen A48270), 

and donkey anti-rabbit 488 (1:400, Invitrogen, A21206). 

Embryos and organoids used for RNA Fluorescence in situ Hybridization (FISH) 

were fixed and cryoprotected as indicated above using RNAse-free PBS. RNAse-zap 

treatment of sectioning equipment was performed prior to cryosectioning. NPCs for RNA 

FISH were fixed in RNAse-free 4% PFA then permeabilized in PBS-TritonX (0.1%) for 15 

minutes. Hybridizations were then performed overnight at 37°C with a final concentration 

of 2 ng/µl of Cy3-conjugated oligo-dT(30-mer) probe, MALAT1 (Quasar-670, Stellaris 

VSMF-2211-5), and/or MEG3 (Quasar-570, Stellaris VSMF-20346-5). Saline-sodium 

citrate washes were performed before and after hybridization, followed by nuclear staining 

with RNAse-free Hoescht-PBS wash (1:1000 dilution) and final wash in RNAse-free PBS. 
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Glass covers were mounted onto all slides with Prolong Gold (Molecular Probes 

S36972) and incubated for 24 hours at room temperature prior to imaging. Imaging was 

performed with a Nikon A1ss inverted confocal microscope using NIS-Elements 

Advanced Research software. Image analysis was performed using Fiji (ImageJ) 

software. For oligo-dT FISH, Z-series images were taken every 0.2 µm across entire width 

of cells for each genotype using same laser intensity settings and collapsed by max 

intensity using Z project tool in Fiji for quantification of nuclear and cytoplasmic fractions 

of polyA intensity by automated quantitation with CellProfiler (v4.2.1). Hoechst signal was 

used to segment nuclei and the oligo-dT signal to segment cell body. Three differentiation 

replicates per genotype. 3D surface plots were made in Fiji.  

 

WGA inhibition of nuclear export 

Confluent NPCs were incubated with digitonin at 30 µg/mL diluted in DMSO and WGA 

conjugated to Alexa Fluor 488 (Invitrogen, W11261) at 5 µg/mL diluted in DPBS for 5 

minutes, as previously described (Mor et al., 2010). Cells were washed to remove 

digitonin and WGA only was added to media at 5 µg/mL for 1 hour. Control NPCs were 

only treated with digitonin. Cells were fixed and prepped for oligo-dT FISH as described 

above. 

 

RNA sequencing and bioinformatics analysis 

Total RNA was extracted from cultured hNPCs (two biological replicates per genotype) 

using TRIzol Reagent (Invitrogen 15596026) followed by DNAse column treatment using 

PureLink RNA extraction kit (Invitrogen 12183018A). Total RNA from dissected E9.5 
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mouse forebrain tissue (three biological replicates per genotype) was extracted using 

Picopure RNA isolation kit (Applied Biosystems) according to manufacturer’s 

recommendations. hNPC and E9.5 mouse forebrain RNA samples were ribo-depleted 

followed by 151 bp paired-end sequencing on the Illumina NovaSeq 300 cycle, ~20-30 

million reads per sample. Library preparation and sequencing was conducted by the 

Advanced Genomics Core (AGC) at the University of Michigan. Invitrogen ERCC spike-

ins (#4456740) were added for sequencing controls at starting concentrations according 

to the manufacturer’s instructions. FASTQ files were trimmed with Cutadapt v4.1 using 

default parameters. Read quality was assessed by FASTQC v0.11.9. MultiQC version 1.7 

was used to visualize FASTQC outputs and compare samples. ERCC spike-in FASTA 

and GTF annotation files were merged with human GRCh38.p13 reference genome 

FASTA with GTF release 39 or mouse GRCm39 reference genome FASTA with GTF 

release M28. FASTQ reads were then mapped to merged files using STAR alignment 

with parameter ‘--outSAMtype BAM SortedByCoordinate’ (Dobin et al., 2013). Count 

analysis was performed on sorted BAM files using RSEM with paired-end alignment 

specified (Li and Dewey, 2011). Differential expression analysis was carried out using 

DESeq2 v1.34.0 (Love et al., 2014) in R v4.1.2 (R Core Team, 2020). ERCC spike-in 

counts were used to estimate size factors for each sample for DESEq2 analysis. Genes 

were considered dysregulated if FDR < 0.05 and fold-change > 2 or < -2. Volcano and 

PCA plots were made using ggplot2 and pcaExplorer packages in R. 

Alternative splicing analysis was performed on sorted BAM files using rMATS 

v4.1.2 (Park et al., 2013) with the following parameters: ‘-t paired --readLength 150 --

variable-read-length --nthread 4’ (Shen et al., 2014). AS events were called if FDR < 0.05 
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and ΔPSI > 10%. Events with less than 5 average reads were filtered out using the 

MASER package in R (Veiga, 2022). To calculate splice site strength at 5’ and 3’ splice 

sites in AS transcripts identified by rMATS, maximum entropy modeling was carried out 

using MaxEntScan (Yeo and Burge, 2004). The required input is a 9-mer sequence at 5’ 

splice sites (3 bases in exon and 6 bases in downstream intron) and a 23-mer at 3’ splice 

site (20 bases of intron and 3 bases of downstream exon). Scores were plotted in 

GraphPad Prism (v9.0.0). 

DAVID (david.ncifcrf.gov/tools) and Metascape (metascape.org) (Zhou et al., 

2019) analyses were performed to identify enriched biological pathways based on 

Benjamini-Hochberg multiple hypothesis corrections of the p-values. To identify potential 

transcription factors responsible for expression differences, Gene Set Enrichment 

Analysis (GSEA v4.2.3) against the MSigDB transcription factor motif gene set 

(c4.tftv7.5.1.symbols.gmt) and ChIP-X Enrichment Analysis v3 (ChEA3) were performed 

(Keenan et al., 2019). Ensembl BioMart tool (http://useast.ensembl.org/biomart) was 

used to obtain coding sequence length, transcript number per gene, gene type, and 

sequences for AS events. The GeneOverlap v1.32 R package was used to identify 

overlapping DE and AS hits between affected genotypes. Primary and candidate 

syndromic ID genes were obtained from the SysID database 

(https://www.sysid.dbmr.unibe.ch).  

