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Abstract 

The development of accurate and informative models is essential to the investigation of 

any disease.  However, rare neurodevelopmental disorders have historically faced 

immense challenges developing effective models, as the scarcity of subjects and the 

invasive procedures required to obtain neural cells have limited the models available to 

researchers. However, recent advances in induced pluripotent stem cells (iPSCs) gene 

editing have the potential to dramatically lower the logistical barriers associated with 

studying rare neurological disease. 

This thesis will describe an improved methodology for generating iPSC based 

models of neurological disease, either by obtaining somatic cells from patients or using 

CRISPR/ Cas9 gene editing.  These techniques were then validated by modelling a 

known disease causing mutation in the GRIN2B gene, and demonstrated that mutations in 

the gene caused impaired neuronal differentiation. Finally, these techniques were used to 

investigate mutations in a novel neurodevelopmental disease, caused by mutations in the 

ACTL6B gene. This work describes an improved methodology using iPSCs and gene 

editing to model rare neurodevelopmental disorders, validates its use in a known disease 

causing gene, and utilizes it to identify disease specific phenotypes in a novel 

neurodevelopmental disease. 

  



Abrégé 

Le développement de modèles précis et informatifs est essentiel à l'investigation de 

toute maladie. Les chercheurs dans le domaine des troubles neurodéveloppementaux 

rares ont cependant toujours eu de la difficulté à développer des modèles efficaces. La 

rareté des sujets et les procédures invasives requises pour obtenir des cellules neurales 

ont limité les modèles disponibles pour les chercheurs. Cependant, les progrès récents en 

matière d'édition de gènes de cellules souches pluripotentes induites (CSPi) pourraient 

permettre de réduire considérablement les barrières logistiques associées à l'étude d'une 

maladie neurologique rare. 

  

Cette thèse décrira une méthodologie améliorée pour générer des modèles de 

maladies neurologiques basés sur la CSPi, soit en obtenant des cellules somatiques de 

patients ou en utilisant l’édition de gènes CRISPR / CAS9. Ces techniques ont été 

validées en modélisant une mutation du gène GRIN2B connu pour provoquer une 

maladie, puis en démontrant que la mutation avait altéré la différenciation neuronale. 

Enfin, ces techniques ont été utilisées pour étudier une nouvelle maladie 

neurodéveloppementale, provoquée par des mutations du gène ACTL6B. Ce texte décrit 

la méthodologie améliorée utilisant les CSPi et l'édition de gènes pour modéliser des 

troubles neurodéveloppementaux rares, valide l’utilisation de la méthodologie avec un 

gène connu pour provoquer la maladie et pour identifier des phénotypes spécifiques 

d’une nouvelle maladie neurodéveloppementale. 
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There is a single light of science, and to brighten it anywhere is to brighten it 

everywhere. 
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1) Improving and simplifying the process for generating neural cells from somatic cells 

using induced pluripotent stem cells (iPSCs).  

• Published as:  Bell et al. (2019). Bioprotocol.  

• I developed a simplified and fast methodology of generating forebrain neural 

progenitor cells (NPCs) and neurons that enables researchers to generate 

effective in vitro models to study cortical disease and development 

• I detailed and listed every regent and procedure to ensure a standardized and 

reproducible  neuronal induction and differentiation  

2) Developing a methodology to generate clonal gene edited iPSC models  

• Published as: Bell et al. (2017). Stem Cells Translational Medicine 

• I developed a methodology for combining iPSC induction and CRISPR/CAS9 

gene editing of somatic cells. 

• I demonstrated that this new methodology enables a faster and simpler generation 

of clonal gene edited models of disease that utilize iPSCs. 



• I validated this methodology by generating a variety of genetically edited cortical 

NPC lines that I have utilized to model rare neurodevelopmental diseases. 

3) Using these methodologies to model the effect of mutations in GRIN2B, a gene with 

known rare genetic variants that cause intellectual disability and language 

impairments 

• Published as: Bell et al. (2018). Stem Cell Reports 

• I developed clonal cortical NPC and neuronal models of GRIN2B deletion and 

loss-of-function which showed deficits in differentiation and calcium signaling. 

• I replicated these results in NPCs and neurons derived from an individual with a 

mutation in GRIN2B. 

• I found GRIN2B mutations affected calcium flux even in mitotically active 

cortical cells, suggesting that a non-synaptic calcium signaling may contribute to 

the disease observed in individuals with GRIN2B mutations.   

 

4) To use these methodologies to characterize a novel neurodevelopmental disease 

caused by mutations in ACTL6B.  

• Published as: Bell et al. (2019). American Journal of Human Genetics 

• I  genetically characterized a Quebec family with two children that had a 

unknown neurodevelopmental disease, and pinpointed a recessive mutation in the 

gene ACTL6B as the most likely cause 

• Collaboration with colleagues around the globe enabled us to recruit nine 

additional families, all with children with similar symptoms (epilepsy, 

neurodevelopmental delay, and hypotonia) and recessive mutations in ACTL6B. 



We also discovered ten individuals that had similar, but distinct symptoms (no 

epilepsy, Rhett-like stereotypies), that had heterozygous point mutations in the 

ACTL6B gene.  

• I generated NPCs from two individuals with recessive mutations in ACTL6B, and 

discovered they had profound dendritic deficits. This result was also observed 

when ACTL6B was knocked out of healthy control NPC line. Repairing the 

ACTL6B mutation in a patient line using CRISPR/ CAS9 caused the dendritic 

deficits to be reversed. 
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Chapter I. Introduction 

1. Stem Cells 

1.1 Discovery and classification of stem cells 

The notion of a universal progenitor cell had been postulated for almost as long as 

organisms were understood to be composed of cells. The term “stem cell” to describe this 

concept was first used by Alexander Maksimov in a 1908 publication that describes his 

model of hematopesis (Konstantinov, 2000). Actual evidence of stem cells came slowly 

at first. One key piece of evidence arrived in 1953, when Clermont and Leblond 

demonstrated that sperm are produced in mature rats through a mechanism consistent 

with that of stem cells (Clermont and Leblond, 1953).  In 1956, further evidence came 

from the work of Edward Donnall Thomas, who performed the first bone marrow 

transplant, injecting a three year old girl with bone marrow stem cells obtained from her 

identical twin. Although the patient eventually succumbed to the cancer, she persisted for 

six months, strongly suggesting the transplanted bone marrow stem cells were 

contributing to hematopoiesis (Thomas, 1999). 

Despite this evidence, the paradigm shift came later, on a fateful day in 1961, 

when Canadian researchers Till and McCulloch reported an unusual property of 

hematopoietic tissue. When cells were disassociated and spread out onto an appropriate 

medium, they formed distinct colonies composed of several different cell types, almost as 

if they formed from a single cell (Till et al., 1964). The hypothetical cell that could form 

such a colony would need to be capable of differentiating into multiple different types of 

cells, as well as capable of maintaining its own capacity to do so. Eventually, cells that 
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had these qualities were found, isolated and given a definitive name- “stem cells”, based 

on the title Maksimov had come up with a half century prior (Martello and Smith, 2014). 

These qualities, which would eventually be called the ability to be “multipotent” 

and “self-renew”, are still the two key qualities that define stem cells (Shi et al., 2016). 

After the initial discovery of stem cells in hematopoietic tissue, cells with these properties 

were described in many types of tissue, both fetal and adult (Merrell and Stanger, 2016). 

Stem cells found in very early development were found to be able to develop into 

virtually any cell in the body and were deemed to be “pluripotent stem cells”. However, 

once past a few days of embryonic development, cells began to become committed to 

increasingly specific types of tissues, originally only being committed to one of the three 

main germ layers, then to specific tissues within that layer, then to only a single tissue 

(Rowe and Daley, 2019). Several types of tissues did not retain a population of stem cells 

after development had ended, such as the brain (Zhang and Jiao, 2015), but many did, 

such as skin. These stable populations of stem cells were known as “adult stem cells” to 

distinguish that they were lineage specific in the types of cells they could produce 

(Wagers and Weissman, 2004).  

1.1 Early in vitro models of human cells 

Since the first development of in vitro mammalian cell growth, modelling a 

human disease outside the body has been fundamental goal of biomedical science 

(Landecker, 2002). Cellular models can be used to test hypothesis much more rapidly and 

controllably than animal models, but have been criticized since their creation as a poor 
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analog for the biological conditions in the human body (Landecker, 2002). One chief 

criticism was that most cell types in the human body were either inaccessible for sample 

collection or unviable when transplanted outside the body, so that only a few types of 

cells could be effective kept outside the body for long enough period of time to study 

(Landecker, 2002). One of the most problematic types of tissue to study due to this 

limitation was nervous tissue, as cells were extremely difficult to obtain, failed to survive 

outside the body if obtained from an adult brain, and were notoriously variable due to 

inconsistent sources as human neurons were usually obtained from the brains of aborted 

fetus of variable development that had to be quickly shipped to a lab for extraction (Ray 

et al., 2014). To try and create a more accessible cell culture model, researchers 

developed cell lines from brain cancers that exhibited some neuronal like properties, such 

as dendrite and axonal morphology, but these models never succeeded in fully matching 

the neuronal marker profile of human neuronal subtypes, were not electrically active, and 

were not genetically stable (Keller and Frega, 2019).  Cellular models were therefore 

considered an important aspect of investigating neurological disease, but one that could 

only answer very specific, molecular phenotypes that would affect almost any cell in a 

similar manner.  

1.2 Human embryonic stem cells 

 

In 1998, researchers searching for a better source of cellular models used 

precision immunosurgery to trim away inner cell mass cells from a human blastocyst 
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(Eguizabal et al., 2019). Most of their cells failed to grow effectively, but a few did. 

These cells were the first human embryonic stem cell lines (hESCs), and they changed 

the way human stem cell research was conducted. The hESCs could differentiate into all 

three germ layers, and could grow into tissues that had never been modelled outside the 

human body in non-cancerous cells (Ilic and Ogilvie, 2017). Using the developmental 

pathways gained from decades of painstaking work in zebrafish and frog models of 

neurodevelopment, researchers were able to create and streamline the differentiation cues 

required to generate specific neuronal subtypes to a small list of crucial neural growth 

factors, that when added in the correct combination at the proper timing, could induce a 

hESC to form specific types of neural cells, such as oligodendrocytes, astrocytes, or 

specific neuronal subtypes (Hu et al., 2010). Almost immediately, hESC lines were used 

investigate tissue specific properties, such as drug reactivity and toxicity (Hu et al., 

2010), and became in many respects the most trusted cellular models, disproportionately 

being used to report high impact results in major journals (Kirkeby et al., 2017). 

However, hESCs were limited in their application to genetic disease modelling, as 

obtaining hESCs was an extremely invasive, time consuming, expensive, and variable 

procedure (Hu et al., 2010), although a few studies were carried out in diseases with a 

clear monogenic causes (Dvash et al., 2006).  

1.3 Induced pluripotent stem cells 

In 2006, the stem cell field had its biggest watershed moment yet. In what is one 

of the all-time greatest papers in stem cell research, Dr. Yamanaka and colleagues 
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reported that they had developed a protocol for turning differentiated, adult cells into 

induced pluripotent stem cells (iPSCs) (Takahashi and Yamanaka, 2006). The technique 

hinged on promoting the expression of a remarkably low number of genes, (later to be 

termed “Yamanaka factors”), which would persuade adult cells to revert to a stem cell 

state (Yamanaka, 2012). These cells could differentiate into any cell type that hESCs 

could, and displayed all the genetic, proteomic, and tumorigenic markers that had been 

established to characterize hESCs (Malik and Rao, 2013). 

 

To say that iPSCs revolutionized the field of stem cells would be an 

understatement. iPSCs redefined the whole concept of what stem cell research could be. 

With the ability to take adult cells and make stem cells, the majority of the technical 

challenges that prevented widespread generation of hESC lines were immediately 

removed (Shi et al., 2017). Ever since 2007, the amount of research conducted using 

iPSC based models has exponentially grown. iPSC research initially focuses on the same 

areas that hESC research did, primarily tissue specific modelling of basic biology and 

drug reactivity (Oh et al., 2012), but quickly began to reach into other areas of research, 

such as modelling disease that were too rare or idiopathic for researches to have studied 

with hESCs (Wong and Chiu, 2011, Liu et al., 2012, Paşca et al., 2011). This exciting 

new technology is being pushed further than ever before due to novel combinations with 

gene editing technologies. 
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2. Gene Editing 

2.1 Mechanisms of repair for DNA double stranded breaks 

Gene editing refers to making a controlled change to the genome of an organism. 

Gene editing works by taking advantage of the natural mechanisms that all organisms use 

to reapir DNA in the event of DNA damage that results in a double-stranded break 

(DSB). Once a DSB occurs, it can be repaired in one of two manners: non-homologous 

end joining (NHEJ) and homology directed repair (HDR). NHEJ directly joins the two 

end of the break together, and can result in random mutations in the DNA, whereas HDR 

utilizes a “template sequence” of DNA to repair the DSB in a predictable manner that 

ideally results in no random mutations (Cannan and Pederson, 2016). Both NHEJ and 

HDR can be exploited in gene editing, depending on if a template for the desired change 

is provided or not (Bell et al., 2017). However, in both cases, the central challenge of 

gene editing is inducing a highly specific and targeted DSB. 

2.2 Meganucleases 

Gene editing systems were initially unreliable (such as random mutations), or 

only worked in highly specific circumstances (such as homologous recombination) 

(Carroll, 2017). The first gene editing system that could effectively be designed to target 

a specific given stretch of DNA were meganucleases, which began entering the 

mainstream scientific consciousness in the 1980’s (Silva et al., 2011). Meganucleases 

could be used to target a DSB at specific DNA sequences of around 14-30 bp in length, 
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which made them exquisitely specific. However, there was essentially no chance that a 

random DNA sequence that a scientist happened to want to edit would have a 

corresponding meganuclease that could cut it, which made them very poorly targetable 

(Khan, 2019). 

2.3 Zinc Finger Nucleases and TALENs 

A significant improvement was made in the early 2000’s, with the development of 

Zinc-Finger Nucleases (ZFNs), which utilized a non-specific DNA cutting domain that 

was linked to proteins that recognized specific DNA sequences (Durai et al., 2005). This 

enabled researchers to “design” ZFNs to specific DNA sequences by swapping in and out 

particular proteins. The exciting possibilities that accompanied this discovery were 

somewhat damped by the difficulty that could result from using ZFNs, which were all too 

common non-specific, ineffective and took tremendous effort to produce and validate 

(Carroll, 2017). 

A significant improvement was made to ZFNs with the introduction of 

transcription activator-like effector nucleases (TALENs), with utilized a similar concept 

of a nuclease domain fused to modifiable recognition domain (Gaj et al., 2016). 

However, in TALENs, the recognition domain was composed of  DNA binding domains 

derived from TAL effector proteins, which recognize a single DNA base in each DNA 

binding domain (Pattanayak et al., 2014). This enabled a much simpler design process 

and produced more specific and predictable DSBs. However, since TALENs still rely on 
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making proteins to recognize a DNA sequence, they still require a significant amount of 

time, money, and expertise to produce (Joung and Sander, 2013). 

2.4 CRISPR/CAS9 gene editing 

A paradigm shift in the ease of gene editing came in 2013, when a whole new 

style of gene editing was described using the CRISPR/CAS 9 system. Originally 

identified as a curious genetic element in soil bacteria, CRISPR (clustered regularly 

interspaced short palindromic repeats) was recognized to be a defense system against 

viruses in 2005, understood as being relatively simple in nature by 2012, and utilized for 

genetic engineering in 2013 (Gaj et al., 2016).   CRISPR is a particularly useful gene 

editing system because it utilizes small RNA sequences to target the Cas9 nuclease to 

specific sequences of DNA (Ran et al., 2013).  By designing custom RNA sequences 

(called gRNAs) that target desired genomic areas, the CAS9 nuclease is capable of being 

targeted anywhere a suitable DNA sequence can be found (Gaj et al., 2016).  

 

The only limitations preventing any DNA sequence from being targeted by a 

CRIPSR CAS9 complex is that the gRNA target sequence is 20bp long, and that the 

target sequence must be immediately upstream of a “protospacer adjacent motif” (PAM), 

a sequence that the CAS9 nuclease directly recognizes (Pattanayak et al., 2014). These 

limitations are relatively easy to work around, with a 20 bp sequence usually being 

sufficient to produce a highly specifically target complex, and the PAM, usually being 

quite common (Smith et al., 2014). For example, the most popular CAS9 protein used in 
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gene editing, which originates from the S. pyogenes bacteria, recognizes a PAM of 

“NGG”, which usually occurs every 8-12 bp in the genome (Cong et al., 2013). 

While these limitations make CRISPR/CAS9 a slightly less specific gene editing 

system than TALENs, the ability to target a DSB using a simple gRNA, rather than 

synthesizing complex proteins makes the CRISPR/ CAS9 system exponentially cheaper, 

simpler, and quicker to use than TALENs or any other previous gene editing system 

(Khan, 2019). As a result. CRISPR is currently the gene editing system of choice in 

almost all applications, being applied in all model organisms (including a extremely 

controversial use in human embryos). With investment and research into CRIPSR 

continuing to grow, and therapies involving the technology being used in patients for the 

first time, CRISPR represents a watershed technology that holds the promise of using 

gene editing to revolutionize many scientific and medical fields (Carroll, 2017). 

2.5 Challenges of combining iPSC models and gene editing technologies 

Even prior to the development of either iPSCs and CRISPR/CAS9 technologies, 

there was a significant amount of interest and research into using gene editing 

technologies to modify stem cells (Chang, 1994). Primarily, these were either to 

investigate the role of a gene in development, to generate a model of a known genetic 

disease in humans (Lombardo et al., 2007). With the advent of iPSCs and 

CRISPR/CAS9, these efforts began to increase exponentially. Now, CRISPR and iPSCs 

are commonly used in tandem for a whole host of uses, the significant challenges remain, 
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including less stressful transfections and better standardizations of confirming specificity 

of gene editing (Shi et al., 2017). 

 

One challenge of particular note is producing clonal (i.e uniform genotype) gene 

edited colonies. Even the most specific gene editing transfection creates different cells 

with a variety of genotypes, creating a population of cells with variable genotypes 

(Grobarczyk et al., 2015). In order for a clonal population to be generated, cells must be 

dissociated to a single cell, and then allowed to expand. While this protocol is effective, 

is it time consuming, variable, and places a great deal of genetic stress that increases the 

incidence of genetic abnormalities (Dolmetsch and Geschwind, 2011).  

3. Rare neurodevelopmental diseases 

3.1 Challenges in studying rare neurodevelopmental diseases 

The study of neurological diseases has always posed unique challenges. Nervous 

tissue is difficult to acquire, has many different subtypes, and forms the most complicated 

structures known to exist in the universe. Studying rare neurodevelopmental diseases 

adds the additional challenges of recruiting a patient cohort that may be small and 

dispersed over great distances, and recreating aspects of human development outside the 

body. 

 

It is therefore perhaps unsurprising that rare neurodevelopmental disorders are 

some of the most poorly understood and treated neurological diseases. Many 
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neurodevelopmental disorders impact individuals severely, with deficits in intelligence, 

socialization, movement and personality that last throughout their entire lifetime (Chen et 

al., 2014). Most have only palliative treatments available, and the etiology of most 

neurodevelopmental diseases remains poorly understood, although heroic efforts have 

resulted in some breakthroughs, such as our understanding and prevention of 

phenylketonuria(De Groot et al., 2010). However, if rare neurodevelopmental diseases 

are to be understood and studied in a more effective, systemic manner, then models of 

neurodevelopment must be developed that enable relatively inexpensive modelling of 

patient mutations in a human-based model of neurodevelopment. iPSCs and 

CRISPR/CAS9 gene editing represent one promising avenue of research into rare 

neurodevelopmental diseases. 

3.2 Applying iPSCs and CRISPR/CAS9 to model rare neurodevelopmental disease 

iPSCs present an exciting model system for studying neurodevelopmental disease, 

for several reasons. First, they are an in vitro model, which allows researcher to draw 

cells from patients in distant locations and create a study cohort in the lab (Marchetto et 

al., 2011). Second, they allow researcher to take somatic cells from patients and use them 

to generate nervous tissue isogenic to patients (Shi et al., 2017). Third, iPSCs also enable 

researchers to model the developmental trajectory of neurons, rather than look at solitary 

timepoints in development (Srikanth and Young-Pearse, 2014).  

CRISPR/CAS9 gene editing can be used in combination with iPSCs to investigate 

neurodevelopmental disease in several ways. First, it can be used to replicate patient 
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mutations in healthy iPSCs, which is useful both to create a pilot model to study a disease 

if patients are unavailable, or as a confirmatory model to test if a phenotype identified in 

patient cells can be induced in healthy cells (Smith et al., 2015). CRISPR/CAS editing 

can also be used to conduct the reverse experiment,- namely, to repair patients mutation 

to a wild type genotype to observe if identified phenotypes are reserved upon repair (Xie 

et al., 2014).  

 

The rationale for this thesis is to improve the simplicity and reliability of 

generating iPSC models and to apply these models to investigating rare 

neurodevelopmental diseases. The work described in this thesis deals with developing 

and improving methodology for using iPSCs, often in tandem with CRISPR/CAS9 gene 

editing to model novel and established neurodevelopmental disorders. 

 

4. Rationale and Research Objectives 

Induced pluripotent stem cells (iPSCs) provide an in vitro system to model 

disease, and are a particularly attractive option for modelling rare neurodevelopmental 

diseases due to their ability to differentiate into electrically active human neurons that are 

isogenic to patients. However, iPSC models of rare neurodevelopmental disease are 

technically challenging to produce and maintain, especially when combined with gene 

engineering, which has hampered their adoption. 
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The rationale for this thesis is to improve the simplicity and reliability of 

generating iPSC models and to apply these models to investigating rare 

neurodevelopmental diseases.  

    

Objectives 

1) To improve and simplify the protocol for producing neurological models of disease 

from iPSCs 

2) To create an simple and effective methodology for combining iPSCs and gene editing 

to generate models of neurological disease 

3) To validate these approaches by modelling a known genetic variant that contributes to 

neurological disease 

4) To use these techniques to characterize an novel neurodevelopmental disease   
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Chapter II: Differentiation of Human Induced Pluripotent Stem Cells (iPSCs) into 

an Effective Model of Forebrain Neural Progenitor Cells and Mature Neurons 

 

Preface 

When I arrived at the Ernst laboratory in the fall of 2015 to begin my PhD, the lab 

had been using iPSC models of neurological disease for three years; primarily iPSC-

derived cortical neurons and NPCs. However, the protocols used to generate these models 

varied from individual to individual, which contributed to the variability of the quality of 

cell cultures that we generated. In large part, this was because well-referenced papers 

which detailed how to generate cortical neurons gave methodologies which were very 

instructive, but made no mention of many of the myriad small details which could exert a 

significant influence on the protocol, including  suppliers for all reagents or detailed 

timings for cell dissociation or aggregation. In an effort to create a standardized protocol 

for the lab to use, I made detailed notes of the reagents, procedures, and quality control 

steps that produced the highest caliber cortical cells. These notes were of supreme 

importance in my work shown in Chapters III, IV and V. Upon publishing the work 

detailed in Chapter IV, I was given the opportunity to publish a protocol for iPSC 

differentiation in Bioprotocols, a journal specifically dedicated to minutely detailed, 
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reproducible protocols for the biological sciences.  Using my own notes as a core text, I 

was able to detail and publish a methodology with the objective: 

“To produce a protocol that should enable any moderately experienced 

molecular or cellular biologist to differentiate iPSCs into cortical NPCs and 

neurons.”   

 

 

Differentiation of Human Induced Pluripotent Stem Cells (iPSCs) into an Effective 

Model of Forebrain Neural Progenitor Cells and Mature Neurons 

Scott Bell, Nuwan C. Hettige, Heika Silveira, Huashan Peng, Hanrong Wu, Malvin Jefri, 

Lilit Antonyan, Ying Zhang, Xin Zhang and Carl Ernst* 

Psychiatric Genetics Group, McGill University and Douglas Hospital Research Institute, 

Department of Psychiatry, Verdun, Montreal, QC H4H 1R3, Canada 

*For correspondence: carl.ernst@mcgill.ca  

 

Published in: Bio-protocol 9(5): e3188. DOI: 10.21769/BioProtoc.3188. 
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Abstract  

Induced Pluripotent Stem Cells (iPSCs) are pluripotent stem cells that can be generated 

from somatic cells, and provide a way to model the development of neural tissues in 

vitro. One particularly interesting application of iPSCs is the development of neurons 

analogous to those found in the human forebrain. Forebrain neurons play a central role in 

cognition and sensory processing, and deficits in forebrain neuronal activity contributes 

to a host of conditions, including epilepsy, Alzheimer’s disease, and schizophrenia. Here, 

we present our protocol for differentiating iPSCs into forebrain neural progenitor cells 

(NPCs) and neurons, whereby neural rosettes are generated from stem cells without 

dissociation and NPCs purified from rosettes based on their adhesion, resulting in a more 

rapid generation of pure NPC cultures. Neural progenitor cells can be maintained as long-

term cultures, or differentiated into forebrain neurons. This protocol provides a simplified 

and fast methodology of generating forebrain NPCs and neurons, and enables researchers 

to generate effective in vitro models to study forebrain disease and neurodevelopment. 

This protocol can also be easily adapted to generate other neural lineages.    

Keywords: iPSC, Forebrain, Cortical, NSC, NPC, Neuron 

 

Background 

 Induced pluripotent stem cells (iPSCs) are stem cells produced from non-pluripotent 

source cells and tissues (Shi et al., 2017). Due to their ability to differentiate into a wide 

range of cell types, they are a promising avenue for improving our understanding of 

human development and treatment of degenerative diseases (Marchetto et al., 2011). Of 

particular interest are iPSC-derived models of human forebrain neurons, as these cells are 

known to mediate higher order brain functions, including consciousness (Baxter and 

Chiba, 1999), emotion (Morgane et al., 2005), and sleep (Schwartz and Roth, 2008). As a 

result, deficits in these cells can cause a wide range of neurological disorders, including 

neurodegenerative diseases like Alzheimer’s (Auld et al., 2002) and Huntington’s 

(McColgan and Tabrizi, 2018), as well as neurodevelopmental diseases such as autism 

(Donovan and Basson, 2017) and epilepsy (Heath, 1976). As there are few effective 
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forebrain models for humans, the discovery of iPSCs spurred a rapid push to develop 

effective protocols to differentiate iPSCs to forebrain neurons (Srikanth and Young-

Pearse, 2014). The first protocols that were developed drew upon previous work using 

embryonic stem cells (ESCs), which relied upon feeder cell cultures. This complicated 

the procedure and raised concerns about clinical applications. Later protocols were able 

to generate forebrain neurons without using feeder cells (Bell et al., 2017), with some 

eliminating all animal generated products entirely (Yuan et al., 2015). It can be difficult 

to make an all-encompassing statement about the protocols currently used to generate 

forebrain NPCs, due to the multitude of labs currently generating forebrain neurons and 

the many variables that can be changed and optimized. However, many of the recently 

most cited published protocols for the generation of forebrain NPCs and neurons can be 

divided into two kinds, monolayer and embryoid bodies (EBs) protocols. In an EB based 

protocol, iPSCs are dissociated and plated in suspension in a neural induction media to 

allow them to form EBs, which gradually aggregate over 5-7 days (Pasca et al., 2011). 

These EBs are then transferred to a plate that supports cell attachment, enabling the 

embryoid bodies to attach to the bottom of the plate and spread out into a neural rosette. 

From this rosette, neural stem cells (NSCs) arise, which can be passaged to form 

relatively stable neural progenitors cells (NPCs) (Shi et al., 2012). NPCs can then be 

plated in a neuronal induction media to give rise to mature neurons (Bell et al., 2017). 

Monolayer based protocols chiefly differ in that iPSC colonies are maintained as a 

monolayer during neural induction, and develop directly into rosettes without aggregation 

(Chandrasekaran et al., 2017). Using either approach, generation of NPCs from iPSCs is 

typically reported to require 21-30 days, with electrically active neurons requiring an 

additional 30+ days of differentiation from NPCs, for a total time of 50+ days to generate 

forebrain neurons from iPSCs (Yuan et al., 2015).  

  This protocol describes a methodology for generating forebrain neurons from iPSCs, 

where iPSC colonies are induced to form neural rosettes without mechanical dissociation, 

and neural progenitor cells are purified from immature clusters of neural cells, known as 

neural rosettes based on differential adhesion. Neural progenitor cells will not attach to 

non-adherent plates and aggregate together in a floating mass, while other cells types 

either adhere or float but do not aggregate with NPCs (Bell et al., 2017). This allows a 
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rapid purification of NPCs, has the potential for automation and enables the generation of 

NPC cultures within 14 days of initiation of differentiation. This modification does not 

appear to negatively influence the fate of the cells, as we observe uniform staining for 

key neural progenitor cells markers (Zhang et al., 2010; Venere et al., 2012; Zhang and 

Jiao, 2015). Indeed, we have found that we are capable of recording electrical activity 

from neurons consistently in as little as five days of differentiation from NPCs. This 

protocol can be used to generate forebrain neurons simply and effectively for use in 

investigating neurodevelopment, the etiology of diseases that affect the forebrain, and 

drug testing. 

