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Abstract 

Autism Spectrum Disorders (ASD) are  a group of pervasive neurodevelopmental conditions 

with heterogeneous etiology, characterized by deficits in social cognition, communication, 

and behavioral flexibility. Despite an increasing scientific effort to find the 

pathophysiological explanations for the disease, the neurobiological links remain unclear. A 

large amount of evidence suggests that pathological processes, taking place in the early 

embryonic neurodevelopment, might be responsible for later manifestation of autistic 

symptoms. This dysfunctional development includes altered maturation/differentiation 

processes, disturbances in cell-cell communication, and unbalanced ratio between certain 

neuronal populations. All those processes are highly dependent on the interconnectivity and 

three-dimensional (3D) organizations of the brain. Moreover, in order to gain a deeper 

understanding of the complex neurobiology of ASD, valid disease models are pivotal. 

Induced pluripotent stem cells (iPSC) could potentially help to elucidate the complex 

mechanisms of the disease and lead to the development of more effective individualized 

treatment. The iPSC approach allows comparison between the development of various 

cellular phenotypes generated from cell lines of patients and healthy individuals. A newly 

advanced organoid technology makes it possible to create three dimensional (3D) in vitro 

models of the brain development and the structural interconnectivity, based on iPSC derived 

from the respective individuals. Since the biggest challenge for modeling psychiatric diseases 

in vitro is finding and establishing the link between cellular and molecular findings with the 

clinical symptoms, this review aims to give an overview over  the feasibility and applicability 

of this new tissue engineering tool in psychiatry. 
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Introduction 

Autism Spectrum Disorders (ASD) are characterized by deficits in social cognition and 

communication as well as behavioral inflexibility. These neurodevelopmental disorders are 

pervasive in nature with an early onset [1]. The etiology is heterogeneous and despite an 

increasing scientific effort, the neurobiological underpinnings remain uncertain [2]. A 

growing body of evidence suggests that the pathological mechanisms leading to the 

manifestation of autism spectrum disorders (ASD) might be a result of very early disruption, 

happening in the second trimester of fetal development [3, 4]. The severity of symptoms 

varies greatly between individuals and the prevalence of intellectual disability, epilepsy, 

attention deficit/hyperactivity disorder (ADHD), and obsessive-compulsive disorder is 

markedly higher in people with ASD than in unaffected individuals  [5]. ASD has a strong 

and complex genetic basis, and hundreds of candidate genes have been identified, each with 

many different putatively disruptive variants [6]. 

The genetic links have been confirmed in twin studies with concordance rates up towards 

90% in monozygotic twins, in contrast to 30% in dizygotic twins [7, 8, 9, 10]. Disruptive 

variants of genes involved in the glutamatergic pathway have been associated with autism 

development [11]. Synaptic proteins such as neurexin, neuroligin [12, 13], and SHANK1, 2, 3 

[14, 15, 16, 17, 18], neurotrophic factors (BDNF) [19], oxidative stress (SOD 1, 2) [20, 21] 

and transcription factors (FOXG1) [22, 23] are all being discussed as candidates involved in 

the underlying neurobiology of ASD.  

The basis of all organizational events in the human brain is the process of self-assembling and 

self-organization - the formation of complex structures from units of less complexity by local 

internal interactions [24, 25]. The physical properties of the cells, such as shape, cell-cell 

adhesion, and polarity, can modify gene expression and vice-versa [26]. Stochastic 
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fluctuations of intrinsic and environmental factors can induce additional migration processes 

and alter the position of a cell in the 3D cellular cluster to fit its gene expression profile. This 

in turn may change the entire architecture of a larger region of the developing brain [26]. 

Therfore, we propose, that disturbances in the self-organization process that occur during 

brain development may result in ASD pathology. 

ASD is a highly “humanized” condition meanning that investigations in animal models face 

many challenges. Murine models of ASD provide genetic homogeneity and to some extent 

allow the study of behavioral deviations [27]. However, the existing genetic differences 

between species and the specificity of the human brain structures complicates extrapolation of 

experimental results from animals to humans. One challenge in the comparison is the less 

complex pattern of organization in the mouse cortex compared to the human cortex [28, 29]. 

The neocortex of humans contains significantly higher numbers and more diverse forms of γ-

aminobutyric acidergic (GABAergic) interneurons than that of rodents [28, 30, 31, 32, 33, 34, 

35, 36]. It has been demonstrated that the morphology of dendrites and the number of 

dendritic spines is disrupted in autistic patients [37]. However, the dendrite morphology in 

humans is more complex and the number of dendritic spines is higher compared to mice [32, 

38]. Anatomical differences between human and rodents in the sub-ventricular zone (SVZ) 

have also been observed [39]. The human SVZ is divided into inner (iSVZ) and outer (oSVZ) 

SVZ whereas rodents lack the outer SVZ [40]. Thus, a more relevant in vitro model for 

recapitulating early human brain development and related pathology is highly needed. 

Modeling ASD in “a dish” – what we learned from human induced pluripotent stem 

cells (iPSC) 

Before venturing into further considerations, it is important to address several challenges 

related to modeling neurodevelopmental disorders in “a dish”. Firstly, it is important to assess 
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the timing of changes during brain development that lead to the disease. In addition to that, it 

is important to understand how to translate this into a viable in vitro model displaying a 

comparable “age stage” (Figure 1). It is also important to consider the particular brain region 

that should be targeted as well as the genes and their developmental and cell type trajectories. 