 

qRT-PCR and mRNA half-live analysis 

Reverse transcription for cDNA synthesis was performed using 1 μg of total RNA with 

Invitrogen Superscript III kit (18080051) according to manufacturer’s instructions. For 
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validation of AS events, standard PCR was performed as described above. Abundances 

of THOC6, FOS, GAPDH, MEG3, MEG8, ESRG, and NEAT1 mRNA was determined by 

quantitative real-time PCR (qPCR) using the Applied Biosystems 7500 system with 7500 

Software v2.3 and Radiant Green 2X qPCR Mix Lo-ROX 2X qPCR Mix (Alkali Scientific 

inc., QS1020) according to manufacturer’s instructions. Cycler parameters used: cDNA 

activation (1 cycle at 95°C for 2 minutes), denaturation (40 cycles 95°C for 5 seconds) 

and annealing/extension (40 cycles at 60°C for 30 seconds). The ΔΔCt method was used 

to analyze data with GAPDH as a reference gene. ΔΔCt values obtained by subtracting 

mean THOC6+/+ ΔCt values for each sample. Data shown represent mean values of three 

qPCR technical replicates per sample for three biological replicates per genotype 

(independent differentiations for NPCs). Melt curve analysis was performed on all primers 

to ensure temperature peaks at ~80-90°C. GAPDH and FOS primer sequences were 

obtained from (Moon et al., 2012). NEAT1 was obtained from (Cui et al., 2019) and MEG3 

was obtained from (Mondal et al., 2015). All others were designed using NCBI primer 

blast.  

mRNA decay analysis was performed using transcription inhibition by Actinomycin 

D (ActD) based on (Moon et al., 2012). Human ESCs/iPSCs were first passaged into five 

12-well plates. Each plate had the following lines: THOC6+/+ (H9 ESCs), THOC6+/+ 

(AS0041 iPSCs), THOC6W100*/W100*, THOC6W100*/+, THOC6E188K/E188K, THOC6E188K/+. 

Once confluent, ActD was added to media of all four plates at 10 µg/mL (Sigma-Aldrich 

A9415). After 30 minutes, media was removed from one plate and 1 mL of TRIzol Reagent 

was added directly to each well (t = 0). Cells were uplifted in TRIzol by pipetting and 

transferred to a fresh tube. Tubes were immediately frozen in TRIzol at -80°C. This was 
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repeated every 30 minutes to obtain the following time points 30 minutes post-ActD 

treatment: t = 0.5, 1, 1.5, and 2 hrs. Extractions were performed in batches per time point 

based on protocol described above. Standard curve analysis was performed to validate 

primers (Figure S5.1C). This experiment was repeated to capture longer decay window 

using the following time points: t = 0, 2, 4, 8 (Figure S5.1D). ΔΔCt values obtained by 

subtracting mean t = 0 ΔCt for each genotype. Abundances of THOC6, GAPDH, and FOS 

(positive control for rapid decay) mRNA was determined.  

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Statistical significance of all quantifications from microscopy images, western blot images, 

gel images, and qRT-PCR abundances was tested using a student’s two-tailed t-test and 

data was plotted using GraphPad Prism (v9.3.1) as mean ±SEM or mean ±SD, as 

specified in figure legends. Simple linear regression was performed in qRT-PCR standard 

curve analysis, organoid growth curves, and intron retention analysis. Statistical 

significance of gene overlaps were tested using Fisher’s exact test via GeneOverlap 

package function testGeneOverlap() in R. Benjamini-Hochberg multiple hypothesis 

corrections were performed in pathway enrichment analyses.  
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Figure 5.1. Biallelic pathogenic variants in THOC6 cause syndromic intellectual disability.  
(A) Pedigree drawings of segregating TIDS phenotypes in families 1-7, with generations listed on the left-hand side. 
Females are represented as circles and males are denoted by squares. Miscarriages are denoted by small triangles. 
Affected family members are indicated by solid black coloring while unaffected are unfilled. Consanguineous 
partnerships are represented by double lines. Chromatograms from Sanger sequencing of THOC6 confirmation of 
genotypes are provided for each tested family member in families 1-7. (B) Facial photographs of Probands 1-4 and 
Individual 5. (C) Sagittal brain MRI showing corpus callosum dysgenesis (Probands 2, 6, & 7) and cortical and cerebellar 
atrophy (Proband 6) compared to control (left). (D) Canonical THOC6 protein map consisting of 341 amino acids. WD40 
repeat domains 1-7 are denoted by purple rectangles. Location of known pathogenic variants are annotated relative to 
linear protein map (top) and secondary structure (below). Variants reported in present study are distinguished by a 
black star. Missense (blue triangle), nonsense (red square), and frameshift (green circle). (E) Schematic of patient and 
control-derived human cell types and respective genotypes. (F) Decay of THOC6 mRNA (solid line) following ActD 
transcriptional inhibition compared to FOS mRNA decay (dotted line) in human ESC/iPSCs across genotypes. Values 
calculated relative to GAPDH reference mRNA. (G) Western blot of human ESC/iPSCs indicating reduced THOC6 
protein expression in THOC6W100*/W100* iPSCs compared to unaffected controls. Confirmation of readthrough by ataluren 
treatment (30 µM). Abundance quantifications relative to b-actin control (right). Data represented as mean ±SEM. P-
value, two-tailed unpaired t test. ****, p-value <0.0001. 
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Figure 5.2. Genetic mechanism of biallelic pathogenic THOC6 variants.  
(A) Amino acid alignment showing conservation of affected residues for pathogenic variants in present clinical study. 
Variants mapped to THOC6 folded β-propeller structure (B) and THO/TREX complex (C). (D) Schematic of TREX core 
tetrameric assembly mediated by THOC6 with functional implications for mRNA processing and export based on 
published crystal structure (Pühringer et al., 2020). (E) Steady-state protein abundance for THO/TREX complex 
members and (F) ALYREF abundance following co-immunoprecipitation with THOC5 and THOC6 across genotypes. 



 228 

 

