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ABSTRACT OF THE THESIS 

 

MeCP2 Dosage affects Cortical Organoid Physiology 
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An optimal level of methyl-CpG binding protein 2 (MeCP2) is necessary 

for normal neurodevelopment. Researchers have shown that loss of MeCP2 leads 

to Rett syndrome, characterized by impaired motor function, loss of language, and 

autistic features. In contrast, increased MeCP2 dosage leads to MECP2 

duplication syndrome which is similarly characterized by a severe 

neurodevelopmental phenotype with onset at birth. These disorders share some 
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common clinical features; however, on the cellular level, studies have shown that 

these syndromes result in strikingly different cellular phenotypes. To further 

understand the effects of MeCP2 dosage on human neurons, we utilized induced 

pluripotent stem cell (iPSC) technology to generate human cortical organoids with 

varying levels of MeCP2. Specifically, we used CRISPR/Cas9 to generate human 

isogenic MECP2-duplication, wild-type, and knockout iPSC lines. To better 

represent neurodevelopment over using traditional 2-D iPSC methods, we 

differentiated these cell lines into cerebral organoids. Here, we report one of the 

first human stem cell models that elucidates the effects of MeCP2 dosage on 

cortical organoid physiology. We show that MeCP2 amount affects cortical 

organoid size, neural migration, neurite outgrowth, and neuroinflammation genes. 

Ultimately, we hope our work will provide further insight into the effects of 

MeCP2 dosage on neurodevelopment and provide a platform for drug discovery.
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INTRODUCTION 

 

 Disease modeling and the study of neurodevelopmental disorders 

Scientists employ disease models to develop new drug therapies and 

understand disease pathogenesis. One of the many advantages of disease 

modeling is that scientists can manipulate the genome of these non-human 

animals to recapitulate human disease. Unfortunately, even with the advent of 

new genome editing techniques, many animal models do not represent all the 

disease phenotypes seen in humans. In the case of schizophrenia, specific 

executive function deficits remain uniquely human (Insel 2010). Despite this fact, 

mammalian models have shed light on this disease. People with 22q11.2 

microdeletions show high risk for developing schizophrenia, and primary neurons 

from mice with these same deletions have revealed problems with the synaptic 

network (Mukai et al. 2008). This research provides a starting point to develop 

potential therapies that may correct aberrant synapses or rescue synaptic 

plasticity. To yield these valuable translational results, the disease model should 

be chosen carefully.  

Finding the most relevant disease model for each unique disease is an 

important task. A variety of animals, from drosophila to chimps, are used in 

biomedical research for this reason. However, mice remain one of the most 

ubiquitous models employed by scientists today (Lieschke and Currie 2007). 

Studying mice proves beneficial because of the shared homology between 
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mammalian genomes, as well as, their familiarity in the scientific community 

(Lieschke and Currie 2007). Mice are well known for their relative ease of care 

and quick reproduction times (Bolker 2012). Countless discoveries ranging from 

breakthroughs regarding the gut microbiome to understanding heart disease have 

been uncovered with mouse models (Turnbaugh et al. 2006; Lim 2018). For 

instance, the basis of immunotherapy research regarding hepatocellular 

carcinomas have been performed in mice (Z. J. Brown, Heinrich, and Greten 

2018). Using the Mdr2-KO mouse strain, which develops cholestatic hepatitis and 

hepatocellular carcinoma, researchers were able to induce apoptosis of 

transformed hepatocytes by suppressing NF-κB inhibition through anti-TNFα 

treatment (Pikarsky et al. 2004). This treatment revealed the importance of 

treating hepatitis along with associated liver cancers, since chronic inflammation 

is an underlying factor for hepatic tumorigenesis (Pikarsky et al. 2004). 

 Even though mice have provided significant insight into many diseases, 

studying neurodevelopmental disorders with murine models has been limited. The 

assumption that a gene functions exactly the same in rodents and humans is not 

always accurate, decreasing the ability of animal models to fully recapitulate 

genetic neurodevelopmental disease (Alessio et al. 2017). Moreover, studying 

neurodevelopmental disorders is especially difficult due to the complexities of the 

human cortex and higher order cognitive functions. The rodent brain is far less 

complex than a human one. Rodents have an estimated 3-4 orders of magnitude 

fewer neurons than humans, and the cortices of mice are lissencephalic 

(Ardhanareeswaran et al. 2017). The development of the rodent brain compared to 
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the human brain is drastically different. Mice develop their prefrontal and 

temporal cortices, along with the interconnected association areas much faster 

than humans; consequently, functions associated with these regions such as 

language, logical thought, future planning, and personality do not develop as they 

do in humans (Ardhanareeswaran et al. 2017). These higher order functions are 

often impaired in neurodevelopmental disorders making the mouse model less 

relevant for studying these diseases. In fact, few viable drug candidates targeting 

the central nervous system have been discovered with animal models offering 

further support that a human model is necessary in conjunction with murine 

studies (Ardhanareeswaran et al. 2017). 

To circumvent issues using rodent or other animal models, many scientists 

turn to using post-mortem brain tissue to study neurodevelopmental disorders, but 

this approach comes with its own set of roadblocks. There is limited access to 

post-mortem brains and common mishandling of the tissue, leaving little viable 

material for experimental use (Ferrer et al. 2008). The post-mortem brain is only a 

final picture of the conclusion of a disease, rather than a source of information of 

how the disease actually began. This end snapshot leaves out the possible defects 

in the course of early brain development (Ardhanareeswaran et al. 2017). Looking 

at a post-mortem brain infected with Zika virus, scientists have been able to 

associate the virus with the development of microcephaly (Mlakar et al. 2016). 

Figuring out the transmission of the virus into the developing fetal brain remained 

a different story until scientists were able to uncover that the virus infected neural 

progenitor cells, a precursor to human neurons (Cugola et al. 2016). This 
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discovery was made using human neural progenitor cells and human brain 

organoids derived from stem cells, emphasizing the idea that post-mortem brains 

although useful, do not provide the entire story of disease pathogenesis. It is often 

necessary to design studies focusing on the target cell-type such as neurons, or in 

the case of Zika virus, neural progenitor cells. Extracting robust target cell 

cultures from frozen autopsy-samples proves difficult, making the study of 

cellular physiology and the synaptic network quite limited with this approach 

(Gomathi and Balachandar 2017). Similarly, the inability to obtain human 

neurons from living subjects has also stalled progress in this field (Chailangkarn, 

Acab, and Muotri 2012). These limitations have pushed scientists to seek out 

other avenues to study the healthy and diseased brain. 

Due to the fast evolution of genetic sequencing, genetic studies have been 

a popular choice to study neurodevelopment and disease. There is a high 

heritability and risk of within-family recurrences for Autism Spectrum Disorders 

(ASD) and schizophrenia (Ardhanareeswaran et al. 2017). Genetic studies have 

helped confirm this fact and revealed many candidate genes associated with these 

disorders. Vast improvements in genome sequencing have been the impetus for 

discerning genome-wide association and exome-sequencing studies 

(Ardhanareeswaran et al. 2017). Nevertheless, these studies do not provide 

information about the functional or physiological consequences of genetic 

mutations and variants. They yield valuable information such as identification of 

loci that increase individual disease risk, but genetic inquiries undoubtedly benefit 

from additional insights provided by disease models.  
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To avoid many of the limitations with traditional approaches to study 

neurodevelopmental disease, a preclinical model that can serve as an unlimited 

source of human neurons is indispensable. Ideally, this model needs to accurately 

mimic the pathophysiology of neurodevelopmental disease to uncover the 

physiological consequences of genetic mutations and to serve as a platform for 

drug discovery.  

 

Disease modeling and stem cells 

 Pluripotent human embryonic stem cells (hESCs) have been successfully 

propagated from human blastocysts and shown to differentiate into mesoderm, 

ectoderm, and endoderm (Thomson et al. 1998). In the early 2000s, hESCs were 

poised to circumvent many of the limitations with murine disease modeling due to 

their ability to self-renew indefinitely and differentiate into any human cell, 

including human neurons. However, ethical implications regarding the generation 

of hESCs from pre-implantation embryos reduced their widespread use (Nichols 

and Smith 2011). Regardless, somatic cell nuclear transfer was still implemented 

as the prime choice to produce hESCs, where the nucleus of a somatic cell is 

inserted into an enucleated egg cell, eventually forming a blastocyst after many 

mitotic divisions.  

To successfully model human genetic disease, it is imperative to generate 

cell lines with diseased genomes. These dysfunctional genomes can be created in 

hESCs with genome editing techniques; however, off-target effects can occur 

during the genome editing process. Due to the ethical and biological concerns 
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surrounding the harvesting and production of mutated cell lines, the viability of 

utilizing hESCs diminished.  

 In 2006, Takahashi and coworkers made a discovery that changed 

developmental biology and biomedicine dramatically. This group of scientists 

generated hESC-like cells, known as iPSCs, through the expression of four 

transcription factors, including Oct4, Sox2, Klf4, and c-Myc (Takahashi and 

Yamanaka 2006). These cells mirrored the pluripotency of hESCs and were able 

to terminally differentiate into cell types from all three germ layers after exposure 

to specific growth factors and cell culture conditions. iPSCs conferred a more 

viable option for many applications in disease modeling, regenerative medicine, 

and drug discovery. Researchers have produced innumerable and valuable results 

since the advent of iPSCs. For instance, iPSC-derived neurospheres that were 

grafted in mice were shown to mitigate the negative effects of spinal cord injury 

(Yasuda et al. 2011; Nori et al. 2011). For the first time, the ability to have a 

stable stock of live human neurons was available. Human fibroblasts from 

patients with neurodevelopmental disorders could be reprogrammed to patient 

specific iPSCs, allowing for the study of neural networks with dysfunctional 

genomes.  

  Concern remained whether these in vitro stem cell-derived neural 

networks mimicked the human brain in vivo. To maximize translational potential, 

these networks should recapitulate in vivo development and function as much as 

possible (Stein et al. 2014). The cell culture should also be preferentially enriched 

with cortical neurons because higher order functions associated with the cortex 
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are often impaired in neurodevelopmental disorders. A need for developmental 

benchmarks in the stem cell field was obvious. In response, Stein and colleagues 

created an unbiased, quantitative framework to compare the modeling potential of 

hiPSCs-derived neurons with human neurons in vivo (Stein et al. 2014). 

Specifically, the group used transcriptional profiles to show that cortical markers 

were highly expressed in hiPSC-derived neural cultures, while expression levels 

of markers from other brain regions were lower (Stein et al. 2014). This finding 

illuminated the cortical identity of in vitro cultures and provided further support 

that this platform is sufficient to model neurodevelopmental disorders. 