Normally, a transient increase in the number of cortical neurons is observed during the second 

trimester of a healthy pregnancy [41, 42]. This growth spurt is reported to slows down by the 

time of birth or several months after [43, 44]. This period of active neurogenesis is critical for 

maturation in the cortical laminar development as well as the development of the cortical 

circuitry [45]. Interestingly, one of the most replicated findings in patients with autism is the 

increased number of neurons in the prefrontal cortex as well as increased head size, that 

phenomenon seems to remain stable during the first year of life, and then the numbers of 

neurons decrease to the normal amount and the growth goes back to the normal percentile [46, 

47, 48, 49, 50].  

Despite the complexity and heterogeneity of ASD, genetic studies, post-mortem brain 

analyses, and functional imaging studies all point to an abnormal regulation of specific 

processes including cell proliferation, differentiation, and migration in the brain as key 

mechanism involved in the pathogenesis of autism [51, 52, 53, 54, 55, 56]. Two independent 

studies, applying different analytical approaches, identify spatial and temporal convergence in 

genes involved in neurodevelopmental disorders [57, 58]. Integrative functional genomic 

analyses demonstrate that de novo ASD gene variants are grouped in gene “modules” 

responsible for neurodevelopmental processes, including early transcriptional regulation and 

synaptogenesis. ASD genes variants seems to be enriched in superficial cortical layers and 

glutamatergic projection neurons [57]. ASD gene “modules” are involved in the migration 

and differentiation of inhibitory and excitatory neuronal populations which are essential in 
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cortical development [57].  These processes occur in the brain stem cell niche - a complex and 

dynamic structure, with components that synchronically interact and mediate the balanced 

response of stem cells to the need of the organism (Figure 2A). [59]. Throughout life, the 

mammalian brain harbors neuronal stem cells (NSCs) mainly in the subventricular zone 

(SVZ) and subgranular zone (SGZ)[60]. The SVZ is the largest neurogenic region, 

maintaining the capacity to generate new neurons which functionally integrate in the brain 

[60]. Aberrations in this region would have a drastic influence on brain 

development/organization [54, 61]. Genes regulating cell proliferation, differentiation, and 

migration in the SVZ have been reported to be dysregulated in young autistic patients when 

compared to healthy controls [54, 61]. Individuals with autism have different DNA 

methylation profiles for genes related to cell migration and brain development, suggesting an 

abnormal epigenetic regulation of key neurodevelopmental genes in the autistic brain [62, 63]. 

Altogether, this suggests a critical dysregulation of molecular and epigenetic mechanisms in 

the SVZ region of the brain in individuals with autism [62, 63].  

In recent years, increasing scientific attention has been focused on induced pluripotent stem 

cells (iPSC) as a potent tool to study the neuronal differentiation and interactions. IPSC are 

derived from somatic cells via the overexpression of a certain set of reprogramming factors 

like Oct4, Sox2, Klf4, and c-Myc [64, 65, 66, 67]. IPSC derived from patients bring their 

specific genetic signature and derived neurons show their typical disease morphology [68].  

One common finding is an abnormal maturation and differentiation of neuronal progenitor 

cells (NPC) derived from ASD iPSC (Supplement table 1): Shortened cell cycle and 

decreased levels of neuronal maturation [69, 70, 71, 72]. A dysregulation of the β-

catenin/BRN2 transcriptional cascade leads to increased cell proliferation [73]. It has been 

confirmed in the mouse model that the dysregulation of β-catenin/Brn2/Tbr2 transcriptional 
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cascade mediates a transient embryonic brain enlargement during the deep layer cortical 

neuron formation. This is the result of an abnormal expansion of the basal NPC of the 

developing brain and is associated with adult social and repetitive behavioral abnormalities 

[74]. This mechanism links fetal brain development and adult behavior, demonstrating a fetal 

origin for social and repetitive behavior deficits seen in disorders such as autism. 

Reduced number of synapses and reduced spine density, have also been observed in neurons 

originated from autism patients derived iPSC [75, 76, 77]. A similar pattern is seen in neurons 

differentiated from iPSC from patients with Phelan-McDermid syndrome [78], a syndrome 

which arises from 22q13 deletion or mutation in SHANK3 gene giving rise to a broad array of 

medical and behavioral symptoms, including autistic features. In this syndrome, defects in 

excitatory synaptic transmission result from both a failure to form correct number of 

excitatory synapses and a reduction in the expression of glutamatergic neurons and receptors 

[79]. Inhibitory synaptic transmission is, however, not affected. This leads to an imbalance 

between excitatory and inhibitory neuronal populations in the brain of the patients.  

Altered neuronal morphology as reduced soma size and reduced neurite length [80, 81, 82, 

83], electrophysiological defects [84, 85], altered Ca2+signaling [77, 84, 86] are also common 

findings in the neurons derived from ASD iPSC.  

Astrocytes derived from Rett syndrome iPSC have accelerated formation and differentiation 

[87]. The condition media from those astrocytes has negative effect on morphology and 

function of healthy neurons [88]. Thus, astrocyte dysfunction may play a role in the aberration 

of neuronal circuitry in ASD.  

However, in vitro approaches applied in stem cell research are based on the analyses of single 

homogeneous cellular populations grown in 2D and neglect the fact that all tissues are 
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integrated 3D structures of multiple cell types and extracellular matrix. 2D cell cultures lack 

the means of spatial and temporal signaling as well as the interactions of the cells in a natural 

environment. Purified primary cells can lose their phenotype when cultured in 2D and 

demonstrate other gene expression patterns than they would in 3D [89, 90, 91, 92].  