 

Materials and Reagents 

 

A. For Cell Culture 

1. 6-well plate (SARSTEDT, catalog number: 83.3920) 

2. 35-mm dish (SARSTEDT, catalog number: 83.3900) 

3. 60-mm dish (SARSTEDT, catalog number: 83.3901.300) 

4. 100-mm dish (SARSTEDT, catalog number: 83.3902.300) 

5. Petri dishes (Fisher Scientific, catalog number: FB0875713) 

6. Coverslips (Fisher, catalog number: 12-545-80) 

7. Liquid nitrogen (PRAXAIR, catalog number: 7727-37-9) 

8. iPSCs, either derived from somatic cells or thawed from a frozen aliquot 

9. TeSRTM-E8TM Media (Stem Cell Technologies, catalog number: 05990) 

10. BrainPhysTM Neuronal Medium (Stem Cell Technologies, catalog number: 05790) 

11. Matrigel® (Corning, catalog number: 354277)  

12. KnockOutTM DMEM/F-12 (Thermo Fisher, catalog number: 12660012) 

13. DMSO (Sigma-Aldrich, catalog number: C6164) 

14. StemPro NSC SFM (Thermo Fisher, catalog number: A1050901) 

15. SM1 Neuronal Supplement (Stem Cell Technologies, catalog number: 05711) 

16. N2 Supplement-A (Stem Cell Technologies, catalog number: 07152) 

17. BSA (Gibco, catalog number: 16140071) 
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18. Non-Essential Amino Acid (NEAA) (Gibco, catalog number: 11140050) 

19. SB431542 (Stem Cell Technologies, catalog number: SB431542) 

20. Noggin (Gibco, catalog number: PHC1506) 

21. Laminin (Sigma-Aldrich, catalog number: L2020) 

22. Gentle Cell Dissociation Reagent (Stem Cell Technologies, catalog 

number:07174) 

23. Epidermal growth factor (EGF) (Sigma, catalog number: E9644) 

24. Fibroblast growth factor (FGF) (Sigma, catalog number: F0291) 

25. Brain-Derived Neurotrophic Factor (GenScript, catalog number: Z03208-25) 

26. Glial-Derived Neurotrophic Factor (GenScript, catalog number: Z02927-50) 

27. Accutase (Sigma-Aldrich, catalog number: SCR005) 

28. DPBS without CaCl2 and MgCl2 (Sigma-Aldrich, catalog number: D8537) 

29. Neural Induction Medium 1 (see Recipes) 

30. Neural Induction Medium 2 (see Recipes) 

31. Neural Progenitor Media (see Recipes) 

32. Neuronal Media (see Recipes) 

33. Culture Dish Coating with Matrigel® (see Recipes) 

 

B. For Immunocytochemistry (ICC) 

1. Glass coverslips (Fisher, catalog number: 12-545-81) 

2. Microscope slides (Fisher, catalog number: 12-552-3) 

3. Pipette tips, 1 ml (SARSTEDT,70.1186)  

4. Pipette tips, 200 µl (SARSTEDT,70.1186) 

5. Pipette tips, 20 µl (SARSTEDT,70.1186) 

6. 15-ml conical tube (SARSTEDT, 62.554.002) 

7. Paraformaldehyde (PFA) (Sigma-Aldrich, catalog number: 252549) 

8. BSA (Sigma-Aldrich, catalog number: A2058) 

9. Triton X-100 

10. DAPI (Thermo Fisher, catalog number: 62248) 

11. Vectashield® (Vector Labs, catalog number: H-1000) 

12. Nail Polish (Sally Hansen Insta-Dri Fast-Dry Clear Nail Color) 
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13. Antibodies 

Antibodies for iPSCs: 

a. TRA-1-60 (Embryonic Stem Cell Marker Panel, Abcam, catalog number: 

ab109884) 

b. SSEA (Embryonic Stem Cell Marker Panel, Abcam, catalog number: 

ab109884) 

c. Nanog (Embryonic Stem Cell Marker Panel, Abcam, catalog number: 

ab109884) 

d. OCT4 (Stemcell Technologies, catalog number: 60093) 

e. PAX6 (Stemcell Technologies, catalog number: 60094) 

Antibodies for NPCs: 

a. SOX1 (Stemcell Technologies, catalog number: 60095) 

b. Nanog (Embryonic Stem Cell Marker Panel, Abcam, catalog number: 

ab109884) 

c. Nestin (Stemcell Technologies, catalog number: 60091) 

d. PAX6 (Stemcell Technologies, catalog number: 60094) 

Antibodies for Neurons: 

a. Tuj1 (Abcam, catalog number: ab14545) 

b. S100B (Abcam, catalog number: ab52642) 

c. VGLUT1 (Abcam, catalog number: ab77822) 

d. GABA (Abcam, catalog number: ab86186) 

e. GFAP (Abcam, catalog number: ab7260) 

Secondary Antibodies: 

a. ALEXA 488 anti-mouse (Invitrogen, catalog number: A-11008) 

b. ALEXA 555 anti-rabbit (Invitrogen, catalog number: A-21422) 

14. Coating glass coverslips with Poly-ornithine and laminin (see Recipes) 

 

C. For Electrophysiology 

1. Borosilicate pipettes with resistances of 3-6 MΩ (World Precision Instruments, 

catalog number: 1B150-4) 

2. Cell strainer (40 µm) (Sigma, catalog number: CLS431750) 

http://www.bio-thing.com/p117543


 

35 

3. Tetrodotoxin (TTX) (Alomone labs, catalog number: T-550) 

4. BrainPhysTM Without Phenol Red (Stem Cell Technologies, catalog number: 

05791) 

5. HEPES (Sigma-Aldrich, catalog number: H3375) 

6. KCl (Sigma-Aldrich, catalog number: 793590) 

7. Potassium Gluconate (Sigma-Aldrich, catalog number: G4500) 

8. EGTA (Sigma-Aldrich, catalog number: 324626) 

9. Mg-ATP (Sigma-Aldrich, catalog number: A9187) 

10. Creatine phosphate (Sigma-Aldrich, catalog number: CRPHO-RO) 

11. Guanosine triphosphate (Sigma-Aldrich, catalog number: G8877) 

12. NMDA (Alomone labs, catalog number: N-170) 

13. Magnesium Chloride hexahydrate (Sigma, catalog number: M2393) 

14. Internal pipette solution (see Recipes) 

 

Equipment 

 

1. Pipettes (Fisher, catalog number: 4680100) 

2. Pipette puller (Sutter Instrument, model: P-1000) 

3. Osmometer (Advanced Instruments, model: 3320) 

4. Bead bath (Lab Armor, model: M706) 

5. Fluorescent microscope (Olympus, model: 1X73) 

6. Recording chamber with six-channel valve controller (Warner Instruments) 

7. Automatic temperature controller (Warner Instruments, model: TC-324C) 

8. Micromanipulator (Sutter Instrument, model: MP-225) 

9. Microelectrode amplifier Multiclamp 770B (Molecular Devices) 

10. Acquisition system Axon digidata 1550A (Molecular Devices) 

11. Biological Safety Cabinet Class 2 (Nuaire, Model: NU440400) 

12. Incubator (Thermo Fisher, catalog number: 51030287) 

13. Centrifuge (Allegra, model: X-12) 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hepes
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Software  

 

1. Clampex 10.5 (Molecular Devices, www.moleculardevices.com) 

2. GraphPad Prism 7 (GraphPad, www.graphpad.com) 

3. Excel 2016 (Microsoft, https://products.office.com/en-ca/excel) 

 

Procedure 

 

A. Differentiation from iPSCs to Forebrain NSCs (Neural induction) 

Note: *The following steps are described assuming high-quality iPSCs (see Figure 

1) are plated on a 60-mm tissue culture dish that is coated with Matrigel® (for more 

details, see Recipes and Table 2). 

 

 

http://www.moleculardevices.com/
http://www.graphpad.com/
https://products.office.com/en-ca/excel
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Figure 1. Sample ICC staining for high-quality iPSC cultures. In order for 

differentiation to proceed effectively, ensure that you begin differentiation with high-

quality iPSC cultures. IPSCs should uniformly express pluripotency markers SSEA, 

OCT4, TRA-1-60, and NANOG (A) when assessed using ICC. Additional pluripotency 

markers DNMT3b, EST2, and ZFP42 can also be assessed using a qPCR assay (B). 

IPSCs should be free of karyotypic abnormalities (C), possess the ability to differentiate 

into all three germ lineages and express characteristic markers of each lineage (D), and 

test negative for mycoplasma contamination (E). Scale bars represent 100 μm. 

 

1. Working in a class two biological safety cabinet, use appropriately sized pipettes 

to plate iPSCs in E8 medium in a 60-mm dish. If starting from a frozen aliquot 

of iPSC, we recommend plating at least 300,000 cells. This is considered Day 0 

of iPSC culture. 

2. On Day 1 of iPSC culture (15%-25% confluency), aspirate the spent medium to 

remove non-attached cells, and check the size of colonies. If colonies are 

approximately 100-200 µm in diameter, they are an appropriate size to begin 

differentiation. Add 3 ml of complete Neural Induction Medium 1, pre-warmed in 

a bead bath to each plate using a 5 ml pipette. Return the plates to an incubator 

maintained at 37 °C, 5% CO2 and atmospheric (~20%) Oxygen. If plates do not 

contain colonies of sufficient size, add 3 ml of E8 media and check daily until 

colonies reach the appropriate size. 

3. On Day 2 (about 48 h after switching to Neural Induction Medium), change the 

medium by aspirating old medium from each well. Add 3 ml of pre-warmed 

complete Neural Induction Medium 1 to each plate. 

4. On Day 4 of neural induction, cells will be reaching confluency. If necessary, 

mark any colonies with non-neural differentiation. Remove these unwanted 

colonies with a 200 µl pipette tip. Aspirate the spent medium from each well. Add 

3 ml of pre-warmed complete Neural Induction Medium 1 to each plate. 
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5. On Day 6 of neural induction, cells should be near maximal confluence. Remove 

any non-neural differentiated cells that can be observed and add 3 ml of complete 

Neural Induction Medium into each plate. 

6. On Day 7 of neural induction, the medium should be switched into Neural 

Induction Medium 2. Add 3 ml of complete Neural Induction Medium 2 to each 

plate. The medium should be changed every day for 5 days. For example 

morphologies, see Figure 2.  

 

Note: Due to high cell density in the culture from Day 4 onwards, doubling the 

volume of Neural Induction Medium is very critical for cell nutrition. Also, minimal 

cell death should be observed from Days 4 to 7 after neural induction. If the color of 

cells turns yellowish with many floating cells during Days 4 to 7 of neural induction, 

it indicates that the starting density of iPSCs was too high. In this case, change the 

Neural Induction Medium every day, remove some colonies and double the volume 

per well/plate. Ideally, work with these variables to ensure that the media does not 

continue to turn yellow. 
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Figure 2. Morphology of iPSCs differentiating into forebrain NPCs. A. Day 0: 

Showing a single iPSC colony of appropriate size immediately prior to addition of Neural 

Induction Media 1. B. Day 2: The iPSC colony, which has been treated with Neural 

Induction Media 1 for 2 days, begins to change cellular morphology and some cells 

extend processes. C. Day 5: Increased expansion of the colony with some differentiation 

of outer cells. D. Day 12: Appearance of rosettes in the colony become visible. NSCs are 

present in high confluence in the middle of these structures. It is at this point that colonies 

are detached and re-plated on non-adherent plates at D13 for two days. E. D13 
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immediately after plating on adherent plates. This image shows floating rosette colonies 

that will continue to proliferate and differentiate in a floating mass. Non-rosette cells 

either remained on the dish at D12 after chemical release or float as single cells on the 

non-adherent plates shown in (E). F. At D15, rosette clusters expand in size and are 

moved to adherent plates. Cell aggregates here are 3-dimensional, but are attached to the 

plate. Note the purity of the clusters at this point (F). Scale bars represent 130 µm. 

 

B. Harvest and expansion of NPCs 

Note: On Day 12 of neural induction, NPCs are ready to be harvested and expanded. 

1. Aspirate the spent Neural Induction Medium from each plate to be passaged. 

2. Gently add DPBS without CaCl2 and MgCl2 to each plate twice to rinse the cells. 

3. Add 1.5 ml of pre-warmed Gentle Cell Dissociation Reagent to each plate and 

incubate for 5 min at 37 °C until most cells detach from the surface of the culture 

vessels. Tap plates gently to dislodge cells still attached. 

4. Use a pipette to gently rinse the surface of the plates with the Gentle Cell 

Dissociation Reagent already in the plates to detach any remaining cells. 

5. Using a pipette, transfer the cell suspension to a 15-ml conical tube. 

6. Add 1 ml of DPBS to each plate to collect residual cells and transfer the cell 

suspension to the conical tube. 

7. Gently pipet the cell suspension up and down 3 times with a 5-ml or 10-ml pipette 

to break up the cell clumps. 

8. Centrifuge the cells at 300 x g for 5 min. 

9. Aspirate the supernatant and re-suspend the cells in pre-warmed Neural 

Progenitor Cell (NPC) Medium (i.e., 10 ml for all cells from each plate). 

10. Plate the cells suspended in NPC Medium onto a 10 cm Petri dish. 

11. Culture the cells in a CO2 incubator for 2 days. During this time, NPCs will form 

aggregations while floating in NPC medium. 
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12. Once aggregates have reached an appropriate size of approximately 70-200 µm, 

prepare a 10 cm tissue culture dish coated with 5 ml of Matrigel® for at least 1 h. 

If few aggregates have formed, plate cells in a 60 mm dish instead. 

13. Using a 5-ml or 10-ml pipette, take up and pass the NPC medium through a cell 

strainer to collect NPC aggregations.  

14. Reverse the strainer and pass 10 ml of fresh pre-warmed NPC medium through 

strainer where the cell aggregates are bound so that they are transferred onto the 

Matrigel®-coated 10 cm plate. 

15. Culture the cells in a CO2 incubator to allow for NPC aggregates to attach to the 

coated dish and migrate and proliferate. 

16. Change medium every 2-3 days until cells reach confluence and are ready for 

passaging or cryopreservation. Dissociate using warm accutase at 37 °C for five 

minutes. 

17. To assess the purity of NPC culture, fix cells and check for NPC markers using 

ICC (see Figure 3). 

18. To cryopreserve NPCs, freeze in an 80/20 mix of FBS/DMSO. Store at -80 °C 

for use within a few months, or in liquid nitrogen for long-term storage. 

 

 

 

 

 



 

42 

 

Figure 3. Sample ICC staining for high-quality NPC cultures. In order for 

differentiation to proceed effectively, ensure that iPSC cultures uniformly express Nestin, 

SOX1, and PAX6. NPC cultures should have no expression of the pluripotent marker 

OCT4 (DAPI shown in blue in merge of PAX6 and OCT4; all cells express PAX6, i.e., 

100% purity of the culture). Scale bars represent 100 μm. 

 

C. Differentiation of forebrain NPCs into neurons 

1. Plate NPCs on a tissue culture dish that is coated with Matrigel®. Wait until cells 

have achieved 70%-95% confluency before beginning differentiation. 

2. Once NPCs have reached desired confluency, aspirate media and replace with an 

equal volume of Neuronal Media. 

3. Every 2-3 days, aspirate half of the media in the plate and replace with fresh 

Neuronal Media. 

Note: As some media will be lost to evaporation, you may need to add a little 

more media than you remove from the plate in order to keep the media volume 

stable over time. 

4. Continue to change the media until neurons reach the desired stage of 

development. For example morphologies of developing forebrain neurons, consult 
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Figure 4. For example ICC characterization of forebrain neurons, consult Figure 

5. 

Notes:  

a. The purity of your line will be very easily detected during this stage of 

development. Cell lines that contain a high percentage of NPCs will rapidly 

polarize and form neuronal projections (usually around Days 2-5), whereas 

lines that contain a high percentage of non NPC cells (Astrocytes, neural crest 

cells, etc.) will not. 

b. There is variability in how long neurons in a particular plate will take to 

reach a certain stage of development depending on line, clone, passage 

number etc. However, we have found that neurons in good quality cultures 

consistently achieve the following landmarks by the following number of days 

into differentiation.  

 

Day 5 = Cells are post-mitotic 

Day 15 = Cells have clearly polarized axons and dendrites, and have clearly 

detectable electrophysiological properties, such as action potentials 
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Figure 4. Example morphology for forebrain NPCs differentiating into neurons. 

Morphology of a forebrain NPC culture differentiating into neurons. Images taken at D0 

(A), D5 (B), D15 (C), D30 (D). Scale bars represent 130 µm.  

 

5. To assess the purity of your neuronal culture, fix cells and check for forebrain 

markers using ICC. To assess the quality of the neurons produced, ensure that the 

cells display proper electrophysiological properties (see Data analysis).  

 

D. Assessment of culture purity using immunocytochemistry 

Note: The following steps are described assuming cells are plated on glass coverslips 

coated with poly-ornithine and laminin (For more details, see Recipes). 

1. Fix samples in 4% paraformaldehyde (PFA) diluted in PBS. Incubate at room 

temperature for 15 min. 

2. Wash samples with PBS (3 x 15 min) at room temperature. 

3. Permeabilize samples by incubation in PBS + 0.1% Triton X-100 at room 
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temperature for 10 min.  

4. Aspirate permeabilization buffer and replace with 5% BSA diluted in PBS to 

block samples. Incubate at room temperature for 60 min.  

5. Prepare working stocks of primary antibodies by diluting in blocking 5% BSA-

PBS. See Table 1 for recommended working dilutions and antibodies for different 

cells types. Coat coverslips in primary antibody solution and incubate overnight at 

2-8 °C. 

Table 1. Antibodies used in immunocytochemistry 

Antibody Concentration Used 

Antibodies for iPSCs 

TRA-1-60 1/100 

SSEA 1/100 

Nanog 1/100 

OCT4 1/100 

PAX6 1/500 

Antibodies for NPCs 

SOX1 1/1,000 

Nanog 1/100 

Nestin 1/2,000 

PAX6 1/500 

Antibodies for Neurons 

Tuj1 1/2,000 

S100B 1/200 

VGLUT1 1/300 

GABA 1/500 

GFAP 1/500 

Secondary antibodies 

ALEXA 488 anti-mouse 1/2,000 

ALEXA 555 anti-rabbit 1/2,000 
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6. Wash samples with PBS (3 x 15 min) at room temperature. 

7. Aspirate PBS and add secondary antibodies diluted in 5% BSA-PBS. See Table 1 

for recommended secondary antibodies and dilutions. Incubate coverslips at room 

temperature, away from light for one hour. 

8. Wash samples with PBS (3 x 15 min) at room temperature. 

9. If desired, add DAPI diluted in PBS, incubate for 5 min in room temperature. 

10. Add a drop of Vectashield® to a glass slide. Carefully use a needle and forceps to 

transfer the coverslip, cell-side down, to the slide. Seal using nail polish. 

 

 

Figure 5. Sample ICC staining for high-quality forebrain neuronal. Representative 

ICC of forebrain neuronal culture following 30 days of differentiation (D30) from NPCs, 

demonstrating the relative abundance of glutamatergic, GABAergic, and astrocytic 

markers in the population. These cultures are approximately 65% glutamatergic, 30% 

GABAergic, and 5%-10% astroglial. Scale bars represent 50 μm. 
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E. Assessment of neuronal quality using Electrophysiology 

1. Pull pipettes from glass capillaries. Their resistance should range from 3 to 6 MΩ 

when filled with the internal pipette solution. 

2. Transfer individual coverslips containing differentiated human iPSC-derived 

neurons into a heated recording chamber and continuously perfused (1 ml/min) 

with BrainPhys Neuronal Medium without phenol bubbled with a mixture of CO2 

(5%) and O2 (95%) and maintained at 35 °C using an automatic temperature 

controller. 

3. Choose the cells that you will record from. 

4. Fill the pipette with the internal pipette solution and place it in the electrode 

holder. Lower the pipette to place it into the external solution. After compensating 

offsets, approach the pipette to the chosen cell with the help of the remote 

micromanipulator to form a high resistance cell-attached seal.  

5. Once the seal is formed and the whole cell configuration is established, 

compensate series resistance at 80%-90%.  

6. Wait for 5 to 10 min before starting to record. This allows the cell content to 

equilibrate with the internal pipette solution. 

7. For acquisition, set your filter at 2 kHz and your sampling rate at 20 kHz. 

8. Once whole-cell recording had been established, recordings of fundamental 

neuronal properties, including rheobase, resting membrane potential, action 

potential parameters and spontaneous postsynaptic currents can be performed. 

Add NMDA via pipette. Assessed neurons should be hold neurons in voltage 

clamp at -70 mV except when examining changes in the resting membrane 

potential and rheobase, which should be performed in current clamp. Clampex 

and 2. GraphPad Prism 7 are recommended software to use to display data.  For 

example electrophysiological recordings obtained from cortical neurons, consult 

Figure 6. 
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Figure 6. Electrophysiological properties of high-quality forebrain neurons. A. 

Differential image contrast of a glass microelectrode recording from a single neuron in 

the whole-cell configuration. Scale bars represent 20 μm. B. A hyperpolarizing pulse 

showing a depolarizing sag followed by multiple rebound action potentials. C. Left: 

Representative traces of voltage clamp recordings showing inward Na+ currents; Right: 

Sodium current traces disappear after tetrodotoxin (TTX) 1 μM application. D. 

Representative current-clamp recording from a spontaneously active neuron with resting 

membrane potential -40 mV. E. Representative recording showing action potentials fired 

by forebrain neurons during a current ramp protocol. F. Representative voltage-clamp 
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recording from a neuron with spontaneous synaptic input. All electrophysiological data 

was obtained from D14 neurons.  
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Data analysis 

 

Electrophysiological data should be processed with currents filtered at 2 kHz and 

digitized at 20 kHz. Values should be reported correcting for the nominal membrane 

potential in voltage- and current-clamp recordings for the calculated 10-mV liquid 

junction potential. 

 

Recipes 

 

A. Media 

Note: All media as given as recipes for 50 ml as it is possible to prepare this volume 

in a single 50 ml tube, suitable for warming in a bead or water bath. 

 

1. Neural Induction Medium 1  

DMEM/F12 Medium  47.5 ml 

N2 supplement  0.5 ml 

B27 supplement  1 ml 

BSA  1 mg/ml 

NEAA  0.5 ml 

SB431542 10 µM 

Noggin  200 ng/ml 

Laminin  1 µg/ml 

 Total: 50 ml 
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2. Neural Induction Medium 2 

DMEM/F12 Medium  47.5 ml 

N2 supplement (N2-A from 

Stem Cell Technologies) 

0.5 ml 

B27 supplement (SN-1 from 

Stem Cell Technologies) 

1 ml 

BSA  1 mg/ml 

NEAA  0.5 ml 

Laminin  1 µg/ml 

 Total: 50 ml 

 

Note: Complete Neural Induction Medium 1 and 2 can be stored at 2-8°C in the 

dark for up to 2 weeks. Warm the Neural Induction Medium in a 37 °C water bath 

for 5-10 min before using. Do not warm the Neural Induction Medium in a 37 °C 

water bath for longer than 10 min, as this may cause degradation of the medium. 

 

3. Neural Progenitor Media 

KnockOutTM DMEM/F-12 47.5 ml 

N2 supplement  0.5 ml 

B27 supplement  1 ml 

EGF 20 ng/ml 

FGF 20 ng/ml 

Laminin 1 µg/ml 

 Total: 50 ml 
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4. Neuronal Media 

BrainPhys Medium 47.5 ml 

N2 supplement  0.5 ml 

B27 supplement  1 ml 

BDNF 20 ng/ml 

GDNF  20 ng/ml 

Laminin 1 µg/ml 

 Total: 50 ml 

 

B. Buffers and solutions 

1. Internal pipette solution  

5 mM HEPES 

2 mM KCl 

136 mM potassium gluconate 

5 mM EGTA 

5 mM ATP-Mg2+ 

8 mM creatine phosphate 

0.35 mM guanosine triphosphate 

The pH is adjusted to 7.2 with KOH and the osmolality is adjusted with distilled 

water or concentrated potassium gluconate if needed to between 295 and 298 

mOsm.  

Note: The difference in osmolality between Internal and external solutions should 

be near 5%. 

2. Culture Dish Coating with Matrigel® 

a. Thaw a frozen aliquot of Matrigel® (250 μl) from -80 °C by placing it in a 4 

°C fridge for 1 h 
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b. To create a working solution, dilute the thawed Matrigel® in 25 ml of cold 

PBS or media 

Note: Diluting Matrigel® in DMEM or other media with a strong coloration 

will make it easier to determine that the whole dish is evenly covered. 

c. Quickly cover the whole surface of each culture vessel with the appropriate 

amount matrix solution (Table 2) 

d. Incubate the culture vessels in a 37 °C, 5% CO2 incubator for at least 1 h 

e. The culture vessels are now ready for use. Just before use, aspirate the diluted 

Matrigel® solution from the culture vessels. Cells can be plated directly onto 

the Matrigel®-coated culture vessels without rinsing 

Note: Coated culture vessels can also be stored at 2-8 °C for up to one week. 

When storing, seal culture vessels with Parafilm® laboratory film to prevent 

drying. Before using, warm up the coated culture vessels stored at 2-8°C at 

room temperature for 30 min. 

 

Table 2. Required volume of Matrigel® matrix solution for coating different culture 

vessels 

Culture Vessel  Approximate surface 

area (cm2)  

Diluted Matrigel® matrix 

volume (ml) 

6-well plate 9.6 cm2/well 1 ml/well 

35-mm dish 11.8 cm2 1 ml 

60-mm dish 20 cm2 2 ml 

100-mm dish 60 cm2  5 ml 

 

3. Coating glass coverslips with Poly-ornithine and laminin 

a. Place glass coverslips in a Petri dish or suspension plate 

b. Sterilize coverslip by exposing plates to UV radiation for 20 min 

c. Coat coverslips in 100 μl of 50 μg/ml polyorinithine in PBS. Wait two hours 
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d. Aspirate solutions. Wash once using PBS, then coat coverslip in 10 μg/ml 

laminin diluted in PBS 

e. Incubate at 37 °C for two hours 

f. Aspirate solution, coat coverslips in 10% FBS DMEM 

g. The plates are now ready to use. For best results, use within 24 h of 

preparation. Before plating cells, wash plates once with PBS, as FBS may 

influence differentiation 
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Chapter III. A Rapid Pipeline to Model Rare Neurodevelopmental Disorders with 

Simultaneous CRIPSR/Cas9 Gene Editing 

Preface 

CRISPR/CAS9 gene editing has significantly improved the ease with which 

researchers can make controlled genetic alterations and has many applications in 

modelling rare neurodevelopmental disease. When assessing the effect of precise genetic 

changes in cell culture, it is important that the culture be “clonal”, meaning all cells are 

identical in genotype. This can be very difficult to do in iPSC culture, as the effect of 

CRISPR/CAS9 is not uniform across all cells in a culture. Traditionally, in order to 

obtain a clonal iPSC line, somatic cells would be induced to stem cells, then undergo a 

CRISPR/CAS9 gene editing event, and then be dissociated to single cells and regrown to 

stable iPSC lines. This method is time consuming, requiring a minimum of two months to 

complete, and places significant stress on iPSCs due to the dissociation into single cells, 

which can induce aneuploidy or premature differentiation. To improve this, we set out to 

create a protocol with the following objective: 

“To create a methodology that improved our ability to generate 

CRISPR/CAS9 edited iPSC-derived neurons and NPCs to support our 

investigations into rare neurodevelopmental diseases”.  

In doing so, we developed an improved methodology to generate clonal gene 

edited iPSC cultures by combining iPSC induction and gene editing into a single 

transfection reaction. This enabled us to take advantage of the low rate of iPSC 

reprogramming to create gene-edited iPSC colonies that only take as long to produce as 

the somatic cells take to reprogram; around three weeks.   
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This methodology was of critical importance in the studies described in chapters IV and 

V, and forms the basis of all gene-edited models used in these studies. 
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Abstract 

The development of cell models to understand the etiology and to develop therapeutics 

for rare neurodevelopmental disorders face immense challenges due to the scarcity of 

subjects and the difficulty obtaining appropriate human cell type. Here, we detail a 

research platform for studying rare neurodevelopmental disorders. We outline and 

illustrate a rapid, simple protocol through which primary fibroblasts can be converted to 

induced pluripotent stem cells (iPSCs) using an episomal vector and differentiated into 

neurons. Using this platform enables patient skin cells can be converted to 

physiologically neurons in less than two months with minimal labour. We also developed 

a method to combine somatic cell reprogramming with CRISPR/Cas9 gene editing at 

single cell resolution, which enables the concurrent development of cellular knockout 

models that can be used as isogenic control lines. This platform reduces the logistical 

barrier for using iPSC technology, and allows for the development of appropriate control 

lines for use in rare neurodevelopmental disease research and therapeutics.  
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Introduction 

Neurodevelopmental disorders (NDDs) affect approximately 5% of the world’s 

population (Mitchell, 2015), and have an estimated economic disease burden of up to 200 

billion dollars in the United States alone (Szpir, 2006). The majority of these disorders 

are considered “rare”, with an incidence lower than 1/2000 persons (Griggs et al., 2009, 

Mitchell, 2015).  Many rare NDDs are genetically defined, which makes them good 

candidates for the development of effective therapeutics (Wong and Chiu, 2011). 

However, most research attention has been devoted to common NDDs such as Fragile X 

(Kumari et al., 2015) or Rett syndrome (Djuric et al., 2015), where labour-intensive cell 

modelling can benefit the most number of affected individuals. However, even intensely 

studied NDDs face immense hurdles in the development of effective treatments 

(Hamilton, 2015).  

Neurological diseases more generally have been historically studied using either 

immortalized cell lines or animal models (Marchetto et al., 2011, Watabe et al., 2003, 

Chesselet and Carmichael, 2012). While these analogs of disease have been an invaluable 

research tool, concerns about the translatability of results obtained in these models have 

been raised since their inception (Kaiser and Feng, 2015). Immortalized cell lines, while 

relatively easy to maintain and produce, have a different genetic background than the 

patients that they purport to model, and their responses may be influenced by the 

mutations that allow them to proliferate indefinitely (Marchetto et al., 2010b). Transgenic 

animals have also been used to provide a model in which CNS cells develop in a manner 

similar to the human brain (Pappas et al., 2014). However, they are resource intensive to 

produce and maintain, and species differences coupled with genetic background means 
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that even neurological diseases with defined mutations are sometimes unable to be 

modeled accurately in animals (Marchetto et al., 2010b). Given the difficulty that has 

been observed in the translation of therapies for very prominent diseases from 

immortalized cells and animal models (Albani and Prakken, 2009), the risk of investing 

research resources to generate models of rare diseases may discourage researchers from 

pursuing research into rare NDDs. 

What is needed to produce viable treatments for rare NDDs is a model that can be rapidly 

used to move from genetics to therapeutics. One of the most promising scientific 

discoveries of the 21st century has been the development of induced pluripotent stem cells 

(iPSCs) (Takahashi et al., 2007). iPSCs have several advantages over more classical 

methods of modeling disease. First, they can be derived from the patient’s own cells, 

which eliminates both intra-species and inter-species variation, and prevents the 

confounding oncogenic effects observed in immortalized cell lines (Liu et al., 2012). 