Interestingly, normal corticogenesis was highly preserved in these cell cultures, 

but cortical neurons were only able to reach mid-fetal levels of maturity after 12 

weeks of differentiation (Stein et al. 2014). This limitation makes modeling 

neurodegenerative diseases such as amyotrophic lateral sclerosis quite difficult 

with this platform. Moreover, the inability for neurons to mature past mid-fetal 

stages have pushed scientists to develop new methods that allow iPSC-derived 

neurons to mature past those growing in a dish.  

 

Brain organoids and their use 

 Organoids are complex in-vitro derived structures that self-organize and 

resemble some aspects of the target in-vivo organ (Di Lullo and Kriegstein 2017). 

A cerebral organoid is defined as an artificially grown aggregate of neural cells 

that recapitulates structure and function of the human brain. In 2013, Lancaster 

and colleagues generated the first iPSC-derived brain organoids. This group based 
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their research upon the self-organizing capacity of stem cells to form whole 

tissues. Specifically, the researchers modified an existing protocol to generate 

neuroectoderm from embryoid bodies (Lancaster et al. 2013). The cerebral 

organoids produced with their protocol developed discrete domains capable of 

influencing one another and displayed an organization similar to the developing 

human brain at early stages (Lancaster et al. 2013). Furthermore, this group also 

highlighted the capacity for brain organoids to model developmental disorders 

that manifest at embryonic or fetal stages. They identified a microcephalic patient 

carrying a mutation in the gene encoding CDK5 regulatory subunit-associated 

protein 2, and generated iPSC-derived cerebral organoids from this patient. These 

cerebral organoids were shown to have fewer proliferating neural progenitor cells 

and premature neural development that ultimately resulted in smaller organoids 

compared to controls (Lancaster et al. 2013). 

Due to the complexity of the human brain, cerebral organoids do not fully 

capture all aspects of a human brain (Di Lullo and Kriegstein 2017). Regardless, 

many aspects of human brain organogenesis are represented with organoids, 

making them a valuable tool to study neurodevelopmental disorders (Di Lullo and 

Kriegstein 2017). Neurons are also able to mature past human iPSC-derived 

neurons cultured in 2-D, qualifying organoids as an attractive choice over 

traditional iPSC methods. Since the groundbreaking Lancaster paper, a 

tremendous number of studies have utilized cerebral organoids. These studies are 

diverse, ranging from understanding network dynamics with optogenetics 

(Quadrato et al. 2017) to stopping Zika virus vertical transmission (Mesci et al. 
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2018).  Yet for the most part, these studies have largely focused on 

neurodevelopmental disease, drug discovery, and development. For instance, 

Mariani and colleagues used iPSC-derived brain organoids to investigate 

neurodevelopmental alterations in individuals with severe idiopathic ASD. They 

showed that ASD-derived organoids exhibited an upregulation of genes involved 

in cell proliferation, an accelerated cell cycle, and overproduction of GABAergic 

neurons shedding light on the ability of organoids to reveal key cellular 

phenotypes in human disease (Mariani et al. 2015). Altogether, these findings 

serve as a proof-of-principle that iPSC-derived organoids are capable of 

maintaining neurological deficits displayed in vivo, validating iPSC-derived 

organoids as a suitable model to recapitulate neurodevelopmental disorders. 

 

Modeling autism and related disorders 

ASD describes a group of neurodevelopmental diseases that are 

characterized by problems with sociability, communication, and behavior 

(Simonoff et al. 2008). These disorders are a public health concern as clinical 

cases have increased in the past 10 years with nearly 1% of the population 

affected today (Simonoff et al. 2008). Symptom management treatments exist; 

however, ASD has no known cure (Simonoff et al. 2008). The field of 

neuroscience has made tremendous strides regarding the pathogenesis of ASD and 

related neurodevelopmental disorders. In the past 30 years, breakthroughs have 

been made with genetic tools such as whole-genome sequencing to discover 

single genes that are implicated in ASD and other neurodevelopmental disorders, 
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making disease modeling of monogenic disorders a possibility (Huguet and 

Bourgeron 2016). 

In 2010, Marchetto and coworkers generated one of the first human iPSC 

disease models for the monogenic neurodevelopmental disorder, Rett syndrome 

(RTT) (Marchetto et al. 2010). RTT is a progressive neurological disorder 

associated with the mutation of the X-linked gene, Methyl-CpG binding-protein 2 

(MECP2) (Amir et al. 1999). Although RTT syndrome has been recently removed 

from the umbrella of ASD, children with RTT often exhibit autistic behaviors. In 

the study, Marchetto and colleagues reprogrammed and differentiated RTT 

fibroblasts to generate iPSC-derived neurons (Marchetto et al. 2010). These 

neurons exhibited a reduced number of excitatory synapses and smaller soma size, 

validating prior mouse and post-mortem brain results (Marchetto et al. 2010). In 

attempts to rescue the disease phenotype, the researchers administered insulin-like 

growth factor 1 (IGF-1) to the RTT neurons, since IGF-1 had previously been 

reported to partially reverse RTT-like symptoms in mice (Tropea et al. 2009). 

IGF-1-treated RTT neurons showed an increase in glutamatergic synapse number, 

exposing a developmental time frame where RTT neurons are responsive to 

pharmacological intervention. Once again, these results provide support for the 

use of iPSC disease modeling, since they validate previous findings in animal 

models, as well as, post-mortem brain tissues. Moreover, iPSC-derived neurons in 

this study were capable of maintaining neurological deficits displayed in RTT 

brains and serve as a preclinical platform for drug screening. 
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MECP2 related syndromes 

An optimal level of MeCP2 is necessary for normal neurodevelopment. 

This claim is evident in two neurodevelopmental disorders that manifest from 

aberrant amounts of this protein. In humans, loss of function of the MECP2 gene 

leads to RTT syndrome, a progressive neurological disorder characterized by 

regression with loss of language and hand skill, and autistic features during 

regression. Interestingly, increased dosage of MeCP2 also results in a dramatic 

neurological phenotype with onset at birth, known as MECP2 duplication 

syndrome. The increased amount of MeCP2 is the result of a copy number gain at 

Xq28, including the MECP2 gene. The cardinal features of this disorder are 

severe neurodevelopmental delay with onset at birth, limited or absent speech, 

hypotonia, epilepsy, autistic behavior and motor dysfunction. 

 RTT exhibits an X-linked dominant pattern of inheritance, so individuals 

with RTT are largely female. Affected females show a spectrum of the clinical 

phenotypes listed above because of either a mosaicism of mutant MECP2 X-

inactivation, or varying severity of the MECP2 mutation. Hemizygous males 

display more severe phenotypes, due to the absence of a functional copy of 

MECP2, and rarely live past birth. RTT syndrome is not currently categorized as 

ASD; yet, patients with RTT do exhibit autistic characteristics (Hammer et al. 

2002; Rodney C. Samaco, Hogart, and LaSalle 2005; R. C. Samaco and Neul 

2011). In addition, these individuals follow typical development until 6-18 

months of age, when an impairment of motor function, a regression of 

developmental skills, hypotonia, and seizures occur (Amir et al. 1999).  
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Due to extreme to complete skewing of X-chromosome inactivation with 

the duplication-bearing X-chromosome being preferentially inactivated, the 

majority of individuals with the duplication are male (Hilde Van Esch et al. 

2005). The majority of these duplications identified in males are inherited from an 

asymptomatic carrier mother (H. Van Esch 2012). There is a clinical spectrum 

amongst affected individuals due to the duplication size and genes affected. Many 

research groups have attempted to elucidate genes that contribute to the range of 

phenotypes witnessed, and IRAK1, L1CAM, and FLNA have been identified as 

potential candidate genes. Certainly, many of these genes most likely play a 

clinical role and are also dosage sensitive, similar to MECP2. Regardless, patients 

with much larger deletions including the genetic band Xq27 in addition to Xq28 

show a severe phenotype that overlaps with the phenotype associated with 

microscopic deletions (H. Van Esch 2012). One of these microscopic deletions 

only contains the IRAK1 and MECP2 genes (H. Van Esch 2012), and affected 

males presented with developmental delay, epilepsy, spasticity and recurrent lung 

infections (H. Van Esch 2012).  

There is no known cure for either of these disorders; only symptomatic 

treatments exist. Scientists have been called to further understand these disorders, 

such that, a curative or disease modifying therapy may be developed in the future. 

Investigations regarding the disease pathogenesis of these disorders have 

produced surprising results. Researchers showed reduced dendritic complexity, 

less glutamatergic synaptic puncta, and impaired calcium influx in human RTT 

neurons in-vitro (Marchetto et al. 2010). Human MECP2 duplication neurons 
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displayed an opposite phenotype. For instance, these neurons were shown to have 

increased dendritic complexity, synaptogenesis, and electrical activity 

(Nageshappa et al. 2016). These results emphasize the importance of MeCP2 dose 

at the cellular level.  

 

MECP2 gene and function 

The MECP2 gene encodes for the MeCP2 protein that selectively binds 5-

methyl cytosine residues, located in promoter regions. Even though the function 

of MeCP2 is not fully understood, the protein can act as both a transcriptional 

activator and repressor through binding to CpG dinucleotides and interacting with 

other proteins (Nageshappa et al. 2016). MeCP2 binds to methylated CpG islands 

and usually functions as a transcriptional repressor through interactions with 

corepressor complexes (Amir et al. 1999). Interestingly, recent research has 

shown that MeCP2 can also act as a transcriptional activator (Chahrour and 

Zoghbi 2007). The gene targets and function of MeCP2 have not been fully 

uncovered but remain an active area of research. Consisting of 4 exons, the gene 

contains both a methyl-CpG-binding domain and transcriptional repressor 

domain. It is a moderately small gene, and different isoforms have been described 

in various tissues. Furthermore, the gene is dispensable in stem cells but necessary 

for embryonic development. Clinical cases of ASD and in-vitro models provide 

support for how essential this gene is for normal development and embryogenesis 

(Nageshappa et al. 2016).  
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The MeCP2 protein is present in all cells, but the protein is most abundant 

in neurons. In 2002, Shahbazian and colleagues further elucidated the spatial and 

temporal distribution of the protein during mouse and human development. Using 

adult mice, the researchers found that MeCP2 levels were highest in the brain, 

lung, spleen, lower heart, kidney, and hardly detectable in the liver, stomach, and 

small intestine (Shahbazian and Zoghbi 2002; Shahbazian et al. 2002). The timing 

of MeCP2 expression in mouse and human appeared to correspond with the 

maturation of the central nervous system. To illustrate, the researchers revealed 

that ontogenetically older structures were positive for the protein before newer 

structures (Shahbazian and Zoghbi 2002; Shahbazian et al. 2002). In the cortex, 

MeCP2 first appeared in Cajal-Retzius cells followed by neurons of more mature 

cortical layers, and finally in the neurons of the more superficial layers. The 

MeCP2 protein was ultimately absent from glial cells but present in almost all 

neurons. The authors asserted that the expression of MeCP2 is correlated with the 

maturity of neural cells, possibly explaining some phenotypic aspects of RTT 

(Shahbazian and Zoghbi 2002; Shahbazian et al. 2002). 