Brain organoids – it is all about space and timing 

The generation of organoids is based on two major concepts – region-specific organoids and 

(whole) brain organoids. The first methodology employs guided neuronal differentiation by 

extrinsic morphogenes and growth factor patterning to form region-specific organoids; for 

example: forebrain [93], cortical organoids [94, 95], midbrain [96] and hypothalamic 

organoids [97]. These region specific organoids are highly dependant on the morphogene 

induction and specific growth factors used and result in the generation of cell types specific 

for a particular brain region. In contrast to that, the whole brain organoid approach relies on 

intrinsic mechanisms of self-organization and recapitulates complex whole-brain structures 

with extracellular scaffold embedding, without the use of growth factors or inhibitors [98, 99]. 

A timeline overview of the different methodologies for generating cortical and cerebral 

organoids is shown in table 1. 

The most commonly used method to guide iPSC into forebrain neuronal differentiation in 2D 

as well as in 3D is dual inhibition of the transcription factor SMAD via the signal transduction 

pathways of TGFβ and bone morphogenic protein (BMP) using the signal molecules 

NOGGIN and SB435142 (small molecule inhibitor of the type I TGF-β receptor) [100]. 

Further, neuronal differentiation could be guided to anterior or posterior fate, with various 

morphogenes, for example fibroblast growth factor 8 (FGF8) and retinoic acid [101]. 

Targeted differentiation of interneurons [102, 103] is also of great interest for ASD research, 
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since interneuron migration has been suggested to be abnormal in post-mortem tissue samples 

from ASD patients [69, 104, 105]. (Figure 2 B). 

The first link between 2D and 3D culturing is the serum free culture of embryoid body-like 

aggregates (SFEBq) with quick re-aggregation technique [94, 106]. Embryoid bodies cultured 

under serum-free conditions and in the presence of inductive factors can generate forebrain 

NPC. NPC can differentiate and guide to the generation of a number of individual brain 

regions including cortex, pituitary gland, and retina in a temporal and spatially coordinated 

manner [107].  

Several protocols for the generation of forebrain/cortical organoids have been developed 

based on the SFEBq method [79, 80, 93, 108]. They use forebrain inductive signals and the 

addition of dissolved matrigel that provides extracellular matrix proteins and growth factors. 

Thus, this procedure is capable of recapitulating the self-organizing aspects of human 

corticogenesis: spontaneous development of intracortical polarity and cortical folding with 

complex zone separations. A multilayered structure, in the same apical-basal order that is seen 

in the human fetal cortex in the early second trimester, has been observed [97]. Furthermore, 

utilizing this protocol, the outer SVZ contains basal progenitors that share characteristics with 

outer radial glia, abundantly found in the human fetal brain [93].  

The second methodological approach – generation of brain organoids [98], does not employ 

growth factors and morphogens to drive a particular brain region signature. Instead, EBs are 

embedded in Matrigel, which induces the growth of neuroepithelial cells. Those develop into 

complex brain structures based on self-organization. Those structures are not propagating 

randomly, but demonstrate similar patterns and regionalization as in the in vivo developing 

brain. During the developmental process, the expression of hindbrain markers is down-

regulated, mimicking the normal expansion of the forebrain tissue during brain development. 
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Cell populations expressing hippocampal and ventral forebrain markers have also been 

detected, but those regions are not morphologically organized as in vivo. 

Cortical and brain organoids demonstrate regional connectivity via interneurons and they also 

display something that is unique for the human brain development; a progenitor zone 

organization [ 98, 99, 109]. 

Thus, the organoids follow the in vivo timeline development. They also have the ability to 

recreate the self-organizing complexity of the brain’s developmental stages [99]. Organoids 

are therefore a relevant and valuable model of neurodevelopment and the related pathology, 

such as e.g. microcephaly [98] and lissencephaly [110]. Moreover, organoids can generate a 

broad diversity of cells in the human brain [111]. In addition to this, SVZ-like regions are also 

well defined. All this makes organoids a very promising model for this specific brain region 

and can help to elucidate the role of SVZ in pathogenesis of ASD as it was previously 

discussed [97]. (Figure 2, C).  

Li et al. [112] demonstrate that the activation of the PTEN-AKT pathway – a key signaling 

cascade of the brain development, triggered by various growth factors, can enhance the 

proliferation of NPC in the organoids and thus its expansion in size and surface cortical 

folding [112].  

Forebrain organoids recapitulate saltatory migration of interneurons in the fetal forebrain - 

after migration, interneurons functionally integrate with glutamatergic neurons and form 

cortical circuits [109]. Moreover, organoids derived from Timothy syndrome patients 

demonstrated that interneurons display abnormal migratory saltations due to mutation in 

CaV1.2 channels [109].  
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On gene expression level, organoid cultures can replicate both early (8-10 GW) [93, 98] and 

late mid-fetal (22-24/35 GW) development [95, 97, 108]. A growing amount of single-cell 

RNA sequencing studies report that most of the cells in organoids have remarkably similar to 

human fetal brain gene expression program. [93, 111, 113].  

Moreover, a significant overlap in expression of risk genes for schizophrenia and ASD (such 

as synaptic transmission, cell-cell signaling, ion transport, etc.), that has previously been 

observed in post-mortem brain tissue of patients, has also been found during organoid 

development [97]. 

Finally, organoids recapitulate most of the epigenomic features of the mid-fetal brain 

development [114]. Accumulation of early non-CG methylation sites at super enchancers 

regions of the genes has been detected in organoids as well as in the developing brain which 

points future transcriptional repression in mature brain. This finding is of great importance 

since the epigenetics play a critical role in the pathogenesis of ASD. 

The reports investigating organoids derived from patients with ASD, are still sparse. 