Second, they might be able to be used to model the development of human neural cells in 

a manner similar to in vivo human development (Marchetto et al., 2011). iPSCs have 

been shown to be a particularly illuminating research tool when paired with genome 

editing technologies like CRIPSR/Cas9 to create isogenic controls or model monogenic 

disorders (Smith et al., 2014, Smith et al., 2015). 

In order for iPSC-based NDD models to become a commonplace technique in rare 

neurodevelopmental research, there are several logistical hurdles that need to be 

addressed. The process of generating iPSCs and differentiating them into neurons can be 

very long and complicated, with some protocols requiring over ten different media types, 

each with a complex set of growth factors, and multiple steps of cell plating, aggregation, 
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and dissociation (Marchetto et al., 2010a, Zhou and Zeng, 2013). Increases in protocol 

steps and time may be one reason for reports of cell line variability, even from neurons 

generated from the same patient in the same lab (Nityanandam and Baldwin, 2015).  

Generating models of NDDs with such a long and complex methodology not only means 

that generating iPSCs is expensive, but that only researchers with significant experience 

will be able to successfully carry out the protocol (Deng et al., 2015), making modeling 

of rare NDDs impractical (Bishop, 2010). Therefore, simplifying and optimizing the 

protocols required to generate neural cells from iPSCs is an important step towards 

increasing the ease of generating iPSC-derived neurons and encouraging the more 

widespread use of iPSC models. 

In the present study, we established a research platform to model rare 

neurodevelopmental disease in vitro. We have developed and optimized protocols with an 

emphasis on reducing the required time and complexity of genome editing, iPSC 

induction, and neuronal differentiation to facilitate the adoption of these techniques by 

research groups with limited resources, or lacking pluripotent cell culture experience. The 

set of protocols contained in this platform details the generation of iPSCs from fibroblasts 

and the differentiation of iPSCs into electrically active neurons rapidly with high 

efficiency. The optional high-efficiency gene editing protocol can be performed in 

parallel to patient cell reprograming with minimal additional time requirements. This 

platform provides simplified methodologies for developing cell models of NDDs while 

reducing heterogeneity in final cell output. 
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Materials and Methods 

Culturing skin fibroblasts 

Fibroblasts were obtained from Coriell or from patient biopsies (Sup Table 1). Cells were 

plated on tissue culture dishes (Corning), after incubation with 0.05% gelatin (Sigma-

Aldrich) for 60 minutes at room temperature. Cells were cultured in Gibco DMEM 

(Thermofisher) supplemented with 10% BSA (Thermofisher) and 1% 

Penicillin/Streptomycin (100 U/mL Penicillin and 100 μg/mL Streptomycin) 

(Mediatech). Cells were passaged when cells reached 80% confluency using 0.05% 

Trypsin-EDTA (Thermofisher), and replated at a density of ~2x106 cells per 100mm2 

plate. 

Conversion of fibroblasts to iPSCs 

Fibroblasts were reprogrammed using episomal reprogramming vectors containing Oct4, 

Sox2, Myc3/4, Klf4, and ShRNA P53 (ALSTEM) and a Neon® Transfection System 

(Invitrogen). 5.0x105 cells were reprogrammed with 1ug of episomal reprogramming 

vectors per reaction. Electroporation parameters were as follows:  11650 Volts, 10 ms, 3 

pulses. Following transfection, cells were plated on tissue culture plates coated with 

matrigel (Corning) in TesR-E7 media (Stem Cell Technologies). The following day, the 

media was exchanged for fresh TesR-E7 media supplemented with 2ug/ml puromycin 

(Sigma-Aldrich). Puromycin selection was applied for 48hrs, after which the media was 

exchanged with fresh TesR-E7 media. During the induction process, TesR-E7 media was 

changed every day. After approximately ten days following selection, colonies were 

observed. These colonies were tracked until they formed robust, distinct cell populations 
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(approximately 500um-1000um in diameter), at which point cells were detached using  

ReLeSR media (Stem Cell Technologies).  Clumps of floating cells were then picked and 

plated on matrigel coated plates in mTesR1 media (Stem Cell Technologies) 

supplemented with ROCK inhibitor y-27632 (Sigma-Aldrich) at a final concentration of 

10uM. Once formed, iPSC colonies were cryopreserved in FBS with 10% DMSO 

(Sigma-Aldrich), maintained in culture in mTesR1 media with daily media changes, or 

differentiated into midbrain or forebrain cells. 

 iPSCs to forebrain cells 

Direct Generation of Mature Neurons 

iPSCs were dissociated using Gentle Cell Dissociation Reagent (Stem Cell technologies) 

and resuspended in Neural Induction (NI) media (DMEM/F12 supplemented with N2 

(Invitrogen), B27 supplement (Invitrogen), BSA [1 mg/ml], Y27632 [10 µM] (AdooQ 

Bioscience), SB431542 [10 mM](Selleckchem),  and noggin [200 ng/ml](GenScript), 

onto low-bind plates (Corning) or petri dishes (Corning). Cells were plated at a density of 

2-3x106 cells per 100mm2  plate. 

Cells were cultured in suspension and monitored for the formation of organiods, which 

occurred approximately four days after suspension. Three days after the formation of 

EBs, a 70um Falcon cell strainer was used to collect aggregations, which were then 

resuspended in a fresh low-bind/petri dish in Neural Progenitor (NP) medium 

(DMEM/F12 supplemented with N2, B27 supplement, bFGF (20ng/ml)( GenScript®), 

EGF(20ng/ml)( GenScript®), laminin[1ug/ml]( Sigma-Aldrich)). The media was 

exchanged every day for fresh NP media for fourteen days. Following fourteen days in 
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NP media, cell aggregations were resuspended in Final Differentiation (FD) medium 

(DMEM/F12 supplemented with N2, B27 supplement, BDNF [20 ng/ml]( GenScript®), 

GDNF [20ng/ml]( GenScript®), laminin [1ug/ml]. Final differentiation media was 

changed every two days for seven days. Organiods were plated on polyornithine- and 

laminin-coated tissue culture plates in Neuron Maturation (NM) medium (DMEM/F12 

supplemented with N2, B27 supplement). Following attachment, organiods were 

dissociated with 0.05% trypsin-EDTA, and replated onto fresh polyornithine and laminin 

coated plates in NM media.  Half the media was exchanged for fresh media every three 

days. 

Generation of forebrain Neural Progenitor Cells (NPCs) 

If neural progenitor cells were desired, the protocol was identical to the One Step method 

described above, until the point where organiods were resuspended in NP media. Instead 

of maintaining cells in a 3D culture (i.e., floating organiods), cells were plated onto 

polyornithine- and laminin- coated tissue culture plates after one week in NP media. 

Organiods were allowed to attach for 24hrs, then were dissociated and replated on fresh 

plates. Cells were then maintained in NP media for seven more days, with the media 

being changed every third day, before cells adopted a NPC morphology and stained 

positive for NPC markers. NPCs have been maintained as an NPC population in NP 

media for 11 passages without any change in cell proliferation rate or morphology. To 

make mature neurons from these NPC cells, , NPCs at 70% confluency were cultured in 

FD media for one week, with media being exchanged every two days, followed by 

culturing in NM media. Half the media was exchanged for fresh NM media every three 

days.   
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iPSCs to midbrain cells 

iPSCs were disassociated using Gentle Cell Dissociation Reagent and resuspended in 

midbrain Neural Induction  (mNI) medium (DMEM/F12 supplemented with Lglutamine 

[2 mM], N2, B27 supplement, bovine serum albumin [1 mg/ml], Y27632 [10 

mM](Tocris), SB431542 [10uM](Tocris), noggin [200 ng/ml], and SHH C24II [200 

ng/ml] (Miltenyi Biotec)  at a density of ~1x106 cells per 100mm2 plate. Following EB 

formation and three days after suspension, 50% of the media was changed daily. 

Organiods were harvested on day 5 and resuspended in midbrain Neural Progenitor 1 

(mNI1) medium (DMEM/F12 supplemented with Lglutamine [2 mM], B27, N2 

supplement, bovine serum albumin [1 mg/ml], SHH C24II (200 ng/ml)) for three days. 

Aggregations were then suspended in midbrain Neural Progenitor Medium II (mNP2) 

(DMEM/F12 supplemented with N2, B27 supplement, bFGF (20ng/ml), EGF(20ng/ml), 

laminin (1ug/ml), SHH C24II (200 ng/ml), CHIR-99021 (3uM) (Stem Cell 

Technologies)) for three days, and then switched to Neural Progenitor Medium III 

(mNP3) (DMEM/F12 supplemented with Lglutamine [2 mM], B27, N2 supplement, 

bovine serum albumin [1 mg/ml]) for seven to fourteen days. Neural progenitor cells 

were plated on polyornithine/ laminin plates in midbrain Neural Progenitor Media IV 

(mNP4) (DMEM/F12 supplemented with Lglutamine [2 mM], B27, N2 supplement, 

SHH C24II[200 ng/ml], FGF8[100ng/ml) for expansion. When differentiation was 

desired, Gentle Dissociation Medium was added to cultures of neural rosettes until a large 

proportion of cell residing at the nucleus of rosettes detached, but cells at the periphery of 

rosettes remained attached. Media was decanted and cells plated at a density of 

1x106cells/10cm petri dish in midbrain Final Differentiation Medium (mFDM) 
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(DMEM/F12 supplemented with Lglutamine [2 mM], N2, B27 supplement, BDNF [20 

ng/ml], GDNF [20ng/ml], N6, dCAMP [0.5 mM] (Sigma-Aldrich], ascorbic acid 

[200uM], (Sigma)] laminin [1ug/ml]. Cell aggregations were observed to form after 

approximately three days in mFDM. Four days after the formation of cell aggregations, 

aggregations were plated in NM media on polyornithine/ laminin coated tissue culture 

plates. Half of the media was exchanged every three days. 

Direct Conversion of Fibroblasts to Neuronal Cells 

Conversion was carried out as previously described (Hu et al., 2015), using the chemical 

cocktail VCRFSGY (V, valproic acid 0.5 mM; C CHIR99021 3 µM; R, Repsox 1 µM; F, 

Forskolin 10 µM; S, SP600125 10 µM; G, GO6983 5 µM; Y, Y-27632 5 µM) (All 

chemicals from Sigma-Aldrich). Fibroblasts were plated in six well plates, and specific 

wells harvested for cell counting on days 1, 3, 5 and 7 following the initiation of 

differentiation. 

CRISPR/Cas9 gene editing 

A double nickase CRIPSR/Cas9 gene editing system with gRNA (DNA2.0) targeting a 

51bp exonic sequence of GRIN2B was generated with a Paprika RFP reporter (DNA 2.0). 

1ug of this construct was added per transfection reaction, and transfection was carried out 

using the parameters previously described for iPSC induction. Following transfection, 

cells were plated on matrigel coated plates in TesR-E7 media for 24 hours. Cells were 

then detached, and sorted via FACS (Fluorescence Activated Cell Sorting) for RFP+ 

cells. RFP+ cells were then replated on matrigel coated plates, in TesR-E7 media 

supplemented with 2ug/ml puromycin. Following 48hrs of selection, cells were 
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dissociated using 0.05% EDTA-Trypsin and plated in matrigel coated 6 well tissue 

culture plates (Corning) in fresh TesR-E7 media at a density of ~1000 cells/well. Colony 

formation, picking, and purification proceeded as described for iPSC induction.  

Sequencing 

Following the establishment of clonal CRIPSR/Cas9 transfected iPSC colonies, DNA 

was extracted from iPSCs using a Blood & Cell Culture DNA Mini Kit (Qiagen). Primers 

flanking the targeted region were designed (See Supplement), and a PCR preformed 

using Platinum Taq (Thermofisher). PCR products were loaded into a 1.8% agarose gel 

and visualized using ethidium bromide (Thermofisher) to confirm amplification and 

identify potential knockout or heterozygote colonies. Promising PCR products were then 

sent to Genome Quebec (630 Boulevard René-Lévesque O, Montréal, QC H3B 1S6) for 

Sanger Sequencing on a 3730xl DNA Analyzer (Applied Biosciences). 

Quantitative Polymerase Chain Reaction (qPCR) 

In order to validate CRISPR/CAS9 knockouts and heterozygotes, qPCR was used to 

analysis gene expression. In order to determine the expression level of the non-deleted 

form of GRIN2B mRNA in wild type, in the heterozygous and in the homozygous cells 

for deletions generated by the CRISPR-Cas9 system, primers were specifically designed 

to generate an amplicon, which overlaped deleted and non-deleted regions. Reverse 

transcriptions were done on total RNA fraction in order to obtain cDNA. cDNA synthesis 

reaction was preformed using 40 µl solutions containing 1 µg of total RNA; 0,5 µg 

random primers, 0.5 mM dNTPs, 0,01 M DTT and 400 U M-MLV RT (Carlsbad, CA). 

Quantitative PCR reactions were performed in 384 well plates using a Quant Studio 6 
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Flex Real time PCR machine (Life Technology). We used a reference pool of cDNA to 

generate a standard curve. Serials dilution provided amounts ranging between 0.003052 

ng and 50 ng. Each well included 10 µl of 2X gene expression master mix (2X Power 

SYBR® Green PCR Master Mix (Applied Biosystems)), 1 µl of 20X primer mix, 3.4 µl 

of RNase free water and 2 µl of cDNA and RNAse free water QSP 20µl. GAPDH was 

used as internal control for normalization.  

 

Immunofluorescence 

Cells were washed with PBS, then fixed with 3% paraformaldehyde (Sigma-Aldrich) on 

slides for fifteen minutes. Samples were permeabilized with 0.5% TX-100 (Sigma-

Aldrich) in 0.5% PBS-BSA for fifteen minutes, and then blocked in 0.5% PBS-BSA for 

an additional fifteen minutes. Primary antibodies were added in appropriate dilutions 

(Sup Table 2) in 0.5% PBS-BSA and added to samples for 30 minutes.  Samples were 

washed, 0.5% PBS-BSA containing an appropriate dilution of secondary antibody (Sup 

Table 2) was added to the samples and incubated for thirty minutes in the dark. Samples 

were washed with 0.5% PBS-BSA. Samples visualized on an Apotome Florescent 

microscope (Zeiss). Images analyzed using Image J. 

Fluorescent Activated Cell Sorting (FACS) 

Fibroblast cells were detached by Accutase (Millipore) and resuspended in Pre-Sort 

buffer (BD Biosciences). Red Fluorescent Protein (RFP) positive cells were aseptically 

sorted in a FACS ARIA Fusion machine (BD Biosciences) using a 130 um nozzle at 20 

psi. Cells were sorted in a 6-well plate in pre-warmed fibroblast growth medium, 2000 
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RFP positive cells per well. Determination of RFP negative and RFP positive 

populations, after doublet discrimination, was based on gating of unelectroporated and 

electroporated cells in 616/23 and 695/40 filters. 

Estimation of populations of forebrain and midbrain cells was done by flow cytometry on 

BD FACS Aria Fusion Machine. Mature neurons were prepared for FACS as described, 

stained with DAPI and labelled with a TUJ1 antibody coupled to Alexa488 (Tij1-

Alexa488).  Forebrain cells we also labelled with MAP2-Alexa647, and midbrain cells 

were labelled with TH-Alexa647 Population of single cells was identified by doublet 

discrimination followed by DAPI positive gating.  Neuronal and non-neuronal 

populations were identified by gating of TUJ1-Alexa 488 positive and negative 

populations of cells, respectively. MAP2+ and TH+ populations were identified by gating 

from TUJ1+ population.   

Whole cell recordings 

Cultures were differentiated identical to as described above but on glass coverslips. 

Differentiated cells attached to glass coverslips were transferred to plates containing a 

solution for whole cell patch clamp recordings. The extracellular HEPES-based saline 

contained, in mM:  140 NaCl, 5.4 KCl, 2 CaCl2, 1 MgCl2, 15 Hepes, and 10 glucose (pH 

7.3 – 7.4; 295-305 mOsmol). Cells for recordings were identified based on their 

morphology using an Eclipse E600FN inverted microscope (Nikon), and recordings were 

performed at room temperature. Whole-cell patch clamp recordings were obtained using 

borosilicate pipettes (3-6 MΩ), filled with intracellular solution that contained: 154mM 

potassium gluconate, 2mM EGTA, 1mM MgCl2, 10mM phosphocreatine, 10mM 

HEPES, 2mM Mg-ATP, (pH 7.2 to 7.3; 275 – 285 mOsmol).  The resistance of the 
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pipettes was determined using Ohm's law (V=IR), by injecting a small current in the 

circuit, to drop the voltage 5mV from holding. This was done when the pipette was in the 

bath position before patching. Where indicated, TTX (200nM) and TEA (50uM) were 

added to the saline solution. Data were acquired using a Multiclamp 700B amplifier 

(Axon Instruments). Currents were filtered at 2 kHz and digitized at 20 kHz. Responses 

were analyzed off-line using Clampfit (Molecular Devices). 
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Results 

Rapid conversion of patient fibroblasts into iPSCs 

We established a pipeline for generating iPSCs and neurons from patient fibroblasts to 

effectively model genetically-defined neurodevelopmental disorders (Fig. 1).  We 

cultured skin fibroblasts, then transfected these cells with episomal iPSC induction 

vectors which also contained a puromycin resistance gene (Fig. 2a).  Following 

transfection, cells were plated on dishes for 24 hours, and exposed to puromycin for 24 

hours. From 21 different experiments 1900-2100 cells remained after puromycin 

selection. These cells were maintained on matrigel-coated plates in mTesR-E7 for 14-20 

days until colonies of iPSCs formed. 18-24 colonies were observed per 2000 cells plated. 

Colonies were selected by gentle dissociation using ReLeSR media and replated until 

pure colonies of iPSCs were obtained (usually two-three passages of 5-7 days). Pure 

colonies of iPSCs were consistently generated approximately 25 days after transfection 

(Fig. 2b). Pluripotency was confirmed by staining colonies for TRA1-60, NANOG, 

SSEA, and OCT4 (Fig. 2c), and genome ploidy was assessed by karyotype. At present, 

we have created twenty-one iPSC lines using this methodology, using both patient and 

commerical fibroblast lines (Sup Table 1). 

 

Establishment of a direct method for the generation of forebrain neurons from 

iPSCs 

To create a more efficient methodology for the differentiation of iPSCs into forebrain 

neurons, we experimented with directly differentiating forebrain neurons from organiods 
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(Fig. 3a), using previous 3D culture protocols as our guide (Pasca et al., 2015). iPSCs 

were disassociated and resuspended in Neural Induction media to allow aggregations to 

form. Aggregations were maintained in Neural Induction media for approximately fifteen 

days, followed by five days in Neural Progenitor media, and finally five days in Final 

Differentiation Media. These aggregations were then plated onto a poly-orinthine/laminin 

coated plate (Fig. 3b). Following twenty-four hours of attachment, these aggregations 

were dissociated and replated onto poly-ornithine/laminin plates in Neuron Maturation 

Media. Both attached organoids and dissociated cells were shown to uniformly express 

both MAP2 and TUJ1 (Fig. 3C). FACS sorting of forebrain neurons four weeks after the 

initiation of differentiation identified 94.5% of cells expressed TUJ1, with 100% of 

TUJ1+ cells expressing MAP2 (Sup Fig. 1). After a further three weeks in culture 

following dissociation of organoids, TUJI1 continued to be expressed, and mature 

neuronal markers GABAα1, GLUR1 and SYT1 were observed (Fig. 3D).   

This protocol generates physiologically active cells, including in response to GABA and 

glutamate receptor activating drugs, results consistent with expression GABA and 

glutamate receptors. Differentiated cells also show a time-course dependent increase in 

cell properties consistent with neuronal maturation for example in increased firing rate as 

cells mature (Fig. 4 A-M).   

We cryosectioned organoids twenty five days following initiation of differentiation, and 

found that they contain distinct populations of TUJ1+/MAP2+ and TUJ1-/MAP2+ cells 

(Sup Fig. 2).  This suggests that organoids themselves show variation since patterns of 

staining of Tuj1 and Map2 differed across organoids.  This variation has implications for 
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cellular assays for mature neuronal cells that may wish to be performed in case and 

control cells.   

This protocol has several important features: 1) Organoids are maintained in the same 

wells while media is changed, avoiding potential disruption; 2) the maturation position of 

each cell is maintained from NPC to neuron, which reduces potential heterogeneity from 

breaking organoids and allowing differentiation in 2D (adherent) cultures, where cells 

differ from each other in distance to neighbouring cells; and 3) This 3D (floating, non-

adherent) method generates cells with good physiological activity consistent with 

maturing neurons. 

Establishment of a method for the generation of forebrain NPCs from iPSCs 

In many cases, it is helpful to have neural progenitor cells (NPCs) derived from an iPSC 

colony because these can be frozen down and expanded at a later date. To generate 

NPCs, we next attempted to develop a simple addendum to our One Step protocol that 

would allow differentiation to be halted at a neural progenitor stage of development, but 

which would allow differentiation to forebrain neurons to be rapidly resumed (Sup Fig. 

3).  As previously described, we allowed aggregations to form iPSCs in neural induction 

media for one week, and kept them in neural progenitor media for another week before 

disassociating the cells and plating them on poly-ornithine/ laminin plates. These 

dissociated cells multiplied rapidly, displayed NPC morphology, did not express 

pluripotent markers, and were positive for the NPC markers NESTIN, SOX1, and PAX6 

(Sup Fig. 3). These NPCs could be maintained in culture without noticeable decreases in 

replication for at least eleven passages (Sup Fig 4). When differentiation into neurons 

was desired, cells were cultured in final differentiation media for one week, followed by 



 

76 

one week of culture in neuron maturation media. Forebrain neuron phenotypes were 

confirmed identical to the One Step protocol.  

Simultaneous CRIPSR/CAS9 genome editing and iPSC induction 

CRISPR/Cas9 gene editing technology can be used to create genetic knock-outs or for 

correcting patient mutant genotypes. For rare NDD research this is an extremely 

important tool because it allows for the generation of either isogenic controls or control 

lines generated from the patient themselves; however, using CRIPSR technology in 

iPSCs can be challenging.  One key concern when introducing CRIPSR/CAS9 gene 

editing is heterogeneity. Although the CAS9 enzyme cleaves DNA at a very specific 

point, the repair of double-stranded breaks introduces random mutations into the cut site, 

which can produce very different mutations in different cells, which consequently have 

different phenotypes (Wang et al., 2015). It is therefore desirable to make a CRIPSR-

CAS9 gene edited cell line in which  all cells are descended from a single gene-edited 

cell.   

We developed a protocol to make clonal cell lines from a CRISPR/Cas9 edited cell (Fig. 

6A). We tested this approach performing a targeted editing of GRIN2B, a gene implicated 

in rare NDDs (Talkowski et al., 2012).  Importantly, the nature of this protocol allows for 

the creation of heterozygous cell lines, which will be an invaluable tool for those NDDs 

caused by reduced dosage, including GRIN2B deletion syndrome. This is because some 

cells will by chance be cut at only one allele.  Fibroblasts from healthy subjects were 

transfected with a episomal CRIPSR/CAS9 construct containing a gRNA targeting the 

gene GRIN2B and RFP marker gene, as well as episomal iPSC vectors containing a 

puromycin resistance gene (Fig. 5A). Electroporation was performed using identical 
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electroporation parameters to iPSC transfection. After transfection, cells were plated for 

24 hours, then sorted using FACS into RFP+ and RFP- single cell fractions (Sup Fig. 5). 

From 21 cell lines tested, we observed 1900-2100 RFP+ cells from 100,000 initial cells 

transfected.  RFP+ cells were replated, puromycin selection was applied, and colonies 

allowed to form, which were found to be uniformly RFP+ initially, but gradually became 

RFP- as induction proceeded (Fig. 5B).  Pure iPSC colonies were achieved in the same 

time and using the same methodology described above (Fig. 5A). From 21 cell lines, we 

observed 18-24 colonies form per cell line tested.  Once pure colonies formed, DNA was 

extracted, and PCR performed to identify potential knockouts. We used this methodology 

to produce a heterozygote and knock out cellular model for GRIN2B (Fig. 5D), which 

respectively showed reduced and ablated GRIN2B expression (Fig 5E) (Sup Fig. 8). 

Sanger Sequencing was performed to confirm potential homozygous and heterozygous 

colonies (Fig. 6F-G).  Out of ten clonal colonies sequenced searching for GRIN2B 

mutants, two were confirmed to contain homozygous knockouts, and one was a 

heterozygote.  

We suggest that this methodology is efficient in the sense that we required only one 

attempt to get the desired clones of interest.  We have an approximately a 2% success rate 

in Yamanaka vector transfection, and a 2% efficiency of colony formation.  Gene editing 

does not appear to have any effect on transformation efficiency of cells. 

Generation of midbrain cells 

While forebrain cells offer many advantages in modelling many neurodevelopmental 

diseases, many NDD’s would be better modeled in other types of neuronal cells. 

Therefore, in order to test the flexibility of our research platform, we examined how 
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easily our protocols could be shifted to generate alternative varieties of neurons. Due to 

their critical role in many neurodevelopmental disorders, we focused our efforts on 

generating midbrain cells. By altering a select few supplements in the NI stage of 

development based on previously described protocols (Kriks et al., 2011, Boyer et al., 

2012, Hartfield et al., 2014), and employing a second round of organoid formation, in 

which selection was based on cell adherence, we were able to generate cellular cultures 

that were TUJ1+ and TH+ (Sup Fig 6B). Furthermore, staining of midbrain NPCs 

showed cells to uniformly positive for the midbrain floorplate midbrain markers FOXA2, 

OTX2 and LMX1 (Sup Fig 6A).  FACS of midbrain cells four weeks after the initiation 

of differentiation found 95.8% to be TUJ1+, with all TUJ1+ cells expressed TH, meaning 

that 95.8% of the total cellular population expressed key markers of midbrain neurons 

(Sup Fig 1). This is, to our knowledge, the highest proportion of TH+ neurons derived 

from iPSCs yet reported (Hartfield et al., 2014, Hallett et al., 2015). These results indicate 

that this research platform is well suited to generating cellular midbrain models, and 

suggests that this research platform is flexible enough to be adapted to generate a wide 

variety of neuronal models.  

Direct Conversion of Fibroblasts to Neurons 

Speed and efficiency are critical for modeling rare NDDs and any technology that can 

decrease time spent without decreasing quality should be evaluated.  In this context, we 

tested several parameters of a recently published method whereby skin cells could be 

directly converted to neurons (Hu et al., 2015) to determine if this would be a viable 

method for modeling rare NDDs (Sup Fig 7). If successful, this methodology would 

enable the generation of neuronal cells from fibroblasts without generating iPSCS, saving 
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much time and lowering costs. However, while we could observe neuronal conversion of 

fibroblasts early in the induction process of the protocol, we observed very high rates of 

cell death (even after changing multiple parameters – see supplemental materials).  While 

this method may be appropriate for some uses, the high rate of cell death (>90%) makes 

it currently impractical for rare NDD research. 

Discussion 

iPSCs have tremendous potential in modeling neurological disorders. However, the 

logistical and technical challenges of generating neurological models of disease from 

iPSCs present a significant barrier, particularly for rare neurodevelopmental disorders. 

This research platform offers relatively fast and low complexity methodologies to 

generate neurological models of disease. Moreover, the induction of iPSCs can be 

combined with CRISPR/Cas9 genome editing with minimal increase to the length, cost, 

and complexity of the induction protocol. 

In the described protocols, we utilized episomal vectors in our transfection to induce 

patient fibroblasts into iPSCs. Episomal vectors were utilized over other methods of iPSC 

induction, such as Sendai Virus reprogramming, due to its relatively high efficiency and 

inability to integrate into the host genome of transfected cells (Deng et al., 2015). 

Utilising a vector with puromycin selection enabled much faster induction of iPSCs, as 

the rate limiting step in the induction process is the generation of pure iPSC colonies 

(Beers et al., 2012). Performing genome editing in fibroblasts combined with FACS 

allows for single-cell work, unlike iPSCs, which mostly require cell-cell contact to 

remain in a pluripotent state (Stadtfeld and Hochedlinger, 2010).  Having neurons derived 
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from a single, edited fibroblast ensures genotypically homogenous cells – essential for 

establishing control cell lines .  

This platform allows for the simultaneous integration of CRIPSR/Cas9 genome editing 

and iPSC induction. CRIPSR editing of iPSCs allows for the modelling of monogenic 

diseases even when patient tissue is unavailable, and gives the option to test potential 

genetic contributions to genetically complex diseases. In contrast to existing protocols 

that combine genome editing with iPSC based models (Song et al., 2014, Xie et al., 2014, 

Li et al., 2015), our methodology does not extend the timeline of generating iPSCs, due 

to our dual transfection of episomal iPSC vectors and CRIPSR/Cas9 construct, and 

efficient selection of double transfected cells. 

In order to generate forebrain and midbrain neurons from iPSCs, we generated organoids, 

clusters of differentiating cells floating in suspension, before plating them as immature 

neurons. We utilized this direct approach out of several other protocols established in the 

literature, such as embedding iPSCs into supportive substrate and culturing on a spinning 

bioreactor (Lancaster et al., 2013), or differentiating cells plated as a monolayer (Pasca et 

al., 2014), due to the diminished complexity of the procedure and increased homogeneity 

of the cells produced (Pasca et al., 2015).  It seems plausible that the increased 

homogeneity of neuronal cells produced from an organoid as opposed to monolayer may 

be due in part to the organoid providing a more analogous developmental environment 

for immature neuronal cells.  

Recognizing the convenience that rapidly proliferating NPC populations provide in a 

variety of applications, such as high-throughput assays or collection of biological 

reagents (Pasca et al., 2014), we have incorporated a simple addendum to the direct 
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differentiation of iPSCs into forebrain neurons that enables the generation of NPCs as an 

intermediate step towards differentiated neurons.  