Animal models have also helped elucidate the role of MeCP2. For 

instance, overexpressing MeCP2 in mice has shown a progressive neurological 

phenotype, where the mice have seizures, anxiety, decreased learning, and early 

death (Nageshappa et al. 2016). Loss of function MeCP2 models also exhibit a 

severe clinical phenotype (Guy et al. 2001). Evidenced by models in vivo and in 

vitro, this protein plays a crucial role in normal development. Undoubtedly, neural 

development is extremely sensitive to MeCP2 amount. Understanding the effects 
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of MeCP2 dosage can give insights into the growth and maturation of the brain, 

but investigating these effects remain largely unexplored. Here, we present the 

first human stem cell model to systematically analyze the molecular and cellular 

consequences of MeCP2 dosage effects in human neurons.  
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MATERIALS AND METHODS 

 

Patient Consent 

MECP2 duplication syndrome fibroblasts were obtained from explants of 

dermal biopsies following informed consent under protocols approved by the 

University of California San Diego Institutional Review Board (#141223ZF).  

 

Reprogramming of MECP2 Duplication Fibroblasts 
 

Skin fibroblasts derived from one male patient with MECP2 duplication 

syndrome were transduced with Sendai virus containing coding sequences of 

human OCT4, SOX2, KLF4 and C-MYC using the CytoTune™-iPS 2.0 Sendai 

Reprogramming Kit (Thermo Fisher, A16517). Two days post-infection, 

fibroblasts were trypsinized to single cells and plated on irradiated iMEF feeders 

(CoreBio, GSC-6002G) on 6-well cell culture plates (Genesee, 25-105). These 

cells were cultured using hESC medium (Stem Cell Technologies, 5850). After 3–

4 weeks, iPSC clones were manually picked and were further propagated clonally 

on feeder-free Corning Matrigel coated cell culture plates (Fisher Scientific, 

CB40234). Five clones were clonally expanded. One clone was selected for 

morphology and passaging efficiency. This clone was used to generate the 

MECP2 duplication, wild-type, and knockout cell lines (DUP, WT, and KO 

respectively).  
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Generation of Isogenic Cell Lines 

MECP2 duplication iPSCs were mutagenized with the CRISPR/Cas9 

genome-editing system to create DUP, WT, and KO cell lines. Guide RNAs were 

directed to the MECP2 DNA loci corresponding to the amino acid Q83. 

Specifically, to transfect the MECP2 duplication iPSCs, cells were dissociated to 

single cells using Accutase (Stem Cell Technologies, A1110501) and passed 

through a 40 µm nylon strainer (Fisher Scientific, 87711). Using the B16 program 

of the Amaxa Nucleofactor (Lonza), about 2 million cells were transfected with 7 

µg of the CMV::Cas9-2A-eGFP vector and 10 µg each of the guide RNA vectors. 

The cells were plated onto Matrigel-coated cell culture plates with StemFlex 

Media (Fisher Scientific, A3349401) and Rock Inhibitor (Fisher Scientific, 

125410). The cells were allowed to incubate at 37 ̊C for 48 hrs. After 48 hrs, the 

cells were dissociated using a 1:1 Dulbecco’s Phosphate-Buffered Saline (DPBS, 

Fisher Scientific, MT21-031CV) and Accutase solution (Stem Cell Technologies, 

A1110501). To ensure that the cells were single cells, the iPSCs were passed 

through both a 70 µm (Fisher Scientific, 87712) and a 40 µm nylon strainer. 

Approximately 40,000 cells were seeded individually onto 6 cm cell culture 

plates. The cells were clonally expanded and cultured in StemFlex media with 5 

µL Rock Inhibitor until individual colonies formed.  

Genomic DNA was extracted from approximately 80 isolated colonies 

with the DNeasy Blood and Tissue Kit (Qiagen, 69506) for sequencing. The 

exome DNA sequencing was outsourced to the UCSD IGM Genomics Center. To 

further confirm the mutations, the MECP2 gene was amplified using a high 
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fidelity TAQ polymerase (Sigma-Aldrich, 5892791001), and TOPO cloning was 

performed with the TOPO TA Cloning Kit for Subcloning with chemically 

competent E. coli cells (Life Technologies, K450001). 

Lines were selected with uniform frameshift mutations in one or both 

copies of MECP2 gene for further experimentation. The WT line contains a 7-

nucleotide deletion in one allele of the MECP2 gene, which results in frameshift 

mutation and an early stop codon. The KO line carries a 7-nucleotide deletion in 

both alleles.  

 

Cell Culture and Organoid Differentiation 

Human iPSCs were cultured on Matrigel coated cell culture plates (Fischer 

Scientific, CB40234) and fed daily with mTESR1 (StemCell Technologies, 5850). 

iPSC-derived cortical organoids were differentiated using a protocol 

developed in the Muotri Laboratory, which was based on a previously published 

brain organoid protocol (Paşca et al. 2015). After the cells were treated with Rock 

Inhibitor for 12 hrs, iPSCs were dissociated using a 1:1 mixture of DPBS and 

Accutase solution. The cells were transferred to 6-well plates and placed in a 

37°C incubator on a 95-rpm shaker to keep the cells in suspension. Organoids 

were then formed through sequential media changes to achieve the following 

phases: neural induction, neural proliferation, and neural maturation.  

Neural induction was achieved by the inhibition of the bone 

morphogenetic protein and transforming growth factor-β pathways. Proliferating 

cortical organoids were given fibroblast and epidermal growth factors (FGF2, 
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Life Technologies, PHG0263 and EGF, Peprotech, AF-100-15, respectively) 

during progenitor cell proliferation. To direct the cells towards a neural lineage, 

FGF2 and EGF were replaced by brain-derived neurotrophic factor (BDNF, 

Peprotech 450-02), glial cell-derived neurotrophic factor (GDNF, Peprotech 450-

10) and neurotrophic factor 3 (Gemini, NT3, 300-107P), as well as, ascorbic acid 

(Sigma Aldrich, A4403 SIGMA) and dibutyryl-cAMP (Fisher Scientific, 

1141/10). Finally, neural maturation was reached by removing the growth factors. 

Organoid results are combined from two to six separate batches of differentiation. 

Neural induction media was made from DMEM/F12 (Life Technologies, 

10565042), 1% Glutamax (Life Technologies, 35050061), 1% N2 Neuroplex 

(Gemini, 400163 005ML), 1% non-essential amino acids (Gibco, 11140-050), 1% 

Pen-Strep (Life Technologies, 15140163), 1 µM of Dorsomorphin (Tocris, 

309310), and 10 µM SB431542 (SB, Stemgent, 04-0010-10). Neural proliferation 

media was made from Neurobasal media (Life Technologies, 21103049), 2% 

Gem21 Neuroplex (Gemini, 400160 010ML), 1% non-essential amino acids, 1% 

Glutamax, 20 ng/mL EGF, and 20 ng/mL bFGF. Neuronal maturation media was 

made from the neural proliferation media with the growth factors removed.  

 

Immunocytochemistry 

For iPSCs, cells were washed with DPBS three times (5 min each). For 

fixing, cells were placed in 4% paraformaldehyde (PFA, Electron Microscopy 

Sciences) for 20 min and washed again with DPBS three times (5 min each). For 

blocking/permeabilizing, cells were incubated in 0.1% Triton X-100 (CoreBio 
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Services, 1610407), 3% Bovine Serum Albumin (BSA, Gemini Bio-Products, 

700-110) for 30 min at room temperature. Cells were incubated in the primary 

antibody overnight at 4°C. The next day, cells were washed with DPBS three 

times (5 min each). The secondary antibody was added for 1 hr at room 

temperature. The cells were washed again with DPBS three times (5 min each). 

Nuclei were stained using DAPI (1:10,000) for 10 min (VWR International, 

80051-386). Primary and secondary antibodies were diluted in 

blocking/permeabilizing solution. Slides or coverslips (Fisher Scientific, 

1255015) were mounted using Gold Antifade Reagent (Life Technologies, 

P36930). 

For organoids, 2-month-old cortical organoids were washed with DPBS, 

placed in a microcentrifuge tube (Fisher Scientific, 7200210) with 4% PFA, and 

kept overnight at 4°C. The organoids were transferred to 30% sucrose (CoreBio, 

S0389-1KG) the next day. The sucrose was aspirated, and the remaining 

organoids were frozen into optimal temperature compound (OCT, VWR, 25608-

930) within a plastic mold (Fisher Scientific, 50465347). The molds with the 

tissue were placed in a -80°C freezer overnight. The next day, the plastic molds 

were removed. Using a crystostat (Leica, CM3050S), the OCT blocks were sliced 

at 10.0 µm, mounted onto glass slides, and dried for 4 hrs. The organoids were 

outlined with a hydrophobic barrier pen to ensure coverage of the tissue during 

the staining process (Vector Laboratories, H-4000). The slides were stained and 

mounted with the same protocol listed above.  
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         Primary antibody for immunocytochemistry dilutions were used as 

follows: anti-MECP2 (Diagenode, pAB-052-050, 1:1000), anti-Tra1-60 (Abcam, 

ab16288, 1:250), anti-Oct4 (Abcam, ab19857,1:500), anti-Nanog (Fisher 

Scientific, AF1997, 1:500), anti-Lin28 (CoreBio Services, 3978S, 1:500), anti-

CTIP2 (Abcam, ab18465, 1:250), anti-Sox2 (Abcam, ab75485, 1:250), anti-Map2 

(Abcam, ab3392, 1:2000), anti-NeuN (Fisher Scientific, mab377 MI 1:250), and 

anti-TBR2 (Abcam, ab23345, 1:500). Secondary antibodies conjugated to Alexa 

Fluors 488, 555, 647 were used with a dilution of 1:1000 (Life Technologies). 

 

Cortical Organoid Dissociation 

Cortical organoids were removed from culture dishes and transferred to 15 

mL conical tubes (Corning, 352196), and allowed to settle to the bottom of the 

tube by waiting approximately 2 to 5 min. The medium was gently aspirated 

leaving the organoids at the bottom of tube with approximately 100 µL of media 

remaining. To wash, they were then resuspended in 5 mL of DPBS. After 

allowing the organoids to settle again, the DPBS was gently aspirated leaving the 

organoids at the bottom of tube with approximately 100 µL of DPBS remaining. 