However, an up-regulation in the expression of the transcription factor FOXG1 was detected 

in the cortical organoids (corresponding to the first gestation trimester) derived from idiopatic 

ASD patients [115]. This genetic upregulation results in a shortened cell cycle length, an 

abnormal cell proliferation, and an unbalanced differentiation of inhibitory neurons. This 

leads to an unbalanced ratio of inhibitory and excitatory neurons. The phenomenon was 

observed only in early progenitor cells, but not in later stages of the cortical development, 

suggesting that a compensatory mechanism is involved, which is likely to restrict extensive 

neuronal production [115]. All those findings could explain the accelerated brain growth in 

the early neurodevelopment in patients with ASD and later compensation, which has been 

described earlier [46-50]. 
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Challenges in modeling ASD with iPSC and brain organoids  

It still remains unclear how the process of reprogramming affects the genetic and epigenetic 

signature of differentiated neurons and thus might influence the experimental results. 

Genome-wide studies were applied to quantify the similarity between in vitro neural stem cell 

models and brain development in vivo [116]. The primary human neural progenitors derived 

from human fetal brains show remarkable preservation of in vivo gene expression and 

network architecture. In contrast to that, neurons derived from iPSC represent an immature, 

fetal state. They differ in the gene expression pattern of the in vivo development. It was 

identified a genes “module” related to chromatin remodeling that is not presented in iPSC-

derived neuronal stem cells and contains genes involved in the generation of lower cortical 

layer neurons. Furthermore, genes specific to neurodevelopmental processes related to ASD 

pathogenesis are not preserved in iPSC derived neurons. It has been suggested, that 

optimizing the differentiation protocols might help to better in vitro models, e.g. brain 

organoids, and to overcome this challenge. [116].  

Per se reprogramming can introduce mutations of the genomic DNA as well as exogenous 

reprogramming genes [117]. However, this challenge could be overcome by 

“transdifferentiation”. This is an alternative approach, in which one somatic cell type is 

converted to another somatic cell type, avoiding the pluripotent stage and related genetic 

reorganizations. For example, skin fibroblasts can be either reprogrammed into functional 

neurons within three weeks by forced expression of neurogenin-2 [118] or they can be 

converted directly into induced neural progenitor cells, by timely restricted expression of 

Sox2 [119], Klf4 and c-Myc and limited and very strictly controlled expression of Oct4 [120].  

The main limitation of the studies on ASD in iPSC is the small number of patient’s derived 

cell lines. Most of the studies involve cell lines derived from one to five patients (table 1). 
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Only one single study [121] describes a bio-bank with more than 200 cell lines incl. 

fibroblasts, iPSC, neural stem cells and glia from wide range of patients diagnosed with 

idiopathic autism and Fragile X-syndrome. This points to the necessity of doing further 

studies including a higher number of cases.  

Another main concern in the previous studies, involving patients derived iPSC, is the lack of 

selection of well characterized clinical populations, meaning that the patients groups have not 

been well characterized . One of the largest weaknesses of most of the studies is the restricted 

and limited description of the clinical presentation and the precise selection criteria for the 

single patients. This makes the results of the studies very difficult to interpret and to 

eventually correlate the cellular findings with the clinical symptoms. 

Since autism is considered a spectrum of disorders, we propose to either model the disease 

based on a single patient with a rare genetic mutation with a clear clinical manifestation and 

observe the differences in the cellular and molecular signature in comparison to the findings 

from a respectively matched healthy individual, or based on a big group of patients with 

idiopathic ASD where pathological findings in the organoids are difficult to distinguish from 

the healthy controls. Moreover, including a heterogeneous patient group with  a disparate 

disorder aetiology could compromise data interpretation. Thus, common well-defined 

inclusion criteria together with clinically characterized patient cohort is an indispensable 

consideration. Nevertheless, it remains subject to discussion and needs to be elucidated 

further, whether a “global” or an “individualized” model of the disease will give a more 

relevant or a more complex picture.  

An important question in modeling ASD is how to correlate the molecular and cellular 

findings in vitro with the clinical presentation. Pathology based on a single known mutation 

provides valuable information regarding molecular and cellular disturbances, but it is difficult 
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to correlate the in vitro findings with the clinical symptoms in the patient. Additionally, it is 

important to find out which of those findings are the key characteristics and how do we define 

an “autistic brain” in vitro? Therefore, the question of what is the appropriate readout to 

conclude that the model is relevant needs to be addressed. Taking all the findings together, we 

suggest that one potential criteria could be a correlation between brain volume (head 

circumference) and cell proliferation index [73] or organoid size [115]. Another promising 

correlation could be drug response (e. g. Risperidone) or presence of seizures in the patient 

and changes in receptor expression and synaptic activity in patient derived organoids 

(electrophysiology).  

To draw relevant conclusions, it is necessary to generate stable and reproducible organoids. 

Currently, the organoid techniques suffer from significant variability issues, so called “batch 

syndrome”, in which different batches of organoids demonstrate significant variability in the 

quality of the brain regions they produce [99]. Furthermore,  standardization of culture 

conditions and using a critical marker set for analysis are required. 

Although the brain organoids recapitulate the highly coordinated generation of a cortex-

specific repertoire of neuronal cell types, the reconstruction of the precise 3D-location of the 

multiple cell populations in the whole brain has not been achieved yet. This is due to the lack 

of knowledge in major developmental cues necessary to form a mature brain, and when these 

should be applied. It also depends on the absence of a vascular system that could distribute a 

sufficient amount of nutrients and oxygen inside organoids. Organoids also lack major 

developmental cues necessary to form a mature brain [93, 98]. Thus, the organoids-based 

models recapitulate single or partial components of the brain tissue. 