Heterogeneity is a constant concern in models, and iPSC models in particular are noted 

for producing different phenotypes of cells in differing proportions depending on which 

protocol is followed (Brennand et al., 2015). We have found that differentiating cells in 

organoids gives superior homogeneity. Using the protocol described here, 94.8% of the 

cells in organoids plated after four weeks in culture were found to express mature 

forebrain neuronal markers.  As mentioned above, we suspect this is due to the more 

consistent cell-cell contact that organoids offer cells. That the protocol is adaptable to 

successfully generate midbrain neurons with a similarly high yield by only altering a few 

key media compositions is an indicator of the flexibility of the platform for generating 

neural models of disease from different cell types.  
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Conclusion and Summary  

iPSCs represent a powerful and demanding platform for modelling disease, and have 

been extensively used in researching many diseases. With this platform, we hope to 

demonstrate how the logistical barrier to using iPSCs can be lowered and encourage more 

widespread use of iPSCs, particularly in modelling rare neurodevelopmental disorders.    
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Figures and Figure legends 

 

Figure 1. iPSC and forebrain neuron generation timeline 

Patient fibroblasts are transfected with iPSC episomal vectors using electroporation to 

form colonies of iPSCs, which are purified through successive passages until pure iPSC 

colonies are achieved. Organoids are generated from iPSCs , and are either maintained in 

a aggregate state or plated as neural progenitor cells (NPCs) as different medias are 

utilized to guide the differentiation of the cells into forebrain neurons. Once putative 

forebrain neurons have been generated, they are validated using immunocytochemistry 

and electrophysiology. 
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Figure 2. Induction of iPSCs from fibroblasts 

(A) Schematic illustrating the steps of differentiation, media used and timecourse. 

Days are measured with respect to the end of selection. 

(B) Brightfield images showing different timepoints in the process of induction 

from fibroblasts to iPSCs. Scalebar indicates 30um. 

(C)  Staining of iPSC colonies demonstrates all cells express the pluripotent 

markers TRA1-60, Nanog, SSEA, and OCT4. Scalebar indicates 30um. 
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Figure 3. Direct method of differentiating iPSCs into forebrain neurons 

(A) Schematic illustrating the steps of differentiation, media used and timecourse. 

Days are measured with respect to dissociation of iPSCs. 

(B) Brightfield images of organoids at one week and four weeks after dissociation 

of iPSC colonies. Image of a embryoid body attached to a plate immediately 

before dissociation, and the resulting culture five days after replating cells. 

Scalebar indicates 30um 
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(C) Staining of attached organoids and dissociated cells five days after plating 

reveals cell in both conditions to uniformly express both MAP2 and TUJ1. 

Scalebar indicates 30um 

(D) Top: Staining of putative forebrain neurons four weeks after plating from EBs 

shows all cells express SYT1 and TUJ1, and that both GABAergic and 

glutamatergic neurons are present. Bottom: Punctate staining is present for 

GABAα1, GluR1 and SYT1. Scalebars indicate 30um 
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Figure 4. Electrophysiological characterization of forebrain neurons derived from iPSCs.  

A. Sample phase images of forebrain neurons in culture at D30, D60 and D90 post-

differentiation. Scalebars indicate 25um. 

B. Representative recordings of action potentials (AP) in current-clamp mode, 

induced by somatic current injection (ΔI=20 pA, from membrane potential of -

70mV) from forebrain neurons at D30, D60 and D90 post-differentiation.  

 C-D. AP amplitude and AP half-width measures in forebrain neurons over 

development. Stars denote statistical significance of change in AP parameters as a 

function of time spent differentiating cells (*≤ 0.05, **≤0.01)  

E. Experimental voltage pulse-step protocol (top) and representative voltage-clamp 

recording traces (from a holding potential Vhold = -60 mV), from forebrain neurons 

at D30 (including expanded view of Na currents (dashed boxes, insert)), D60, and 

D90, post-differentiation.  

F. Average Na and K currents recorded from iPSC-NPC1 at D30, D60 and D90 post-

differentiation, plotted as a function of step voltage amplitudes. Stars indicate 

significance of change in average currents as a function of time spent in 

differentiation (*≤ 0.05, ***≤0.001) 

G-H. Representative voltage clamp traces of forebrain neurons at D90 post-

differentiating in the presence of the sodium channel block TTX and the potassium 

channel blocker TEA.  

I. Membrane voltage at rest, determined immediately after establishing the whole-cell 

configuration, without current injection.  
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J. Membrane capacitance determined from the compensatory circuit in voltage-

clamp.  

K. Membrane resistance, while in the GOhm range, decreases during development.  

L. Representative trace of miniature EPSCs from an forebrain neuron held at -60 mV.  

M. Representative traces of macroscopic currents elicited by puffs of agonist-

containing solution targeting AMPA receptors, NMDA receptors, and GABAA 

receptors.    



 

96 

              

Figure 5.  Simultaneous CRIPSR/CAS9 genome editing and iPSC induction 

(A) Schematic illustrating the transfection, selection, and induction process. 
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(B) Bright field and fluorescent images of an iPSC colony seven days and twenty-five 

following transfection. Successfully induced colonies are initially RFP+, but 

become RFP- due the episomal nature of the vector. Scalebars represent 30um. 

(C) Details of the CRIPSR/CAS9 and iPSC induction episomal vectors used.. 

(D) Gel showing untransfected, homozygous KO, and heterozygous generated iPSC 

lines for the gene GRIN2B 

(E) Expression of the GRIN2B gene as assessed via qPCR in forebrain neurons 

derived from the iPSC lines shown in D 28 days after the initiation of 

differentiation. Expression levels normalized to GAPDH expression. 

(F) Sanger sequencing results from the GRIN2B locus of the PCR products shown in 

(D). 

(G) Representative chromatogram plots illustrating the deletion found in one allele of 

the GRIN2B knockout. All chromatogram plots can be found in the supplement. 
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Supplementary Figure 1.  FACS sorting of forebrain and midbrain neurons 

(A) FACS plots for forebrain neurons: Sorting of DAPI+ fraction into TUJ1+/- 

fractions using a TUJ1-Alexa488 coupled antibody (Top). Sorting of TUJ1+ 

fraction into MAP2+/- fractions using a MAP2-Alexa647 coupled antibody 

(Bottom). 

(B) FACS plots for midbrain neurons: Sorting of DAPI+ fraction into TUJ1+/- 

fractions using a TUJ1-Alexa488 coupled antibody (Top). Sorting of TUJ1+ 

fraction into TH+/- fractions using a MAP2-Alexa647 coupled antibody 

(Bottom). 

(C) Summary data from forebrain and midbrain cell sorting, detailing number of 

cell sorting events, the percent of each successive cell sorting event as a 

proportion of the previous cell sorting population, and the percent of all 

sorting events represented in each cell sorting run. 

(D)  Subtable for the total percentage of cells in forebrain and midbrain samples 

that are positive for neuronal (TUJ1) and lineage specific (MAP2 and TH) 

markers 
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Supplementary Figure 2.  Immunostaining of organoid sections 

Immunostaining of forebrain organoid sections twenty-five days following the initiation 

of differentiation. Sections are 20um thick. Scale bars represent 150um. 
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Supplemental Figure 3. Generation of forebrain NPCs from iPSCs  

(A) Schematic illustrating the steps of differentiation, media used and timecourse. 

Days are measured with respect to the dissociation of iPSCs 

(B)  Staining of NPCs seven days after dissociation of EBs shows all cells 

Nestin+, SOX1+, Pax6+, and OCT4-. Scalebars indicate 30um 
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Supplemental Figure 4. Proliferation of forebrain NPCs is not affected by passage 

number 

Proliferation of forebrain NPCs at a high passage, compared to low passage (top) and 

mid passage (bottom) numbers in the same cell line. Each data point represents 

measurements from three NPC cultures. Error bars represent SEM. 
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Supplementary Figure 5. Separation of RFP+ fibroblasts via FACS 

FACS plot demonstrating the separation of RFP+ and FFP- cells in from fibroblasts 

electroporated in the presence of a CRIPSR episomal vector with a RFP maker. 

Definition of RFP+ and RFP- populations was based on gating of cells in 616/23 and 

695/40 filters.  
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Supplementary Figure 6. Generation of midbrain neurons from iPSCs 

(A) Staining of midbrain NPCs shows all cells express midbrain markers FOXA2, 

OXT2, and LMX1A, and lack the pluripotent marker OCT4. Scalebars 

indicate 30um. 

(B) Mature midbrain neurons, four weeks after the initiation of differentiation 

from iPSCs show co-expression of the mature neuronal marker TUJ1 and TH. 
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Supplemental Figure 7. Fibroblast survival during transdifferentiation 

(A) Representative images of fibroblasts undergoing transdifferentiation protocol. 

Days measured from the start of the protocol. Scalebars indicate 30um 

(B) Survival curve of fibroblast cultures undergoing transdifferentiation. Six cultures 

of fibroblasts were assessed at every timepoint. Error bars represent SEM. 
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Supplemental Figure 8. qPCR analysis of putative CRIPSR/CAS9 KO 

(A) Normalized expression of GRIN2B based on a qPCR assay. Data normalized to 

GAPDH expression. All samples were run in triplicate. 

(B) Amplification plot of qPCR experiment 

(C) qPCR product from experiment shown in B run on a 1.5% agarose gel 

(D) Melt curve of qPCR experiment for the three tested cell lines  

 

 

. 
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Supplemental Table 1. Information for fibroblast lines induced to become iPSCs 

Information about fibroblast cell lines induced to become iPSCs, including the disease 

state, age, sex and race of the patients lines originated from. The source of each cell line 

is also listed. LNV=Lesch-Nyhan Variant, LND= Lesch-Nyhan Disease, C=Caucasian, 

B=Black, H=Hispanic, A=Asian. 

 

 

 

Supplemental Table 2. Antibodies used in Immunocytochemistry.  

Working concentration, supplier, and catalog number is provided for each antibody . 

ID Disease State Sex Age Race Obtained from

GM07492-A Healthy M 17 C Coriell

GM01662 LNV M 9 C Coriell

GM20393 LND M 17 C Coriell

GM20394 LND M N/A N/A Coriell

LND-01 LND M 24 C Biopsy

LND-02 LND M 17 B Biopsy

LND-03 LND M 10 C Biopsy

LND-04 LND M 25 C Biopsy

LND-05 LND M 46 C Biopsy

LND-06 LND M 22 C Biopsy

LNV-01 LNV M 44 C Biopsy

LNV-02 LNV M 18 H Biopsy

LNV-03 LNV M 28 C Biopsy

LNV-04 LNV M 58 C Biopsy

LNV-05 LNV M 12 C Biopsy

LNV-06 LNV M 28 C Biopsy

CON-01 Healthy M 46 C Biopsy

CON-02 Healthy M 34 C Biopsy

CON-03 Healthy M 21 C Biopsy

CON-04 Healthy M 43 B Biopsy

CON-05 Healthy M 23 B Biopsy

CON-06 Healthy M 26 C Biopsy

UNK-01 Unidentifed disease M 8 A Biopsy

UNK-02 Unidentifed disease F 10 A Biopsy

UNK-03 Unidentifed disease M 4 C Biopsy
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Antibody Concentration 

Used 

Supplier Catalog Number 

Tuj1 1/2000 Abcam ab14545 

Synaptotagmin 1/1000 Abcam ab13259 

Nestin 1/2000 Stemcell 

Technologies 

60091 

SOX1 1/1000 Stemcell 

Technologies 

60095 

OCT4 1/100 Stemcell 

Technologies 

60093 

PAX6 1/500 Stemcell 

Technologies 

60094 

TRA-1-60 1/100 Abcam ab109884 

Nanog 1/100 Abcam ab109884 

SSEA 1/100 Abcam ab109884 

MAP2 1/100 Abcam ab109884 

GLUR1 1/500 Abcam ab32436 

GABAα1 1/500 Abcam ab33299 

D1 1/2000 Abcam ab20066 

D2 1/2000 Abcam ab21218 

TH 1/1000 Abcam ab112 

ALEXA 488 1/2000 Invitrogen A-11008 

ALEXA 555 1/2000 Invitrogen A-21422 
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Chapter IV: Disruption of GRIN2B impairs differentiation in human neurons 

 

Preface 

 

After developing our protocols for using CRISPR/CAS9 and iPSCs to model rare 

neurodevelopmental disease, our first objective was to use them to model deficiencies in 

a well-characterized gene which influences neurodevelopment of the cortex. 

Ultimately, we decided to model mutations in GRIN2B, a gene which encodes an NMDA 

receptor subunit which is known to cause abnormalities in cortical development. The 

specific mechanism by which a loss of GRIN2B function causes disease is unknown.  

We then conducted a study with the following objective: 

“To understand how mutations in GRIN2B impair the differentiation of 

cortical neurons” 

In order to investigate how mutations in GRIN2B may influence cortical neuron 

differentiation, we generated cortical neurons and NPCs from three separate iPSC lines. 

These lines included a patient cell line harboring a mutation in the glutamate sensing 

domain of the gene, and two cell lines generated by simultaneous CRISPR/CAS9 gene 

editing and iPSC reprogramming, as described in Chapter II. One line included a 
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GRIN2B loss-of-function mutation and the other contained a GRIN2B deletion. Our 

results are described in the following publication. 

 

  



 

111 

 

Disruption of GRIN2B impairs differentiation in human neurons 

 

Scott Bell1*, Gilles Maussion1*, Malvin Jefri1, Huashan Peng1, Jean-Francois Theroux1, 

Heika Silveira1, Vincent Soubannier2, Hanrong Wu1, Peng Hu1, Ekaterina Galat3, S. 

Gabriela Torres-Platas1, Camille Boudreau-Pinsonneault1, Liam A O’Leary1, Vasiliy 

Galat3, Gustavo Turecki1, Thomas M Durcan2, Edward A Fon2, Naguib Mechawar1, Carl 

Ernst1 

 

1McGill University, Department of Psychiatry, Montreal, QC, H4H 1R3, Canada 

2Montreal Neurological Institute, Department of Neurology and Neurosurgery, Montreal, 

QC, H3A 2B4, Canada 

3Department of Pediatrics, Developmental Biology Program, Stanley Manne Children’s 

Research Institute, Ann and Robert H. Lurie Children's Hospital of Chicago, 

Northwestern University, Feinberg School of Medicine, Chicago, IL, 60611, USA. 

* equal contribution 

Published in: Stem Cell Reports. 2018 Jul 10; 11(1): 183–196. 

  



 

112 

Summary 

 

Heterozygous loss-of-function mutations in GRIN2B, a subunit of the NMDA receptor, 

cause intellectual disability and language impairment. We developed clonal models of 

GRIN2B deletion and loss-of-function mutations in a region coding for the glutamate-

binding domain in human cells, and generated neurons from a patient harbouring a 

missense mutation in the same domain. Transcriptome analysis revealed extensive 

increases in genes associated with cell proliferation and decreases in genes associated 

with neuron differentiation, a result supported by extensive protein analyses.  Using 

electrophysiology and calcium imaging, we demonstrate that NMDA receptors are 

present on neural progenitor cells, and that human mutations in GRIN2B can impair 

calcium influx and membrane depolarization even in a presumed undifferentiated cell 

state, highlighting an important role for non-synaptic NMDA receptors. It may be this 

function, in part, which underlies the neurological disease observed in patients with 

GRIN2B mutations.   
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Introduction 

 

NMDA receptors (NMDARs) are widely expressed in neurons and are composed of 

different subunits that form specific types of functional glutamate receptors. NMDARs 

are made up of an assortment of four subunits in a combination of two dimers (Salussolia 

et al., 2011, Sheng et al., 1994), where the GRIN1 subunit is the only essential member 

and the most genetically distant from other members (Cull-Candy et al., 2001).  Subunit 

composition of NMDARs confers different biophysical properties on NMDARs such as 

glutamate binding affinities, activation/deactivation kinetics, or ion conductance (Cull-

Candy et al., 2001). Subunit expression patterns are often specific to developmental 

location or time window.  For example, inclusion of GRIN2 subunits A-D varies 

depending on brain region and developmental time window (Monyer et al., 1994), where 

GRIN2B is present in embryonic NMDARs but is replaced in postnatal NMDARs by 

GRIN2A (Williams et al., 1993). The presence of GRIN2C likely occurs only in 

cerebellum and after birth, and presence GRIN3A and 3B in NMDARs may influence 

synapse formation (Das et al., 1998).  These consistent patterns of GRIN1-3 expression 

suggest tight regulatory control, and highlight the tuning of NMDARs to signal different 

effects in a cell.  

 

The development of whole genome sequencing technologies has allowed for major 

sequencing efforts of patients with neurodevelopmental disorders, and has underscored 
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the importance of GRIN2B in human brain development. Large cohort studies for 

intellectual disability (ID) or autism spectrum disorders (ASD) have both identified loss 

of function mutations in GRIN2B that cause a severe neurological phenotype of broad 

spectrum (Endele et al., 2010, O'Roak et al., 2011), a result supported by several case 

reports (Dimassi et al., 2013, Freunscht et al., 2013, Hu et al., 2016). Homozygous 

Grin2b deletion mice die at early postnatal stages due to impaired suckling response and 

show impaired hippocampal long term depression (Kutsuwada et al., 1996), while 

heterozygous mice show reduced expression of GRIN2B, but survive.  Human mutations 

in GRIN2B identified as likely pathogenic lead to loss of function of one copy of the 

gene, a result consistent with a dominant genetic disorder due to either haploinsufficiency 

(reduced dosage, RD) or production of a mutant gene product (Hu et al., 2016),  causing a 

loss-of-function (LOF).  Fourteen percent (6/44) of human heterozygous GRIN2B 

mutation cases show gross cortical anomalies (Platzer et al., 2017) as measured by MRI, 

while all mouse homozygous Grin2b mutants have grossly normal cerebral cortices.  The 

large discrepancy in phenotype between human and mouse GRIN2B mutants suggests 

that the role of GRIN2B varies between the species.  

.   

While the role of GRIN2B in mature synapses, usually within hippocampal circuits, is 

intensely studied (Bliss and Collingridge, 1993), its role in neurodevelopment, 

particularly human brain development, is less well understood.  GRIN2B-NMDARs (i.e., 

those NMDARs which have GRIN2B as a subunit) were initially hypothesized to be 

important in interpreting early signalling cues in the embryonic environment to guide 

neuronal differentiation (Cohen and Greenberg, 2008) before synapses form.  This idea 
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was supported by several studies from almost three decades ago that suggested that 

NMDARs may be an important part of neuronal differentiation in cortex, cerebellum, and 

spinal cord (Blanton et al., 1990, Balazs et al., 1988, Brenneman et al., 1990). NMDA 

receptors are also critical for subventricular zone neural progenitor migration to the 

cortex in mouse (Behar et al., 1999), an idea consistent with the importance of NMDA 

receptors in neural stem cells, an unambiguously non-synaptic developmental timepoint 

as cells can still become neurons, astrocytes, or oligodendrocytes. Given the reports of 

the importance of GRIN2B in cell differentiation, we reasoned that mutations in GRIN2B 

in human may lead to a neurodevelopmental disorder not only through its well known 

role in synaptic plasticity, but through a role in differentiating neural stem cells. In order 

to address this question without using animal models of brain development, we elected to 

use human induced pluripotent stem cells (iPSCs) to generate forebrain neurons. 
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Results 

 

Forebrain Neural progenitor cells (NPC) Respond to NMDA and express GRIN1 

After extensive quality control including mycoplasma testing, endogenous marker 

staining, and molecular karyotyping in induced pluripotent stem cells (iPSCs) (Figure 1A 

and 1B; Supplemental Figure 1), we generated forebrain neural progenitor cells (Figure 

1C and Supplemental Figure 2). We define NPCs as committed forebrain progenitors that 

cycle indefinitely in bFGF and EGF media and have the potential to become astrocytes, 

oligodendrocytes, or forebrain neurons.  When these cells are differentiated for 30 days 

>90% of Tuj1-positive cells express glutamatergic (~60%) or GABAergic (~30%) 

markers, with a fraction (~10%) expressing astrocytic makers (Figure 1D-E). As NPCs 

differentiate, the ratio of GRIN2B/GRIN2A rises, while cells matured for 30 days have an 

expression profile closest to mouse subventricular zone radial precursor cells at E13.5 

(Supplementary Figure 3). Differentiated forebrain NPCs form clusters as they mature 

into neurons and express synapsin 1 (Figure 1F-G).  Differentiated cells are electrically 

active and demonstrate spontaneous action potentials (Figure 1H-J).   

 

Studies on subventricular zone neural progenitor cells isolated before cortical migration 

respond to NMDA and express subunits of NMDA receptors (Behar et al., 1999).  To 

assess human NPCs for the presence of functional NMDARs, we recorded from 5 

independent NPCs (Figure 2A-C), where two cells showed action potentials and one 

responded to NMDA, despite universal expression of NPC markers in these cultures 
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(Figure 2D).  The GRIN1 and GRIN2B protein was easily identifiable in NPCs via 

western blot, though expression in NPCs was lower than in these same cells matured for 

30 days, as expected (Figure 1E).  RNAseq of control NPCs (n=3 cell lines) revealed 

expression of almost all NMDAR subunits as well as subunits from AMPA, kainate, and 

metabotropic glutamate receptors (Supplemental Figure 4).  To unambiguously show 

NMDA response in NPC cultures, we have provided video (Supplemental Video 1-2) and 

images (Figure 2F-G) of calcium influx after application of NMDA in NPCs and D5 

neurons, where D5 neurons show an increased response, likely reflecting a more mature 

stage of development. It is not immediately obvious whether some cells that are 

presumed to be in an NPC state are in fact differentiated.  A further unknown is whether 

this is a function of in vitro techniques or may reflect NPC populations within the human 

brain. 

 

Engineered reduced dosage and loss of function mutations in GRIN2B impair 

differentiation of NPCs 

Using our simultaneous reprogramming and gene editing protocol (Bell et al., 2017), we 

generated clonal reduced dosage (RD) and a loss-of function (LOF) GRIN2B models.  

RD cells are heterozygous for a frameshift mutation in exon 11 and have one functional 

copy of GRIN2B, whereas LOF cells have two different GRIN2B mutant alleles, both 

with in-frame deletions of a large segment of the glutamate binding pocket (Figure 

3Aand 3B).  RD has a ~50% decrease in GRIN2B mRNA expression, whereas LOF has a 

milder decrease in mRNA expression of ~ 25% (Figure 3C). Using independent 

replicates (control n=4, LOF, n=4, RD n=2), we differentiated NPCs for 30 days and 
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performed whole transcriptomic sequencing in RNA extracted from these neurons and 

found excellent segregation of expression patterns (Figure 3D).  Both models of GRIN2B 

deficiency had several genome wide significant gene expression differences compared to 

the isogenic control cells, though we focused on those genes that showed expression 

differences in both GRIN2B mutant models, which revealed 657 differentially expressed 

genes common to both models (hyper geometric p<1.8X10-204) (Figure 3F). The strongest 

gene ontology (GO) terms for these common 657 genes were associated with genes 

related to increased cell proliferation and decreased cell differentiation (Figure 3G).  

 

Activation of NMDARs drives immediate early gene expression (Bading et al., 1993). 

Both FOS (Xia et al., 1996) and EGR1(Vaccarino et al., 1992) are immediate early genes 

which are downregulated in GRIN2B mutation models (Supplemental Figure 5A).  TBX3 

which itself is sufficient to maintain pluripotency of cells (Russell et al., 2015), is up-

regulated in GRIN2B deficiency models (Supplemental Figure 5B). We observed 

decreases in GRIN1 and GRIN2A, though GRIN2A was barely detectable (Supplemental 

Figure 5C-F). 

 

We selected two significant and well-known markers – KI67 and MET - as output 

measures to assess the differentiation state of neurons and confirm RNAseq data. 

Assessment of these markers in tandem with GRIN2B using qPCR, ICC and Western Blot 

(Figure 3G-3J), showed that while GRIN2B was consistently reduced in RD and LOF 

neurons compared to controls, KI67 and MET were consistently increased. This 
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suggested that LOF and RD neurons were more immature than control neurons 

differentiated for the same amount of time.  

 

A missense mutation in GRIN2B impairs NPC differentiation and is rescued by 

genetic repair 

We next generated neurons from a well-studied (Adams et al., 2014) patient with autism 

and moderate intellectual disability. The subject has a heterozygous mutation (E413G) in 

the glutamate binding pocket of GRIN2B (Figure 4A-B) which is reported to decreases 

glutamate signalling >50-fold (Adams et al., 2014). Assessing the neurons in identical 

steps as the gene edited GRIN2B models, we could fully recapitulate the deficient 

maturational state observed in RD and LOF neurons in patient neurons (Figure 4D-4G).   

 

A pathway whereby CREB becomes phosphorylated at serine 133 after NMDA 

stimulation and cell maturation has been identified (Sala et al., 2000).  To confirm 

deficiency in this pathway in patient and genetically engineered models of GRIN2B 

deficiency, we performed western blots to determine the protein levels of P133-CREB 

and CFOS, output marker of NMDA activation though non-specific (Xia et al., 1996).  

These data strongly support the hypothesis that mutant GRIN2B impairs NMDA 

signalling (Figure 4H).   
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Patient cells could show altered levels of GRIN2B and other output measures due to 

genetic background.  To address this, we corrected the patient mutation back to the wild-

type sequence in two clonal lines (Figure 4I-J).  Using clonal cell lines from the patient 

that failed to repair as control (n=2), we differentiated all NPC lines for 30 days as 

assessed output makers GRIN2B, KI67, and MET via qPCR. We observed significantly 

higher expression of GRIN2B in repaired cells and lower levels of KI67 and MET in 

failed repair patient cells (Figure 4K). 

 

Pharmacological block of NMDA receptors impairs NPC differentiation 

Loss of GRIN2B, and presumably deficient NMDA signalling, increases MET and KI67 

while decreasing GRIN2B expression.  To determine if pharmacological blockade of 

NMDARs or GRIN2B phenocopied these effects, we applied two concentrations of APV, 

a competitive antagonist of NMDA, as well as ifenprodil, an uncompetitive inhibitor of 

NMDA receptors that contain GRIN2B (Williams, 1993) for 30 days in culture (Figure 

5A). We performed protein assessments of GRIN2B, KI67, and MET and found both 

APV and ifenprodil produced a decrease in GRIN2B expression, but a significant 

increase in both KI67 and MET expression (Figure 5B-D).   

 

Mutations in GRIN2B show impaired responses to NMDA 

To assess if there is a functional consequence to both genetically engineered and the 

patient missense mutation in GRIN2B, we differentiated NPCs for 21 days and performed 

live calcium imaging and electrophysiological recordings. All three GRIN2B deficient 
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cell lines show a reduced response to NMDA application compared to a control cell line 

(Figure 6A-B; Supplemental Videos 3-6).  Electrophysiological recordings also presented 

decreased frequency and amplitude of responses after application of NMDA as compared 

to control cells (Figure 6C-D). 

 

Discussion 

This work provides a description of our iPSC-derived models of GRIN2B mutations. All 

models point to a significant role of GRIN2B and NMDARs in cell differentiation, 

consistent with previous reports which showed that stimulation of NMDA receptors 

affect neuron development (Blanton et al., 1990, Aamodt and Constantine-Paton, 1999, 

Tovar and Westbrook, 1999). We propose a model whereby GRIN2B-NMDA receptors 

are critical for signal transduction in neural stem cells.  Deficits in this process delay or 

impair differentiation, including GRIN2B expression itself, further impairing 

differentiation.  This suggests a feed-forward loop, whereby NMDA signalling leads to 

more expression of GRIN2B, and thus more NMDA signalling. We hypothesize that this 

feed-forward loop is not specific to GRIN2B, but rather the general differentiation state of 

the cell. Glutamate signalling through NMDA in neural stem cells or immediately post-

mitotic neurons may be critical for cells to interpret their environment and differentiate 

accordingly.    In our study we could detect NMDA response in some neural progenitor 

cells (NPCs), as well as action potential generation.  There are two possible explanations 

for this: 1) either cells that stain positive for PAX6, NESTIN, and SOX2 are not truly 

neural progenitor cells but rather cells that have differentiated.  On close inspection 

(Figure 2, NPC#4) some NPCs show bipolar morphology which has implications for 
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these markers in these types of studies.  It also has implications for the probabilistic 

nature of proliferation and differentiation itself, specifically, that neural progenitor cells 

may constantly want to differentiate but held in a proliferative state by the presence of 

growth factors, with a small minority of cells differentiating regardless under these 

conditions in vitro.  Alternatively, 2) NPCs have functional NMDARs which contain 

GRIN2B, in which case the definition of NMDAR function needs to be expanded beyond 

its role in the synapse and synapse assembly, as has been suggest in mouse (Behar et al., 

1999).  We favour the latter explanation without discounting the former, but neither may 

be mutually exclusive. 

 

These data are consistent with a model of neurodevelopmental disease whereby any 

genetic alteration that alters the precise timing of neuronal differentiation may lead to 

altered numbers of progenitor cell populations and/or integration of cells into developing 

circuits (Ernst, 2016).  In the current paper, loss of GRIN2B function may retain cells in a 

more proliferative like state, impairing differentiation and presumably how neurons 

integrate into developing circuits.   In our view, this is the link between the divergent and 

extensive list of genes that when mutated lead to variable phenotypes related to 

intellectual disability.  For example, mutations in PTEN, CHD8, or CDKL5 all lead to 

neurodevelopmental disease, and all have a role in cell proliferation.   

 

There has been intensive studies of the role of genes expressed at synapses in 

neurodevelopmental diseases (Bourgeron, 2015), and we suggest that GRIN2B action in 
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neural stem cells may also play a role in these disease.  This leads to a larger question – 

might other genes with strong associations with neurodevelopment and usually 

considered in a synaptic context (e.g., NRXN1 (Kim et al., 2008) or SHANK3 (Monteiro 

and Feng, 2017)), also have a role in early cell differentiation?  Our study suggests 

perhaps other genes considered to have a primarily synaptic function might play a key 

role in developing neurons.  
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Experimental Procedures 

 

Somatic cell reprogramming  

The induction of iPSCs, and their subsequent differentiation into neuronal cells was 

carried out using methods identical to those described previously (Bell et al., 2017).  All 

cell lines were generated from fibroblasts. Control fibroblasts were obtained from the 

Coriell Cell Repository (Camden, USA), and patient fibroblasts were obtained from the 

Ann & Robert H. Lurie Children's Hospital of Chicago (Chicago, USA) in adherence 

with ethical research principles and under protocols approved by the local institutional 

review board. Further information regarding the cell lines used in this experiment can be 

found in Supplementary Table 1.  