Figure 5.3. Generation of Thoc6fs/fs mouse model.  
(A) CRISPR/Cas9 editing strategy to introduce frameshift variants in mouse Thoc6. (B) Representative images of 
isolated Thoc6+/+, Thoc6fs/+, and Thoc6fs/fs whole embryos at E9.5 prior. Scale bar: 50 μm. (C) Western blot analysis 
with quantifications of E8.5 and E9.5 mouse embryos showing increased expression during development. Ablation of 
THOC6 protein in Thoc6fs/fs is observed at E8.5, with presence of band suggesting read-through product at E9.5. β-
actin, loading control. (D) Litter ratio analysis for E8.5-9.5 (left) and weaned (right) Thoc6fs/fs mice. Ratios are consistent 
with embryonic lethality of homozygous frameshift mice. n = 164 mice (left); n = 27 mice (right). (E) Immunostaining of 
markers PH3 and C.CASP3 in E9.5 mouse forebrain. Illustration highlights sectioning and quantification approach. (F) 
Quantifications of fractions of PAX6, PH3, and C.CASP3-expressing cells in E9.5 neuroepithelium. Measurements were 
combined from one rostral and one caudal section (from two lateral segments depicted by solid black boxes in E) per 
three embryo replicates per genotype. Data shown as mean ±SEM. Significance, two-tailed t test. 
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Figure 5.4. Characterization of alternative splicing events in THOC6 affected hNPCs.  
(A) Differentiation protocol to derive human neural progenitor cells from affected and unaffected ESC/iPSCs. (B) 
Combined rMATS summary results for AS events in THOC6W100*/W100* and THOC6E188K/E188K hNPCs relative to 
THOC6W100*/+ control hNPCs. Event type (pie chart) and inclusion status (bar chart). Yellow, higher inclusion in affected. 
Blue, higher inclusion in unaffected. (C) Significant splice site strength score differences at mis-spliced events in 
affected hNPCs based on maximum entropy model. (D) transcript number per AS gene and (E) AS event length in 
THOC6W100*/W100 and THOC6E188K/E188K vs. THOC6W100*/+ NPCs. (F) RT-PCR AS validations of SE (ABAC1, POU2F2) 
and RI (MAPK15) events in three additional biological replicates of hNPCs per genotype with quantified mis-spliced 
ratios. Data shown as mean ±SEM. P-values (C-F), two-tailed unpaired t test. ****, p = < 0.0001. (G) Venn diagram of 
overlap of THOC6 W100*/W100* and THOC6E188K/E188K AS genes and all syndromic intellectual disability genes included in 
the SysID database. Overlap significance tested by Fisher’s exact test. ASG, alternatively spliced genes. Metascape 
analysis on combined significant mis-spliced events (FDR <0.05) in THOC6E188K/E188K and THOC6W100*/W100* NPCs (H). 
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Figure 5.5. Differential expression analysis in affected hNPCs.  
(A) Venn diagram of gene overlap of THOC6 W100*/W100* and THOC6E188K/E188K affected genes and all syndromic 
intellectual disability genes included in the SysID database. Overlap significance tested by Fisher’s exact test. DEG, 
differentially expressed genes; ASG, alternatively spliced genes. (B) Linear regression analysis of log2foldchange and 
D percent transcripts spliced in (PSI) for significant retained intron events in affected cells. Purple dots indicate 
THOC6E188K/E188K hits and green dots indicate THOC6 W100*/W100*. Best fit line, R2, and slope p-value for THOC6E188K/E188K 
(solid line) and THOC6 W100*/W100* (dotted line). (C) Percentage of gene type by condition for combined DEGs in affected 
hNPCs. NotSig, not significant; Up, upregulated. Down, downregulated; lncRNA, long non-coding RNA; PP, processed 
pseudogene; TUP, transcribed unprocessed pseudogene; PCG, protein coding gene. Violin plots of coding sequence 
(CDS) length (D) and isoform number (E) of combined DEGs in affected cells compared to non-significant genes. (F) 
DAVID biological pathway enrichment analysis of combined upregulated genes (top, red) and downregulated genes 
(bottom, blue) in THOC6 affected hNPCs. (G) qPCR relative abundance quantifications (2-ΔΔCt) for MEG3, ESRG, 
MEG8, and NEAT1 in hNPCs. Three technical replicates of three biological replicates per genotype. (H) RNA FISH 
probing for MEG3 and MALAT1 in affected and unaffected hNPCs. Cell inset showing MEG3 expression and 
localization differences with yellow arrows in merged image. Scale bar 50 µm. (I) Protein abundance of top 
downregulated and upregulated genes across genotypes. Genes labeled with log2FC > 1 or < -1 and PSI > 0.1 or < -
0.1. Data shown as mean ±SEM. Significance, two-tailed unpaired t test. 
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Figure 5.6. Characterization of mRNA processing defects in Thoc6fs/fs mouse E9.5 forebrain.  
(A) Cartoon of E9.5 mouse forebrain total RNA sample preparation. (B) rMATS summary results for AS events in 
Thoc6fs/fs E9.5 forebrain. Event type (pie chart) and inclusion status (bar chart). Yellow, higher inclusion in Thoc6fs/fs. 
Blue, higher inclusion in Thoc6+/+. (C) Quantifications from RT-PCR validating top AS events Cenpt, Admts6, Fam214b 
in 2-4 biological replicates. Significance, two-tailed unpaired t test. Data are mean ±SEM. (D) Significant splice site 
strength score differences at mis-spliced events in Thoc6fs/fs samples based on maximum entropy model. (E) RT-qPCR 
validations of Thoc6, Wnt7a, Islr2, Ier3, Kcnt2, Anax2 mRNA abundance on two additional biological replicates of E9.5 
forebrain per genotype. Three technical replicates analyzed per sample. Significance, two-tailed unpaired t test. Data 
are mean ±SEM. (F) DAVID analysis showing significantly enriched biological pathways among upregulated genes 
(top, magenta) and downregulated genes (bottom, blue) in Thoc6fs/fs E9.5 forebrain. (G) Venn diagram of overlap of 
DEG in affected hNPCs and Thoc6fs/fs mouse E9.5 forebrain. Overlap significance tested by Fisher’s exact test. 
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Figure 5.7. Modeling of THOC6 variant pathogenesis in human cerebral organoids.  
(A) Cerebral organoid differentiation protocol. ND, neural differentiation. (B) Immunostaining of PH3, N-Cadherin, 
apoptosis marker cleaved caspase3 (CCASP3), and Hoescht in day 28 human cerebral organoids differentiated from 
unaffected and affected iPSCs, highlighting differences in neural rosette morphology. 40x magnification; Scale bar: 50 
μm. (C-D) Quantifications of area, thickness, Hoescht+ cells, and fraction of CCASP3+ cells per NR for THOC6W100*/+ 
and THOC6E188K/+ controls and THOC6W100*/W100* and THOC6E188K/E188K affected organoids. NR (organoid) 
number analyzed across one differentiation replicate per genotype: unaffected, n = 67 (15); affected, n = 34 (10). (E) 
Immunostaining of EDU, KI67, DCX to assess timing of differentiation in day 28 organoids with quantifications (F). NR 
(organoid) number analyzed across three differentiation replicates per genotype: unaffected, n = 187 (87); affected, n 
= 157 (67). (G) Growth rate of organoids across genotypes measured by cross section area (μm) from days 21-42. (C-
D, F-G) Data shown as mean ±SEM. Significance, two-tailed unpaired t test. (H) Schematic of proposed model of 
THOC6 pathogenesis.   
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Figure S5.1. Genetic mechanism of biallelic pathogenic THOC6 variants.  
See also Figures 5.1 and 5.2. Confirmation of genotypes in human ESC/iPSC lines by PCR (A) and Sanger sequencing 
(B). (C) Standard curve analysis using 5 two-fold serial dilutions of control cDNA to confirm primer quality for FOS, 
THOC6, and GAPDH for mRNA stability assay. (D) mRNA decay curve for extended timeframe capturing THOC6 and 
FOS RNA decay after 2.5 hrs following Actinomysin D treatment. Values were not normalized to GAPDH because 
control transcripts are also degraded after 2.5 hrs of transcription inhibition. Immunostaining to assess subcellular 
localization of THO/TREX complex members THOC1 (E), and CHTOP and ALYREF (F) in human ESC/iPSCs with 
biallelic pathogenic THOC6 variants compared to heterozygous and wildtype unaffected controls. 
 