Both neurogenesis and proper maturation of progenitor cells in the SVZ in later brain 

development is highly dependent on oxygen and nutrients delivery. A lack of vascularization 
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within the brain organoids leads to hypoxia and malnutrition. Furthermore, it results in 

necrosis in the center of the organoids [98]. Spinning bioreactors have successfully been 

employed to increase the oxygen exchange [97, 98]. Controlled speed of stirring and adding 

growth factors (BDNF) could also help solve this challenge [122]. Advancing knowledge in 

the field of nanotechnology and future tissue engineering may thus solve the challenge of 

inner necrosis, co-cultures of endothelial cells and the creation of artificial vascularization 

connected to a microfluidic system [97, 123]. The main advantages and disadvantages of 2D 

vs 3D culturing are presented in table 2.  

Perspectives and conclusion 

Although the first promising results have demonstrated that the organoid technology is very 

encouraging in modeling neurodevelopment and its diseases, it is necessary to go a long way 

before one can fully assess the value of  3D cell cultures. The field is developing very fast and 

efforts are now focused on optimizing the methodology and on understanding how well 

organoids relate to the human brain in respect of structure, function, genetic and epigenetic 

signature. 

For further understanding of the molecular links between gene functions and ASD, the 

emerging technology of genome editing could be applied. By using “knock out” or “knock in” 

methods to diminish or induce certain genes in iPSC, one could mimic the loss-of-function 

and gain-of-function status, that exists in the developing human embryo prior to neuronal 

differentiation. CRISPR/Cas 9 technique provides the ability to introduce a variety of genetic 

alterations, ranging from single-nucleotide modifications to whole gene addition or deletion, 

all with a high degree of target specificity [124]. This will allow investigators to assess the 

importance of genetic modifiers on disease manifestations. The experimental design could be 

to insert a disease mutation into a wild-type cell line – thereby testing sufficiency of the 
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mutation for disease development – and correct the respective (disease) mutation in a patient-

specific iPSC line, e. g. treat a disease mutation – thereby testing for necessity of the mutation 

for disease [124]. 

Despite the limitations of using organoid techniques, investigations of brain organoids at 

different time points in their development can give a wider and more detailed picture of the 

disease dynamic and thus the development of therapeutic and prevention strategies. It is a tool 

that can be used for screening of chemical compounds as potential drugs (“in sphero” drug 

testing) [125, 126, 127].  

Acknowledgments and Disclosures 

This work was supported by Odense Center for Applied Neuroscience BRIDGE (University 

of Southern Denmark). 

We would like to thank Dr. Abigail Sheldrick for comments and careful reading of the 

manuscript. 

The authors report no biomedical financial interests or potential conflicts of interest. 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
17 

Ilieva et al. 

 

References 

1. Michel TM, Sheldrick AJ, Frentzel TG, Herpertz-Dahlmann B, Herpertz S, Habel U. 

(2010): Evaluation of Diagnostic and Therapeutic Services in German University 

Hospitals for Adults with Autism Spectrum Disorder (ASD). Fortschritte der 

Neurologie Psychiatrie; 78(7):402-413. 

2. Nickl-Jockschat T, Tanja M Michel (2011): Genetische und hirnstrukturelle Anomalien 

bei Autismus-Spektrum-Störungen: Eine Brücke zum Verständnis der 

Ätiopathogenese? Der Nervenarzt; 82(5). 

3. Stoner R, Chow ML, Boyle MP, Sunkin SM, Mouton PR, Roy S, Wynshaw-Boris A, et 

al. (2014): Patches of Disorganization in the Neocortex of Children with Autism. N 

Engl J Med 370: 1209-1219.  

4. Lin GN, Corominas R, Lemmens I, Yang X, Tavernier J, Hill DE, et al. (2015): 

Spatiotemporal 16p11.2 protein network implicates cortical late mid-fetal brain 

development and KCTD13-Cul3-RhoA pathway in psychiatric diseases. Neuron 85: 

742–754.  

5. Huguet G, Ey E, Bourgeron T. (2013): The genetic landscapes of autism spectrum 

disorders. Annu Rev Genomics Hum Genet. 14: 191-213.  

6. Geschwind DH. (2011): Genetics of autism spectrum disorders. Trends Cogn. Sci. 

(Regul. Ed). 15: 409–416.  

7. Folstein SE, Rosen-Sheidley B. (2001): Genetics of autism: complex aetiology for a 

heterogeneous disorder. Nat Rev Genet. 2(12): 943-55. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
18 

Ilieva et al. 

 

8. French LR, Bertone A, Hyde KL, Fombonne E. (2013): Epidemiology of Autism 

Spectrum Disorders. The Neuroscience of Autism Spectrum Disorders  3-24.  

9. Nordenbaek, C. et al., 2014. A Danish population-based twin study on autism spectrum 

disorders. Eur Child Adolesc Psychiatry, 23(1), pp.35–43. 

10. Tick B, Bolton P, Happé F, Rutter M, Rijsdijk F. (2015): Heritability of autism 

spectrum disorders: a meta-analysis of twin studies. The Journal of Child Psychology 

and Psychiatry 57 (5): 585-595 

11. Kelleher RJ 3rd, Geigenmüller U, Hovhannisyan H, Trautman E, Pinard R, Rathmell B 

et al. (2012): High-throughput sequencing of mGluR signaling pathway genes reveals 

enrichment of rare variants in autism. Plos One. 7:e35003. 

12. Jamain S, Quach H, Betancur C, Råstam M, Colineaux C, Gillberg IC, et al. (2003): 

Mutations of the X-linked genes encoding neuroligins NLGN3 and NLGN4 are 

associated with autism. Nat Genet. 34(1):27-9. 

13. Laumonnier F, Bonnet-Brilhault F, Gomot M, Blanc R, David A, Moizard MP, et al. 

(2014): X-linked mental retardation and autism are associated with a mutation in the 

NLGN4 gene, a member of the neuroligin family. Am J Hum Genet. 74(3):552-557.  