Fibroblasts were reprogrammed using episomal reprogramming vectors containing Oct4, 

Sox2, Myc3/4, Klf4, and ShRNA P53 (ALSTEM) and a Neon Transfection System 

(Invitrogen, Burlington). A total of 5.0 × 105 cells were electroporated and reprogrammed 

with 5 μg of episomal vectors per reaction. Electroporation parameters were as follows: 

11,650 V, 10 ms, 3 pulses. Following transfection, cells were plated at extremely low 

density (~10 cells per well) on tissue culture plates coated with Matrigel (Corning) in 

10% FBS DMEM. The following day, the media was exchanged for fresh 10% FBS 

DMEM supplemented with 2 μg/mL puromycin, where applicable (Sigma‐Aldrich). 

Puromycin selection was applied for 48 hours, after which the media was exchanged with 

fresh TesR‐E7 media (Stem Cell Technologies, Vancouver). During the induction 

process, TesR‐E7, media was changed every day.  Single iPSC colonies were observed, 
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and could be seen forming from a single skin cell. Once colonies formed a distinct border 

(∼500–1,000 μm in diameter), cells were detached using ReLeSR media (Stem Cell 

Technologies, Vancouver), and replated in mTesR1 media (Stem Cell Technologies, 

Vancouver) supplemented with ROCK inhibitor y‐27632 (Sigma‐Aldrich) at a final 

concentration of 10 μM.  

Quality Control of iPSCs 

iPSCs were rigorously characterized using several assays. All cells underwent short 

tandem repeat profiling using 10 markers to ensure that derived cells could always be 

related back to their source cell.  All cells were tested for mycoplasma contamination 

(EZ-PCR™ Mycoplasma Test Kit (Biological Industries)).  Pluripotency was assessed by 

immunostaining with surface and nuclear pluripotency markers (Supplemental Figure 1), 

and spontaneous 7-day embryoid body differentiation confirmed the capacity to form the 

three germ layers. Once iPSC lines were stable, we performed array comparative 

hybridization (aCGH; Cytoscan HD at SickKids Toronto; Thermo-Fisher). No de novo 

CNVs >1Mb were observed in any colonies, and no de novo rare CNVs (<1% in 

Caucasian population) were observed in genes.   

 

Genetic engineering 

CRISPR gene editing was preformed concurrently with iPSC induction, using previously 

published protocols (Bell et al., 2017).  More information regarding CRIPSR design, 

including the regions of GRIN2B targeted, gRNA sequences, and sequencing 

chromatograms can be found in Supplementary Methods. 
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iPSC differentiation to forebrain progenitor cells 

iPSCs were dissociated using Gentle Cell Dissociation Reagent (Stem Cell Technologies, 

Vancouver) and resuspended in Neural Induction (NI) media (DMEM/F12 supplemented 

with N2 [Invitrogen], B27 supplement [Invitrogen], BSA [1 mg/mL], Y27632 [10 µM; 

AdooQ Bioscience], SB431542 [10 mM; Selleckchem], and noggin [200 ng/mL; 

GenScript]), onto low‐bind plates (Corning) or Petri dishes (Corning). Cells were plated 

at a density of 2–3 × 106 cells per 100 mm2 plate.  Cells were cultured in suspension and 

monitored for the formation of organoids, which occurred approximately 4 days after 

suspension. Three days after the formation of embryoid bodies (EBs), a 70‐μm Falcon 

cell strainer was used to collect aggregations, which were then resuspended in a fresh 

low‐bind/Petri dish in Neural Progenitor (NP) medium (DMEM/F12 supplemented with 

N2, B27 supplement, bFGF [20 ng/mL; GenScript], EGF [20 ng/mL; GenScript], laminin 

[1 μg/mL; Sigma‐Aldrich]). The media was exchanged every day for fresh NP media for 

14 days. Following 14 days in NP media, cell aggregations were resuspended in Final 

Differentiation (FD) medium (DMEM/F12 supplemented with N2, B27 supplement, 

BDNF [20 ng/mL; GenScript], GDNF [20 ng/mL; GenScript], laminin [1 μg/mL]). FD 

media was changed every 2 days for 7 days. Organoids were plated on polyornithine‐ and 

laminin‐coated tissue culture plates in Neuron Maturation (NM) medium (DMEM/F12 

supplemented with N2, B27 supplement). Following attachment, organoids were 

dissociated with 0.05% trypsin‐EDTA, and replated onto fresh polyornithine‐ and 

laminin‐coated plates in NM media. Half the media was exchanged for fresh media every 

3 days.  
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Videomicroscopy 

Cells were seeded in 35 mm MatTek Dishes (MatTek) in the StemDiff Neural progenitor 

medium and differentiated up to 21 days At the day of the acquisition, the Fluo4 calcium 

indicator (Thermo Fisher Scientific) was incubated for 30 mins at a final concentration of 

1µM. Cells were then washed twice for 5 mins with the differentiation medium before 

acquisition. Acquisition were performed using a Axio Observer Z1 microscope (Zeiss) 

assisted by Zen 2 software. Pictures were collected at every 400 ms for 5 minutes, with a 

correction for defined focus every 30 pictures. At picture 120, a vehicle solution was 

applied; corresponding to cell culture medium in the case of subsequent NMDA. At 

picture 240, NMDA was applied at a final concentration of 2µM. The acquisitions were 

treated using Fiji/Image J software. Threshold was set up to perform a segmentation of 

the cells and regions of interest were determined and collected through the particle 

analysis module. Multiple measurement tool from the ROI manager was used to the 

measure the mean pixel values of each regions of interest in each picture of the time 

stack.For the acquisition performed at the NPC stage, a manual segmentation was 

required to analyse Fluo4 fluorescence variations upon NMDA application. The rest of 

the data collection process remains the same. Once the data were extracted from the time 

stack, background was subtracted from every single region of interest at every time point. 

Signal variation is expressed as “∆F/F0”; F0 being the minimal intensity signal for a 

given region of interest after background subtraction and ∆F being the difference between 

an intensity signal at a given timepoint and F0. Amplitude of ∆F/F0 variations following 

NMDA applications were monitored in the regions of interest and averaged to compare 
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responses between the different conditions. The time stacks were submitted to a JPEG 

compression at 20 FPS to obtain movies. 

 

Electrophysiology 

For whole-cell patch-clamp recordings, individual coverslips containing differentiated 

hIPSC-Derived Neurons were transferred into a heated recording chamber and 

continuously perfused (1 ml/min) with BrainPhys™ Neuronal Medium (StemCell 

Technologies,) bubbled with a mixture of CO2 (5%) and O2 (95%) and maintained at 35 

°C. Whole-cell patch clamp recordings were obtained using borosilicate pipettes (3–6 

MΩ), filled with intracellular solution that contained the following (in mM): 5 HEPES, 2 

KCl, 136 potassium gluconate, 5 EGTA, 5 Mg-ATP, 8 creatine phosphate, and 0.35 GTP. 

The pH was adjusted to 7.27 with KOH, and the osmolarity adjusted with distilled water 

or concentrated potassium gluconate if needed to between 295 and 298 mOsm with an 

osmometer (Advanced Instruments). After a recording was completed, we corrected the 

nominal membrane potential in voltage- and current-clamp recordings for the calculated 

10 mV liquid junction potential. All potential values reported reflect this correction. Once 

whole-cell recording had been established, neurons were routinely held in voltage clamp 

at -70 mV except when examining changes in the resting membrane potential and 

rheobase, which was performed in current clamp. Cells were only studied if they 

exhibited a stable holding current and access resistance for at least 10 min before 

experimental manipulations.  Data were acquired using a Digidata 1550A/ Multiclamp 

700B (Axon Instruments) and Clampex 10.5 (Molecular devices).  Currents were filtered 

at 2 kHz and digitized at 20 kHz. 
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Quantitative PCR 

Reverse transcriptions were done on the total RNA fraction in order to obtain cDNA in 

40 µl volume containing 1 µg of total RNA, 0,5 µg random primers, 0.5 mM dNTPs, 

0,01 M DTT and 400 U M-MLV RT (Invitrogen). The reactions were performed in a 

total volume of 20µl volume on a 384 well plate either using an Applied Biosystems 

7900 HT (Applied Biosystems) or a QuantStudio 6 (Thermofisher) PCR Machines. For 

each well, PCR mix included 10µl of 2X No AmpErase UNG master mix (Applied 

Biosystems) for Taqman assays or 10 µl of Power SybrGreen PCR Mastermix (Life 

Technologies), 1 µl of primers/probe mix, 2 µl of cDNA, H20 up to 20 µl. Serial 

dilutions of a mix of cDNA ranging between 0.003052 ng and 50 ng were used to 

generate a calibration curve for an absolute quantification. Expression levels were given 

as a ratio between the relative quantities of the gene of interest and the endogenous 

control. GAPDH was used as internal control for normalization. The normalized 

expression levels were then compared between cell lines using Anova with post-hoc t-

test. Further details on the primers used for qPCR can be found in Supplementary 

Experimental Procedures. 

 

Immunocytochemistry (ICC) and microscopy 

Cells were plated on glass cover slips coated with matrigel. Once cells were ready for 

ICC, they were washed with PBS, and fixed with 3% paraformaldehyde (Sigma-Aldrich) 

for fifteen minutes. Samples were permeabilized with 0.5% TX-100 (Sigma-Aldrich) in 

0.5% PBS-BSA for fifteen minutes, and then blocked in 0.5% PBS-BSA for an additional 
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fifteen minutes. Primary antibodies were added in appropriate dilutions) in 0.5% PBS-

BSA and added to samples for 30 minutes.  Samples were washed, 0.5% PBS-BSA 

containing an appropriate dilution of secondary antibody was added to the samples and 

incubated for thirty minutes in the dark. Samples were washed with 0.5% PBS-BSA and 

visualized on an FV1200 Laser Scanning Microscope (Olympus). Further details on the 

antibodies used for ICC can be found in the Supplementary Experimental Procedures 

 

Data acquisition from images  

All ICC images were analysed using the software Image J. Images were converted to a 8 

bit mode allowing pixels values in a range between 0 and 256. A threshold was set for 

each channel to discriminate specific signal intensities from the background. The 

threshold was determined on the condition presented the highest signal to noise ratio. The 

average pixels intensities above threshold were normalized by the number of DAPI 

positive pixels to minimize biases generated by differences in cell number in between 

acquisition fields. Data between groups were compared using t-tests that followed 

ANOVA when required. Statistical analyses were performed using SPSS 20.  

 

Western Blot 

Cells were lysed with RIPA buffer (Sigma) supplemented with SIGMAFAST™ Protease 

Inhibitor Tablets (Millipore-Sigma). Protein concentrations were determined using a 

Pierce BCA Protein Assay Kit (ThermoFisher). Approximately 15 μg of protein was 

loaded per well in Mini-PROTEAN® TGX Stain-Free™ Precast Gels (Biorad). Gels 

were run at 150V for approximately 75 minutes, and then transferred to a nitrocellulose 
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membrane using a Trans-Blot® Turbo™ Transfer System (Biorad). Membranes were 

blocked in 4% non-fat milk dissolved in TBST buffer (Sigma-Aldrich) for twenty 

minutes, and then incubated with primary antibodies overnight at 40C with shaking. Blots 

were washed three times in TBST for five minutes, and then incubated with appropriate 

mouse or rabbit secondary antibodies for one hour at room temperature. Blots were 

washed a further three times in TBST for five minutes, then imaged using a ChemiDoc™ 

XRS+ System (Biorad). Blots were imaged and analysed using ImageLab software, and 

statistical analysis was preformed using student T-tests when two samples conditions 

were present and a one-way ANOVA when more than two sample conditions were 

present. Further details on the antibodies used can be found in Supplementary 

Experimental Procedures. 

 

Pharmacological blockade 

NPCs were plated on glass cover slips coated with matrigel, and differentiated in media 

supplemented with 10µM and 50µM of APV (Tocis) or 3 µM of ifenprodil (Tocris,) for 

30 days.  All other cell culture parameters were identical to the differentiation protocol 

cited above. Every three days, half of the media was exchanged. After thirty days, the 

coverslips were removed and prepared for ICC as described above. 

 

Additional Methods 

Sanger sequencing, RNA extraction and sequencing, comparison of transcriptomics 

profiles and GEO analysis can be found in the supplemental methods.  
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Figure Legends 

 

Figure 1: Generation and characterization of forebrain neurons  

A) Outline of procedure used to generate iPSC derived models of forebrain development. 

B) Representative immunocytochemistry (ICC) for the four key pluripotency markers in 

control iPSCs. Scale bars represent 100µm. 
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C) Representative ICC of control neural progenitor cells (NPCs) showing the absence of 

pluripotency markers and the presence of neuronal forebrain markers. Scale bars 

represent 50µm. 

D) Representative ICC of forebrain neuronal culture following 30 days of differentiation 

(D30) from NPCs, demonstrating the relative abundance of glutamatergic, GABAergic, 

and astrocytic markers in the population. Scale bars represent 50µm.  

E) Quantification of the percentage of cells positive for markers show in D. n=8 images 

taken from separate coverslips from the same culture of D30 neurons. Error bars 

represent SD. 

F) Representative ICC of forebrain neurons differentiated for 30 days from NPCs 

demonstrating uniform staining for the forebrain marker MAP2. Scale bar represents 

50µm. 

G) Synapsin 1 (SYN1) staining in D30 neurons; Arrows highlight select SYN1 punctate, 

though many more are visible. Scale bar represents 50µm. 

H) Representative trace of RMP observed in D18 neurons. 

I) Representative trace of a hyperpolarizing pulses demonstrating that D18 neurons 

exhibit inward current and spontaneous AP. 

J) Representative trace of APs observed in D18 neurons during current ramp protocol. 

 

See also: Supplementary Figures 1-3, Supplementary Table 1. 
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Figure 2. Forebrain neural progenitor cell (NPC) cultures contain a subpopulation of cells 

that are electrically active and respond to NMDA 

 

 



 

139 

A) Morphology and electrophysiological characteristics of five healthy, control NPCs. 

Scale bars represent 10µm 

B) Trace of RMP obtained from NPC 4. 

C) Representative trace of a hyperpolarizing pulse applied to NPC 4 showing 

demonstrating inward current and spontaneous AP. 

D) NPC cells stain uniformly positive for forebrain NPC markers SOX1 and Nestin. 

Scale bar represents 50µm 

E) Western blot showing relative level of expression of GRIN1 and GRIN2B in NPCs 

and D30 forebrain neurons 

F) Stills of NPCs and D5 neural cells incubated with the Fluo4 calcium indicator before 

and after application of NMDA. Stills obtained from Videos S1 and S2.  Scale bars 

represent 40µm. 

G) Intensity of fluorescent signal detected in NPC and D5 neural cells following 

application of NMDA and vehicle (DMSO), as shown in Videos S1 and S2. Error bars 

present SEM, n≥46 cells from imaged wells. 

 

See also: Supplementary Figure 4, Supplementary Videos 1-2 
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Figure 3: Genetically engineered GRIN2B deficient forebrain neurons show impaired 

differentiation  

 

A) Location of gene editing site within GRIN2B, Sanger sequencing of two edited lines, 

RD (Reduced dosage) and LOF (Loss of Function).  RD is heterozygous with only a 
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single alteration resulting in a frame-shifted protein.  LOF has two edited alleles, both of 

which are in-frame. 

B) Structure of the NMDA receptor, with a magnified view of the glutamate binding site. 

The region of the glutamate binding site deleted in the LOF model is highlighted in pink. 

C) RNA-seq reads at the site of editing in transcripts obtained from control, RD, and LOF 

forebrain D30 neurons after thirty days of differentiation. 

D) Hierarchical clustering of control, RD and LOF D30 neurons after RNA sequencing. 

Heatmap of the commonly differentially expressed mRNAs in RD and LF conditions 

compared to control. 

E) Gene ontology terms related to significant enrichment of genes commonly deregulated 

in GRIN2B RD and in GRIN2B LOF differentiated neurons compared to controls. 

Corrected p-values are expressed as -log. 

F) Venn diagram showing the number of genes exclusively or commonly deregulated in 

GRIN2B LOF and in GRIN2B RD differentiated neurons 

G) Validation of GRIN2B, KI67, and MET mRNA differential expression in LOF and RD 

D30 neurons by quantitative PCR. mRNA expression is normalized to GAPDH 

expression. Error bars represent SEM, n=3 independent experiments, with each data point 

obtained from a separate culture of neuronal cells. *: p<0.05 ; **: p<0.01 ; ***: p<0.001. 

H) Representative ICC images of GRIN2B, KI67, and MET immuno-positive neurons in 

control, RD and LOF conditions. Neurons were fixed at D30 of differentiation. Scale bars 

represent 50 µm. 
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I) Quantification of GRIN2B, KI67 and MET signals in control, RD and LOF D30 

neurons. The expression level is expressed as normalized average signal is: (mean KI67 

or MET pixel intensity X number of pixels above threshold/number of DAPI positive 

pixels). Error bars represent SEM, n=3 independent experiments, with each data point 

representing quantifications of coverslips obtained from separate cultures of each cell 

line.  

J) GRIN2B, KI67 and MET Western blots of lysates from Control, LOF, and RD 

forebrain neurons at D30. 

 

See also: Supplementary Figure 5 
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Figure 4: Forebrain neurons derived from a GRIN2B mutation patient have impaired 

differentiation that is reversible by genetic repair.  

A) Structure of the NMDA receptor, with a magnified view of the glutamate binding site. 

The patient mutation E413G is displayed in pink and is highlighted with an orange arrow. 

B) Sanger sequencing of the patient and a healthy control at the site of mutation in 

GRIN2B. 
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C) Average fold change of genes differentially expressed in iPSC-derived neurons from 

patient E413G compared to controls belonging to the Cell Cycle or Synapse GEO terms.  

D) Quantitative PCR validation of GRIN2B, KI67 and MET mRNA upregulation in D30 

neurons derived from the patient compared to control. Data normalized to GAPDH 

expression.  Error bars represent SEM, n=3 independent experiments, with each data 

point obtained from a separate culture of neuronal cells: *:p<0.05 ; **: p<0.01 ; ***: 

p<0.001. 

E) Representative ICC images of GRIN2B, KI67 and MET immuno-positive neurons for 

patient and control D30 neurons. Scale bars represent 50µm. 

F) Quantification of GRIN2B, MET and KI67 immunopositive signals in neurons from 

patient D30 neurons compared to control. Error bars represent SEM, n=7 independent 

experiments, with each data point representing quantifications of coverslips obtained 

from separate cultures of each cell line.  

G) Western blot of GRIN2B, KI67, MET and β-Actin using lysates obtain from control 

and patient D 30 forebrain neurons 

H) Western blot of C-FOS, P-CREB, CREB and β-Actin using lysates obtain from 

control and patient, RD and LOF D30 forebrain neurons 

I) Diagram of the experimental procedure used to generate failed repair (RP-F) and 

successful repair (RP-S) neurons from patient fibroblasts. 

J) Sanger sequencing of two failed and successful repaired lines at the site of mutation 

shown in (B). 
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K) Normalized expression level of GRIN2B, MET, and KI67 mRNA in failed and 

successful repair D30 neurons. Measurements are matched by color to the specific line 

that they correspond (Blue: RP-F1, Green: RP-F2, Orange: RP-S1, Red: RP-S2) Error 

bars represent SEM, n=6 independent experiments, with each data point obtained from a 

separate culture of neuronal cells. 

 

See also: Supplementary Figure 5 
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Figure 5: Pharmacological block of NMDAR impairs neuronal differentiation 

A) Diagram showing the mechanism of action of APV and ifenprodil on NMDAR. 

B) Representative ICC images of GRIN2B; MET and KI67 immunostaining on D30 

control neurons either untreated or treated with APV or ifenprodil supplemented media 

every 72 hours.  

C) Quantification of GRIN2B, MET and KI67 immunopositive signals shown in (B). 

Error bars represent SEM, n=7 independent experiments, with each data point 

representing quantifications of coverslips obtained from separate cultures of each cell 

line. *: p<0.05 ; **: p<0.01 ; ***: p<0.001.  

D) Western blot of GRIN2B, KI67, MET and β-Actin using lysates obtain from control 

D30 neurons differentiated in APV or ifenprodil supplemented media. 

 

See also: Supplementary Figure 5 
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Figure 6: Forebrain neurons with genetic deficiency in GRIN2B show impaired responses 

to NMDA 

 

A) Stills of D21 control, patient, RD and LOF forebrain neurons incubated with the Fluo4 

calcium indicator before and after application of NMDA. Stills obtained from Videos S3-

6.  Scale bars represent 40µm. 
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B) Intensity of fluorescent signal detected in D21 control, patient, RD and LOF forebrain 

neurons following application of NMDA and vehicle, as shown in Videos S3-6. Error 

bars represent SEM, n≥58 cells imaged from a well containing each cell line. 

C) Frequency of EPSCs in control, patient, RD, and LOF neurons after application of 

vehicle and 2µm NMDA. Neurons measured between D5 and D9 differentiation 

timepoint. 

D) Amplitude histogram distribution of EPSC after application of vehicle or NMDA as 

described in (C). Amplitude distribution was fitted using a Gaussian fit. 

E) Frequency of EPSCs after application of vehicle or 2µm NMDA as described in (C). 

 

See also: Supplementary Figure 5, Supplementary Videos 3-6 
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Supplementary Figure 1. Quality Control staining for pluripotency of cell lines used in 

this study.  

Staining of the pluripotent markers TRA-1-60 and NANOG (shown in A) and SSEA and 

OCT4 (shown in B) from all lines used in this study. Scale bar represents 50µm. 
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Supplementary Figure 2. Quality control staining for neural progenitor cells.  

Immunostaining of Nestin and SOX1 (shown in A), and OCT4 and PAX6 (shown in B) 

for all cell lines used in this study. Scale bar represents 50µm. 
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Supplementary Figure 3. Characterization of forebrain neurons.  

A) Clustering of RNA-Seq data from D30 forebrain neurons with RNA-SEQ data from 

mouse radial precursor single cell expression profiles at four different timepoints. The 

Gene matrix was normalized using a regularized log transformation. Mouse radial 

precursor expression profiles were obtained from Yuzwa et al. (2017). 

B) Ratio of GRIN2B/ GRIN2A expression during neuronal development ranging from 0 

to 18 days after the initiation of differentiation from NPCs.  



 

152 

 

 

Supplementary Figure 4. Profile of NMDA, AMPA, Kainate, and Metabotropic receptor 

genes in control NPCs  

RNA sequencing reads for all NMDA, AMPA, Kainate and Metabotropic receptor 

genes. Reads normalized using deseq2 normalization algorithm. 
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Supplementary Figure 5. Deficiency in GRIN2B expression is correlated with decreased 

expression of GRIN1 and GRIN2A.  

A)  Immediate early genes FOS and EGR1 show reduced expression in GRIN2B 

deficiency models (RNAseq data), consistent with loss of NMDA signalling 

B)  Increased TBX3 expression in GRIN2B deficiency models is consistent with cells in 

a more proliferative state. 

C) Independent triplicate Western blots of GRIN1, GRIN2A and β-Actin using lysates 

from control, RD, and LOF neurons taken after four weeks of differentiation from NPCs 

(Day=30). 

D) Quantification of the Western blots shown in A for GRIN1 and GRIN2A, using β-

Actin for normalization. *: p<0.05 
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E) Independent, triplicate Western blots of GRIN1, GRIN2A and β-Actin using lysates 

from patient and control neurons taken at D=28. 

F) Quantification of the Western blots shown in B for GRIN1 and GRIN2A, using β-

Actin for normalization. *: p<0.05 

 

 

Supplementary Videos 

Supplementary Video 1: Application of NMDA to control NPCs. Related to Figure 2 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6067152/bin/mmc2.mp4 

Supplementary Video 2: Application of NMDA to D5 neurons. Related to Figure 2 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6067152/bin/mmc3.mp4 

Supplementary Video 3: Application of NMDA to D21 control neurons. Related to 

Figure 6 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6067152/bin/mmc3.mp4 

Supplementary Video 4: Application of NMDA to D21 patient neurons. Related to 

Figure 6 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6067152/bin/mmc5.mp4 

Supplementary Video 5: Application of NMDA to D21 RD neurons. Related to 

Figure 6 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6067152/bin/mmc6.mp4 
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Supplementary Video 6: Application of NMDA to D21 LOF neurons. Related to 

Figure 6 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6067152/bin/mmc7.mp4 
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Chapter V: Mutations in ACTL6B cause neurodevelopmental deficits and epilepsy 

and lead to loss of dendrites in human neurons 

Preface 

Due to the paucity of patients and the inherent difficulties associated with studying 

neurological disease, an unknown number of rare monogenic neurological diseases have 

eluded formal description by the scientific community. Our clinical collaborators, aware 

of our research interests referred a family with a potentially novel neurodevelopmental 

disease to our research group. The family history and pattern of disease suggested an 

autosomal recessive disorder, but exome sequencing the family found only one mutation 

which fit that pattern of inheritance; a single base-pair deletion at the end of ACTL6B. 

ACTL6B is a gene known to be crucial in neurodevelopment which had never previously 

been associated with human disease. We therefore designed a study with the objective: 

“To determine if mutations in ACTL6B cause a novel neurodevelopmental disease” 

In order to pursue this question, we utilized our ability to generate patient and gene-

edited models of cortical cells, as previously described in Chapters II and III. This 

experiment involved two initial cell lines, a wildtype line and a patient line harboring a 

biallelic mutation in ACTL6B. From the two initial cell lines, CRISPR/CAS9 gene editing 

was employed to generate a patient-derived line with the potential causative mutation 

repaired to a wild type genotype, and a control cell line with ACTL6B knocked out. 

Cortical neurons derived from patient cells or with ACTL6B knocked out were found to 

have aberrant dendritic development and expression of cytoskeletal genes, which was 

reversed upon genetic repair.  
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Abstract 

We identified individuals with mutations in ACTL6B, a component of the chromatin 

remodelling machinery including the BAF complex. Ten individuals harbored bi-allelic 

mutations and presented with global developmental delay, epileptic encephalopathy and 

spasticity, and ten individuals with de novo heterozygous mutations displayed intellectual 

disability, ambulation deficits, severe language impairment, hypotonia, Rett-like 

stereotypies and minor facial dysmorphisms (wide mouth, diastema, bulbous nose). Nine 

of these ten unrelated individuals had the identical de novo c.1027G>A mutation. Human 

derived neurons were generated that recaptured ACTL6B expression patterns in 

development from progenitor cell to post-mitotic neuron, validating the use of this cell 

model. Engineered knock-out of ACTL6B in wildtype human neurons resulted in 

mailto:carl.ernst@mcgill.ca
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profound deficits in dendrite development, a result recapitulated in two individuals with 

different bi-allelic mutations, and reversed on clonal genetic repair or exogenous 

expression of ACTL6B.  Whole transcriptome analyses and whole genomic profiling of 

the BAF complex in wildtype and  biallelic mutant ACTL6B NPCs and neurons revealed 

increased genomic binding of the BAF complex in ACTL6B mutant cells, with 

corresponding transcriptional changes in several genes including TPPP and FSCN1, 

suggesting that altered regulation of some cytoskeletal genes contribute to altered 

dendrite development. Assessment of bialleic and heterozygous ACTL6B mutations on an 

ACTL6B KO human background demonstrated that biallelic mutations mimic engineered 

deletion deficits while heterozygous mutations do not, suggesting that the former are 

loss-of-function and the latter are gain-of function.  These results reveal a role for 

ACTL6B in neurodevelopment, and implicate another component of chromatin 

remodelling machinery in brain disease. 
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Introduction 

ACTL6B (MIM: 612458) encodes an actin-related protein (ARP), which are a 

class of proteins that resemble actin and have roles in chromatin remodelling and histone 

acetylation(Meagher et al., 2007). Though ACTL6B, known as BAF53B, may interact 

with multiple complexes in a particular spatiotemporal order, most investigations have 

focused on its role in the BAF (BRG1/BRM-Associated Factor), or SWI/SNF 

complex(Biggar and Crabtree, 1999), which serves as an important regulator of gene 

expression by remodeling nucleosomes in an ATP-dependant fashion(Lessard et al., 

2007, Wu et al., 2007a, Peterson, 1996).  In order to regulate different sets of genes 

during development, BAF subunits can be exchanged with homologous 

alternatives(Lessard et al., 2007). One such switch in BAF subunit composition occurs in 

developing neural cells as they exit the cell cycle. During this time, the neural progenitor 

specific BAF (npBAF) complex transitions to the neural specific BAF (nBAF) complex 

through the exchange of several subunits, including BAF53A for its paralog 

BAF53B(Sudarsanam and Winston, 2000). This is partly achieved through increased 

expression of miR-9* and miR-124 in post mitotic neurons, which repress the expression 

of the gene that encodes BAF53A, ACTL6A (MIM: 604958)(Yoo et al., 2009). nBAF 

complexes can bind the transactivator CREST and be recruited to genes crucial for 

dendritogenesis through interactions mediated by BAF53B(Staahl and Crabtree, 2013). 

As a result, loss of BAF53B protein levels during neuronal development results in 

impaired dendritic outgrowth. An Actl6b KO mouse has previously been generated, and 

found to have deficits in dendritic spine and synapse function, leading to impaired long-

term memory and poor survival(Vogel-Ciernia et al., 2013a).  
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While different genes that contribute to the BAF complex have been found to be 

associated with human disease (e.g., Nicolaides-Baraitser syndrome MIM: 601358, 

SMARCA2 MIM:600014; Coffin-Siris syndrome MIM: 135900, ARID1B; MIM: 

614556)(Santen et al., 2012b, Sokpor et al., 2017), ACTL6B has not been conclusively 

reported to have a deleterious role in human neurological diseases. In this study, we 

identified individuals with neurodevelopmental disorders with either inherited recessive 

mutations or dominantly acting de novo mutations in ACTL6B, and sought to understand 

how mutations in ACTL6B might affect the development of human neurons. 
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Materials and methods 

Description of studied individuals. Individuals had whole exome sequencing as part of 

local neurodevelopmental studies on developmental delay and intellectual disability, 

autism or epilepsy (R1, R2a/b, R3a/b, R4, R5, R7, R9, R10, D2, D3, D7, D8). Informed 

consent for participating in the genetic studies was obtained on protocols approved by 

institutional review boards of local hospitals. Individuals D1 and D4 were enrolled in the 

DDD study and provided informed consent for this study. Other individuals had exome 

sequencing at GeneDx as part of clinical care (individuals R6, R8a/b, D5, D6, D9), and 

after ACTL6B was identified as a candidate gene, provided informed consent for the 

sharing of photographs or samples as applicable. 