  



 239 

 

Nuclear PolyA Cytoplasmic PolyA

+/+

W
10

0*
/+

W
10

0*
/W

10
0

E18
8K

/+

E18
8K

/E
18

8K +/+

W
10

0*
/+

W
10

0*
/W

10
0

E18
8K

/+

E18
8K

/E
18

8K

+/+
 (u

ntr
ea

ted
)

+/+
 (W

GA+)

-2

0

2

lo
g 10

(in
te

gr
at

ed
 in

te
ns

ity
)

+/+
 (u

ntr
ea

ted
)

+/+
 (W

GA+)

-4

-2

0

2

lo
g 10

(N
/C

 in
te

gr
at

ed
 d

en
si

ty
) **

*
**

****

+/+

W
10

0*
/+

W
10

0*
/W

10
0

E18
8K

/+

E18
8K

/E
18

8K

+/+
 (u

ntr
ea

ted
)

+/+
 (W

GA+)

B

C

Z-series middle image

Z-series collapsed50 μm

50 μm

200% zoom

Hoescht, PolyA

Hoescht

200% zoom

Thoc6+/+

Thoc6fs/fs

PolyA
D E

Z-series collapsed 3D surface plot

WGAHoescht, PolyA

E188K/+

E188K/E188K

W100*/W100*

W100*/+

+/+

+/+
WGA+ 5 μg/ml

25 μm

A

E9.5



 240 

Figure S5.2. Characterization of bulk mRNA export across genotypes.  
Related to Figures 5.3-5.6). (A) Oligo-dT FISH Z-collapsed confocal images (40x magnification) of NPCs differentiated 
from iPSCs with the following genotypes: THOC6+/+, THOC6W100*/W100*, THOC6W100*/+, THOC6E188K/E188K, THOC6E188K/+. 
Arrows point to cells showing extreme signal differences. As a positive control for impaired nuclear export resulting in 
aberrant accumulation of transcripts in the nucleus, THOC6+/+ were treated with WGA at 5 μg/ml which acts to block 
the nuclear pore complex (bottom). Scale bar: 25 μm. (B) Intensity quantifications from 200-700 cells per genotype 
from three replicates were performed using an automated CellProfiler (v4.2.1) pipeline that measures polyA signal in 
nuclear and cytoplasmic fractions. Variability in polyA+ signal intensity observed across genotypes is likely due to slight 
technical variation in the assay across replicate slides. (C) Ratios of nuclear to cytoplasmic polyA showing minimal 
differences in bulk export across genotypes relative to WGA+ positive control. (D) Oligo-dT FISH of E9.5 Thoc6+/+ and 
Thoc6fs/fs mouse neuroepithelium; Z-series middle image (left). Scale bar: 50 μm. White box represents zoomed in 
area. (Right) 200% zoom of polyA signal in Z-series collapsed image by maximum intensity. (E) 3D surface plot for Z-
series collapsed image of polyA intensity (left) and Hoescht intensity (right) in Thoc6+/+ E9.5 neuroepithelium (top) and 
Thoc6fs/fs E9.5 neuroepithelium (bottom). 
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Figure S5.3. Differential expression analysis in affected hNPCs.  
See also Figure 5.5. Volcano plot of differential expression in THOC6W100*/W100* (A) and THOC6E188K/E188K (B) NPCs 
relative to THOC6W100*/+ controls. Data represent analysis of two biological replicates per genotype. The later 
comparison was chosen following observation of upregulated skeletal muscle genes in THOC6E188K/+ hNPC replicates, 
indicating issues during the differentiation of this line. (C) Gene overlap of THOC6W100*/W100* and THOC6E188K/E188K 
downregulated (left, blue) and upregulated (right, red) genes. Metascape protein-protein network enrichment analysis 
identifies integrin1 pathway and extracellular matrix modules enriched among genes downregulated in both genotypes. 
(D) GSEA enrichment plots for top transcription factors using the transcription factor motif gene dataset 
(c4.tftv7.5.1.symbols.gmt) in THOC6W100*/W100* (top) THOC6E188K/E188K (bottom). (E) ChEA3 transcription factor motif 
enrichment of DEGs in THOC6W100*/W100* (left, green) and THOC6E188K/E188K (right, purple) NPCs. 
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Table 7. Clinical descriptions of individuals with TIDS in present study.  
Related to Figures 5.1. 
 

Proband Clinical description Genetic diagnosis Variant 
Interpretationa 

1:II:1 Proband 1 is from the Netherlands and of European 
ancestry. He was twelve months old at provided 
evaluation. The pregnancy was complicated by 
intrauterine growth restriction at thirty weeks of 
gestation. Proband 1 was born via a spontaneous 
vaginal delivery after 38 weeks and 3 days of 
gestation with a birth weight was 2.252 kg, and a 
length of 47 cm. Feeding problems were noted after 
birth. Gastroesophageal reflux disease was diagnosed 
requiring nasogastric tube feeding intervention. 
Growth parameters at four months of age included a 
length of 58 cm (<3rd centile), with a weight of 4.275 
kg (<3rd centile) and an occipitofrontal circumference 
(OFC) of 38 cm (<3rd centile). Dysmorphic features 
include plagiocephaly, upslanting/narrow palpebral 
fissures, a straight nose with a broad nasal base, a 
smooth philtrum with a thin upper lip, and protruding 
ears with large, upturned earlobes (Figures 5.1B). A 
renal ultrasound revealed unilateral renal agenesis, 
though cardiac abnormalities were not detected by 
ultrasound evaluation. Marked signs of developmental 
delay at 12 months. Motor delays characterized by 
deficits in coordination required for prolonged prone 
positioning on his abdomen and inability to sit 
unassisted.  