14. Sato D, Lionel AC, Leblond CS, Prasad A, Pinto A, Walker S, et al. (2012): SHANK1 

Deletions in Males with Autism Spectrum Disorder. The American Journal of Human 

Genetics  90 (5): 879–887. 

15. Leblond CS, Heinrich J, Delorme R, Proepper C, Betancur C, Huguet G, et al. (2012): 

Genetic and functional analyses of SHANK2 mutations suggest a multiple hit model of 

autism spectrum disorders. PLoS Genet. 8(2): e1002521.  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
19 

Ilieva et al. 

 

16. Leblond CS, Nava C, Polge A, Gauthier J, Huguet G, Lumbroso S, et al. (2014): Meta-

analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of Severity 

in Cognitive Impairments. PLoS Genet 10(9): e1004580.  

17. Durand CM, Betancur C, Boeckers TM, Bockmann J, Chaste P, Fauchereau F, et al. 

(2007): Mutations in the gene encoding the synaptic scaffolding protein SHANK3 are 

associated with autism spectrum disorders. Nat Genet. 39(1):25-7.  

18. Zhou Y, Kaiser T, Monteiro P, Zhang X, Van der Goes MS, Wang D, et al. (2016): 

Mice with Shank3 Mutations Associated with ASD and Schizophrenia Display Both 

Shared and Distinct Defects. Neuron. 89(1): 147-62.  

19. Nickl-Jockschat T, Michel TM (2011): The role of neurotrophic factors in autism. Mol 

Psychiatry. 16(5):478-90.  

20. Bækgaard Thorsen M, Bilenberg N, Benedikz E, Fex Svenningsen Å, Munk-Jørgensen 

P, Sheldrick-Michel T. (2016): Oxidative stress – A promising candidate in explaining 

the neurobiology of autism spectrum disorders. European Psychiatry  33: S182. 

http://doi.org/10.1016/j.eurpsy.2016.01.392 

21. Tang G, Gutierrez RP, Kuo SH, Akman HO, Rosoklija G, Tanji K, et al. (2013): 

Mitochondrial abnormalities in temporal lobe of autistic brain. Neurobiol. Dis. 54: 

349–361. 10.1016/j.nbd.2013.01.006 

22. Hanashima C, Li SC, Shen L, Lai E, Fishell G. (2004): Foxg1 suppresses early cortical 

cell fate. Science. 303: 56–59. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
20 

Ilieva et al. 

 

23. Jacob F, Ramaswamy V, Andersen J, Bolduc F. (2009): Atypical Rett syndrome with 

selective FOXG1 deletion detected by comparative genomic hybridization: case report 

and review of literature. Eur J Hum Genet. 17: 1577–1581.  

24.  Kаrsenti Е (2008): Self-organization in cell biology: a brief history Nature Reviews 

Molecular Cell Biology 9: 255-262. 

25. Sasai Y. (2013) Cytosystems dynamics in self-organization of tissue architecture. 

Nature  493(7432): 318-326.  

26. Wennekamp S, Mesecke S, Nédélec F, Hiiragi T. A (2013): Self-organization 

framework for symmetry breaking in the mammalian embryo. Nature Reviews 

Molecular Cell Biology 14: 452–459. 

27. Ey E, Leblond CS, Bourgeron T. (2011): Behavioral profiles of mouse models for 

autism spectrum disorders. Autism Res  4(1): 5–16. 

28. Jones EG. (2009): The origins of cortical interneurons: mouse versus monkey and 

human. Cereb Cortex. 19(9): 1953-1956.  

29. Rakic P. (2009): Evolution of the neocortex: a perspective from developmental 

biology. Nature reviews Neuroscience 10: 724–735. 

30. Povysheva NV, Zaitsev AV, Kroener S, Krimer OA, Rotaru DC, Gonzalez-Burgos G, 

Lewis DA, Krimer LS. Electrophysiological differences between neurogliaform cells 

from monkey and rat prefrontal cortex. J Neurophysiol 97: 1030–1090, 2007. 

31. Povysheva NV, Zaitsev AV, Rotaru DC, Gonzalez-Burgos G, Lewis DA, Krimer LS. 

(2008): Parvalbumin-positive basket interneurons in monkey and rat prefrontal cortex. 

J Neurophysiol 100: 2348–2360. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
21 

Ilieva et al. 

 

32. DeFelipe J. (2011): The Evolution of the Brain, the Human Nature of Cortical Circuits, 

and Intellectual Creativity. Front Neuroanat. 5: 29. 

33. Tremblay R, Lee S, Rudy B.(2016): GABAergic Interneurons in the Neocortex: From 

Cellular Properties to Circuits. Neuron 20;91(2):260-92 

34. Tanaka DH, Nakajima K.(2012): GABAergic interneuron migration and the evolution 

of the neocortex. Dev Growth Differ.;54(3):366-72. 

35. Zaitsev AV, Gonzalez-Burgos G, Povysheva NV, Kroner S, Lewis DA, Krimer LS. 

Localization of calcium-binding proteins in physiologically and morphologically 

characterized interneurons of monkey dorsolateral prefrontal cortex. Cereb Cortex 15: 

1178–1186, 2005. 

36. Zaitsev AV, Povysheva NV, Gonzalez-Burgos G, Rotaru D, Fish KN, Krimer LS, 

Lewis DA. Interneuron diversity in layers 2–3 of monkey prefrontal cortex. Cereb 

Cortex 19: 1597–1615, 2009. 

37. Penzes P, Cahill ME, Jones KA, VanLeeuwen J-E, Woolfrey KM. (2011): 

Dendritic spine pathology in neuropsychiatric disorders. Nature Neuroscience 14: 285–

293. 