 

Experimental procedures for sequencing. DNA was extracted from peripheral blood 

from affected individuals and parents using standard protocols. For individuals who had 

Whole Genome Sequencing (R1, R2a/b, R10), the DNA libraries were prepared by using 

the Illumina TruSeq DNA PCR-Free kits using the manufacturer’s protocol. For 

individuals who had Whole Exome Sequencing, the exome libraries were prepared using 

Agilent SureSelect kits (R3ab, R4, R6, R8ab, R9, D1, D2, D4-D9), Roche-NimbleGen 

EZ exome kits (R5, D3) and Illumina Nextera kits (R7). More details included in Tables 

1 and 2. All libraries were then sequencing on Illumina HiSeq systems.  

 

Analysis of sequencing data. Sequences were aligned using BWA, GATK, Novoalign, 

Isaac, or LifeScope software. The variants were called using GATK, SAMtools, 

Annovar, CarpeNovo, Isaac, LifeScope and in-house pipelines. More details can be found 
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in Tables S1 and S2. After identification of candidate variants in ACTL6B, their 

segregation was confirmed by Sanger sequencing using standard protocols. 

 

Fibroblast reprogramming to induced pluripotent stem cells (iPSCs). Fibroblasts 

were obtained from biopsies or from Coriell (Table S3), and cultured in DMEM 

(Invitrogen) supplemented with 10% bovine serum albumin (Invitrogen).  Fibroblasts 

were reprogrammed using episomal reprogramming vectors containing Oct4, Sox2, 

Myc3/4, Klf4, ShRNA P53 (ALSTEM) and a puromycin resistance gene using a Neon 

Transfection System (Invitrogen).  Following transfection, cells were plated on tissue 

culture plates coated with Matrigel (Corning) in TesR-E7 media (Stem Cell 

Technologies) supplemented with 2ug/ml puromycin (Sigma). Following 48hrs of 

puromycin selection, fresh TesR-E7 media was exchanged, until distinct and robust iPSC 

colonies formed, at which point mTESR1 media (Stem Cell Technologies) was used to 

maintain and proliferate the colonies.   Quality control experiments for iPSCs include 

mycoplasma testing, short tandem repeat profiling to ensure no sample mix-ups, 

assessment of endogenous pluripotency factor, immunocytochemistry for pluripotency 

markers, and molecular karyotyping. 

 

Molecular Karyotyping.  To ensure no chromosomal abnormalities occurred as a result 

of iPSC induction or gene editing, DNA from all generated iPSC lines was sent to Prince 

of Wales Hospital (Shatin, Hong Kong) for sequencing on an Ion Torrent Hi-

Q Sequencer (Thermofisher). Samples were sequenced with an average of 4 million 

150bp reads per sample, for an average coverage of 0.0014X. Analysis was preformed 
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using CNV-Seq(Bakshi et al., 2010).   Positive controls included cells of origin and cells 

from families with first-degree relationships where we could detect Mendelian 

inheritance of CNVs >1Mb.   

 

Differentiation of iPSCs to forebrain neural progenitor cells (NPCs) 

 iPSCs were differentiated to forebrain NPCs according to our previously described 

methods (Bell et al., In Press, Bell et al., 2017).  iPSC colonies were dissociated and 

resuspended in DMEM/F12 media supplemented with N2 (Invitrogen) B27 

(Invitrogen),and BSA [1 mg/ml], Y27632 [10 µM] (AdooQ Bioscience), SB431542 [10 

mM](Selleckchem),  and Noggin [200 ng/ml](GenScript), onto non-adherent plates to 

form organoids. After one week of maintenance as organoids, cells were dissociated and 

plated on Matrigel coated plates in DMEM/F12 supplemented with B27, bFGF 

(20ng/ml), EGF (20ng/ml), and laminin[1ug/ml] for a further seven days of 

differentiation, with media exchanged every three days. Cells were assessed for NPC 

morphology, and stained for markers of forebrain NPCs (PAX6, SOX2, TUJ1) and 

OCT4. 

 

Differentiation of NPCs to Post-mitotic Neurons 

 For short term (5 days) differentiation, NPCs were plated in DMEM/F12 media 

supplemented solely with B27. If longer term (>5 days) differentiation was required, 

NPCs, were plated in BrainPhys SM1 (Stem Cell Technologies) and N2-A supplemented 
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media (Stem Cell Technologies). 50% of this media was exchanged every three days. 

Previous work has shown that neurons generated using this methodology express both 

GABAergic (~30%) and Glutamatergic (60%) markers(Bell et al., 2017) and are negative 

for midbrain markers, such as tyrosine hydroxylase.  Approximately 5-10% of cells stain 

for GFAP, an astrocyte marker. 

 

Whole Cell Recordings 

 For whole-cell patch-clamp recordings, individual coverslips containing differentiated 

hIPSC-Derived Neurons were transferred into a heated recording chamber and 

continuously perfused (1 ml/min) with BrainPhys™ Neuronal Medium (Catalog # 05791; 

StemCell Technologies) bubbled with a mixture of CO2 (5%) and O2 (95%) and 

maintained at 25 °C. Whole-cell patch clamp recordings were obtained using borosilicate 

pipettes (3–6 MΩ), filled with intracellular solution that contained the following (in 

mM): 5 HEPES, 2 KCl, 136 potassium gluconate, 5 EGTA, 5 Mg-ATP, 8 creatine 

phosphate, and 0.35 GTP. The pH was adjusted to 7.27 with KOH, and the osmolarity 

adjusted with distilled water or concentrated potassium gluconate if needed to between 

295 and 298 mOsm with an osmometer (3320; Advanced Instruments). After a recording 

was completed, the nominal membrane potential in voltage- and current-clamp 

recordings was corrected for the calculated 10 mV liquid junction potential. All potential 

values reported reflect this correction. Once whole-cell recording had been established, 

neurons were routinely held in voltage clamp at -70 mV except when examining changes 

in the resting membrane potential and rheobase, which was performed in current clamp. 

Cells were only studied if they exhibited a stable holding current and access resistance for 



 

168 

at least 10 min before experimental manipulations.  Data were acquired using a Digidata 

1550A/ Multiclamp 700B (Axon Instruments) and Clampex 10.5 (Molecular devices).  

Currents were filtered at 2 kHz and digitized at 20 kHz. 

 

CRISPR/Cas9 gene editing 

 A double nickase CRISPR/Cas9 gene editing system with a Paprika RFP (pRFP) 

reporter and gRNA targeting the first exon of the ACTL6B was used for KO experiments.  

For ACTL6Bext33 repair experiments, a wild-type CRISPR/CAS9-pRFP gene editing 

system was used to target the mutation in the stop codon of exon 14 of ACTL6B. One µg 

of construct was added per transfection reaction, and transfection was carried out 

simultaneously with iPSC induction to ensure clonality, as previously described(Bell et 

al., 2017). Following transfection, cells were selected for puromycin resistance and RFP 

visualization as described8 allowing for cell expansion from a single edited fibroblast. 

Potentially edited colonies were expanded and stored as cell lines after which DNA was 

extracted and Sanger sequenced at Genome Quebec.   

 

RNA Sequencing 

 RNA samples with RIN values >9.0 were submitted to Genome Quebec for RNA 

sequencing. Eight libraries were run per lane of an Illumina HiSeqV4 2500 flow cell (125 

bp paired-end reads), which achieved an average of ∼40 million reads per library. For 

bioinformatic processing, we used FASTX-Toolkit, TopHat(Reynolds and Weiss, 1996) 

Bowtie2(Langmead et al., 2009),  and Cufflinks2(Trapnell et al., 2012) with default 
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parameters to preprocess, align, and assemble reads into transcripts, estimate abundance, 

and test differential expression.   More detailed methods can be found here(Chen et al., 

2014). 

 

Western Blot Cells were lysed with RIPA buffer (Sigma) supplemented with 

SIGMAFAST™ Protease Inhibitor Tablets (Millipore-Sigma). Protein concentrations 

were determined using a Pierce BCA Protein Assay Kit (ThermoFisher). Approximately 

15 μg of protein was loaded per well in Mini-PROTEAN® TGX Stain-Free™ Precast 

Gels (Biorad). Gels were run at 150V for approximately 75 minutes, and then transferred 

to a nitrocellulose membrane using a Trans-Blot® Turbo™ Transfer System (Biorad). 

Membranes were blocked in 4% non-fat milk dissolved in TBS-T buffer (tris-buffered 

saline-tritonX; Sigma-Aldrich) for twenty minutes, and then incubated with primary 

antibodies overnight at 40C with shaking. Blots were washed three times in TBS-T for 

five minutes, and then incubated with appropriate mouse or rabbit secondary antibodies 

for one hour at room temperature. Blots were washed a further three times in TBST for 

five minutes, then imaged using a ChemiDoc™ XRS+ System (Biorad). Blots were 

imaged and analysed using ImageLab (Biorad) software, and statistical analysis was 

preformed using student T-tests when two samples conditions were present and a one-

way ANOVA when more than two sample conditions were present. Blots were 

normalized to β-actin. Further details on the antibodies used for WB can be found in 

Table S5. 

 

Quantitative PCR  
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Reverse transcriptions were done on the total RNA fraction in order to obtain cDNA in 

40 µl volume containing 1 µg of total RNA, 0,5 µg random primers, 0.5 mM dNTPs, 

0,01 M DTT and 400 U M-MLV RT (Invitrogen). The reactions were performed in a 

total volume of 20µl volume on a 384 well plate either using an Applied Biosystems 

7900 HT (Applied Biosystems) or a QuantStudio 6 (Thermofisher) PCR Machines. For 

each well, PCR mix included 10µl of Power SybrGreen PCR Mastermix (Life 

Technologies), 1 µl of primers/probe mix, 2 µl of cDNA, H20 up to 20 µl. Serial 

dilutions of a mix of cDNA ranging between 0.003052 ng and 50 ng were used to 

generate a calibration curve for an absolute quantification. Protein levels were given as a 

ratio between the relative quantities of the gene of interest and the endogenous control. 

GAPDH was used as internal control for normalization. The normalized expression levels 

were then compared between cell lines using either a student’s t-test or an ANOVA with 

post-hoc t-test. Further details on the primers used for qPCR can be found in Table S6. 

 

Immunofluorescence 

Adherent Cells were washed with PBS, then fixed with 3% paraformaldehyde (Sigma-

Aldrich) on slides for fifteen minutes. Samples were permeabilized with 0.5% TX-100 

(Sigma-Aldrich) in 0.5% PBS-BSA for fifteen minutes, and then blocked in 0.5% PBS-

BSA for an additional fifteen minutes. Primary antibodies were added in appropriate 

dilutions (Table S5) in 0.5% PBS-BSA and added to samples for 30 minutes.  Samples 

were washed in 0.5% PBS-BSA containing an appropriate dilution of secondary antibody 

(Table S5) was added to the samples and incubated for thirty minutes in the dark. 
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Samples were washed with 0.5% PBS-BSA. Samples were then visualized on an 

Apotome Florescent microscope (Zeiss). Neurolucida Tracing Software (MBF 

Bioscience) was used to measure nuclei surface area, soma surface area, and projection 

length. Images were processed and scale bars added in Image J. 

 

Chromatin immunoprecipitation (ChIP) sequencing 

Samples were prepared for CHiP-Seq and CHiP-qPCR using a Magna ChIP-Seq™ kit 

(Millipore-Sigma).  Cells were cross linked at day 0 and day 5 of differentiation by 

immersion in 37% formaldehyde. Glycine was added at a final concentration of 125uM to 

the samples to inactive cross-linking. DNA was sheared using a S220 Sonicator 

(Covaris), and precleared using a protein A or G agarose beads. All samples were then 

probed using both a mouse monoclonal (Santa Cruz, sc-17796) and rabbit polyclonal 

(Santa Cruz, sc-10768) antibody directed against BRG1 overnight at 40C. A IGG control 

was ran for both rabbit polyclonal and mouse monoclonal antibodies using a pooled 

sample composed of equal parts of all samples used for CHiP.  A 0.2M glycine solution 

pH 2.6 was used for elution of cross-linked proteins and DNA from the beads. DNA was 

purified using Agencourt® AMPure® XP Beads (Beckman Coulter). Libraries were 

constructed using an NGS Library Preparation Kit (Millipore-Sigma) and sent to Genome 

Quebec, where they were sequenced using a Illumina HiSeqV4 2500 flow cell (125 bp 

paired-end reads) with between 11-12 samples sequenced per lane. 

ChIPSeq Analysis  

Quality trimming and pre-processing   Sequencing adaptors were clipped using Trim 
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Galore. Quality trimming was done with same tool. A phred score cut-off value of 20 was 

used. Reads shorter than 20bp were filtered out.  Reads were aligned to the Human 

Reference Genome ( hg19) using BWA software version 0.7.10.  Resulting bam files 

were filtered for minimal mapping quality (MAPQ ≥ 20 ) and all alignments with samflag 

4 (read unmapped) were excluded using SAMtools (version 0.1.19). Duplicates reads 

were removed using the MarkDuplicates module of Picard (version 1.141) with the 

option REMOVE_DUPLICATES=true. 

 

Peak calling  The identification of ChIP-seq enriched regions (peaks) was performed 

using MACS2  (version 2.1.1); (macs2 callpeak --format BAM --broad --nomodel -q 0.05 

--broad-cutoff 0.1 --extsize 500).  Differential binding-sites analysis were done using the 

DiffBind Bioconductor R package (version 2.6.6)[4].  Diffbind calls some of the DESeq2 

(version 1.18.1)  functions to perform the contrast analysis between pairwise 

p.*427Aspext*33 or Control D5 vs D0 groups  (dba.analyze (method = 

DBA_DESEQ2)). For each comparison, DiffBind generated a set of consensus peaks 

with the requirement that peaks must be in at least two of the samples (minOverlap = 2).  

Standardized differential analysis was then performed using the following default settings 

for dba.analyze: method=DBA_DESEQ2,  FDR <= 0.05, bSubControl parameter set to 

TRUE, bFullLibrarySize set to TRUE. Thus, raw number of reads in the control sample 

was subtracted and the library size was computed for each sample and used for the 

normalization.  sizeFactors is called with the number of reads in the BAM files for each 

ChIP sample, divided by the minimum of these. The final normalized counts returned are 

the raw reads (adjusted for control reads) divided by the normalization factors (result of 
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calling sizeFactors()). Significantly different peaks were then annotated with HOMER 

(version 4.7)[6] using RefSeq annotations (distal_distance = -10000, distance5d_lower =-

10000, distance5d_upper = -100000, gene_desert_size=100000, proximal_distance=-

2000).  
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Results 

Identification of French Canadian families with homozygous mutations in ACTL6B 

By exome sequencing of families with neurodevelopmental disorders in Quebec, we 

identified a family with two children with a homozygous mutation in ACTL6B that 

eliminates the stop codon (c.1279del, NM_016188.4) and extends the reading frame by 

an additional 33 amino acids (p.*427Aspext*33; NP_057272.1; Individual R3, Figure 1, 

Table 1, Table S1). 

 

Sequencing both affected children, their unaffected older brother, and both parents from 

family R3 revealed that c.1279del was the only mutation identified in the family that was 

protein altering, followed an autosomal recessive inheritance model and was absent from 

all genomic databases. Both parents and the unaffected brother were carriers, and all are 

healthy. The phenotype of the disorder is severe: both brothers died early (4 and 6 years) 

of aspiration asphyxiation, were non-verbal, non-ambulatory, and required 24-hour care 

for all needs.  Parents reported incessant crying (10+ hours per day), seizures beginning 

at 3 months, and sleep difficulties, (Table 1). An MRI of the brain was provided and had 

no indications from the reviewing radiologist. Careful tracing of the lineage of family R3 

using Catholic Church records7 revealed a common ancestor, which we determined to be 

the most likely origin of the mutation in Family R3 (Figure S1A and Supplemental 

Methods). We genotyped five other members from family R3 across four generations and 

could identify appropriate inheritance of the mutation from the predicted founder (Figure 

S1B).  The R3 parents of the proband can be traced to a brother and sister going back six 
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generations in the mother and five generations in the father, an event unknown to the R3 

parents prior to birth of the probands (Figure S1B).   

 

Another French Canadian family (defined as both great grandparents being born in the 

province of Quebec, Canada) with child R10 (Table 1) also had this same mutation with 

almost identical phenotype, suggesting that this mutation is not private to the R3 family 

but rather may be a specific but rare variant in the French Canadian population.  We 

assume that these families are distantly related but could not identify the branch point at 

which the pedigrees may overlap between families R3 and R10. 

 

Biallelic mutations in ACTL6B cause a severe neurodevelopmental disorder 

We were able to identify eight additional families with a similar phenotype (Table 

1, Table S1) with biallelic mutations. A majority of these identified mutations resulted in 

premature termination codons, and  were located in highly conserved sequences (Figure 

1B-C). We considered it very likely that most of these mutation sites resulted in nonsense 

mediated decay (NMD) of the transcript, as they occur well in advance of the penultimate 

exon(Khajavi et al., 2006), and strongly suggests that the disease is due to loss of 

function of the ACTL6B gene. However, some mutations, including the c.1279del 

mutation were located in the final exon of ACTL6B (Figure 1B), and were therefore not 

predicted to lead to NMD(Khajavi et al., 2006). Heterozygous stop mutations are present 

in healthy parents, suggesting a recessive disorder.  Selected case vignettes can be found 

in the Supplemental section. 
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De novo missense mutations at specific loci in ATCL6B cause a different, severe 

neurodevelopmental disorder 

 

Over the course of identifying subjects with mutations in ACTL6B, we found ten 

individuals with heterozygous de novo missense mutations in ACTL6B with hypotonia, 

intellectual disability, developmental delay, autism, and Rett-like stereotypies such as 

handwringing (Figure 1, Table 2, Table S2). Detailed case vignettes of some subjects are 

presented in the Supplemental section.  This was surprising, given that we observed 

heterozygous stop/Frameshift mutations in healthy individuals arguing for a recessive 

inheritance model.  Nine of ten of these individuals possess the same well conserved 

c.1027G>A mutation (Figure 1C and Table 2). p.Gly343Arg (NM_016188.4, 

HG19:chr7:100244258; Exon 12), is not seen in the 60,706 ExAC subjects.  The same 

holds true for the other observed variant, p.Asp77Gly (NM_016188.4; HG19: chr7: 

100253082; exon 3), both of which are likely gain-of-function mutations since 

heterozygous stop mutation carriers have no disease.  3D modeling of the de novo 

dominant and the recessive biallelic mutations (Figure 1D) shows no spatial clustering of 

mutation sites.BAF53B has an actin-related domain, which is subdivided into four 

subdomains(Dominguez and Holmes, 2011). Subdomain I and III are structural, and also 

contain residues that interact with ATP(Holmes et al., 1990).  Subdomain II is the 

smallest domain, and enables the protein to have polar and non-polar orientations. 

Previous work has shown that mutations in this subdomain  impair dendritic 

outgrowth(Wu et al., 2007a).  Subdomain IV interacts with subdomain 1(Dominguez and 

Holmes, 2011) and is necessary for the interaction of the protein with actin(Holmes et al., 
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1990). We mapped these subdomains onto a model of BAF53B derived from the 

S.cervisiae; ARP4 structure, and found that the variants occurred in all subdomains. 

Specifically, p.Phe147del, p.Cys425, p.Arg130Gln and p.Gln411* variants occur in 

Subdomain I, the p.Asp77Gly variant occurred in Subdomain II, p.Gly343Arg, 

p.Gly349Ser and p.Arg130Gln occur in Subdomain III, and p. Gly425*,  occur in 

Subdomain IV (Table 1-2). We did not find any concentration of mutations in a particular 

domain. 

 

Two other BAFopathies, Nicolaides-Baraitser syndrome (MIM:600014) and 

Coffin-Siris syndrome (MIM: 614556), so called because they affect genes that code for 

proteins that can be incorporated into the BAF complex, have sparse scalp hair and 

coarse facial features, though this is a wide spectrum in affected individuals.  We 

obtained images of several probands in this study and did not observe coarse features in 

the majority of subjects (Figure 1A). However, in individuals with the dominant 

mutations, we did find common features such as a wide mouth, diastema and bulbous tip 

of the nose.  In the case of MRI brain structure this was grossly normal, with subtle but 

not specific features (common across many MRI scans of children with 

neurodevelopmental diseases) detected for some individuals (Table S1, S2)). 

 

Modeling the p.*427Aspext*33 variant in human neurons 

Human stem cells are a powerful model for functional genetic studies as mutations can be 

assayed on a relevant genetic background and are amenable to genetic engineering. All 

iPSC lines generated in this study had normal chromosomal integrity, presented typical 
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hallmarks of pluripotency (Figure 2A), including expression of endogenous pluripotency 

genes (Figure S2A-B), and had the capacity to differentiate into all three germ layers 

(Figure S2C). iPSCs were utilized to generate forebrain neural progenitor cells (NPCs), 

which expressed neural and forebrain specific markers (Figure 2B; Figure S3). Mature 

neurons generated from wild type cells expressed markers of cortical neurons and 

displayed electrophysiological characteristics typical of high quality iPSC-derived 

neurons, including spontaneous action potentials and excitatory post-synaptic currents 

(Figure 2D-F).  

 

To assess the validity of iPSC-derived neurons to model ACTL6B mutation 

syndrome, we sought to recapitulate the developmental expression increase2 in ACTL6B 

in wildtype neurons, where ACTL6B expression is absent from dividing cells but is 

present in post-mitotic cells2. We found that ACTL6B increased in expression from day 1 

to day 5. To minimize time in culture which can increase experimental variation, we 

selected five days differentiation as our timepoint for post-mitotic transcriptomic 

analysis, where we could be confident ACTL6B would be well expressed (Figure 3A and 

3B). To characterize the basic expression pattern of key genes involved in the BAF 

complex in both p.*427Aspext*33 and control cells, we assessed the expression of 

ACTL6B, ACTL6A and SMARCA4 (MIM: 603254) a core DNA binding component of the 

BAF complex. Genes were assessed at Day 0 (D0) and Day 5 (D5) of differentiation. 

ACTL6B expression increased significantly in both p.*427Aspext*33 and control cells as 

cells differentiated. We also detected a significant decrease of ACTL6B in 

p.*427Aspext*33 compared to control cells at D5 (Figure 3C). ACTL6A had high 
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expression in proliferating cells with a significant decrease after 5 days, but yet was still 

clearly expressed at day 5 in both control and p.*427Aspext*33 cells (Figure 3C). We 

detected no significant difference in the expression level of SMARCA4 between any cell 

line or timepoint (Figure 3C).  To confirm and validate these mRNA based data, we 

performed western blot on protein extracted from p.*427Aspext*33 and control cells at 

proliferative and post-mitotic timepoints (Figure 3D).  These data suggest that there is no 

difference in protein level of any of BAF53A, BAF53B, and BRG1 between control and 

p.*427Aspext*33 cells.  By developmental period (proliferating and post-mitotic) we 

observe consistent protein levels of BAF53A and BRG1, and absent BAF53B in 

proliferating cells. 

 

  

Engineered homozygous deletion of ACTL6B in human neurons causes severe loss of 

dendrites 

What is the function of ACTL6B in developing human cells and what is its role in 

human disease?  Our previous experiments suggest that BAF53B is specific to post-

mitotic cells, as reported in rodents(Yoo et al., 2017), so we opted to inactivate ACTL6B 

to determine cellular phenotypes resulting from complete gene loss.  

We knocked out ACTL6B from control human cells using a clonal genetic 

engineering technique(Bell et al., 2018) (Supplemental Methods). We generated two 

independent ACTL6B knockout cell lines that had different homozygous frameshift 

mutations in exon 1 (KO1 and KO2; referred to collectively as KO), and compared them 
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to the isogenic cell line that had undergone no editing event (Control) (Figure 4A-B).  

The use of two independently edited cell lines with the same outcome (homozygous loss 

of ACTL6B) is one way to ensure against cell line artefacts, where we do not expect the 

same artefact to be present in both cell lines.  To further ensure this, we Sanger 

Sequenced the five genomic regions most likely to be edited by the gRNAs used, all of 

which were unedited, suggesting no off-target effects, as has been reported and 

systematically assessed previously(Veres et al., 2014).  We also performed long-range 

(1.6Kb) sequencing to ensure that these mutations were in fact homozygous and not due 

to a large deletion in one allele, in addition to DNA based qPCR to confirm equal gene 

dosage between edited and unedited lines (Supplemental Methods).  Following clonal 

gene editing and careful genomic integrity assessment, we planned to investigate 

dendritic length anomalies in a more mature neuronal state, since mouse KO Actl6b 

neurons show deficits in dendrite development(Wu et al., 2007a).  To do this, we 

differentiated human ACTL6B KO cell lines and their matched isogenic controls for 15 

days (D15 – a timepoint where we routinely see extensive neuronal arborisation in 

culture(Bell et al., 2018)) and confirmed the loss of ACTL6B expression at the mRNA 

and protein level (Figure 4C-D). We used MAP2 and TUJ1 as dendritic and neuronal 

markers, respectively, since these are routinely used in neuroscience research for this 

purpose (Harada et al., 2002, Goedert et al., 1991).  We observed virtually no MAP2 

staining in ACTL6B KO cells, while MAP2 was clearly present in most cells in the 

isogenic controls (Figure 4E). We also observed a larger nuclear size in the deleted cells, 

as assayed by DAPI, an effect that is obvious on cell examination (Figure 4F).   
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The p.*427Aspext*33 mutation phenocopies ACTL6B KO dendritic deficits 

and is reversible upon biallelic genetic repair  

From our genotype-phenotype data from affected individuals and their first degree 

realtives, we reasoned that recessive mutations cause a loss-of-function of ACTL6B, and 

thus may mimic the cellular phenotype of the engineered ACTL6B KO cells.  To 

demonstrate this, we reasoned that using these cell lines and comparing them to a 

clonally repaired version should provide interpretable data. 

We biallelicaly repaired the ACTL6Bext33 line to a wildtype genotype and 

simultaneously reprogrammed these edited cell lines, where we had several unsuccessful 

repairs that could be used as isogenic controls. Homology directed repair was performed 

using a wildtype template in p.*427Aspext*33 fibroblasts plated at low density and 

iPSCs colonies derived from a single fibroblast were isolated, ensuring clonality and 

purity of repair(Bell et al., 2018). After iPSC expansion of many colonies, we extracted DNA 

and Sanger sequenced around the mutation site (Method S2-S4).  A colony with 

c.1279del mutation repaired to a wildtype genotype was identified and labelled as 

Successful Repair (SR) and differentiated to NPCs in tandem with an Unsuccessful 

Repair (UR) line, which was derived from a colony that received the CRISPR complex 

and repair template but where no editing event occurred (Figure 5 A-B). We 

differentiated these cells from NPCs to D15 neurons and then stained for MAP2 and 

TUJ1, identical in design to the KO study. As shown in Figure 5D-E, affected individual 

cells recapitulate the loss of MAP2 and increased nuclei size observed in the KO, a result 

that is reversed on repair of the homozygous base change in ACTL6B.  The similar 

cellular phenotype between affected individual and engineered KO neurons suggest that 
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the ACTL6Bext33 recessive mutation causes similar deficits to the complete KO, and 

thus could be interpreted as causing a loss-of -function.   

 

Loss of dendrites due to loss of function of ACTL6B is likely due to delayed 

maturation of young neurons 

Is the observed decrease in MAP2 staining due to immature differentiation, 

differential differentiation, or a specific deficit in dendrite development? To try to 

address these questions, we first asked whether the cell types in each condition were 

equivalent.  To investigate this question we stained D15 cultures from repaired and KO 

cells and their control with an astrocyte (GFAP) and a neuronal marker (TUJ1), with the 

hypothesis that perhaps deficits in ACTL6B bias NPCs towards becoming astrocytes. 

Figure S4A shows the results of this experiment; we could not detect different numbers 

of cells that stained for GFAP.  We include in this experiment a positive control where 

we add 0.1% BSA which can glialize cell cultures.  To support the idea that deficits of 

ACTL6B do not lead cell cultures to become more glial and to provide more specificity 

than just GFAP, we assessed the transcriptomic data of p.*427Aspext*33 and control 

cells we had generated in an RNA-Seq experiment.  We found no consistent pattern in 

mRNA expression levels of glial markers ALDH1L1, GFAP, and GJA1 and neuronal 

markers RBFOX3 and TUBB3 to suggest an increase in expression of glial related genes 

in ACTL6Bext33 cells compared to control cells (Figure S4B).  These data indicate that 

deficits in ACTL6B do not lead NPCs to become more astrocytic.  We therefore ruled out 

the loss of MAP2 staining being due to cells being pushed towards an astrocytic fate. 
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As a simple measurement of differentiation, we opted to photograph control, 

ACTL6Bext.33, ACTL6B KO and Repair  cells across several developmental timepoints. 

Figure S5 shows that in contrast to repaired and control cell lines, unrepaired and KO 

ACTL6B cells are not branched prior to day 20, whereas at day 25 through day 50, all 

lines show branching.  

 These data suggest that deficits in ACTL6B lead to a delay in differentiation in 

early post-mitotic states. This delay in differentiation, if true in vivo, may lead to cell 

connectivity deficits.   

 

The p.*427Aspext*33 mutation alters BRG1 genomic binding and affects gene 

expression 

This project began with the index case R3 (p.*427Aspext*33) which had fibroblasts 

collected prior to mutation identification, thus our study is heavily biased towards this 

case. To this end, we opted to continue experiments with these cells, with the idea that we 

might recruit cells from other subjects or design exogenous templates for validation 

studies. 

 

We wanted to understand the molecular consequences of the p.*427Aspext*33 

variant and how this might lead to neurodevelopmental deficits. Due to a lack of ChIP 

grade antibodies directed specifically to BAF53B, we chose to perform a ChIP-Seq 

experiment targeting BRG1, a key subunit of the BAF complex with ATPase activity that 
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is found both BAF53B and BAF53A containing BAF complexes (Sokpor et al., 2017). 