Karyotyping results were normal. 
Trio WES 
(mother/father/proband) was 
performed and identified two 
THOC6 variants as high priority 
candidates for the clinical 
presentation observed for 
Proband 1. A previously 
described missense variant was 
maternally inherited and a novel 
truncating THOC6 variant was 
paternally inherited: c.569G>A, 
(p.G190E) and c.139C>T, 
(p.Q47*) (Figures 5.1A). The 
c.139C>T, (p.Q47*) variant was 
not found in the gnomAD 
Browser (v2.1.1) and was 
submitted to ClinVar 
(https://www.ncbi.nlm.nih.gov/clin
var/; Submission 
ID:SUB5265728). The parents of 
Proband 1 were heterozygous for 
the identified variants, consistent 
with a recessive mode of 
inheritance.  

p.G190E: 
pathogenic 
(ii);  
 
p.Q47*: 
pathogenic 
(ia) 

2:III:2 Proband 2 is the second-born of consanguineous 
parents of Turkish ancestry, three years old at 
provided evaluation (Figures 5.1A). Proband 2 was 
born full-term (41 weeks of gestation) with a birth 
weight of 2.7 kg (10th centile) and an OFC of 32.5 cm 
(<3rd centile). She exhibited global developmental 
delay, feeding problems, and persistent vomiting in the 
first few postnatal months, consistent with features of 
gastroesophageal reflux disease. Use of a 
nasoduodenal feeding tube supported slow, yet 
persistent weight gain. Physical examination revealed 
microcephaly and atypical facial features of 
epicanthus, long nose with low hanging columella, and 
upslanting palpebral fissures (Figures 5.1B). Cranial 
MRI revealed corpus callosum hypoplasia (Figures 
5.1C). Frequent upper respiratory infections occurred 
one to three times per month. Echocardiogram 
demonstrated peripheral pulmonary stenosis and 
patent foramen ovale. Renal anatomy was 
unremarkable. At 3 years of age, weight was 13 kg 
(3rd centile), height was 95 cm (3rd centile) and OFC 
was 45 cm (<3rd centile). Severe intellectual disability 
was noted with delays in speech and communication 
requiring special rehabilitation intervention. Motor 
delays were observed. At time of evaluation, Proband 
2 walked with an unsteady gait. While hearing and 
vision are normal, strabismus was observed. She has 
a high number of dental caries, in line with previously 
described BBIS dental anomalies. 

Karyotyping results were normal. 
WES genetic testing identified a 
novel biallelic truncating variant 
c.299G>A, (p.W100*) in exon 4 
of THOC6 in Proband 2. At the 
time of identification, this variant 
was not reported and not 
observed in the gnomAD 
Browser (v2.1.1) and was 
submitted to ClinVar 
(https://www.ncbi.nlm.nih.gov/clin
var/; Submission ID: 
SUB5265724). Heterozygosity of 
the THOC6 variant was 
confirmed by Sanger sequencing 
in the mother, as well as in an 
unaffected sibling.   

p.W100*: 
pathogenic 
(ia) 

3:III:1 Proband 3 is from the United States of European 
ancestry, eleven years old at provided evaluation. He 
was evaluated for multiple congenital anomalies 

Karyotype and FISH analysis for 
22q11.2 were normal (Oxford 
Gene Technology Syndrome). 

p.W100R, 
p.V234L, & 
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during the newborn period. Microcephaly, deep set 
eyes, mild epicanthal folds, upslanting palpebral 
fissures were described during examination in infancy; 
prominent antihelices of the ears, broad nasal bridge, 
mild depression of the right nostril with evidence of 
right cleft lip repair, nasal columella extending below 
nares, and short philtrum were noted (Figures 5.1B). 
Clinical history at age eleven was significant for cleft 
lip, bifid uvula, ankyloglossia, horseshoe kidney, 
imperforate anus, developmental delay, autism, and 
partial complex seizures (onset at 11 years). 
Developmentally, receptive language skills were noted 
to be better than expressive language that was 
restricted to sign language, some words, and 
gesturing. Assistive technology was used to 
supplement this deficit. Reading and math skills at age 
eleven were measured to be equivalent to first grade 
level. On physical examination, both OFC and weight 
were less than the 2nd centile, and height was at the 
5th centile.  

Chromosome microarray 
(Affymetrix CytoScan Dx) 
identified a maternally inherited 
deletion on 5q21.1, the 
inheritance of which is 
inconsistent with genetic basis of 
BBIS clinical features. WES 
analysis of Proband 3 identified 
three previously described 
homozygous missense variants 
in cis in THOC6 
c.[298T>A;700G>C;824G>A], 
(p.[W100R;V234L;G275D]). This 
haplotype was previously 
reported in three other 
individuals with BBIS from 
unrelated families (6, 20). In all 
cases, no consanguinity was 
reported. The parents of Proband 
3 are heterozygous for the 
identified variants, indicating 
biparental inheritance of the 
THOC6 variants.  

p.G275D: 
pathogenic (ii) 

4:IV:1 Proband 4 was evaluated at thirteen years of age and 
is the first-born of third-degree consanguineous 
parents from Southern India (Figures 5.1A). She 
weighed 2.75 kg at birth and had complaints of 
repeated lower respiratory tract infections since the 
newborn period. Developmental delay, predominantly 
cognitive, was noted. She crawled at nine months, sat 
at one year and walked at two years. At present, she 
says bisyllables only. She exhibited friendly behavior. 
Examination revealed an OFC of 44.5 cm (<3rd 
centile, -7 SD) and a height of 122 cm (normal). Facial 
dysmorphism included upslanting palpebral fissures, 
epicanthal folds, microcornea, long nose with 
overhanging columella, thick vermillion borders, and 
crowded teeth (Figures 5.1B). Upon neurological 
examination, she had contractures at the ankle, 
normal to increased tone, and normal deep tendon 
reflexes. Vision and hearing were normal. Brain 
imaging results were also normal.  

[see below] p.G275D is 
likely 
pathogenic (ii) 

4:IV:2 Individual 5 (4:IV:2) is the affected sibling of Proband 4 
(Figures 5.1A). She was eight years old upon 
examination. She presented with global developmental 
delay like her elder sibling. She achieved head control 
at five months of age, sat with support at one year, 
and stood with and without support at one and two 
years, respectively. Presently, she follows simple 
commands. Parents also reported nocturnal enuresis. 
Her OFC was 44.5 cm (<3rd centile, -6 SD). She was 
104 cm tall and weighed 12 kg. Epicanthal folds, 
microretrognathia, cleft palate, and U-shaped uvula 
were noted upon examination (Figures 5.1B). Vision 
and hearing were normal.  

Karyotyping results were normal 
for both siblings. The biallelic 
missense variant c.824G>A, 
(p.G275D) in exon 12 of THOC6 
was identified in both Proband 4 
and Individual 5 using WES 
testing. Variant p.G275D has 
previously been observed in 
individuals with BBIS and its 
submission accession is 
SCV000741884.1. The parents 
were heterozygous for the 
identified variants, as confirmed 
by Sanger sequencing and 
consistent with the mode of 
inheritance (Figures 5.1A).  

p.G275D is 
likely 
pathogenic (ii) 
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5:II:3 Proband 5 was born to consanguineous parents of 
Moroccan ancestry. She has a healthy dizygotic twin 
sister as well as a healthy older sister and younger 
brother. She was born at 37 weeks of gestation with 
birth parameters of -2 SD (birth weight of 2.08 kg, birth 
length of 44 cm, and OFC of 31 cm). She presented 
short-segment Hirschsprung disease, submucous cleft 
palate, and unilateral choanal stenosis that was 
surgically repaired at 18 months. She has delayed 
psychomotor development and overall growth 
(parameters of -2 SD). She is shy with nasal speech 
limited to short sentences. At 10 years of age, she has 
a long narrow face, arched eyebrows, convergent 
strabismus, a tubular nose with a high nasal bridge, 
short columella, cupid bow-shaped mouth, and normal 
ears. Cutaneous 2-3 syndactyly on her feet and 
clinodactyly of the 5th fingers were also noted. No 
ophthalmologic abnormalities were present except for 
convergent strabismus. Auditory evoked potential 
(AEP), brain and temporal bones CT-scan, and 
cardiac ultrasound were normal.  