38. Benavides-Piccione R, Ballesteros-Yáñez I, DeFelipe J, Yuste R (2002): Cortical area 

and species differences in dendritic spine morphology. Journal of Neurocytology. 31; 

3–5:337–346. 

39. De Juan Romero C, Borrell V. (2015): Coevolution of radial glial cells and the cerebral 

cortex. Glia  DOI: 10.1002/glia.22827. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
22 

Ilieva et al. 

 

40. Tabata H, Yoshinaga S, Nakajima K (2012): Cytoarchitecture of mouse and human 

subventricular zone in developing cerebral neocortex. Exp Brain Res. 216(2): 161–168. 

41. Rabinowicz T, de Courten-Myers G, Petetot JMC, Xi G, de los Reyes E. (1996): 

Human cortex development: estimates of neuronal numbers indicate major loss late 

during gestation. J. Neuropathol. Exp. Neurol. 55: 320–328.  

42. Gohlke JM, Griffith WC, Faustman EM. (2007): Computational Models of Neocortical 

Neuronogenesis and Programmed Cell Death in the Developing Mouse, Monkey, and 

Human. Cereb. Cortex  17 (10): 2433-2442.  

43. Larsen CC, Larsen KB, Bogdanovic N, Laursen H, Græm N, Samuelsen GB, et al. 

(2006): Total number of cells in the human newborn telencephalic wall. Neuroscience  

139 (3): 999–1003. 

44.  Uylings HBM. (2006): Development of the Human Cortex and the Concept of 

“Critical” or “Sensitive” Periods. Language learning  56 (s1): 59–90. 

45.  Bystron I, Blakemore C, Rakic P. (2008): Development of the human cerebral cortex: 

Boulder Committee revisited. Nat. Rev. Neurosci. 9: 110–122. 

46.  Courchesne E, Karns CM, Davis HR, Ziccardi R, Carper RA, Tigue ZD, et al. (2001): 

Unusual brain growth patterns in early life in patients with autistic disorder: an MRI 

study. Neurology. 57(2): 245-54. 

47.  Chaste P, Klei L, Sanders SJ, Murtha MT, Hus V, Lowe JK, et al. (2013): Adjusting 

head circumference for covariates in autism: clinical correlates of a highly heritable 

continuous trait. Biol Psychiatry  74(8): 576–584.  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
23 

Ilieva et al. 

 

48.  Kaushik G, Zarbalis KS. (2016): Prenatal Neurogenesis in Autism Spectrum 

Disorders. Front Chem. 4: 12.  

49.  Redcay E, Courchesne E. (2005): When is the brain enlarged in autism? A meta-

analysis of all brain size reports. Biol. Psychiatry 58: 1–9.  

50. Hazlett HC, Gu H, Munsell BC, Kim SH, Styner M, Wolff JJ (2017): Early brain 

development in infants at high risk for autism spectrum disorder. Nature  542, 348–

351. 

51.  Zikopoulos B, Barbas H. (2013): Altered neural connectivity in excitatory and 

inhibitory cortical circuits in autism. Front. Hum. Neurosci. 7: 609.  

52.  Gleeson JG, Walsh CA. (2000): Neuronal migration disorders: from genetic diseases 

to developmental mechanisms. Trends Neurosci  23: 352-359. 

53.  Stoner R, Chow ML, Boyle MP, Sunkin SM, Mouton PR, Roy S, et al. (2014): 

Patches of Disorganization in the Neocortex of Children with Autism. N Engl J Med  

370: 1209-1219. 

54.  Wegiel J, Kuchna I, Nowicki K, Imaki H, Wegiel J, Marchi E, et al. (2010): The 

neuropathology of autism: defects of neurogenesis and neuronal migration, and 

dysplastic changes. Acta Neuropathol. 2010; 119(6): 755–770. 

55. Cayre M, Canoll P, Goldman JE (2009): Cell migration in the normal and pathological 

postnatal mammalian brain. Progress in Neurobiology. 88 (1): 41-63. 

56. Casanova MF (2014):  Autism as a sequence: From heterochronic germinal cell 

divisions to abnormalities of cell migration and cortical dysplasias. Medical 

Hypotheses 83 (1): 32–38. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
24 

Ilieva et al. 

 

57. Parikshak NN, Luo R, Zhang A, Won H, Lowe JK, Chandran V et al. (2013):  

Integrative functional genomic analyses implicate specific molecular pathways and 

circuits in autism. Cell;155(5):1008-21. 

58. Wilsey et al. 2013 Willsey AJ, Sanders SJ, Li M, Dong S, Tebbenkamp AT, Muhle RA 

et al. (2013): Coexpression networks implicate human midfetal deep cortical projection 

neurons in the pathogenesis of autism. Cell;155(5):997-1007. 

59. Jones DL, Wagers AJ. (2008): No place like home: anatomy and function of the stem 

cell niche. Nature Reviews Molecular Cell Biology 9, 11-21. 

60. Luis C. Fuentealba, Kirsten Obernier, Arturo Alvarez-Buylla. Adult Neural Stem Cells 

Bridge Their Niche, Cell Stem Cell 10, June 14, 2012 

61. Movsas TZ, Pinto-Martin JA, Whitaker AH, Feldman JF, Lorenz JM, Korzeniewski SJ, 

et al. (2013): Autism Spectrum Disorder Is Associated with Ventricular Enlargement in 

a Low Birth Weight Population. The Journal of Pediatrics  163 (1): 73–78. 

62.  Miyake K, Hirasawa T, Koide T, Kubota T. (2012): Epigenetics in autism and other 

neurodevelopmental diseases. Adv Exp Med Biol. 724: 91-8.  