We chose the D0 and D5 time points for proliferating and post-mitotic cells respectively, 

and performed ChIP in control and ACTL6Bext33 cells using eight replicates per subject 

per time period (32 ChIP experiments).  We performed several QC experiments with 

different anti-BRG1 antibodies prior to sequencing to ensure appropriate parameters (not 

shown), and chose two antibodies to provide overlapping datasets of Brg1-containing 

BAF complex binding (Figure 6A).  After sequencing and QC, we analyzed differential 

binding in D5 cells to understand how the genomic targeting of Brg1-containing BAF 

complexes may be altered by a mutant BAF53B subunit.  ChIP peaks were called in at 

least 2/8 lines, and differential analysis used reads from all replicates within the peak. 

10,222 peaks were common across all data points (Figure 6B), suggesting that BRG1 

remains mostly at the same location in the genome, even in mutant ACTL6B cells and 

irrespective of developmental state. 

 We focused our primary analysis on D5, since this is when ACTL6B is expressed, 

and tried to determine whether there was differential binding of BRG1 at peaks called in 

both p.*427Aspext*33 and control cells.  Using FDR <0.05, we found no significant 

differences; however, using an uncorrected p-value of 0.05 revealed 382 common 

genomic regions that were significantly differentially bound and every one of these 

showed increased binding in affected individual cells (Figure 6C). Loss-of-function of 

BAF53B may lead to increased affinity or stabilization of the BAF complex to its 

genomic targets, possibly through retention of BAF53A. More than half of the 382 sites 

that BRG1-containing BAF complexes were found to bind to were associated with genes 

(Figure 6C).  PANTHER GO terms associated with the differentially bound regions were 
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related to cell adhesion and neurodevelopment (Figure 6D).  This list included autism 

associated genes including AUTS2, PTEN, FOXP2, and SMARCA2.  

To further assess whether mutant ACTL6B leads to increased binding of BAF to 

genomic regions, we performed a within-subjects analysis in proliferating (D0) and 

differentiating (D5) cells, looking for peaks present at both developmental stages using 

FDR<0.05 for peak calling. While we did not find the same peaks that were called 

between cases and controls (suggesting the experiment was underpowered since we used 

8 replicates in each block), we found evidence for a general decrease in BRG1 binding in 

differentiated cells compared to proliferating cells in those genomic regions present at 

both D0 and D5 in control conditions, in contrast to the p.*427Aspext*33 cells where 

there was a consistent increase in BAF binding at D5 compared to D0 (Figure 6E) at all 

sites. These data support the notion that a recessive ACTL6B mutation leads to increased 

association of BRG1 to certain areas of the genome. 

 

How does genomic BAF binding affect gene expression and how might this differ when 

ACTL6B is mutated?  We performed RNAseq in affected individual and control cells 

(n=4 independent replicates per subject) at D0 and D5 and looked only at those genes that 

were detected in the ChIPSeq analysis.  We were interested in those genes that showed 

significant changes between D0 and D5 in the ChIPSeq data and which also showed 

significant change in the RNAseq data between D0 and D5 (within-subjects); Also, we 

selected those genes that showed RNAseq differences between mutant cells and control 

cells at D5 (Table S2).  We highlight TPPP (Table S4), a microtubule binding protein 
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involved in cell process extensions(Skjoerringe et al., 2006, Mino et al., 2016), and 

FSCN1, which has been shown be involved in neurite shape and trajectory in prior 

studies in mice(Kraft et al., 2006). Due to their biological function and significance levels 

in our experiments, we chose to use TPPP and FCSN1 expression levels to assess the 

external validity of our findings. We note the prevalence (Table S4) of genes that might 

be implicated in sphingolipid biology or myelin processing (SOX8(Stolt et al., 2004), 

CERK(Boggs et al., 2010), and A4GALT(Kaczmarek et al., 2016)), consistent with Wu et 

al, (2007) who observed a severe myelination defect in Actl6b KO mice.   

We used TPPP and FSCN1 expression as output markers to assess direct versus 

correlational effects of mutant ACTL6B. We posed two initial questions to test direct 

versus correlational effects. First; does the ACTL6B KO show a similar pattern of 

expression to ACTL6Bext33 compared to its isogenic control? Second; do we see the 

opposite effect in the UR cells compared to the SR cells?    We began by validating the 

RNA-Seq data, using the same RNA that was used to make RNA-Seq libraries (Figure 

7A). Next, we examined the expression of these genes between D0 and D5 timepoints in 

ACTL6B KO cells and their isogenic controls, as well as in UR and SR cells. SR cells, 

when compared to UR cells showed a significant increase in TPPP and decreased 

expression of FSCN1 as NPCs mature from D0 to D5. In ACTL6B knock-out cells 

compared to their isogenic controls, we observed significant and opposite effects to that 

observed with repaired cells:  FSCN1 expression did not decrease, while TPPP 

expression did not increase as the cells differentiated (Figure 7A).  These data provide 

isogenic evidence that complete loss of ACTL6B and a repair of p.*427Aspext*33 

recapitulate and reverse, respectfully, expression alterations in TPPP and FSCN1 and 
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suggest that expression changes in these genes are directly caused by disruption of 

ACTL6B.   

 

External validity of TPPP and FSCN1 expression levels as markers of an ACTL6B 

recessive, loss-of-function disease in human neurons using constructs derived from 

different ACTL6B variants. 

External validity can be provided by KO rescue and by recapitulating expression 

effects using different mutations in ACTL6B identified in our cohorts (Figure 7B-D).  If 

TPPP and FSCN1 expression levels are markers of loss-of-function of ACTL6B, the 

exogenous re-introduction of ACTL6B on a KO background should help restore their 

expression towards levels observed in lines with wild-type ACTL6B.  Further, expressing 

mutant ACTL6B to match other variants found in the recessive cohort should re-establish 

expression changes on an ACTL6B KO background.  We therefore made ACTL6B 

constructs of two recessive mutations c.441_443 del and c.1275C>A, and the most 

prevalent dominant mutation c.1027 G>A, as well as the WT construct itself. Expressing 

these variants from trasnsiently delivered vector on an ACTL6B KO background, may 

give us an indication if the dominant and recessive variants mediate their effects through 

the same molecular pathways and cause similar effects on the expression of FSCN1 and 

TPPP.  At a D5 timepoint, cells transfected with WT ACTL6B showed decreased 

expression of FSCN1 and increased expression of TPPP, consistent with what we 

observed in the initial KO experiment (Figure 7D), meaning that the WT construct can 

rescue the expression changes observed in ACTL6B KO cells.  We observed that the two 
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recessive variants (c.441_443 del and c.1275C>A) mimicked the effects observed in the 

recessive p.*427Aspext*33 variant, while the dominant mutation mimicked wildtype 

cells (Figure 7D).  

 

Confirmation of dendritic deficits and gene expression markers using neurons 

derived from ACTL6B mutant c.617T>C/ c.724C>T  

We obtained fibroblasts from individual R9 with compound heterozygous 

mutations in ACTL6B (c.617T>C, p.Leu206Pro and c.724C>T, p.Gln242*) (Table 1). We 

induced the fibroblasts to become iPSCs, differentiated the iPSCs to D15 neurons and 

confirmed the mutant genotype of this line (Figure 8A-B). We compared this “ACTL6B 

compound heterozygous mutant” line to healthy control cells differentiated to a day 15 

timepoint, and found a similar decrease of MAP2 staining and increased nuclei size as 

compared to the ACTL6B KO and ACTL6Bext33 lines (Figure 8C-D). Assessing the 

expression of TPPP and FSCN1 at D5 and D0 timepoints in the ACTL6B compound 

mutant and control lines also produced results similar to those seen with the 

ACTL6Bext33 line, with the ACTL6B compound mutant showing a lack of increased 

expression of TPPP, as well as a lack of decreased expression of FSCN1 during 

differentiation compared to control cells (Figure 8E). 
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Discussion  

These data describe two distinct neurodevelopmental diseases caused by 

dominant or recessive mutations in ACTL6B.  This work positions ACTL6B mutations as 

causing both a recessive neurological disease characterized by severe epileptic 

encephalopathy, and a dominant intellectual disability syndrome with severe speech and 

ambulation deficits.    

Previous studies have identified mutations in genes that code for other subunits of 

the nBAF and npBAF complexes that are capable of causing disease through 

dysregulated BAF function, collectively called “Bafopathies”(Aref-Eshghi et al., 2018). 

The two foremost diseases among the Bafopathies, Coffin-Siris (CSS) (MIM: 135900) 

and Nicolaides–Baraitser  (NCBRS) (MIM: 601358) syndrome show interesting parallels 

and differences to the diseases described here(Bogershausen and Wollnik, 2018, Mari et 

al., 2015). While NCBRS is a monogenic disease, caused exclusively by mutations in 

SMARCA2 (MIM: 600014) that are autosomal dominant, and CSS is a genetically diverse 

disease, and can be caused by mutations in ARID1B (MIM: 614556) and a variety of 

other genes that play a role in the BAF complex, that vary in their inheritance pattern, 

common symptoms appear to exist in both these conditions and the diseases described 

here. Common symptoms reported across conditions include intellectual disability, 

developmental delay, hypotonia and some form of dysmorphic facial features 

(Bogershausen and Wollnik, 2018). Like individuals with recessive mutations in 

ACTL6B, individuals with NCBRS also show early-onset seizures(Pretegiani et al., 

2016), and seizures are also reported in individuals with CSS, although they are not 

necessarily early-onset (Bogershausen and Wollnik, 2018, Kosho et al., 2014, Bender et 
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al., 2011). Individuals with NCBRS also show short phalanges(Pretegiani et al., 2016), as 

observed in some individuals with dominant mutations in ACTL6B. However, some of 

the specific developmental symptoms observed in these diseases, such as sparse scalp 

hair(Santen et al., 2012a) or an absent fifth digit(Pretegiani et al., 2016) do not appear in 

individuals with either recessive or dominant mutations in ACTL6B. This could suggest 

that while a general disruption of the BAF complex in a variety of protein subunits 

neurodevelopment will inevitably lead to intellectual disability and developmental delay, 

the specific protein subunit that is affected will determine the presence and nature of 

dysmorphisms and epilepsy.    

To understand why mutations in ACTL6B cause disease, we modeled the disease 

in human NPCs and neurons.  We first confirmed that ACTL6B expression was induced 

upon neural cells becoming post-mitotic. We then went on to make several different cell 

models in the hope of reducing variation across experimental variables.  We made 

forebrain progenitor cells from a healthy individual with experimentally induced knock-

out of ACTL6B to understand the effects of complete loss of the gene, in addition to cells 

derived from individuals R9 and R3 with an isogenic engineered repaired cell line.  

While we cannot precisely determine the mechanism of the disease that appears to 

be caused by bi-allelic mutations in ACTL6B, our results do illuminate several key 

features of the etiology of the disease. First, the presence of BAF53B in the 

ACTL6Bext33 cell line at D5 eliminates the possibility that the symptoms are caused by 

an absence of BAF53B, as is likely the case in other variants of BAF53B where NMD is 

predicted to occur(Khajavi et al., 2006). Instead, it seems plausible that the symptoms are 

the result of a loss of function of BAF53B stemming from changes in the structure of the 
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protein. This hypothesis is supported by our observations in the ACTL6B KO model, 

which shows similar deficits in both MAP2 staining and the expression of key genes 

identified in the ACTL6Bext33 that are regulated by BAF. ACTL6B KO cells expressing 

the recessive mutations in ACTL6B observed in our recessive cohort fails to rescue 

aberrant expression of genes, whereas reintroduction of wildtype ACTL6B does, strongly 

suggesting that the phenotype is the result of a loss of function. 

However, how the recessive mutations render BAF53B non-functional could be 

due to one of several possibilities. Perhaps the most intuitive answer is that mutations 

disrupt the ability of BAF53B to bind to the BAF complex. If this fails to occur, this 

might allow BAF53A to remain bound in the complex.  Given that there are a great many 

BAF complexes that dynamically exchange parts to affect cell differentiation at any one 

time, a high proportion of BAF53A in BAF might cause increased affinity of BAF to the 

genome in a differentiating cell state compared to both a proliferating cell state when 

BAF53B is absent or a differentiated cell state where BAF53B is present but not 

functional and/or when the interaction with the complex is impaired.  The increased 

presence of BAF53A in the BAF complex, associated with a more proliferative neuronal 

cell state, might also explain the delayed differentiation we observed in disease cells.  

Another explanation could be that recessive mutations do not prevent BAF53B from 

binding to the BAF complex, but instead prevent the various components of the complex 

from interacting properly, and thus prevent the BAF complex from interacting with the 

genome and other proteins in yet unknown ways. Finally, there is the possibility that 

recessive mutations do not disrupt BAF complex function significantly at all, but instead 

prevent BAF53B from properly interacting with the other complexes such as 
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SRCAP(Vogel-Ciernia and Wood, 2014), TIP60/NuA419 and INO80(Wu et al., 2007b).  

Future work will need to look at how mutant BAF interacts with different proteins. 

 

With respect to the dominant mutation identified in eight unrelated individuals, we failed 

to observe the transcription effects we found in the KO, ACTL6B compound 

heterozygous mutant or the ACTL6Bext33 cells, suggesting dominant and recessive 

mutations in ACTL6B cause disease through distinct molecular pathways. This is also 

consistent with the observation of different symptoms in individuals with recessive/ 

dominant mutations in ACTL6B.  Based on the limited molecular information we have for 

dominant mutations, there exists many potential explanations for how a point mutation in 

ACTL6B might cause the observed symptoms. Given that these subjects all have a 

functioning copy of BAF53B which presumably incorporates normally into BAF or other 

complexes, it is reasonable to suggest that the ACTL6B dominant mutations identified 

here may be gain-of-function. One of the few clues that we have at this stage of 

investigation is that the highly specific nature of the p.Gly343Arg variant suggests a very 

precise interaction is being disrupted or created. Previous work in mice(Vogel-Ciernia et 

al., 2013b) has shown that deletion of the hydrophobic domain of  BAF53b results in a 

dominant negative form of the protein, causing deficits in memory, LTP, and gene 

expression. These deficits were  likely caused by altering the ability BAF53B to interact 

with other proteins(Vogel-Ciernia et al., 2013b). It is possible that the dominant 

mutations observed in this study cause disease by altering the hydrophobic domain of 

BAF53B through a similar mechanism.    
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Several genes of note may be important targets of the BAF complex at different 

developmental stages. FSCN1 is one of these and is strongly associated with the 

formation of actin, particularly in early neurodevelopment(Laeremans et al., 2013, Kraft 

et al., 2006). The lack of increase of FSCN1 observed in our models of ACTL6B 

dysfunction as cells differentiate may therefore be the result of neuronal cells remaining 

in a more proliferative or immature state due to an impairment in the ability of ACTL6B 

to transition the BAF complex from promoting genes associated with proliferation to 

those associated with neuronal outgrowth(Son and Crabtree, 2014).  

The stable expression levels of TPPP observed in models of ACTL6B dysfunction 

as NPCs differentiate may reflect the cytoskeletal changes observed both within our own 

models and in the deficits in dendritic spine and synapse function observed in mouse 

models of Actl6b KO.  It should also be noted that our ChIP-SEQ data that initially 

highlighted these genes as being dysregulated is based upon only BRG1-containing BAF 

complexes. As BRG1 and BRM are mutually exclusive components of the BAF complex 

that are both found in dividing and post-mitotic neural cells(Sokpor et al., 2017), it is 

possible that the dataset we generated is only a partial picture of the regions of the 

genome where BAF may bind in these cells.  

   This work brings together extensive clinical samples and human stem cell 

modeling to demonstrate that mutations in ACTL6B in human cause  severe neurological 

disorders.  Substantially more work will need to be done to understand the precise 

mechanisms of how recessive or dominant mutations in ACTL6B affect incorporation into 
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the BAF complex, and how this incorporation can alter differential genomic binding and 

gene expression patterns. 
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Supplemental Data 

Supplemental Data can be found with this article online and includes five supplementary 

figures, four supplementary tables and supplementary methods which provide additional 

clinical details of individuals and further details of the generation, characterization, and 

quality control of the cell lines generated in this study.  
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Figures 

 

 

Figure 1. Location of mutations in ACTL6B found in individuals with potential recessive 

or dominant disease causing mutations  

 A) Photos of individuals with ACTL6B mutations. Note broad mouth of individuals D1, 

D2, D3 and D7, diastema in D1, D3, D7, bulbous tip of the nose in all D individuals, and 

hypertelorism with telecanthi in individual D8. Lower right: MRI images of individuals 

with recessive ACTL6B mutations. For individual R4, note white matter T2 

hyperintensity (arrows). For individual R8, note enlarged lateral ventricles and 

asymmetric gyral pattern (left, arrows). On the right, note thin corpus callosum (arrows). 

B) Linear graph of mutations in ACTL6B (introns not drawn to scale). C) Conservation of 

the residues affected by amino acid substitutions. D) 3D model generated with 

SWISSMODEL based on S. cerevisiae Arp4 (yeast homolog of ACTL6B), visualized 

with Swiss-PdbViewer showing that recessive mutations are not focused in one region. 
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Note  however that the dominant mutations seem to lie at the periphery of the protein thus 

they might affect protein-protein interactions.  

 

 

Figure 2. Generation of iPSC-derived neurons for BAF53 studies 

A) Representative images of quality control staining done on iPSCs. B) Representative 

quality control staining on NPC cultures. C) Representative staining of control cells for 

TUJ1 and MAP2 at D15 of differentiation. D) Representative trace of miniature EPSCs 

from D25 neurons held at -40 mv. E) Representative recordings showing spontaneous 

activity of D25 neurons in current-clamp mode. F) Trace of a hyperpolarizing pulse 

showing a depolarizing sag followed by multiple rebound action potentials. The first 

action potential is shown at a higher temporal resolution. All scale bars represent 40 µm 
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Figure 3. Comparison of control and ACTL6Bext*33 before and after expression of 

ACTL6B 

 A) Diagram illustrating the production of control and ACTL6Bext*33 iPSC-derived 

NPCs from fibroblasts B) ACTL6B expression normalized to GAPDH expression plotted 

against number of days of differentiation of NPCs. N=4, error bars represent standard 

error around the mean. C) Expression of key genes in the SWI/SWF complex in 706 

ACTL6Bext*33 and control NPCs in proliferating and post-mitotic states. Genes are 

normalized to GAPDH expression. (n≥3) Student's t-test, *P<0.05, **P<0.01. D) Western 

blots assessing the level of proteins encoded by the genes displayed in G. 
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Figure 4. Generation and characterization of ACTL6B KO neurons reveals a loss of 

dendrites. 

A) Diagram of the experimental approach taken to generate ACTL6B KO NPCs. B) 

Sanger sequencing traces of two ACTL6B KO lines. C) ACTL6B expression in control 

and ACTL6B KO NPCs at a D0 and D5 timepoint (n≥3) D) Western Blots assessing the 

protein levels of BAF53A/B in ACTL6B KO lines. E) Representative TUJ1 and MAP2 

staining of control and ACTL6B KO D15 immature forebrain neurons. F) Quantification 

of the surface area of the nucleus in the cell lines shown in E, (n>50). Student's t-test, 

*P<0.05, **P<0.01. 
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Figure 5. Repair of the ACTL6B  c.1279del mutation restores morphological and dendritic 

deficits. 

A) Schematic detailing ACTL6B CRISPR repair. B) Sanger sequencing traces of a 

Successful Repair (SR) and Unrepaired (UR) cell line generated from ACTL6Bext*33 

cell line. C) ACTL6B expression in SR and UR NPCs at a D5 timepoint (n=6) D) 

Representative TUJ1 and MAP2 staining taken from SR and UR forebrain immature 

neurons at D15. Scale bars represent 40µm. E) Quantification of the surface area of the 

nucleus and soma, and the length of projections in the cell lines shown in D, (n>50).  

Student's t-test *P<0.05, **P<0.01, ***P<0.001 
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Figure 6. ACTL6Bext*33 variant leads to increased binding of BRG1-BAF complex to 

the genome. 

A) Diagram illustrating the ChiP-Seq experiment. B) Venn diagram showing overlap of 

genes that the BRG1 complex is bound to. C) Decreased binding at all 382 FDR 

significant sites in control cells compared to ACTL6Bext*33 cells (pink dots are 

significant, while blue dots are not). D) Proportion of BRG1 binding sites found in 

relation to their proximity to a gene. E) Gene ontology analysis of differentially bound 

regions.  F) Within-subjects differential binding across developmental stages (D0 and 

D5) showing decreased binding in D0 compared to D5 in ACTL6Bext*33 cells (pink 

dots are significant, while blue dots are not). Genes showing a significant difference 

(FDR-adjusted p-values (Benjamini-Hochberg) ≤0.05) in D5 relative to D0 using a GLM 

as implemented in DESeq2.  
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Figure 7. External validity in multiple ACTL6B mutant models in human neurons 

A) TPPP and FSCN1 expression in initial RNA-Seq (n≥4) and qPCR (n≥3) data 

(ACTL6Bext*33 vs control); unrepaired (UR) ACTL6Bext*33 vs ACTL6Bext*33 

Successful Repair (SR) (n=6); and ACTL6B KO vs isogenic control cells (n=5). Results 

are represented as mean ± SEM. Student's t-test *P<0.05, **P<0.01, ***P<0.001 B) 

Experimental plan for generation of multiple human neuronal cell lines expressing 

various mutant ACTL6B constructs. C) Brightfield and GFP images demonstrating high 
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transfection of ACTL6B constructs. D) mRNA expression in transfected ACTL6B KO 

NPCs at D5 timepoints of ACLT6B,  TPPP, and FSCN1 (E) (n=3). Results are 

represented as mean ± SEM. Student's t-test *P<0.05, **P<0.01, ***P<0.001 

 

 

Figure 8. Neurons derived from an individual with a compound mutation in ACTL6B 

show a similar phenotype to ACTL6Bext33 and ACTL6B KO neurons. 
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A) Schematic showing generation of ACTL6Bcompoundmutant NPCs B) Sanger 

sequencing traces of ACTL6Bcompoundmutant and control cell line at both identified 

point mutations in the ACTL6B gene C) Representative TUJ1 and MAP2 staining of 

control and ACTL6Bcompoundmutation immature forebrain neurons. D) Quantification 

of the surface area of the nucleus in the cell lines shown in E. E) TPPP and FSCN1 

expression in ACTL6Bcompoundmutant vs control cells at mitotic (D0) and post-mitotic 

(D5) timepoints (n>50). Student's t-test, *P<0.05, **P<0.01. 
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Table 1. Pathogenic variants and key clinical information of individuals with bi-allelic 

mutations in ACTL6B.  
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Table 2. Pathogenic variants and key clinical information of individuals with de novo 

mutations in ACTL6B.  
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Web Resources 

BWA: http://bio-bwa.sourceforge.net/ 

GATK: https://software.broadinstitute.org/gatk/ 

MACS2: https://github.com/taoliu/MACS/wiki/Install-macs2 

Trim Galore: http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/ 

Bioconductor: http://bioconductor.org/packages/release/bioc/html/DiffBind.html 

HOMER: http://homer.ucsd.edu/homer/ 

Neurolucida: https://www.mbfbioscience.com/neurolucida 

Imagelab: http://www.bio-rad.com/en-ca/product/image-lab-software6\ 

Online Mendelian Inheritance in Man: http://www.omim.org 

VarSome: https://varsome.com/ 
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Supplemental Materials 

Supplemental Case Reports 

 

Recessive mutations 

Individual R1 

Stable epilepsy, on a 4/1 ketogenic diet, lamictal, rivotril, frisium and Keppra. Very 

sensitive to heat and infections, with increased seizures at those time, but did not require 

changing the treatment. Stable global developmental delay, goes to school, has good 

waking periods, but there is no significant gain. Fine from the digestive point of view, 

still gavage-fed, which is well tolerated (she has had in the past periods with little 

tolerance to gavage-feeding and nausea, but this has not happened for about a year. Last 

aspiration pneumonia in December 2017). Hospitalized for a first treatment of 

bisphosphonate, this due to a worsening of her osteoporosis. The treatment was well 

tolerated, it caused a little fever, but without seizures. However, she received only two-

thirds of the half-dose that she was to receive, but it is enough to reassure the team that 

she will be able to receive the next treatments. 

Individual R2 

The individual is a 5-year-old boy who was originally seen for genetic evaluation at 4 

months of age due to history of hypotonia, developmental delay and failure to thrive as 

well as a family history of a sibling who died at age 5 years with history of intractable 

seizures, global developmental delay and hypotonia. There was no concerns or 

complications during pregnancy or delivery. Baby was born full term with normal 

vaginal delivery. His birth weight was 3.76 kg, length 48 cm and OFC was 35.5 cm. The 
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individual also had history of GERD (gastroesophageal reflux disorder) with recurrent 

emesis as well as dysphagia. He underwent gastric tube placement with Nissen 

fundoplication at 14 months of age and his GI symptoms greatly improved. His first onset 

of seizures was at 3 years of age with complex partial epilepsy. His brain MRI at 3 years 

of age was unremarkable but no recorded seizures on the EEG. He also had significant 

cortical visual impairment. His symptoms including hypotonia, global developmental 

delay, intellectual impairment and seizures continued to deteriorate and he died at 5 years 

of age. He underwent at 2 years of age whole exome sequencing which identified 

compound heterozygous mutations in the ACTL6B gene, c.695delC (p.P232fs) and a 

c.1275C>A (p.C425X). Both of these mutations were identified in his deceased sibling 

with a similar phenotype. Each parent was carrier for one of the mutations. The 

individual’s brother had history of global developmental delay and hypotonia which were 

first noted around 4 months of age. He also has cortical visual impairment with 

intractable mixed seizures with onset at 2 years of age. His brain MRI showed cerebral 

atrophy and delayed white matter maturation followed by white matter loss including 

corpus callosum. He had history of GERD and underwent Nissen Fundoplication with 

gastric tube placement 

 

Individual R5  

Age 1 year and 11 months. She has a pharmacoresistent epilepsy. EEG shows a 

multifocal epileptiform activity and non-normal background activity. The girl has a 

severe global developmental delay, has some eye contact, no verbal communication and 
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has no voluntary motor function. Sha has a severe dystonic motor pattern. She uses a 

jejunostomy for feeding. 

 

Individuals R8a and R8b 

Full sisters of Mexican descent. Their parents are second cousins. Both individuals have 

severe global developmental delay. They are nonambulatory and nonverbal. Both have 

been diagnosed with spastic quadriplegic cerebral palsy GMFCS level V. Both have a 

history of aspiration pneumonias and chronic lung disease. Both have seizure disorders 

with the elder sister having seizures by 5 months of age and the younger sister within the 

first month of life. Both have had MRIs of the brain which show thinned corpus callosum 

and white matter volume loss. 

 

Individual R9 

This girl is the second child of non-consanguineous parents. She was born at term (40+3 

weeks) with a birth weight of 3270 gram. At the age of 5 weeks her length was 53 cm (-

0,5 SD), weight 4,2 kg (+0,1 SD) and her head circumference 35,5 cm (-1,1 SD).  There 

is no relevant family history. She has a healthy older brother who was born with preaxial 

polydactyly of his left foot. The brother was tested negative for both ACTL6B mutations. 

Both parents are healthy carriers.  She had severe epilepsy with antenatal onset; the 

mother reported “hick-ups with strange child movements” during pregnancy. EEG shows 

multifocal EEG abnormalities with intensive epileptic abnormalities of the left 
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hemisphere. She had myoclonic seizures as well as tonic seizures. MRI cerebrum showed 

a thin corpus callosum, high signal intensity of dorsal globus pallidum/putamen an 

showed some asymmetric gyral patern. At the age of 14 months she was examined: she 

had a significant developmental delay, head lag and she was not able to sit yet. Besides 

the seizures which are difficult to control with medication she had severe axial hypotonia, 

hypertonia of the extremities (spastic tetraparese) and hyperreflexia. Also she needs 

feeding by gastric tube because of severe feeding problems and vomiting. She had 

extreme discomfort, which might be partially caused by chronic sever obstipation en 

possible a minor congenital anorectal malformation.  The last examination was by a 

paediatrician at the age of 2 years and 4 months. She had an infection of the gastric tube 

which she was operated on and now gets a daily enema. This resulted in less discomfort. 

However, there is still some discomfort with vomiting during the day. She has less 

seizures; but despite high doses different anti-epileptic medication she still has a lot of 

(mostly mild) seizures every day and also at night. She doesn’t develop much (she makes 

contact and smiles, some babbling, but still head lag and no sitting).  

Dominant mutations 

Individual D3 

Patient was enrolled in the Pediatric Genomics study conducted by HudsonAlpha 

Institute for Biotechnology in Huntsville, AL, USA in collaboration with Children’s 

Rehabilitation Service and the Alabama Department of Rehabilitation Services. The de 

novo missense mutation NM_016188.4:c.1027G>A p.Gly343Arg in ACTL6B was 

identified using whole genome sequencing of the affected child and both of his 
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unaffected parents was performed and the result was confirmed by Sanger sequencing. 

This young boy was enrolled at 6 years and 6.5 months of age and at that time, he 

presented with global developmental delay, severe ID, hypotonia, absent speech, 

tracheomalacia, and ambulation difficulties. EEG was normal and no seizure activity was 

detected. Brain MRI, CGH, Microarray, and hearing screening were not remarkable. 

Gene panel testing for genes associated with Myotonic Dystrophy, Fragile X Syndrome, 

and Prader-Wili Syndrome were all normal. He has mild facial dysmorphism 

(hypertelorism, spaced teeth, low set ears, everted upper lip, and wide mouth). He also 

wears glasses (specific condition is unknown), has poor muscle tone, sensory processing 

abnormalities, and extreme joint laxity. At 7 years of age, the child was reported to be 

able to crawl, pull up, and feed himself using a spoon.  

Individual D9 

9-year-old female, who has been followed since age 2 with a negative evaluation for 

Angelman syndrome that included SNP CMA, PWS/AS methylation testing and UBE3A 

sequence analysis. MECP2 sequencing was also negative. She has an unsteady gait with 

improving tone, strength, and fine motor skills. She is non-verbal and uses a picture 

device for communication (combination PECS/I-Pad system). She has some hand 

stereotypies and poorly coordinated eye movements with severe intellectual disability. 