800-bands resolution karyotype 
showed normal chromosomes on 
lymphocytes, 46XX, with no 
22q11.2 deletion by FISH 
anailysis at the TUPPLE1 locus. 
WES analysis identified biallelic 
variants of c.740G>A, 
(p.R247Q). Variant was absent in 
unaffected siblings whereas 
unaffected parents were 
heterozygous for the variant. 
Results confirmed by Sanger 
sequencing and consistent with 
recessive mode of inheritance. 

p.R247Q is 
likely 
pathogenic (ii) 

6:IV:1 Proband 6 was 13 months old at last examination. He 
had an OFC of 42.5 cm (-3/4 SD) that is likely 
progressive. Proband 6 has dysmorphic facial 
features. Hypotonicity, no spasticity, and absent 
tendon reflexes were noted upon neurological 
examination. He has hypoplastic genitalia. MRI 
revealed atrophy of cortex and cerebellum as well as 
ventriculomegaly and a thin corpous callosum. 
Proband 6 had intermediate delayed psychomotor 
development. 

WES analysis identified biallelic 
variants of c.562G>A, (p.E188K). 
Variant was absent in unaffected 
siblings whereas unaffected 
parents were heterozygous for 
the variant. Results confirmed by 
Sanger sequencing and 
consistent with recessive mode 
of inheritance.  

p.E188K is 
likely 
pathogenic (ii) 

7:V:1 Proband 7 had an OFC of -5 SD. He has epilepsy and 
micropenis.  

WES analysis identified biallelic 
variants of c.299G>A, (p.W100*). 
Variant was absent in unaffected 
siblings whereas unaffected 
parents were heterozygous for 
the variant. Results confirmed by 
Sanger sequencing and 
consistent with recessive mode 
of inheritance. 

p.W100*: 
pathogenic 
(ia) 

 

a According to American College of Medical Genetics and Genomics (ACMG) guidelines 
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Table 8. Clinical summary of all reported cases of TIDS.  
Absence of features may be due to lack of reporting. Related to Figures 5.1. 
 

Clinical feature Prevalence 
 

 
current study  all published (excluding prenatal report) 

Intellectual disability  8 / 8 (100%) 33 / 33 (100%) 

Facial dysmorphisms 8 / 8 (100%) 31 / 33 (93.9%) 

Microcephaly 8 / 8 (100%) 27 / 33 (81.8%) 

Teeth anomalies 2 / 8 (25%) 15 / 33 (45.5 %) 

Short stature 3 / 8 (37.5%) 13 / 33 (39.4%) 

Cardiac defects 1 / 8 (12.5%) 12 / 33 (36.4%) 

Renal malformations 3 / 8 (37.5%) 11 / 33 (33.3%) 

Genitourinary issues 4 / 8 (50%) 21 / 33 (63.6%) 

Feeding difficulties 2 / 8 (25%) 6 / 33 (18.2%) 

Ventriculomegaly 1 / 8 (12.5%) 7 / 33 (21.2%) 

ASD or autistic features 1 / 8 (12.5%) 8 / 33 (24.2%)   
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Chapter 6                                                                                                             
Conclusion 

 

With advancements in sequencing technology and clinical genomics testing, we 

are gradually uncovering the genetic basis and molecular features of human-specific traits 

and disorders. By application of evolutionary medicine approaches, we are beginning to 

investigate how evolutionary biology influences modern disorders with the goal of 

prevention and treatment. Innovations in stem cell technology and 3D organoid modeling 

made over the last few decades provide unprecedented opportunities for researchers to 

investigate hypotheses of developmental biology. The combination of genetic testing, 

molecular biology techniques, and organoid modeling provide a powerful approach for 

evolutionary medicine research focused on human developmental biology. This thesis 

employs an evolutionary medicine framework to investigate the complex interplay 

between evolutionary cortical expansion and neurodevelopmental disorders, utilizing 

genetics and organoid models as tools to unveil this biology. 

When, in evolutionary time, the genetic variation that underlies a particular 

phenotype first arose varies. The most apparent genetic candidates for novel traits are 

recent genetic variation that is derived in, or specific to, a lineage following speciation. 

However, ancestral variation, which is present prior to speciation and conserved across 

several lineages of organisms, can also contribute to the expression of species-specific 

physiology. This dissertation leverages derived and ancestral genetic variation to 
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investigate the overarching question: what is the genetic basis of human neural 

development? To address this question, one approach taken in Chapter 3 is to 

investigate genetic variation derived in the human lineage, or specific to the human 

genome, that has been implicated in neural development. The second approach, taken 

in Chapters 4 and 5, is to investigate genetic variation, or genes, known to cause NND 

when disrupted. In this case, genes can be either derived or ancestral. If ancestral, or 

conserved across species, their investigation can still inform our understanding of how 

evolution and disease interact and how conserved functions within a human 

developmental context manifest into human-specific physiology. Human-specific 

expression of disease can be uncovered using this approach, especially when 

phenotypes have not been recapitulated in model organisms.  

Chapters 3 and 4 converge by demonstrating how evolution has favored gene 

duplicates in neural development. Both projects explore the functional fates of gene 

duplications that are characterized by repetitive protein domains and long coding 

sequence with evidence for retained ancestral functions. In Chapter 3, we show evidence 

for NBPF cis-regulatory divergence in human evolution resulting in enriched expression 

in NPCs with putative retained ancestral functions in microtubule dynamics that regulate 

human-specific corticogenesis. We can have confidence of NBPF gene duplications with 

intragenic domain expansion as a genetic basis of cortical size and neurodevelopmental 

disorders based on the investigation of other evolved duplicate genes with similar 

sequence fates that determine cortical size, such as the Cub and Sushi Multiple Domain 