Next, cells were further released through chemical dissociation with 2mL of 

Accumax (Innovative Cell Technologies, AM105) and placed in a 37°C incubator 

(shaking ~95 RPM) for 30 min. Using the 1000 µL pipette tip, the organoids were 

physically dissociated by pipetting up and down until a single cell suspension was 

formed, and the resultant single cell suspension was incubated for 10 min at 37°C 

(shaking ~95 rpm). Then, 4 mL of fresh neural maturation media (Neural basal 
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medium, 2% Gem21 Neuroplex, 1% non-essential amino acids, 1% Glutamax) 

was added to the tube. The cells were resuspended, passed through a 100 µm cell 

strainer (Fisher Scientific, 877119), and centrifuged at 200 g for 4 min. The 

resultant supernatant was aspirated and the cells resuspended in 6 mL of fresh 

media. To ensure a single cell suspension, the cells were then passed through a 40 

µm cell strainer and resuspended in fresh media with Rock Inhibitor. The cells 

were counted, transferred to a new culture dish, and incubated at 36 to 38°C in a 

humidified atmosphere of 4 to 6% CO2 in air. 

 

RNA Extraction and Quantification (cortical organoid) 

RNA was extracted from 2-month-old cortical organoids using the 

QIAGEN RNeasy Plus Mini Kit (Qiagen, 74134). The Nanodrop (Thermo Fisher) 

was used to quantify the extracted RNA. 

 

Gene Expression  

  200 ng of RNA was prepared for use in the nCounter® SPRINT Profiler 

(NanoString) with the nCounter SPRINT Cartridge (NanoString, 100078). The 

RNA from each cell line was run against a panel of neuroinflammation genes 

(nCounter XT CodeSet XT_HuV1_Neuroinflammation, 115000230). The data 

was analyzed with the software nSolver (NanoString, 2018, San Diego, CA). 
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Protein Extraction and Quantification (cortical organoid) 

10 mL of RIPA buffer (Thermo Scientific, 89901) was mixed with one 

tablet of PhosSTOP (Roche, 04906837001) and complete Ultra (Roche, 

05892791001). Cortical organoids were added to 100 µL of the RIPA buffer 

mixture in 1.5 mL microtubes (Thermo Fisher Scientific, 05-408-129).  The 

mixture was vortexed and left on ice for 15 min. Every 5 min, the mixture was 

pipetted up and down to physically release cells from the organoid. To further 

break down the tissue, the sample was sonicated for 5 min at 4°C and 

immediately centrifuged at 12,000 RCF at 4°C. After centrifugation, the resultant 

supernatant was transferred to a clean microtube and quantified using the Pierce 

BCA Protein Assay Kit (Thermo Fisher Scientific, 23225). 

 

Western Blotting 

 Following extraction and quantification, the protein supernatant was 

boiled at 95°C for 10 min. The proteins were then separated by gel 

electrophoresis using SDS-PAGE (Bolt 4-12% Bis-Tris Plus). The gel was blotted 

onto a nitrocellulose membrane (iBlot 2 Transfer Stacks, IB23001), and 

membranes were blocked in blocking solution (Rockland, MB070) for 4 hrs at 

room temperature. The primary antibody was then added to the membrane, and 

the membranes were allowed to incubate at 4°C while shaking. The next day, the 

membranes were washed with DPBS + 0.1% Tween (VWR international, 95043-

482) five times (5 min each). The secondary antibody was added to the 

membrane, and the membranes were allowed to incubate at room temperature for 
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1 hr while shaking. To remove residual antibody, samples were washed with 

DPBS + 0.1% Tween five times (5 min each). Primary and secondary antibodies 

were diluted in blocking solution. The Odyssey System (Li-Cor Biosciences) was 

used for signal detection. Signal intensities were measured using the Image Studio 

software (Li-Cor Biosciences) for semi-quantitative analysis, normalized to β-

actin.  

Primary antibody for western blotting dilutions were used as follows: 

anti-MeCP2 (Diagenode, pAB-052-050, 1:1000), anti-β-actin (Abcam, ab8227, 

1:10,000), anti-FOXG1 (Fisher Scientific, MABD79MI, 1:1500), anti-Tuj1 

(Antibodies Inc., 75-028, 1:1500), anti-TBR1 (Biolegend, MMS435P, 1:10,000), 

anti-GFAP (Life Technologies, 130300, 1:2000), anti-Cux1 (Sigma-Aldrich, 

HPA003317, 1:1000), anti-Ctip2 (Abcam, ab18465, 1:1000), anti-DCX (Fisher 

Scientific, PIPA512355, 1:1000). IRDye800CW and IRDye680RD were used as 

secondary antibodies (Li-Cor, 926-32211, 1:5000). 

 

Live Imaging of Neurite Outgrowth 

Two-month-old cortical organoids were dissociated, and 2.5x104 cells 

were plated onto the center of  35 mm No. 1.0 Coverslip Glass Bottom Dishes 

(MatTek, P35G-1.0-14-C) coated with 10 µg/mL poly-L-ornithine (Sigma-

Aldrich, P3655) and 2.5 µg/mL laminin (Life Technologies, 23017015). The 

plates were incubated at 37 °C for 4 hrs to allow the cells to attach. Neural 

maturation media was added (2.5 mL) to cover the rest of the dish. The dishes 

were then imaged with the VivaView FL Incubator Microscope (Olympus). 
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Images were taken at 1 hr intervals for a total of 48 hrs at 4 different locations in 

the dish. For each cell line, neurites were traced at 4, 12, 14, and 36 hrs at each of 

the 4 different locations in the dish. The tracing was performed using the NeuronJ 

plugin (Meijering, 2004) on the Fiji platform (Schindelin, 2012).  

 

Annexin Staining (cell death) 

Four hundred thousand cells from 2-month-old cortical organoids were 

resuspended in 100 µL of Annexin V Binding Buffer (Biotium, 99902). 2 µL of 

Annexin V-CF488A Conjugate (Biotium, 29005) and 2 µL of 500 µg/mL Hoechst 

33342 (ChemoMetec, 910-3015) was then added to the mixture. The cells were 

allowed to incubate at 37°C for 15 min and washed twice using 300 µL of 

Annexin V Binding Buffer. The cells were resuspended in 100 µL of the binding 

buffer with 2 µL of propidium iodide (ChemoMetec, 910-3016). Next, 30 µL of 

the resultant solution was loaded into each chamber of an A2 NC-slide 

(ChemoMetec, 942-0001). The NC-3000 Advanced Image Cytometer 

(ChemoMetec, 970-3002) was used to image the slides and analyze the data. Cells 

prepared with the Annexin staining assay were used to determine cell death in 

cortical organoids.  

 

DAPI Staining (cell cycle and DNA fragmentation) 

About 1x106 - 2x106 cells from 2-month-old cortical organoids were 

transferred and resuspended in 0.5 mL of DPBS. The cells were mixed with 4.5 

mL of 70% ethanol (Store, 111) on ice, vortexed, and stored at 4°C for 24 hrs. 
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The next day, the samples were vortexed and the supernatant was removed. The 

cells were washed one time with 5 mL of DPBS and resuspended in 0.5 mL DAPI 

staining solution (Chemometec, 910-3003). Finally, the solution was loaded into 

A8 NC-slides (Chemometec, 942-0003) and analyzed immediately using the NC-

3000 Advanced Image Cytometer 15. Cells prepared with the DAPI staining assay 

were used to determine cell cycle stages and DNA fragmentation in cortical 

organoids.  

 

Cell Migration Assay 
 
 The media was aspirated from 2-month-old cortical organoids. The 

cortical organoids were washed with DPBS one time. Approximately 3 mL of 

neural maturation media (Neurobasal media, 2% Gem21 Neuroplex, 1% non-

essential amino acids, 1% Glutamax) was replaced in each well of a 6-well cell 

culture plate. The organoids were transferred to a new 6-well plate and placed in a 

37°C incubator for 11 days. The neural maturation media was changed every 2 

days. On the 11th day, images were taken with the Evos FL Imaging System 

(Thermo Fisher) at 4x magnification. ImageJ (Rasband, 2018) was used to 

measure the migration of 90% of the somas from the edge of the organoid.  

 

Measurement of Cortical Organoid Diameter 

The Evos FL Imagine System (Thermo Fisher) was used to image 2-

month-old cortical organoids with a 4x magnification. Using ImageJ (Rasband, 

2018), the largest diameter of each organoid was measured with the length 
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feature. Organoids with diameter less than 30 µm were excluded since these cell 

aggregates were most likely aggregates of dead cells or improperly formed 

organoids.  

 

Mycoplasma Testing 

All tissue culture samples were regularly tested for mycoplasma by PCR. 

Before changing the media, 1 mL of media supernatant was collected from each 

cell line and spun down. The PCR reaction was performed by the Sanford 

Consortium Stem Cell Core. In the PCR reaction, 10 µL of each sample was used 

with the following primers: 

● FW— GGCGAATGGGTGAGTAAC 
● REV—CGGATAACGCTTGCGACCT 

Samples that tested positive for Mycoplasma were discarded.  

 

Statistical Analysis 

No statistical methods were used to determine sample sizes. For iPSC and 

cortical organoid experiments, 3 isogenic cell lines were used: DUP, WT, and 

KO. 2-6 batches of cortical organoids were used for each experiment. Data 

distribution was assumed to be normal. All data were prepared for analysis with 

standard spreadsheet software (Microsoft Excel). All errors bars shown in the 

figures are standard deviation. Error bars were generated with technical replicates. 

Statistical analysis was done using GraphPad Prism v6 (GraphPad Software Inc., 
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La Jolla, CA). For gene expression, statistical analysis was performed using 

nSolver (NanoString, San Diego, CA).  

For ANOVA analysis involving multiple sample comparisons, we 

performed Bonferroni post hoc testing to discriminate significance relationships. 

For t-test analysis, we applied two-tailed unpaired tests with alpha-value of 0.05. 

To determine outliers, a Grubbs’ Test (extreme studentized deviate) was 

performed (a=0.05) and significant values were excluded from the analysis. 
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RESULTS 

 

Characterization of MECP2 duplication iPSC reprogramming 

Duplication of the Xq28 chromosomal region, including MECP2, is a 

known chromosomal rearrangement that causes a grave neurodevelopmental 

disorder. The duplication sizes and gene content are not uniform amongst most 

patients; however, multiple genotype-phenotype studies have confirmed that the 

increased dosage of MeCP2 is sufficient to cause the core clinical phenotype (H. 