Her receptive skills are better than her expressive skills, and she has a treatment diagnosis 

of autism. She is unable to cooperate with formal psychometric testing. She is partially 

toilet-trained, with very sensitive skin and a high pain threshold, and she had early onset 

of puberty with early pubertal dentition.  She had a single febrile seizure that did not 
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recur. She has not had an MRI. She has a normal sister and a less severely-affected 

female cousin born to her dad’s brother with seizures and intellectual disability. Exam 

revealed height at the 75th-90th centile, weight 75th-90th centile, and head circumference 

50th-75th centile. She had a 5 x 3 cm mole on her right flank.  She had ocular 

hypertelorism  (OCD 9.8 cm,+4 SD above the mean;  IPD 6.0 cm, +2 SD; and ICD 3.5 

cm, +2 SD).  There is a disruption of the medial eyebrows with nearly absent medial 

portion. She has a somewhat squared off nasal tip. She has a high, narrow anterior palate 

with mixed dentition and a short philtrum. A bifid uvula was noted previously. Breast 

buds were apparent, Tanner II-III. Long appearing palms with 5th fingers remarkably 

shortened bilaterally.  There are prominent digital pads on the thumb and the 4th fingers 

bilaterally. She has malalignment of her toes, with her 3rd toe underneath her 4th toe and 

broad halluces.  Her toes are also broad with somewhat small nails, and she has broad 

distal phalanges on her fingers with small nails.  She was non-verbal with relatively 

normal tone and severe intellectual disability. 

Individual D10 

Female patient with developmental delay, intellectual disability. global hypotonia, 

walking at 6y3m, ataxic gait with hyperlordosis, no language but says “mama”, no 

seizures. kindness but very anxious; stereotypies strabismus, astigmatism.  One brother 

with same problems, better evolution/better management and no problems at birth, same 

mutation. Father : intellectual disability, abnormal behavior (psychiatric). 

 

Supplementary Figures 
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Supplementary Figure 1. A) Photos of individuals with ACTL6B mutations. Note broad 

mouth of individuals D1 and D4, and hypertelorism in individual D8. For individual R4, 

handwringing is illustrated. B) MRI images of individuals with ACTL6B mutations. For 

individual R4, note white matter T2 hyperintensity (arrows). For individual R8, note 

enlarged lateral ventricles and asymmetric gyral pattern (left, arrows). On the right, note 

thin corpus callosum (arrows). 
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Supplementary Figure 2.  Posterior probability of origin of affected ACTL6B allele. The 

most recent common ancestor couple of the parents of family R3 are the most likely 

origin of the affected ACTL6B allele, with a posterior probability of 0.809. Details on 

how this probability was calculated can be found in the supplemental methods.  Church 

marriage records from Quebec revealed that the father and mother of R3a and R3b had a 

common ancestor 4 and 5 generations back, respectively. Common ancestor also 

independently confirmed by family. 
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Supplementary Figure 3. Characterization of pluripotency markers in induced plurpotent 

stem cell lines.  A-B) Immunocytochemistry of four pluripotency markers (TRA-1-60, 

Nanog, SSEA and OCT4) in all iPSC lines used in this study. Scale bars represent 

200µm. C) qPCR assessment of key genes in all cell lines utilized in this study following 

differentiation for eight days into a ectoderm, mesoderm and endoderm lineage. Scale is 

relative to expression of genes in a sample composed of equal parts of all three germ 

layers. D) Assessment of the expression of pluripotency genes in cDNA obtained from 

iPSCs.  Primers bind only to endogenously expressed genes.  
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Supplementary Figure 4. Characterization of neural lines generated for this study.  A-B) 

ICC staining of all NPC lines generated in this study, showing positive staining of 

forebrain NPCs (Nestin, SOX1, PAX6) and negative staining pluripotency markers 

(OCT4). Scale bars represent 200µm.  
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 Supplementary Figure 5. Morphology of CRISPR modified neuronal lines during 

differentiation. A) Bright field images of Control, KO, Unrepaired, and Sucessful Repair 

cell lines during fifty days of neuronal differentiation. Scale bars represent 100µm.   Note 

that both KO and Unrepaired lines consistently show larger cell bodies and fewer 

extensions from cell bodies 
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Chapter VI: Discussion, Conclusions and Future Directions  

 

Improving iPSC differentiation into cortical neurons 

The central topic of this thesis is the development and application of iPSC based models 

of rare neurodevelopmental disorders. To that end, I optimized a methodology for the 

differentiation of iPSCs into cortical neurons and NPCs. This protocol offers several 

significant advantages over previously described protocols. Practically, this protocol 

offers a highly detailed description that enables cell culture novices to generate high 

quality cortical cells. Scientifically, this protocol offers a methodology to create highly 

pure (95%<) cortical NPCs and electrically active cortical neurons. The developed 

protocol therefore represents a simple and effective procedure to generate cortical 

neurons for basic biological studies, drug testing, or to model neurodevelopmental 

diseases that affect cortical cells. However, these developed models are only appropriate 

to address scientific questions that can be studied by examining a pure culture of cortical 

cells in a monolayer. Studies that seek to examine aspects of cortical cells such as 3D 

morphology and interactions with other neurological cell types would be better served by 

animal, organoid or monolayer co-culture models. 
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Combining gene editing and iPSC-based models of disease 

Complementing our work on an improved iPSC differentiation protocol, we also 

developed a protocol to generate clonal, gene edited iPSC colonies using the CRISPR/ 

CAS9 gene editing system. By combining the transfection of episomal iPSC 

reprogramming vectors with the transfection of a CRISPR/ CAS9 vector, this protocol is 

able to reduce the number of transfections and time required to generate a genetically 

edited iPSC culture from somatic cells. Combining the gene editing process with the 

naturally low rate of iPSC reprogramming also enables iPSC colonies to be easily 

generated from a single cell, which eliminates the need to regenerate the iPSC colony 

from a single cell if a clonal cell line is desired. We were both able to successfully knock 

out genes and repair disease causing mutations using this system, demonstrating its 

effectiveness.  Overall, this protocol represents a simple and effective way to produce 

clonal gene edited iPSC cultures. However, if clonality is not a concern, then this 

methodology is unnecessarily complex and energy intensive. Similarly, if  gene editing is 

desired with iPSCs as a starting material, then a simpler solution to obtaining  clonality  

is generate iPSCs colonies that originate from a single cell by serial dilution, rather than 

by selecting for cells that can successfully reprogram from a low-incidence transfection.    
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Modelling established and novel neurodevelopmental diseases 

By using our methodologies to develop patient derived and gene edited models of 

GRIN2B dysfunction, we were able to demonstrate both electrochemical and 

differentiation deficits that arise during cortical neurodevelopment as a direct result of 

mutations in GRIN2B. This study illustrates how iPSC modelling and CRISPR/CAS9 

gene editing can be used to investigate neurodevelopmental diseases, utilizing gene 

edited models as a way to preform exploratory studies, and confirming identified 

phenotypes using patient derived models and pharmacological experiments where 

possible.  

Continuing this approach to model a previously unknown neurodevelopmental disease 

caused by mutations in ACTL6B, we employed similar research tactics.  We utilized a 

gene edited KO line to identified phenotypes, in this instance deficits in dendrite 

morphology and the expression of neurodevelopmental genes. We then proceeded to 

validate these results by observing that a patient derived model demonstrated reversal of 

these phenotypes when the potential disease causing mutation in ACTL6B was 

CRISPR/CAS9 repaired to a wild-type state. 
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Conclusions and Future Directions 

Overall, our results modelling neurodevelopmental diseases, whether previously 

described or novel, demonstrate that iPSC models offer an efficient and effective method 

to identify cellular and molecular phenotypes in neurodevelopmental disease. Combining 

CRISPR/CAS9 with these models provides a way generate iPSC based models in the 

absence of patients by gene editing healthy cell lines to contain disease variants, or to 

validate phenotypes observed in patient lines by replicating the effect by inserting an 

identical or similar genetic change in a healthy line, or reversing the phenotype by 

restoring a disease causing mutation to a wild type state. 

One exciting area for future research will be the application of the techniques we have 

developed to generate iPSCs from fibroblasts to other somatic cell types, such as cells 

derived from blood or urine, which would enable a much simpler, non-surgical collection 

of somatic cells. In a similar vein, once generated, clonal gene edited iPSCs could be 

matured into many more types of neurons than the cortical and dopaminergic cultures we 

worked with, opening up the possibility for these techniques to be applied to any disease 

that strikes a specific type of cell in nervous tissue. 

However, while these techniques have opened up new and exciting possibilities for 

modelling neurodevelopmental disease, they still present limitations. One of the chief 

limitations of our iPSC models of neurodevelopmental disease is that they only model 

one type of cell at a time in a monolayer, as opposed to the plethora of cell types in a 3-D 

space that constitute the cellular environment in the brain. Future studies should aim to 

address these issues by focusing on generating effective models that recapture part of the 
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3-D structure of the brain, such as organoids.  These models will help inform a crucial 

missing link in functionality between relatively quick to generate monolayer cell cultures, 

and relatively slow to generate animal models.  

Other areas of future study in modelling rare neurodevelopmental diseases will include 

further increasing standardization and simplification of neurodifferentiation protocols, 

adapting iPSC derived neurons to be suitable for high-throughput drug screening, and an 

improved understanding of the developmental process that occurs in different neuronal 

subtypes during human neurodevelopment.  With an improved understanding of 

neurodevelopmental disease, and an increased arsenal of tools to identify problems in 

neurodevelopment, we hope that neurodevelopmental diseases will increasingly become 

treatable.  
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Appendix 1: CRISPR/CAS9 editing of the GRIN2B gene 

 

Supplementary Materials 

Supplementary Information about GRIN2B CRISPR Experiment 

Section of GRIN2B Gene targeted: hg19_dna range=chr12:13722703-13722942 

TGATGTTTTGGACTGGCCATCAGTAGAGGACAAATGGGCACTTTCCCTTTCTT

GAACTCACCATCTCCAAAGAGCTGCAGGATAGCAAGGTCCACCTGGCGCTTC

CACCCAGAATCTTTTTGGATGGCAATGCCATAGCCAGTGGAAGCAAAGACCT

TCCCACTGCCAATGGTCACCAGCTTGCAGCCTTCATCTCTGCCTGCCATATAG

TTCAGCACTGCTGCATCATAGATGAAGGCA 

 

FWD CRIPSR gRNA sequence:  

GATGGCAATGCCATAGCCAGTGG 

REV CRISPR gRNA sequence: 

GGACCGCGAAGGTGGGTCTTAGA 

 

Sanger Forward Primer sequence: TTTGGACTGGCCATCAGTAG 

Sanger Reverse Primer sequence: TATATGGCAGGCAGAGATGAAG 

Raw Fasta sequences from Sanger sequencing 

Control 
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Ttctgaagaagtgagttttggatggcctcagtagaggacaaatgggcactttccctttcttgaactcaccatctccaaagagctgc

aggatagcaaggtccacctggcgcttccacccagaatctttttggatggcaatgccatagccagtggaagcaaagaccttccca

ctgccaatggtcaccagcttgcagccttcatctctgcctgccatatagaa 

Heterozygous High Band 

ttctgaaagagttgagttttggatggccatagtagaggacaaatgggcactttccctttcttgaactcaccatctccaaagagctgc

aggatagcaaggtccacctggcgcttccacccagaatctttttggatggcaatgccatagccagtggaagcaaagaccttccca

ctgccaatggtcaccagcttgcagccttcatctctgcctgccatatagaa 

 Heterozygous Low Band 

cctggagaaggtgagttttggatggccatcagtagaggaaaatgggcactttccctttcttgaactcaccatctccaaagagctgc

aggatagcaaggtccacctgccaatggtcaccagcttgcagccttcatctctgcctgccatatagaa 

KO High Band 

ttctgaagaaggtgagttttggatggccatcagtagaggacaaatgggcactttccctttcttgaactcaccatctccaaagaagct

gcagggatagcaaggtccacctggcagctgtcccactgccaatggtcaccagcttgcagccgtcatctctacctgccatataga

a 

KO Low Band 

Nngggaagaagtgagttttggatggccatcagtagaggaaaatgggcactttccctttcttgaactcaccatctccaaagagctg

caggatagcaagaccttcccactgccaatggtcaccagcttgcagccttcatctctgcctgccatatagaa 

 

Alignment 
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Control                

caaggtccacctggcgcttccacccagaatctttttggatggcaatgccatagccagtggaagcaaagaccttcccactgcca 

Heterozygous High Band 

caaggtccacctggcgcttccacccagaatctttttggatggcaatgccatagccagtggaagcaaagaccttcccactgcca 

Heterozygous Low Band  caagaccttcccactg--------------------------------------------------------

--------cca 

KO High Band           caaggtccacc ----------------------------------------------------

tggcagctgtcccactgcca               KO Low Band                              caaggt-----------------------

----------------------------------------------------cca 

 

Chromatograms 

 

qPCR primers for confirmation of gene editing 

Forward qPCR primer: CGCTTCCACCCAGAATCTTT 
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Reverse qPCR primer: AGCAGTGCTGAACTATATGGC 

Section of GRIN2B Gene targeted: hg19_dna range=chr12:13722703-13722942 

TGATGTTTTGGACTGGCCATCAGTAGAGGACAAATGGGCACTTTCCCTTTCTT

GAACTCACCATCTCCAAAGAGCTGCAGGATAGCAAGGTCCACCTGGCGCTTC

CACCCAGAATCTTTTTGGATGGCAATGCCATAGCCAGTGGAAGCAAAGACCT

TCCCACTGCCAATGGTCACCAGCTTGCAGCCTTCATCTCTGCCTGCCATATAG

TTCAGCACTGCTGCATCATAGATGAAGGCA 
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Appendix 2: Direct Conversion from Fibroblasts to Neurons 

 

We first emulated the protocol described by Dr. Hu and colleagues exactly, using the 

chemical cocktail VCRFSGY. After three days we observed 30-40% of the cells take on 

a neuronal-like morphology, consistent with the reported results. However, these many 

converted cells gradually detached and died within seven days of conversion initiation, 

precluding us from continuing with the protocol and culturing neurons in a maturation 

media.  The remaining cells, which retained fibroblast morphology, persisted until ten to 

eleven days, after which we halted the protocol. 

We contacted the authors, who recommended reducing the dosage of RepSox, 

SP6000125 and GO6983 to 0.5, 5 and 2.5µM respectively. Unfortunately, this had no 

effect on cell survival and resulted in less neuronal generation. Similarly, increasing the 

concentration of the ROCK inhibitor Y-2763 to 2 µM still resulted in a significant 

proportion of neuronal-like cells dying within seven days of conversion.  

Hypothesizing that a more supportive coating on our tissue culture dishes would promote 

cell survival, we plated fibroblasts on poly-orinthine/laminin and matrigel coatings, and 

otherwise followed the protocol described by Dr. Hu et al., but found the new coatings 

did not prevent cells detaching and dying within five days of conversion.  

Finally, upon further recommendations from Dr. Hu and colleagues, we also attempted to 

prolong the life of our neuronal-like cells by reducing their initial plating density. 
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However, we observed neuronal-like cells continued to detach when cells were plated in 

50%, 70% and 90% of our original cell density. As a control for our facility, we ran 

concurrent experiments during our attempts to transdifferentiate fibroblasts with induced 

pluripotent stem cells, neural progenitor cells, and neurons. 

 

Appendix 3: Supplemental Experimental Procedures 

 

Sanger sequencing 

DNA was extracted from iPSCs using a QIAamp DNA Mini Kit (QIAGEN, Cat# 51304). 

Amplification of putative CRISPR KO and repair colonies was performed in 25 µl 

reaction volume consisting of 10 µL nuclease free water, 12.5 µL Taq green master mix, 

0.5 µL forward primer, 0.5 µL reverse primer, 0.5 µL DMSO, 1µL template. PCR was 

performed using a S1000™ Thermal Cycler (BioRad, Cat# 1852148). PCR products 

were examined by electrophoresis at 100 V for 30 min in a 1.5% (w/v) agarose gel in 1 x 

TAE buffer to confirm product purity, and then shipped to Genome Quebec (Montreal, 

Canada)  and sequenced on a using a 3730xl DNA Analyzer (Illumina). Primer sequences 

used to confirm gene editing can be found in CRISPR supplementary materials 

 

RNA extraction and quality control 

Cells were washed with PBS and detached using 0.05% trypsin-EDTA, and resuspended 

in Qiazol (Qiagen, Cat# 79306). RNA was extracted using an miRNeasy kit (Qiagen, 

Cat# 217004). Prior to RNA sequencing, appropriate RNA concentration, 260/230 and 

260/280 ratios were determined by using a NanoDrop 2000 UV-Vis Spectrophotometer 

(Nanodrop). The quality of the RNA and the 28S/18S ratios were assessed using an 

Agilent 2100 Bio analyser (Aligent) and the RNA 6000 NanoChip (Aligent). All samples 

with RIN values below 9 were excluded from further analysis. 

 

RNA-Sequencing 

All libraries were prepared by expert technicians at the McGill University and Genome 

Quebec Innovation Center. Replicates for each cell line were grown in different T75 
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flasks, and extraction of RNA was done independently for each flask. Eight libraries were 

run per lane of an Illumina HiSeqV4 2500 flow cell (125 bp paired-end reads), which 

achieved an average of ∼40 million reads per library. For bioinformatic processing, we 

used FASTX-Toolkit, TopHat Bowtie2,  and Cufflinks2 with default parameters to 

preprocess, align, and assemble reads into transcripts, estimate abundance, and test 

differential expression.  

Comparison of transcriptomics profiles 

Mouse radial precursor single cell expression profiles at three different timepoints 

(embryonic days 11, 13, 15 and 17) were obtained from Yuzwa et al. (2017). Average 

expression profiles were computed on cortical cells for each developmental stage. In an 

effort to compare our RNASeq read counts with their Single Cell transcript counts, we 

divided each gene's read counts by its transcript's size. We selected a number of common 

genes present in our RNASeq and their 4 timepoints. Correspondence between our 

human genes and their mouse genes was established based on gene symbols. The 

resulting dataset is composed of 4 average expression profiles (one for each timepoint) 

and 4 RNASeq Control samples from our experiment (composed of two batches of two 

samples) over a total of 11869 genes. The gene matrix was normalized using a 

regularized log transformation in DESeq2. Limma's removeBatchEffect algorithm was 

applied to the data to reduce the impact of the 3 expected batches (data from Yuzwa et al. 

and the two batches from our controls). Batch-corrected log transformed counts were 

then used for two hierarchical clustering experiments, respectively using distance and 

Pearson's R as dissimilarity/similarity metrics. 

 

GEO analysis 

Genes were considered as signicantly differentially expressed if they displayed a 

Bonferroni corrected P-value below 0.05. Differentially expressed genes were  analysed 

using DAVID annotation tools ( https://david-d.ncifcrf.gov/). To determine functional 

enrichments in our sets of significant differentially expressed genes, the first three out 

five layers of annotations were selected from Gene Expression Omnibus classifications in 

the categories “biological process”, “cellular component” and “molecular function” A 

significant enrichment was considered in those categories for values below 0.05 after 

correction using a Bonferroni method.  

Tables for Supplemental Experimental Procedures 

Primers and probes used for qPCR analysis. Related to Experimental Procedures 

Gene target Reference 

GAPDH 4310884E (Applied Biosystems) 

GRIN2B Hs00168230_m1 (Applied Biosystems) 

GAPDH Hs.PT.39a.22214836 (IDT) 

MET Hs.PT.58.339430 (IDT) 

https://david-d.ncifcrf.gov/
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MKI67 Hs.PT.58.27920212 (IDT) 

 

Antibodies used in immunocytochemistry. Concentration used, Supplier and Catalog 

number is provided for each antibody. Related to Experimental Procedures 

Antibody Concentration 

Used 

Supplier Catalog Number 

Tuj1 1/2000 Abcam ab14545 

Nestin 1/2000 Stemcell 

Technologies 

60091 

SOX1 1/1000 Stemcell 

Technologies 

60095 

OCT4 1/100 Stemcell 

Technologies 

60093 

PAX6 1/500 Stemcell 

Technologies 

60094 

TRA-1-60 1/100 Abcam ab109884 

Nanog 1/100 Abcam ab109884 

SSEA 1/100 Abcam ab109884 

VGLUT1 1/300 Abcam ab77822 

GABA 1/500 Abcam ab86186 

GFAP 1/500 Abcam ab7260 

S100B 1/200 Abcam ab52642 

MAP2 1/100 Abcam ab109884 

GRIN2B 1/250 Abcam ab93610 

KI67 1/500 Abcam ab92742 

MET 1/100 Abcam ab51067 

ALEXA 488 1/2000 Invitrogen A-11008 

ALEXA 555 1/2000 Invitrogen A-21422 

 

Antibodies used  in western blotting. Concentration used, supplier, and catalog number is 

provided for each antibody. Related to Experimental Procedures 

Protein Target Concentration 

Used 

Supplier Catalog Number 

GRIN2B 1/2000 Abcam ab65783 

GRIN2A 1/1000 Abcam ab124913 

GRIN1 1/1000 Abcam ab109182 

KI67 1/3000 Abcam ab92742 

MET 1/1000 Abcam ab51067 

β-actin 1/5000 Abcam ab8227 

C-FOS 1/1000 Abcam ab190289 

P-CREB (S133) 1/1000 Abcam ab32096 

CREB 1/1000 Abcam ab32515 
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Rabbit Anti-Mouse 

IgG 

 Abcam ab97046 

Goat Anti-Rabbit IgG 1/5000 Abcam ab6721 
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Supplementary tables 

Supplemental Table 1. Cell lines used in this study. Name, source of the cell line, the sex, 

age, ethnicity characteristics, reprogramming method and gene editing is listed for each 

line. Related to Figure 1 

 

Name Source Sex Age Ethnicity Clinical 

Characteristics 

Reprogramming 

Method 

Gene Editing 

Method 

Control 1 Coriell 

(GM07492) 

M 17 Caucasian Healthy Episomal N/A 

Control 2 Patient 

Biopsy 

M 21 Caucasian Healthy Episomal N/A 

Patient Patient 

Biopsy 

F 5 Caucasian Delayed 

development, 

intellectual 

disability, 

hypotonia 

Episomal N/A 

RD Control 1 N/A N/A N/A N/A Episomal CRISPR/ 

CAS9wt 

LOF Control 1 N/A N/A N/A N/A Episomal CRISPR/ 

CAS9wt 

RP-F1 Patient N/A N/A N/A N/A Episomal CRISPR/ 

CAS9D10A 

Nickase 

RP-F2 Patient N/A N/A N/A N/A Episomal CRISPR/ 

CAS9D10A 

Nickase 

RP-S1 Patient N/A N/A N/A N/A Episomal CRISPR/ 

CAS9D10A 

Nickase 

RP-S2 Patient N/A N/A N/A N/A Episomal CRISPR/ 

CAS9D10A 

Nickase 

 

Supplemental Table 2: Cell lines and replicates used in this study. The cell lines and 

number of replicates used in each Figure is listed. Related to Experimental Procedures 

Experimental Figure Cell lines Used Replicates 

(n) 

Figure 1E Control 1 8 

Figure 2G Control 1 ≥46 

Figure 3G Control 1, LOF, RD 3 

Figure 3I Control 1, LOF, RD 8 

Figure 4D Control 1, Control 2, Patient 3 
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Figure 4F Control 1, Patient 7 

Figure 4K RP-F1, RP-F2, RP-S1, RP-S2 6 

Figure 5C Control 1 7 

Figure 6B Control 1, RD, LOF, Patient ≥58 

Supplementary Figure 

3B 

Control 2 3 

Supplementary Figure 

4 

Control 1  

Supplementary Figure 

5A 

Control 1, LOF, RD 3 

Supplementary Figure 

5B 

Control 1, LOF, RD 3 

Supplementary Figure 

5D 

Control 1, LOF, RD 3 

Supplementary Figure 

5F 

Control 1, Patient 3 
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Appendix 4 : Supplementary Information about ACTL6B CRISPR KO Experiments  

 

Type of CRISPR System used: Double Nickase 

Section of ACTL6B Gene targeted: hg19_dna range=chr12:13722703-13722942 

AGGTGACAGGCCCCGGGGTGCCCAGAGCTCGGATGGATGGCGCGGGTTTGGA

ACGCAGGGCTGCGGGAGCCGGGGGCCCGAGGCTCGCTCACCTCCGCCGTAGA

CGCCCCCGCTCATAGTGCCCGCTGCGCTGCTAGCGGCCCGTGGGCGGTGGCG

GGATCAGCACCGAGGCGGCCGGACAGCTCCCGGGATCCCTGGCGGGGCGGG

ACTCTCAGCGGCCAATTGGGAGGCCGGATCCCCCGC 

 

 

FWD CRISPR gRNA sequence:  

CCGTAGACGCCCCCGCTCAT 

REV CRISPR gRNA sequence: 

ACGGGCCGCTAGCAGCGCAG 

 

Sanger Forward Primer sequence: CAGAGCTCGGATGGATGG 

Sanger Reverse Primer sequence: AATTGGCCGCTGAGAGT 

 

 

Control 1 (No CRISPR) 

Failed KO#1  Failed KO #2 

Control 2 (CRISPR, no gRNA) 

KO #1 Failed KO #3 KO# 2 Failed KO#4 
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Raw Fasta sequences from Sanger sequencing (reverse strand) 

Control 

ttttcccgctgcgcgcgttgacgggggatccggcctccaattggccgctgagagtcccgccccgccagggatcccgggagctg

tccggccgcctcggtgctgatcccgccaccgcccacgggccgctagcagcgcagcgggcactatgagcgggggcgtctacg

gcggaggtgagacaatgaccnaccgg 

 

 

ACTL6B KO1 

cgctgcgcgcgttgacgggggatccggcctccaattggccgctgagagtcccgccccgccagggatcccgggagctgtccg

gccgcctcggtgctgatcccgccaccgcccacgggccgctagcagcgcagcgggcactatgctgggcactatgagcgggg

gcgtctacggcggaggtgagacaatgaccgaccgga 

 

ACTL6B KO2 

ccgctgcgcgcgttgacgggggatccggcctccaattggccgctgagagtcccgccccgccagggatcccgggagctgtcc

ggccgcctcggtgctgatcccgccaccgcccacgggccgctagcagcgcagcgggcactatgagcgggggcgtctagctg

gcagcggaggtgagacaatgaccgaccgg 

 

100bp 

200bp 
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Alignment (sense strand) 

Control                   cgggcactatgagcgggggcgtctacggcggaggtgagacaatgaccgaccgg 

ACTL6B KO1         

cgggcactatgctgggcactatgagcgggggcgtctacggcggaggtgagacaatgaccgaccgga                                                            

ACTL6B KO2         cgggcactatgagcgggggcgtctagctggcagcggaggtgagacaatgaccgaccgg 

Chromatograms (sense strand) 

 

 

  

Control 

ACTL6B KO1 

[c3_4ins(11)] 

ACTL6B KO2 

[c17_18ins(5)] 
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Supplementary Information about ACTL6B Repair CRISPR Experiment 

Type of CRISPR System used: Wild Type 

Section of patient ACTL6B gene targeted: >hg19_dna range=chr7:100240745-

100240994  

GTGTAGAAGTGAGACTCCCTCCCCTCACCTCCCTCCAGACCCCTGTGCCCACT

CCCCACCCCACGGAGGCCAAACTTTTTTTTCTTAAAACATTTTTACTTCTTTCA

ACCCAGAAACATCACCATTAATGAGGACAAGAGGGAAAGGAGGAGGGGGGC

AATGTGGCATGGGGGTTAAGGGACTTCCATCTGAGCTTGGGAGCAGGTGTGT

GGGGAGGAGTGCCATCGGGGCACTTTCGCTCCACGCACTGCTTCCCGCCCTC

CTCATATTCCTGCTTGGAGATCCACATCTGCTGGAAAGTGCCCTGGGTGGAGG

GGGTAATATCAGGGTCAGGGTGGCCTTGGAGGGAGGTGTGGACAGGCAGGT

GCAGCCCCTGGGAATCCTCCAACAGGCCCCAACCACCCCTTGGGTTCACATC

CCTCTGAAGCCCCTCCCCACCTCATCCTCCC 

 

Control Sequence: GTGTGGGGAGGAGTGCCATCAGGGGCACTTT (Control) 

Patient Sequence:  GTGTGGGGAGGAGTGCCATC-GGGGCACTTT (patient) 

gRNA Sequence:       TGTGGGGAGGAGTGCCATC-G 

Repair 

Sequence:GGGTTAAGGGACTTCCATCTGAGCTTGGGAGCAGGTGTGTGG 

GGAGGAGTGCCATCAGGGGCACTTTCGCTCCACGCACTGCTTCCCGCCCTCCT

CATATTCCTGCTTGG 
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Sanger Forward Primer sequence: CTTTCAACCCAGAAACATCACCATTAAT 

Sanger Reverse Primer sequence: AGCAGATGTGGATCTCCAAGCAG 

 

 

 

 

 

 

 

 

 

 

 

 

100bp 

200bp 

300bp 

400bp 

100bp 

200bp 

300bp 

400bp 

Control (No CRISPR) 

Repair Colony #2  Repair Colony #3 
Unrepaired (UR) 

Successful Repair (SR) 
Repair Colony #4 Repair Colony #5 Repair Colony #6 Repair Colony #7 

Repair Colony #8 Repair Colony #9 Repair Colony #10 

#10 

Repair Colony #11 Repair Colony #12 Repair Colony #13 
Repair Colony #14 Repair Colony #15 
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Raw Fasta sequences from Sanger sequencing (Sense Strand) 

 Unrepaired (UR) 

gggggcatgtggcatgggggttaagggacttccatctgagcttgggagcaggtgtgtggggaggagtgccatcggggcacttt

cgctccacgcactgcttcccgccctcctcatattcctgcttggagatccacatctgc 

 

Successful Repair (SR) 

ggacttccatctgagcttgggagcaggtgtgtggggaggagtgccatcaggggcactttcgctccacgcactgcttcccgccct

cctcatattcctgcttggagatccacatctg 

 

Alignment (Sense Strand) 

Unrepaired (UR)            gaggagtgccatc-ggggcactttcgctccacgcactgcttcccgccctcc                                                    

Successful Repair (SR)             gaggagtgccatcaggggcactttcgctccacgcactgcttcccgccctcc 

 

Chromatograms (Sense Strand) 

 

 

 

 

 

 Unrepaired (UR) 

Successful Repair (SR) 