(CSMD) gene family explored in Chapter 4. Although CSMD genes evolved further back 

in evolutionary time, we also identified evidence for conserved functions with other CSMD 
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family members in neural development. In this chapter, we identified CSMD1 as a novel 

genetic basis of human neurodevelopmental disorders with functions in NPC proliferation, 

differentiation, and neuronal migration. Lastly, Chapter 5 explored the functional 

evolution of the THOC6 protein that has co-evolved to support changing mRNA 

processing requirements in human neural development. While the evolution of THOC6 

within metazoans was not evaluated, it is derived in metazoans, a disease gene in 

humans, and conveys human-specific biology. Therefore, this project utilized the 

principles of evolutionary medicine to uncover novel functions of a conserved protein 

complex required for cortical size and function. We provide evidence that THOC6-

mediated TREX tetramers have evolved to meet the increased mRNA processing 

demands of long genes in the developing brain requiring elevate splicing, in parallel with 

the increased susceptibility to transcription-associated instability due to the accumulation 

of highly repetitive structural variation in the human genome. Overall, our work 

demonstrates THOC6 functions are required for human neural development and are 

necessary for mouse embryogenesis. Together, these projects provide an evolutionary 

medicine framework to study human developmental biology and identify conserved and 

derived genes implicated in different aspects of human corticogenesis (Figure 6.1). Here, 

I summarize the novel findings of each research project that implicate important functions 

in NPC activity and enhance our understanding of the genetics of human cortical evolution 

and NND. I also discuss major limitations of each project and postulate future research 

directions. 
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6.1 APPLICATIONS OF EVOLUTIONARY MEDICINE FOR STUDYING 

CORTICOGENESIS AND NEURODEVELOPMENTAL DISORDERS 

6.1.1 Functional fates of closely related duplicates in brain development: NBPF  

Our investigation of NBPF protein expression, localization, and protein interactions using 

an interspecific comparative experimental approach in human and chimpanzee NPCs and 

cerebral organoid model systems supports a model of novel expression in hNPCs in early 

cortical development, with a striking enrichment in mitotically active NPCs. Shared 

subcellular localizations and interactions with proteins implicated in the interactome of 

PDE4DIP, which harbors the ancestral DUF1220 domain sequence, supports a model of 

ancestral functional retention via DUF1220 domains in human corticogenesis. However, 

we demonstrate a critical difference between human and chimpanzee NBPF 

overexpression models that have implications for a dosage threshold of NBPF function in 

human cells required for regulation of NPC proliferative dynamics. We also identify novel 

NBPF-NBPF protein interactions that have implications for NBPF-mediated biology in a 

human background. This work represents the first attempt at functional investigation of 

human-specific NBPF proteins, and our findings serve to implicate NBPFs in the etiology 

of NND.  

While chapter 3 represents the first functional study of NBPF proteins in human 

cerebral organoid models, there are several challenges with this work that need to be 

addressed. First, short read sequencing data to assess NBPF paralog-specific expression 

is suggestive at best, but to confidently characterize expression profiles, high quality long-

read RNA-sequencing is necessary, likely with targeted probe enrichment. High coverage 

long-read RNA-sequencing is also required to annotate NBPF isoform variability that is 
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likely contributing to NBPF-mediated biology. Second, the inconclusive genotyping of 

edited lines warrants further investigation of the long-read HiFi genome sequencing data 

with more sensitive parameters to better annotate introduced edits as well as a re-

evaluation of the most effective targeted-editing and validation strategy. The project would 

benefit from simultaneously taking a multi-pronged approach. Editing strategies that have 

not been tried yet but may prove fruitful include utilizing small molecules during 

CRISPR/Cas9 editing identified to enhance homologous recombination, such as provided 

with the Alt-R system (Integrated DNA Technologies), and/or repeated electroporations 

in edited cells to increase the likelihood of homozygous editing events. Technology 

continues to increase the success of zygosity in editing which may improve this project 

moving forward.  

To investigate functional divergence among NBPF duplicate proteins, future work 

needs to be conducted to test for paralog-specific functional differences in cortical 

organoid and NPC models (both in humans and between humans and chimpanzees), 

preferentially by direct investigation of hsNBPF14 or hsNBPF10. However, given futile 

efforts in our research, how to successfully isolate hsNBPF cDNA remains unsolved. 

Given that mice lack NBPF sequence, generation of a mouse model, or differentiation of 

mouse cortical organoids, with ectopic (or novel) expression of primate-specific (NBPF15) 

and human-specific NBPF would be an informative comparative model for NBPF dosage 

in NPC proliferation in combination with chimpanzee and human cortical organoids. This 

approach would be especially informative if NBPFs function to enhance proliferation of 

oRG in the OSVZ, given that mice lack this zone.  
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In addition, future work investigating functional divergence between DUF1220 

protein domain subtypes is pertinent to our understanding of DUF1220-expanded NBPF 

function in human neural development and 1q21DDS pathology. One way to investigate 

domain functions is isolation and cloning of sequence encoding the different DUF1220 

domains representing each clade into an expression vector followed by expression in 

NPCs to assess localization and overexpression effects on proliferation. Given that 

increased domain-specific copy number has been associated with autism severity, 

specifically of CON1 and HLS1, and hsNBPF proteins are primarily distinguished by their 

extreme HLS-triplet amplification, comparison of the more conserved CON1 versus the 

HLS-triplet is a promising experimental design that could make a compelling argument 

for NBPF functional divergence. 

Despite challenges, we feel that this thesis work represents a major stride in 

understanding NBPF biological functions and raises an array of questions for the field 

regarding NBPF dosage in neural development and disease. 

 

6.1.2 Functional fates of closely related duplicates in brain development: CSMD 

Findings from human genetics in conjunction with functional studies of CSMD1-depleted 

human cortical organoids strongly implicate CSMD1 function in the regulation of proper 

neural development. Specifically, we identify novel functions in the proliferative dynamics 

of cortical NPCs, the timing of differentiation, and putative facilitation of neuronal 

migration. This work represents the first paper to make an argument for CSMD1 as a 

genetic etiology for MCD.  
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CSMD family genes, including CSMD1, CSMD2, and CSMD3, are comprised of 

repetitive sequence encoding several interspersed CUB and Sushi domains—motifs that 

are conserved in regulators of the complement pathway. CSMD1 and CSMD2 have 

documented associations with schizophrenia susceptibility, and CSMD2 and CSMD3 

have been functionally investigated in neural development. Like CSMD2 and CSMD3, 

CSMD1 is well-situated to regulate brain-specific functions given its high expression in 

the brain. Considering emerging functions of the complement pathway in neural 

development, namely stimulation of NPC proliferation, neuronal migration, and synaptic 

pruning, our findings of over-proliferation in CSMD1fs/fs organoids support a model of 

CSMD1 as an inhibitor of complement in hNPCs, as has been proposed for neurons. One 

way to test this is to assess complement protein deposition in CSMD1fs/fs organoids with 

the prediction of increased accumulation at the ventricular zone of developing CSMD1fs/fs 

NRs. Another option is to perform a rescue experiment by use of known drug inhibitors of 

the complement pathway by addition to CSMD1fs/fs organoid media, with the prediction of 

improved apicobasal polarity, pseudostratified organization, and differentiation timing in 

treated CSMD1fs/fs NRs. An additional research direction is to generate conditional 

knockout organoids of different members of the complement pathway to compare 

phenotypic overlap with CSMD1fs/fs organoids. 