Van Esch 2012). For this study, fibroblasts taken from one male MECP2 

duplication patient were used. The duplication for this patient is small and only 

contains the MECP2 loci and three additional genes. Using a non-integrating 

Sendai virus, duplication fibroblasts were reprogrammed to iPSCs through 

expression of the retroviral reprogramming vectors: Sox2, Oct4, c-Myc and Klf4 

(Fig 1A-B). Two days post-infection, fibroblasts were trypsinized to single cells 

(Fig 1B), plated on iMEF feeders, and cultured using hESC medium. By day 18, 

the cells exhibited increased cytotoxicity with clusters of apoptotic cells present 

(Fig 1C). The fibroblasts began losing their characteristic long extensions and 

thin cell bodies and began clustering, acquiring stem cell-like morphology (Fig 

1C). After 3-4 weeks, iPSC colonies began to emerge; these colonies were 

manually picked and propagated on feeder-free Matrigel plates (Fig 1C). Among 

five propagated and isolated clones, three clones were used for further 

differentiation and experimentation. 
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To characterize the generation of relevant cell types from somatic MECP2 

duplication patient cells, iPSCs were stained and visualized (Fig 1D-E). The 

reprogrammed cells expressed embryonic stem cell markers including Tra-1-60, 

Oct 4, Lin 28, and Nanog, indicating their pluripotency potential. The presence 

and localization of stage-specific cell-type markers confirmed the successful 

generation of iPSCs. Quantitative gene expression analysis should be performed 

to further confirm the pluripotency potential and identity of these cells.  

 

Generating an MeCP2 dosage model using CRISPR/Cas9 
 
 MeCP2 amount greatly determines the success of proper brain 

organogenesis. Previous studies have indicated that even a subtle change in the 

magnitude or timing of MECP2 expression in human neurons is sufficient to 

disrupt developmentally important and precisely regulated neuronal processes 

(Nan et al. 1998). This claim is evident in two neurological disorders (RTT and 

MECP2 duplication syndrome) that are the result of aberrant levels of this crucial 

transcriptional regulator (Fig 2A). The cellular phenotypes in each of these 

disorders are markedly unique. To elucidate effects of MeCP2 dosage on human 

neurons, three isogenic cell lines with varying amounts of MeCP2 were generated 

by mutagenizing the MECP2 duplication iPSCs generated from one patient with a 

small duplication (Fig 2B-2D). We took advantage of the recent advances in 

genome editing and utilized the CRISPR/Cas9 genome editing system to generate 

the desired mutations resulting in DUP, WT, and KO cell lines (Fig 2D). 

Specifically, guide RNAs were directed to the MeCP2 DNA locus corresponding 
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to amino acid Q83. Isolated Cas9-expressing iPSC showed robust nuclease 

activity with each guide RNA.  

 Approximately 40,000 cells were seeded individually onto cell culture 

plates. These cells were clonally expanded and cultured until individual colonies 

formed. To confirm mutations, DNA was extracted from each clone and subjected 

to whole genome sequencing. Subsequently, we chose cell lines with uniform 

frameshift mutations in one or both copies of the MECP2 gene for further 

experimentation. The WT lines contains a 7-nucleotide deletion in one allele of 

the MECP2 gene originating from the duplication patient, which results in a 

frameshift mutation and an early stop codon (Fig 2E). This mutation creates a 

reduction in the levels of functional MeCP2 protein. Moreover, the KO line 

carries a 7-nucleotide deletion in both alleles, resulting in an absence of functional 

protein (Fig 2E). To confirm the protein amount, the levels of functional MeCP2 

protein were qualitatively analyzed in the DUP, WT, and KO lines using western 

blot (Fig 2F). The pluripotency of each line was not compromised during the 

genome editing process. The cell lines expressed pluripotency markers, as well as 

the expected levels of MeCP2. The DUP cell line expressed increased MeCP2, 

while the KO cell line expressed decreased MeCP2 (Fig 2G). Here, we 

successfully established one of the first human MeCP2 iPSC-derived dosage 

models. We believe this platform can be used for drug discovery, disease 

modeling, and cellular studies. This model was used in all subsequent 

experiments.  
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MeCP2 dosage affects cortical organoid size 
 

The gap between traditional model systems and human physiology can be 

bridged with in vitro modeling approaches that have pioneered new ways to make 

mechanistic inferences. Brain organoids are one such approach that is poised to 

revolutionize the study of neurodevelopment. These aggregates of neural cells can 

self-organize and form complex 3-D structures, which recapitulate many aspects 

of the human brain. Previous research has shown the capability of brain organoids 

to represent development in-a-dish, and their use in high throughput drug 

screening (Lancaster et al. 2013; J. Brown, Quadrato, and Arlotta 2018; Mariani 

et al. 2015).  It has been shown that MeCP2 is highly expressed in the human 

brain, and the timing of MeCP2 expression follows the maturation of the central 

nervous system (Shahbazian and Zoghbi 2002). With this knowledge of the high 

expression of MeCP2 during perinatal development and the developmental 

maturity of iPSC-derived brain organoids, we chose to differentiate the DUP, KO, 

and WT lines to brain organoids enriched in cortical neurons (Fig 3A-B). We 

chose to direct the brain organoids towards a cortical identity because cortical 

dysfunction is observed in patients with MECP2 syndromes. Brain organoids 

directed to a cortical fate show similarities to the human neocortex and a 

transcriptionally similar profile to a mid-fetal prenatal human brain (Lancaster et 

al. 2013; Paşca et al. 2015). We based our approach off of a previously published 

protocol by Pasca and colleagues (Paşca et al. 2015).  

Specifically, we generated organoids by allowing the cell aggregates to go 

through three specific phases: neural induction, neural progenitor proliferation, 
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and neural maturation (Fig 3B). We achieved this result through sequential media 

changes containing factors that promote each developmental stage. The newly 

formed cortical organoids grew in a robust and consistent manner throughout the 

protocol. We noted an abundance of proliferative neural progenitor cells (Ki67+, 

SOX2+ and Nestin+) at the beginning of differentiation (Fig 3C-E). These cells 

self-organized into a polarized neuroepithelium-like structure. Interestingly, the 

proliferative zone around a lumen delimited by β-catenin+ cells was surrounded 

by progenitor cells, which is similar to brain development in vivo highlighting the 

translational potential of this protocol (Fig 3C-E). Furthermore, natural folding of 

the cortical plate was witnessed. As the organoids entered the proliferation and 

maturation phases, the organoids increased in size and maturity. Increased levels 

of mature neurons (NeuN+ and MAP2+) were noted (Fig 3C-E). Ultimately, they 

developed into concentric multi-layer structures composed of neural progenitor 

cells, intermediate progenitors, lower (TBR2+ and CTIP2+/TBR1+) and upper 

(SATB2+) cortical layer neurons (Fig 3C-E). Neural proteins were also detected 

in organoids generated from all cell lines confirming their cerebral identity (Fig 

3F; Supp Fig 1A-F). Glial fibrillary acidic protein (GFAP) was used as a 

negative control because cortical organoids do not express glial cells at the 2-

month time point. Similar results were observed with iPSC lines containing other 

MECP2 mutations, confirming the reproducibility and consistency of this 

protocol.  

A hallmark of many neurodevelopmental disorders is abnormal brain size. 

RTT patients often exhibit a microcephalic phenotype, in which the brain does not 
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develop properly resulting in a smaller head circumference (Hagberg et al. 1983). 

To investigate the possible cellular mechanisms leading to abnormal head size, 

scientists first must establish “macrocephalic” or “microcephalic” phenotypes in 

the dish. When using iPSC-derived brain organoids, the most common readout for 

these disease phenotypes is organoid size. Previous studies have successfully 

shown microcephalic-like phenotypes in brain organoids in diseases such as 

Aicardi-Goutieres syndrome (Thomas et al. 2017). To investigate the 

cytoarchitectural differences due to MeCP2 dosage, we chose to measure the 

cortical diameter of the organoids at each stage of maturation. DUP and KO 

organoids exhibited no significant difference in diameter 24 hrs after induction; 

however, KO organoids exhibited a significant reduction in diameter during the 

proliferation phase (Fig 3G-I). After neuronal maturation, DUP organoids were 

significantly larger than isogenic controls (Fig 3G-I; Table 1). Although not 

significant, mature KO organoids showed a slight trend to be smaller than the 

control organoids (Fig 3G-I; Table 1). Cortical organoids generated from other 

cell lines with absent MeCP2 also exhibited decreased diameter (Supp Fig 2A-

C). 

To explain the effect of MeCP2 dosage on cortical organoid size, we 

hypothesized that MeCP2 amount may play a role in cellular proliferation or cell 

death. It appears that cells in DUP organoids may be proliferating more or 

evading normal apoptotic pathways, resulting in their larger size. To investigate 

cell death in our MeCP2 model, we dissociated DUP, WT, and KO organoids, and 

utilized an Annexin V staining assay to quantify the apoptotic cells present. This 
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assay allows fluorescent detection and quantification of annexin V bound to 

apoptotic cells. For instance, annexin V conjugated with fluorescein 

isothiocyanate can label phosphatidylserine sites on the membrane surface. 

Phosphatidylserine is normally held on the cytosolic side of the cell membrane 

until the cell undergoes an apoptotic event. When a cell experiences apoptosis, 

this phospholipid can flip to the extracellular surface of the cell and act as a signal 

for macrophages to engulf the dying cell. Thus, increased detection of bound 

annexin V indicates increased apoptosis. The assay also includes propidium 

iodide which marks the cellular DNA in necrotic cells where the cell membrane 

has been completely destroyed. Using this assay, we were able to differentiate 

amongst early apoptotic cells, necrotic cells and viable cells in each cell line. We 

noted that DUP organoids showed decreased cell death compared to isogenic 

controls (Fig 3J). The assay was confirmed with DAPI staining, which can 

determine the percentage of cells that contain less than a full complement of 

DNA. Increased MeCP2 dosage resulted in decreased amounts of cells with 

fragmented DNA compared to controls, indicating lower levels of cell death in the 

DUP organoids. The assays were performed with only one batch of 2-month-old 

cortical organoids from each cell line. This data is preliminary; however, 

decreased cell death in the DUP organoids could offer a potential explanation for 

their increased size. Further experimentation regarding cell death is still needed. 

Additionally, cell proliferation should be investigated with cell cycling assays and 

immunostaining. Dissecting the potential mechanisms of how MeCP2 dosage 
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leads to increased cortical organoid size will be an interesting avenue to pursue in 

the future.  

 

Optimal MeCP2 amount is necessary for neural migration and neurite 
outgrowth 
 

Studies using human iPSC-derived neurons from RTT patients displayed 

impaired dendritic development and growth. Marchetto and colleagues showed 

that these neurons had fewer synapses, reduced spine density, smaller soma size, 

altered calcium signaling, and electrophysiological defects when compared to 

controls (Marchetto et al. 2010; Nageshappa et al. 2016). Interestingly, iPSC-

derived neurons from duplication patients resulted in an opposite phenotype. 

Naggeshapa and colleagues revealed that these cells have more synapses, 

increased spine density, and hyperactive electrophysiology compared to controls 

(Marchetto et al. 2010; Nageshappa et al. 2016). To further elucidate these 

cellular phenotypes and explore the effect of MeCP2 on neurite outgrowth, 2-

month-old organoids from each cell line were initially dissociated and re-plated at 

a low confluency. The growth of individual neurites was then analyzed over a 36 

hr period (Fig 4A). The total length of neurons was measured in 12 hr intervals, 

and we found that MeCP2 dosage affects neurite outgrowth. DUP neurons 

showed increased neurite length at 24 and 36 hrs, while KO neurons displayed 

decreased neurite length at the same time intervals (Fig 4B; Table 1). Upon 

analysis of the growth rates of the neurites, MeCP2 mutant neurons showed no 

significant difference in growth speed compared to the isogenic control (Fig 4C). 

Moreover, Cux1 has been implicated in the regulation of dendritic branching and 
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spine density in cortical neurons (Cubelos et al. 2010). To investigate the relative 

protein levels of Cux1 in 2-month-old cortical organoids, we performed western 

blot in the DUP, WT, and KO organoids. The DUP organoids showed a slight 

upregulation of Cux1 when compared to the isogenic control (Supp Fig 1D). Our 

data indicate that the MeCP2 amount may affect the level of complexity a neuron 

can reach through influencing neurite outgrowth and upregulating the functional 

levels of Cux1.  

In brain organogenesis, neuronal cells organize into complex networks 

through a concerted and specific process called migration (Lambert de Rouvroit, 

de Rouvroit, and Goffinet 2001). This crucial movement is often impaired in 

neurodevelopmental disorders including schizophrenia, ASD, attention-

deficit/hyperactivity disorder, and dyslexia (Manent and LoTurco 2012). To 

determine the effects of MeCP2 amount on cellular migration, the average 

distance of somas traveling from the edge of plated 2-month-old cortical 

organoids was measured (Fig 4D-E). Both DUP and KO organoids exhibited 

impairments with the movement of neurons from the organoid. DUP and KO 

somas travelled a significantly shorter distance compared to the isogenic control 

(Fig 4E-F; Table 1). Witnessing the negative effect of MeCP2 dosage on cellular 

migration prompted us to further investigate this impairment by measuring 

relative protein levels of important migration markers. Doublecortin (DCX) is 

involved in the movement of neurons to their proper location during neural 

development. Previous research has established DCX as a reliable marker for 

neural migration (J. P. Brown et al. 2003; Magavi, Leavitt, and Macklis 2000). To 
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measure the relative protein levels of this migration marker, we performed 

western blot in DUP, KO, and WT organoids. We found that both DUP and KO 

organoids showed decreased DCX, which corroborates our previous migration 

results (Fig 4G). Impaired neuronal migration presents one explanation for 

abnormal brain sizes seen in patients with MECP2 syndromes.  

 

Varying levels of MeCP2 affect the expression of neuroinflammation genes 
 

Observations of chronic neuroinflammation in postmortem brain 

specimens from patients with ASD over an expansive age range have been 

indispensable in ASD research (Onore, Careaga, and Ashwood 2012). In the brain 

tissue and cerebrospinal fluid, scientists have noted distinguished microglia 

activation and increased inflammatory cytokine and chemokine production 

including interferon-γ, IL-1β, IL-6, IL-12p40, tumor necrosis factor-α and 

chemokine C-C motif ligand-2 (Onore, Careaga, and Ashwood 2012). These 

findings highlight the importance of investigating neuroinflammation in 

neurodevelopmental disorders such as ASD. With the advent of molecular 

barcoding technology, one way to investigate neuroinflammation is through 

pathway and gene expression analysis. Furthermore, transgenic mouse models of 

both RTT and MECP2 duplication syndrome have revealed marked changes in 

gene expression (Chen 2003). Due to the common phenotype of 

neuroinflammation in ASD and the known effect of MeCP2 as a transcriptional 

regulator, we chose to investigate gene expression changes with a concentrated 

panel including 770 neuroinflammation genes and 23 neuroinflammation 



39 
 

pathways using a recent molecular barcoding technology. This technique utilizes 

molecular "barcodes" and single molecule imaging for the direct hybridization 

and detection of hundreds of RNA molecules. The neuroinflammation panel we 

selected includes genes regarding apoptosis, the cell cycle, inflammatory 

signaling, DNA damage, cellular stress, and autophagy. Overall, increased 

MeCP2 dosage resulted in an upregulation of neuroinflammation genes, whereas 

decreased MeCP2 amount resulted in a downregulation of genes (Fig 5A-C; 

Table 1).  

To explain defects in electrophysiology and the synaptic network seen in 

MeCP2 mutant neurons (Marchetto et al. 2010; Nageshappa et al. 2016), we noted 

that KO organoids showed decreased expression of vesicular glutamate 

transporter (VGLUT), which is responsible for uptake of the excitatory amino 

acid, L-glutamate, into synaptic vesicles (Fig 5D). It appears that absence of 

MeCP2 may cause a decrease in the formation of glutamatergic neurons, which 

would result in less VGLUT. Mariani and colleagues previously showed that 

ASD-derived organoids exhibited an upregulation of genes involved in cell 

proliferation, an accelerated cell cycle, and overproduction of GABAergic 

neurons (Mariani et al. 2015). With these results, we hypothesize that MeCP2 

dosage affects the critical balance of GABAergic and glutamatergic neurons, 

which ultimately affects the electrophysiology of the developing brain. In 

addition, both DUP and KO organoids showed decreased expression of 

synaptophysin, a presynaptic marker and synaptic vesicle glycoprotein (Fig 5D). 

Previous research has already shown defects in the synaptic network of mutant 
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MeCP2 neurons (Marchetto et al. 2010; Nageshappa et al. 2016). Image analysis 

and colocalized puncta of quantification of the isogenic MeCP2 neurons produced 

here are necessary to provide more conclusive evidence regarding network 

formation. Another gene of physiological importance that showed marked 

transcriptional changes was GADD45G. The transcripts of this genes are 

generally increased following stressful growth arrest conditions and treatment 

with DNA-damaging agents. Using the molecular barcoding gene expression 

analysis, DUP organoids show increased GADD45G (Fig 5D). A deletion of an 

enhancer near GADD45G leads to reduced expression of the gene, allowing for 

increased brain growth in humans (McLean et al. 2011). Thus, this result is 

surprising given the larger cortical diameter and decreased apoptosis of the 

duplication organoids. This result remains inconclusive but highlights the 

hypothesis that MeCP2 amount is most likely affecting the normal progression of 

the cell cycle. Together, our data suggests that MeCP2 plays an important role in 

regulating common neuroinflammation genes. Furthermore, synaptogenesis and 

the cell cycle seem to be affected by the dosage of this epigenetic regulator.  
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DISCUSSION 

 

Cellular models, such as the one presented here, can be used to study the 

altered physiology of neurons derived from patients with neurological disorders. 

For instance, the physiology of RTT neurons has been extensively investigated 

revealing potential avenues for drug therapy like IGF-1 treatment (Marchetto et 

al. 2010; Nageshappa et al. 2016). Examining phenotypes in both the structure 

and function of human neurons may provide insight into disease pathology and 

neurodevelopment. We started with deriving iPSCs from fibroblasts isolated from 

one independent patient with MECP2 duplication syndrome. Although this patient 

carries a duplication involving other X-linked genes, the data obtained from this 

patient seem to be in coherence with previously published data regarding patients 

with duplications containing different loci. Multiple patients with varied MeCP2 

duplications still share the same core phenotype (H. Van Esch 2012). In all of 

these cases, increased MeCP2 dosage is sufficient to cause the core symptoms of 

the disease; thus, primarily investigating MeCP2 remains pertinent (H. Van Esch 

2012). Nevertheless, the effects of other genes such as L1CAM will be an 

interesting avenue to pursue in the future.  

The increased MECP2 expression did not interfere with the 

reprogramming and cortical organoid differentiation methods in our study. The 

duplication iPSCs exhibit hESC morphology and growth patterns, as well as, 

common hESC markers, providing evidence that the reprogramming was 

successful. We propagated these iPSCs and took advantage of the new genome 
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editing technique, CRISPR/Cas9, to create 3 isogenic cell lines with varying 

amounts of MeCP2.  It is well known that MeCP2 is imperative for normal 

neurodevelopment, so these cell lines allow us to dissect the molecular and 

cellular consequences of abnormal amounts of this important transcriptional 

regulator. We took a robust, unbiased approach to confirm the mutations and 

protein levels in each of the cell lines 

The ability to generate these hiPSCs is significant because the cells retain 

the genetic information from patients with specific mutations. This strategy 

allows for the possibility to observe species-specific neurodevelopment in a dish 

and bypasses issues regarding the lack of conserved gene function across other 

species. Perhaps even more significant is the power to create isogenic hiPSCs. 

High quality data generated by cell based-assays are dependent on the quality of 

the control cell lines. Isogenic cell lines are a valuable platform for cellular 

studies by offering the ideal control (Kim et al. 2014). The control cell lines have 

the same genetic background as the mutant line, allowing scientists to 

differentiate between target gene effects versus off-target effects. For these 

reasons, isogenic cell lines are becoming the global standard in stem cell biology 

and neuroscience. Scientists commonly utilize iPSCs from patients with 

compromised genomes to generate “diseased” and isogenic control neurons in a 

dish (Kim et al. 2014). This system has proven itself useful, yet limitations still 

exist. iPSC-derived neurons in a dish do not mature past mid-fetal stages (Stein, 

2014). A concern is whether these neurons maintain the disease pathology in 

vitro, since the cells may not be able to reach the maturity state necessary to 



43 
 

capture all of the disease phenotype. For instance, some neurological disorders are 

characterized by normal prenatal development, followed by a postnatal onset, so 

traditional iPSC disease modeling methods may not be sufficient to recapitulate 

the progression of those disorders.  

We chose to generate cerebral organoids enriched in cortical neurons 

because cells can reach greater maturation potential and are more representative 

of the 3-D brain environment. Brain organoids have been reported and implicated 

in the study of neurodevelopment in vitro (Lancaster et al. 2013; Mariani et al. 

2015; Ardhanareeswaran et al. 2017; Quadrato et al. 2017). Even though they are 

reductive by nature, these models have been relevant for many neurological 

studies that have uncovered progenitor abnormalities present during early stages 

of brain organogenesis, resulting in microcephaly-like phenotypes. Other studies 

have indicated an imbalance in the excitatory and inhibitory network in ASD, 

revealing an excess of GABAergic neurons (Lancaster et al. 2013; Mariani et al. 