 The lack of neurodevelopmental defects in Csmd1 knockout mouse suggest 

species differences in CSMD1 function in corticogenesis between mouse and human. 

This raises the possibility that complement proteins or complement regulators have 

evolved different functions in mouse and human cortical development. Given that we see 

early developmental defects in day 28ND organoids, this suggests different evolved 
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functions of CSMD1 at the ventricular zone, a feature which is shared in human and 

mouse developing brain. This discrepancy could also be attributed to compensatory 

effects in mouse but not human cells. Further investigation of Csmd1 knockout mouse at 

early embryonic timepoints coupled with interspecific characterization of complement 

pathway expression profiles will be needed to help elucidate these species differences.  

Disentangling the evolution and molecular functions of CSMD genes in human 

corticogenesis is an important future direction. Evidence of shared functions of CSMD1, 

CSMD2, and CSMD3 in neural development could reflect subfunctionalization following 

CSMD duplicative evolution. It will be interesting from an evolutionary medicine 

perspective to assess if CSMD paralogs contribute redundant functions or have divvied 

up functions throughout neural development. There is the possibility that 

subfunctionalization of CSMD genes has occurred during mammalian evolution outside 

of the rodent lineage, contributing to the phenotypic findings in humans but not mouse. 

Phylogenetic analyses of CSMD sequence (including coding, non-coding, and regulatory) 

and transcriptomic profiling of CSMD genes may help pinpoint species differences and 

inform evolutionary models. One way to test for compensatory effects is rescue of CSMD1 

loss in human cortical organoids by either CSMD2 or CSMD3 overexpression. 

Conversely, one could generate a double, or triple, conditional Csmd knockout mouse to 

assess potential neurodevelopmental defects due to a loss of compensatory effects. 

 

6.1.3 Novel functions in mRNA processing during brain development: THOC6  

The THO subcomplex within TREX has been predominantly linked to nuclear export with 

less attention given to its contribution to other features of mRNP processing. Use of 
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models with pathogenic variants in THOC6, which mediates formation of a TREX tetramer 

in metazoans, allows us to dissect THO functions within a TREX tetramer for the 

coordination of mRNP processing. We identify aberrant splicing and processing defects 

due to loss of THOC6-dependent TREX tetramer functions in human neural cells, yet with 

intact global nuclear RNA export that we predict is afforded by stable dimers. Further, we 

identify expression dynamics of major signaling pathways correlated to lncRNA 

dysregulation in affected human cells not identified in mouse. Together, we generate the 

first mouse model and human cortical organoid models of TIDS, discovering novel 

evidence for elevated apoptosis, retention of multipotency, and delayed differentiation as 

pathogenic mechanisms of TIDS. 

Although our research offers novel insights into the functions of human TREX in 

neural development, our data is unable to distinguish between direct and indirect effects 

of loss of THOC6 on mRNA processing. To assess direct functions, future experiments 

can be performed with targeted splicing reporter assays using candidate unspliced 

transcripts identified by our current pipeline and model systems as well as RNA-

immunoprecipitation (RIP) experiments followed by bulk RNAseq or targeted transcript 

sequencing. RIP experiments would help identify evidence of THOC6 interaction enriched 

at specific locations on unspliced transcripts, which would implicate direct mechanisms 

of THOC6 in mediating splicing decisions. 

Our data is unable to determine if specific transcripts are affected by nuclear export 

impairment. RNA sequencing of cellular fractions in affected cells may help to address 

these outstanding questions. In addition, variation in transcriptional and processing 

requirements throughout neuronal differentiation to facilitate proper neuronal function and 
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activity warrant consideration of single-cell RNAseq profiling of cerebral organoids to 

capture cellular heterogeneity and hone cell type dependencies on TREX tetramers that 

are altered in TIDS pathology. In line with this, short read RNAseq is limited in its ability 

to annotate isoform diversity, especially of long transcripts with highly repetitive 

sequence, of which THO preferentially regulates in human cells. Future research utilizing 

full-length transcript RNAseq technologies, such as PacBio IsoSeq, potentially on a single 

cell level (scIsoSeq), will allow for improved annotation of splicing patterns and isoform 

diversity in TIDS. 

The phenotypic discrepancy between Thoc6fs/fs mouse embryonic lethality and 

human TIDS raises the possibility that differences in downstream genetic mechanisms 

between variants positioned upstream versus within WD40 repeat domains could underlie 

species differences. One way to better discriminate between species differences in 

THOC6 loss-of-function models is to introduce human biallelic variants into mouse Thoc6 

and assess the phenotypic and molecular consequences. 

Lastly, due to the difficulty of capturing the dynamic and massive protein-binding 

platform of TREX under native protein conditions, we were unable to confirm TREX 

tetramer disruption in THOC6-affected hNPCs. An alternative strategy is necessary to 

assess impact on TREX tetramer assembly. One option is to express THOC6-variants 

together with all other THO members and core TREX factors followed by characterization 

by cryo-electron microscopy. Given our findings, we predict that THOC6-variant proteins 

will inhibit formation of a stable TREX tetramer in vitro. Data confirming TREX tetramer 

disruption by biallelic THOC6 loss-of-function variants is pertinent for follow-up 

investigations of the biology affected in TIDS pathology.  
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6.2 EVOLUTIONARY MEDICINE INFORMS MODELS OF HUMAN CORTICAL 

EVOLUTION 

Use of cerebral organoids allows us to investigate human and non-human development 

separate from mouse development and identify the molecular features of biology specific 

to the human lineage. Our understanding of human cortical development is largely 

derived from literature on mouse models. Here, we demonstrate how organoid models 

can lead to discoveries of human-specific neural development. In this thesis, we identified 

human-specific traits associated with genes that are implicated in NND (Figure 6.1). 

Human-specific copy number expansions have played a prominent role in affecting both 

the activity of both apical and basal NPCs, which is predicted to have a profound effect 

on cortical size. CSMD1 impacts the pseudostratified organization of the neuroepithelium, 

which has implications for all steps of corticogenesis, preferentially impacting NPCs and 

neurons. THOC6 has evolved to accommodate the processing demands of long, highly 

spliced genes expressed during mammalian brain development, and our studies have 

uncovered an intriguing phenotype that is not shared between mouse and humans that 

will be important for disentangling species differences while highlighting human-specific 

features.   

Collectively, this research integrates interdisciplinary concepts and methods to 

advance knowledge of the genetic and molecular origins of neural developmental traits 

that are unique to the human lineage. This work offers an experimental framework for 

applying evolutionary medicine principles to the study of human developmental biology. 
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Figure 6.1. Schematic demonstrating proposed cellular biology during human corticogenesis of genes 
investigated in this dissertation.  

 