2015; Ardhanareeswaran et al. 2017; Quadrato et al. 2017). Brain organoids are 

attractive for these inquests and other neurodevelopmental inquiries because they 

better represent the complex cytoarchitecture of the developing 3-D nervous 

system and the maturity of in vivo neural circuits (Paşca et al. 2015). Quadrato 

and colleagues investigated the structural and functional maturity levels of 

organoid cultures and found that they included dendritic spines, a hallmark of 

mature neurons that are often elusive in 2-D cultures (Quadrato et al. 2017). They 

also noted that the neurons were electrophysiologically mature, showing 

spontaneous activity (Quadrato et al. 2017).   
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 We based our organoid generation off of a previously published protocol 

by Paşca and colleagues to enrich the organoids with cortical neurons (Paşca et al. 

2015). This group modified several existing approaches to differentiate cortical 

neurons in 2-D including differentiating iPSCs to embryoid bodies, neural 

progenitor cells, and eventually neurons after removal of growth factors. Their 

protocol included a relatively quick, reproducible method to generate 3-D 

aggregates of cortical neurons, with the advantage of not having to embed the 

cells in an extracellular matrix. Moreover, the cortical organoids produced with 

this protocol could be used in slice physiology experiments allowing for study of 

the synaptic network (Paşca et al. 2015). We selected and modified this protocol 

primarily because of its ease, reliability, and emphasis on cortical neurons, which 

are most often affected in neurological disorders involving higher order 

behaviors. The complexity of the human cerebral cortex supersedes the intricacies 

of any other mammalian brain. This complexity is not recapitulated with mouse 

models and may be better represented with a human 3-D brain organoid because 

of its self-organizing capacity and functional maturity. We believe cerebral 

organoids are an excellent tool for modeling ASD, and in our case, understanding 

the effects of MeCP2 dosage on neurodevelopment.  

We generated multiple batches of organoids for each cell line. Notably, we 

first observed a striking phenotype that the cortical diameter of the DUP 

organoids was larger than both the WT and KO cell lines. We probed whether this 

size difference may be due to the cells proliferating more or evading apoptosis. 

Preliminary data suggests that the DUP organoids do appear to have decreased 
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cell death compared to control cell lines suggesting a possible explanation for 

their larger size. Interestingly, there are cases of MECP2 duplication patients with 

macrocephaly, even though this phenotype is not common to this disease. Other 

research groups such as Lancaster and colleagues have also shown the capability 

of brain organoids to recapitulate human microcephaly, highlighting the validity 

of our findings (Lancaster et al. 2013).  

After morphometric analysis we observed that increased MeCP2 dosage 

resulted in increased neurite outgrowth over the course of 48 hrs, whereas 

decreased dosage resulted in the opposite phenotype. These results suggest that 

MeCP2 amount plays a role in how fast neurons reach morphological maturity, 

and the increased amount of MeCP2 may allow the neurons to reach a higher 

complexity level. In line with our findings, human iPSC-derived duplication 

neurons exhibit increased synaptogenesis and dendritic complexity (Nageshappa 

et al. 2016). Transgenic mouse data have also confirmed that MECP2 

overexpression promotes early postnatal dendritic and synaptic growth 

(Nageshappa et al. 2016). We also showed an upregulation of Cux1 protein levels 

in our DUP organoids compared with controls. Cux1 has been implicated in the 

regulation of dendritic branching and spine density in cortical neurons (Cubelos et 

al. 2010). A recent paper also demonstrated an upregulation of Cux1 in multiple 

MECP2 duplication samples, indicating that MeCP2 may exert transcriptional 

control over Cux1 (Nageshappa et al. 2016). It appears that increased MeCP2 

dosage leads to upregulation of the functional Cux1 protein, which can possibly 

explain the heightened complexity of human MeCP2 duplication neurons. In the 
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future, it will be interesting to pursue further morphological analysis of the 

MeCP2 neurons derived from cortical organoids by possibly investigating soma 

size or spine morphology. Using 2-D iPSC-derived RTT neurons, research has 

already shown that decreased MeCP2 leads to smaller soma size (Marchetto et al. 

2010). Validating this result with our model may be useful because the neurons 

may reach higher maturity levels in a 3-D environment, allowing for the neurons 

to show their full complexity.  

 Both increased and decreased MeCP2 amounts manifested in problems 

with neural migration. Specifically, DUP and KO neurons did not migrate as far 

as control neurons measured from the edge of plated cortical organoids. Neural 

migration has a ubiquitous influence on development by bringing cells into their 

proper spatial relationships (Purves et al. 2001). The movement of neural cells is 

necessary to bring different groups of neurons and glial cells into a functioning 

network. A working neural circuit depends on precise connections, so the 

positioning of the presynaptic and postsynaptic element of neurons may be one of 

the most critical events in the formation of the brain (Purves et al. 2001). Many 

neurodevelopmental disorders including schizophrenia, ASD, dyslexia, and 

attention-deficit/hyperactivity disorder are characterized by aberrant neural 

migration, and ultimately, a compromised synaptic network (Manent and LoTurco 

2012). The migration of neurons into the cerebral cortex is quite involved, where 

neurons arise in the ventricular zone and migrate thousands of cell body lengths to 

form layers with unique form and function (Guerrini and Parrini 2010). There is 

much room for error in this concerted and specific movement of cells. To 
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illustrate, mice with engineered cyclin-dependent kinase 5 mutations exhibit 

inverted cortical layering compared to normal controls (Guerrini and Parrini 

2010). Here, our results point to an optimal level of MeCP2 for normal neuronal 

migration. It appears that too much or too little of this protein can lead to stunted 

movement of neurons. DCX is commonly used as a marker for neuronal 

migration because it encodes for the protein doublecortin which stabilizes 

microtubules. The microtubules form a scaffold that helps propel neurons within a 

cell by elongating and altering the cytoskeleton. We found that both DUP and KO 

organoids displayed decreased levels of DCX. This result adds further support for 

the importance of MeCP2 dosage for neuronal migration and the formation of the 

cerebral cortex. Looking at clinical evidence, both MECP2 duplication and RTT 

syndrome have shown abnormal head circumferences in some cases (Hammer et 

al. 2002; H. Van Esch 2012), which could be explained by hindered migration.  

 MeCP2 is preferentially expressed in neurons and regulates transcription 

through the recruitment of chromatin-modifying enzymes. MeCP2 can disrupt 

normal neural networks by regulating the transcription of activity-dependent 

genes in neuronal cells, which are necessary in synapse development and neuronal 

plasticity (Nan et al. 1998). For instance, BDNF has been identified as a potential 

target for MeCP2 (Chen 2003). This signaling molecule is important for brain 

development and plasticity, and its expression has been compromised in many 

neurodevelopmental disorders (Chen 2003). In MECP2-null mice, both the BDNF 

gene and protein are downregulated, so decreased MeCP2 has been linked to 

decreased expression of BDNF (Chang et al. 2006). Due to the effect of MeCP2 
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mutations on gene expression, scientists have procured an interest in analyzing 

expression changes that develop when levels of functional MeCP2 are 

manipulated. Many researchers have attempted to study the effect of MeCP2 on 

gene expression using post-mortem brains; however, differences in sample 

quality, brain region, genetic backgrounds, and symptom severity have made 

obtaining conclusive data quite difficult (Ferrer et al. 2008). Mouse models with 

genetic modifications of the MECP2 allele meant to alter the production of the 

functional protein have offered valuable insight. To illustrate, researchers 

analyzed gene expression patterns in the cerebellum of MECP2-null and MECP2-

Tg mice, models of RTT and MECP2 duplication syndrome, respectively (Ferrer 

et al. 2008; Ben-Shachar et al. 2009). They found that variations in MeCP2 

amount resulted in hundreds of gene expression changes in different regions of 

the mouse brain including the hypothalamus and cerebellum. The increase of 

MeCP2 in mice largely resulted in upregulation of genes, while the decrease of 

MeCP2 in mice mostly resulted in a downregulation of genes. This result is 

consistent with a role for MeCP2 as a modulator that can both act as a 

transcriptional activator or repressor. The researchers noted that additional 

delineation of the expression pattern of MeCP2 target genes in the brain is needed 

(Ferrer et al. 2008; Ben-Shachar et al. 2009). They state that further investigation 

might reveal genes that are more amenable to manipulation and can consequently 

be modified to ameliorate some of the disease phenotypes in these two disorders. 

We believe our research helps fill in gaps regarding MeCP2 dosage effects on 

gene expression. In addition, our study specifically focuses on the cerebral cortex 
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which may provide better insight into genes that may be of clinical interest, since 

these targets can affect both brain development and behavior.   

Neuroinflammation is a hallmark of many neurological disorders 

including ASD. Abnormal production of neuroinflammatory molecules can 

impact the physiology of the brain. Many studies have described ongoing 

inflammation in post-mortem brain specimens, extensive changes in immune 

function, increased proinflammatory cytokines, and altered immune cell function 

in patients with ASD, underlining the importance of investigating 

neuroinflammatory targets (Masi et al. 2017). We found that increased MeCP2 

dose leads to an upregulation of neuroinflammation genes, whereas decreased 

amount leads to a downregulation of neuroinflammation genes. This result 

follows the same trend as the expression patterns found in transgenic mouse 

models listed above. Some genes of interest that showed changes in gene 

expression were VGLUT, synaptophysin, and GADD45G. These genes are 

important for synaptogenesis and cellular growth conditions, which can possibly 

explain some of the disease phenotypes. To illustrate, KO organoids showed 

decreased VGLUT expression, which is responsible for the uptake of the 

excitatory amino acid, L-glutamate, into synaptic vesicles. Marchetto and 

colleagues previously revealed that hiPSC-derived RTT neurons show decreased 

number of glutamatergic synapses, underlining the critical role of MeCP2 in the 

homeostasis of excitatory synapses (Marchetto et al. 2010; Nageshappa et al. 

2016). Our results corroborate with this data; however, it is necessary to support 

our gene expression findings with functional results. In the future, we plan to 
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conduct electrophysiology studies using multi-electrode array plates to determine 

the effect of MeCP2 on the electrical activity of human neurons. We hypothesize 

that KO cortical organoids will display decreased electrical activity compared to 

controls, while increased MeCP2 will show the opposite effect. Clearly, MeCP2 

plays a pivotal role in the homeostasis of the brain and synaptic plasticity. 

Developmentally important genes seem to be gravely affected by the amount of 

this transcriptional regulator. Thus, the correct dosage of MeCP2 is necessary to 

regulate normal transcription in the brain.   

The DUP, WT, and KO lines serve as one of the first MeCP2 iPSC-

derived dosage models, which can be used for drug discovery and disease 

modeling, amongst other uses. For instance, previous work suggests that a histone 

deacetylase inhibitor, NCH-51, offers potential for therapeutic use. Naggeshappa 

and colleagues reprogrammed fibroblasts from 3 independent patients with 

different duplication lengths containing the MECP2 gene (Marchetto et al. 2010; 

Nageshappa et al. 2016). They showed that cortical neurons derived from human 

MECP2 duplication iPSC lines revealed increased glutamatergic synapses and 

dendritic arborization, as well as, increased complexity when compared to non-

affected controls and RTT-derived neurons. Considering the epigenetic role of 

MeCP2, the researchers treated these neurons with a library of epigenetic 

compounds in attempts to reverse the above phenotypes. NCH-51 was able to 

rescue some of the electrophysiological and morphological effects in these 

neurons, showing much therapeutic promise. In the future, we plan to investigate 

the clinical potential of this drug using our model presented here. The MeCP2 



51 
 

dosage model provides an advantage over previous established cell lines because 

these cell lines are isogenic, so neuronal defects can largely be attributed to 

aberrant levels of MeCP2 only. In terms of drug screening, therapeutics can be 

developed directly for a target gene of interest, without confounding variables 

such as differing genetic background. The phenotypes observed can be directly 

correlated with the genotype. Thus, scientists can gain confidence in the effect of 

successful clinical therapies since drug responses and cellular processes can easily 

be compared between the control and mutant line. To identify therapeutic 

compounds that amend phenotypes expressed by isogenic cortical neurons with 

different MeCP2 dosages, we will test approximately 2,400 drugs, which includes 

a focused library of over 200 epigenetic compounds. Epigenetic compounds, such 

as NCH-51, show clinical potential, since MeCP2 is an epigenetic regulator.  

Human iPSCs can be used to generate disease-relevant cell types with the 

genetic background and mutated loci from patients exhibiting neurological 

disease. The field of disease modeling and neurodevelopment has been greatly 

advanced by this discovery. The ability to generate human neurons with mutated 

genomes in a 2-D environment allows for the study of functional, cellular or 

molecular disease phenotypes. The generation of 3-D iPSC models have now 

opened the door to even more fine-tuned analysis of these processes. Human 

cerebral organoids provide an unprecedented opportunity to study human 

neurodevelopment in vitro because of their increased complexity and self-

organizing capacity. Brain organoids offer a 3-D environment enriched with 

specific target cell types that is more representative of the actual human brain. 
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Furthermore, individual and effective therapies, as well as, high throughput drug 

screening that circumvent interspecies differences can be developed and modified 

with hiPSCs. We hope that our work will advance investigation of normal 

neurodevelopment and strengthen the pre-clinical testing platform. Ultimately, we 

anticipate that this research can help maximize the monetary and translational 

success of clinical trials.  

To summarize, we uncovered and validated defects in cortical organoid 

physiology. We revealed that MeCP2 dosage is critical for cortical organoid size, 

neural migration, neurite outgrowth, and neuroinflammation genes in vitro. These 

data help confirm many clinical observations, indicating the crucial role of 

MeCP2 dosage in the described phenotypes. We hypothesize that these defects are 

most likely caused by problems with the transcriptional network of the cell, 

leading to faulty neuronal connectivity and synaptogenesis. In addition, 

duplication neurons may exhibit issues with apoptosis and cellular proliferation 

resulting in one of the most striking observed phenotypes: increased cortical 

organoid size. Many of the results presented here are preliminary and simply 

serve as a starting point for deeper investigation. Nevertheless, we utilized both 

isogenic cell lines and brain organoids to create a reliable and representative 

model that circumvents issues with other disease models. To conclude, we present 

a valuable platform to understand MeCP2 dosage effects on human neurons. Our 

isogenic model recapitulates early stages of human MECP2 syndromes and 

represents an advantageous cellular tool to facilitate therapeutic drug screening 

for neurodevelopmental disorders.  
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FIGURES 

 

 
 
Figure 1. Characterization of MECP2 duplication iPSC reprogramming. A. Schematic of 
reprogramming fibroblasts with Sendai virus B. Brightfield image of MECP2 duplication 
fibroblasts C. Representative images of fibroblasts and iPSCs throughout reprogramming process, 
with increased cytotoxicity (red arrow), and iPSC colony formation present (denoted by red dotted 
line). D. Representative immunofluorescent images displaying stage-specific protein expression in 
iPSCs including Tra-1-60 (Green) and Oct4 (Red) E.  Representative immunofluorescent images 
displaying stage-specific protein expression in iPSCs including Nanog (Green) and Lin 28 (Red). 
All nuclei are stained with DAPI (blue). All scale bars for brightfield images represent 1000 µm.  
All scale bars for immunofluorescent images represent 100 µm. 
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Figure 2. Generating an MeCP2 dosage model using CRISPR/Cas9. A. Schematic 
representation of the MECP2 gene structure used in this study. Exons 3, and 4 (teal) represent the 
methyl-CpG binding domain and transcriptional repressor domain respectively. B. Diagram of the 
duplication mutation from the MECP2 duplication patient C. Schematic overview of the strategy 
to generate the MeCP2 dosage model (Duplication: DUP, Wild Type: WT, Knockout: KO) D. The 
strategy for CRISPR/Cas9 to generate the MECP2 isogenic cell lines. E. DNA sequence 
chromatogram shows the nucleotide deletion in the MECP2 gene leading to a frameshift mutation 
and a predicted premature stop-codon in the end of exon 3 (asterisk). The WT was used as 
controls. F. Quantification and representative image of gel from western blot of the isogenic 
iPSCs showing the absence of MeCP2 in the KO lines G. Immunofluorescence of isogenic iPSC 
lines of DUP, WT, and KO showing the expression of the pluripotency marker Nanog (green) and 
MeCP2 (red). All nuclei are stained with DAPI (blue). All scale bars represent 50 µm. All western 
blot protein signals were normalized to β-actin.  
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Figure 3. MeCP2 dosage affects cortical organoid size. A. Schematic representation of the 
organoid generation protocol B. Representative images of organoids at different stages of 
maturation. Scale bar: 1000 µm C-F. Immunostainings showing the presence and stratification of 
neural cells within WT organoids. Scale bar: 50 µm G. Quantification of western blots showing 
the presence of neural proteins H. Representative images of the MeCP2 organoids compared at 
neural induction and neural maturation phases. Scale bar: 1000 µm I. Scatter plot showing 
quantification of organoid diameter (µm) post-neuronal maturation. In top graph, each dot 
represents one organoid. In bottom graph, each dot represents one organoid batch. J. Line graph 
quantifying organoid diameter after formation (24 hrs), neural induction (day 15), proliferation 
(day 21), and neuronal maturation (day 35) K. Images from the Annexin V assay used to 
determine levels of cell death in DUP and WT organoids. Each quadrant represents a different cell 
population with healthy cells in the lower left quadrant and apoptotic cells in the right quadrants. 
All data are presented as the mean ± STD; *p<0.05, two-tailed unpaired t-test. 
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Figure 4. Optimal MeCP2 amount is necessary for neural migration and neurite outgrowth.  
A. Representative brightfield image of neurons dissociated from 2-month-old isogenic MeCP2 
organoids tracked over a 36 hr period. Blue lines show representative tracings of neurite 
outgrowth. Scale bar: 10 µm B. Total length of all neurites from DUP (teal), WT (grey), and KO 
(blue) neurons over 36 hrs C. Comparison of the slopes (representing growth rate) between several 
time points: 0-4, 14-12, 12-24, and 24-36 hrs. D. Schematic depicting the migration assay where 
the average distance of cell migration was calculated (purple arrow). The purple dotted line 
demarcates where 90% of the somas have travelled. E. Representative brightfield images of 
cellular migration from the edge of the cortical organoids. The average distance travelled of 90% 
of the somas was calculated (purple arrow). Scale bar: 1000 µm F. Quantification of cellular 
migration from MeCP2 cortical organoids plated for 11 days G. Quantification and representative 
gel image of western blot showing relative levels of doublecortin (DCX) in each cell line. All data 
are presented as the mean ± STD; n ≅ 40. n, number of neurons analyzed per 12 hr time interval, 
along with their associated controls. *p<0.05, two-tailed unpaired t-test. 
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Figure 5. Varying levels of MeCP2 affect the expression of neuroinflammation genes. A. Heat 
map showing differential gene expression of the DUP and KO cortical organoids compared to 
isogenic controls. Green indicates increased gene expression, while red indicates decreased gene 
expression. B. Volcano plot showing fold change difference in gene expression for DUP organoids 
compared to WT organoids. The yellow line represents p-value of 0.05. Blue boxes highlight a 
selection of physiologically important genes. C. Volcano plot showing fold change difference in 
gene expression for KO organoids compared to WT organoids. The yellow line represents p-value 
of 0.05. Blue boxes highlight a selection of physiologically important genes. D. Violin plots 
showing marked gene expression changes for VGLUT, GADD45G, and synaptophysin. DUP and 
KO gene expression changes were calculated versus a baseline of WT.  
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Supplemental Figure 1. MeCP2 organoids express neuronal proteins including Cux1. A. 
Quantification and representative image of gel from western blot of the isogenic 2-month-old 
cortical organoids, showing relative levels of FOXG1 B. Quantification and representative image 
of gel from western blot of the isogenic 2-month-old cortical organoids, showing relative levels of 
TuJ1 C. Quantification and representative image of gel from western blot of the isogenic 2-month-
old cortical organoids, showing relative levels of TBR1 D. Quantification and representative 
image of gel from western blot of the isogenic 2-month-old cortical organoids, showing relative 
levels of Cux1. E. Quantification and representative image of gel from western blot of the isogenic 
2-month-old cortical organoids, showing relative levels of Ctip2 F. Quantification and 
representative image of gel from western blot of the isogenic 2-month-old cortical organoids, 
showing relative levels of GFAP. All western blot protein signals were normalized to β-actin. 
GFAP was used as the negative control.  
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Supplemental Figure 2. Other iPSC-derived cortical organoids with absent MeCP2 show 
decreased size. A. Representative brightfield image of mature WT83 cortical organoids. WT83 is 
the control cell line for the mutant RTT cell line: Q83X. B. Representative brightfield image of 
mature Q83X cortical organoids. The Q83X cell line has been used to model RTT syndrome, due 
to the absence of MeCP2 in this cell line. Q83X cortical organoids display decreased cortical 
organoid size when compared with controls. C. Scatter plot showing quantification of organoid 
diameter (µm) post-neuronal maturation. Each dot represents one cortical organoid. This data was 
generated with one batch of 2-month-old cortical organoids. All scale bars for brightfield images 
represent 1000 µm. *p<0.05, two-tailed unpaired t-test.  
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TABLES 
 

 

Table 1. Summary of MeCP2 dosage effects on cortical organoid physiology.  

Cell Line MeCP2 
Amount 

Cortical 
Organoid 
Size 

Neural 
Migration 

Neurite 
Outgrowth 

Gene 
Expression 

Duplication Increased Increased Decreased Increased Increased 

Knockout Absent Decreased Decreased Decreased Decreased 

Wild Type Control Control Control Control Control 
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