63.  Lister R, Mukamel EA, Nery JR, Urich M, Puddifoot CA, Johnson ND, et al. (2013): 

Global epigenomic reconfiguration during mammalian brain development. Science  9: 

341. 

64.  Takahashi K, Yamanaka S. (2006): Induction of pluripotent stem cells from mouse 

embryonic and adult fibroblast cultures by defined factors. Cell  126: 663–676. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
25 

Ilieva et al. 

 

65.  Yu J, Hu K, Smuga-Otto K, Tian S, Stewart R, Slukvin II, Thomson JA. (2009): 

Human Induced Pluripotent Stem Cells Free of Vector and Transgene Sequences. 

Science  324(5928): 797–801.  

66.  Okita K, Matsumura Y, Sato Y, Okada A, Morizane A, Okamoto S er al. (2011): A 

more efficient method to generate integration-free human iPS cells. Nature Methods 8, 

409–412. 

67.  Zhou H, Wu S, Joo JY, Zhu S, Han DW, Lin T, et al. (2009): Generation of Induced 

Pluripotent Stem Cells Using Recombinant Proteins. Cell Stem Cell 4(5): 381-384. 

68.  Brennand K, Savas JN, Kim Y, Tran N, Simone A, Hashimoto-Torii K, et al. (2015): 

Phenotypic differences in hiPSC NPCs derived from patients with schizophrenia. 

Molecular Psychiatry  20: 361–368.  

69.  DeRosa BA, Van Baaren JM, Dubey GK, Vance JM, Pericak-Vance MA, Dykxhoorn 

DM. (2012): Derivation of autism spectrum disorder-specific induced pluripotent stem 

cells from peripheral blood mononuclear cells. Neurosci Lett. 516(1): 9–14.  

70.  Kim KY, Hysolli E, Park IH. (2011): Neuronal maturation defect in induced 

pluripotent stem cells from patients with Rett syndrome. PNAS  108(34):14169-14174.  

71.  Chamberlain SJ, Chen PF, Ng KY, Bourgois-Rocha F, Lemtiri-Chlieh F, Eric S. 

Levine ES, et al. (2010): Induced pluripotent stem cell models of the genomic 

imprinting disorders Angelman and Prader–Willi syndromes. PNAS  107(41), 17668–

17673. 

72.  Sheridan SD, Theriault KM, Reis SA, Zhou F, Madison JM, Daheron L, et al. (2011): 

Epigenetic characterization of the FMR1 gene and aberrant neurodevelopment in 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
26 

Ilieva et al. 

 

human induced pluripotent stem cell models of fragile X syndrome. PLoS One 6(10): 

e26203. 

73.  Marchetto MC, Belinson H, Tian Y, Freitas BC, Fu C, Vadodaria KC. (2016): Altered 

proliferation and networks in neural cells derived from idiopathic autistic individuals. 

Mol Psychiatry, doi:10.1038/mp.2016.95. 

74.  Belinson H , Nakatani J , Babineau BA , Birnbaum RY , Ellegood J , Bershteyn M, et 

al. (2016): Prenatal β-catenin/Brn2/Tbr2 transcriptional cascade regulates adult social 

and stereotypic behaviors. Mol Psychiatry  21(10): 1417-1433. 

75.  Griesi-Oliveira K, Acab A, Gupta AR, Sunaga DY, Chailangkarn T, Nicol X, et al. 

(2015): Modeling non-syndromic autism and the impact of TRPC6 disruption in human 

neurons. Molecular Psychiatry  20: 1350-1365. 

76.  Penzes P, Cahill E, Jones KA, VanLeeuwen JE, Woolfrey KM. (2011):  Dendritic 

spine pathology in neuropsychiatric disorders. Nature Neuroscience  14: 285–293.  

77.  Liu J, Koscielska KA, Cao Z, Hulsizer S, Grace N, Mitchell G, et al. (2012): Signaling 

defects in iPSC-derived fragile X premutation neurons. Hum Mol Genet. 21(17):3795-

3805.  

78.  Shcheglovitov A, Shcheglovitova O, Yazawa M, Portmann T, Shu R, Sebastiano V, et 

al. (2013): SHANK3 and IGF1 restore synaptic deficits in neurons from 22q13 deletion 

syndrome patients. Nature  503(7475):267-271.  

79. Phelan K, McDermid HE (2012): The 22q13.3 Deletion Syndrome (Phelan-McDermid 

Syndrome). Mol Syndromol.;2(3-5):186-201. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
27 

Ilieva et al. 

 

80.  Paşca SP, Portmann T, Voineagu I, Yazawa M, Shcheglovitov A, Paşca AM, et al. 

(2011): Using iPSC-derived neurons to uncover cellular phenotypes associated with 

Timothy syndrome. Nat Med. 17(12):1657-1662.  

81.  Cheung AYL, Horvath LM, Grafodatskaya D, Pasceri P, Weksberg R, Hotta A, et al. 

(2011): Isolation of MECP2-null Rett Syndrome patient hiPS cells and isogenic 

controls through X-chromosome inactivation. Hum. Mol. Genet. 2011; 20(11): 2103-

2115.  

82.  Ananiev G, Williams EC, Li H, Chang Q. (2011): Isogenic Pairs of Wild Type and 

Mutant Induced Pluripotent Stem Cell (iPSC) Lines from Rett Syndrome Patients as in 

vitro disease model. PLoS ONE 6(9): e25255. doi:10.1371/journal.pone.0025255. 

83.  Doers ME, Musser MT, Nichol R, Berndt ER, Baker M, Gomez TM, et al. (2014): 

IPSC-derived forebrain neurons from FXS individuals show defects in initial neurite 

outgrowth. Stem Cells and Development  23(15): 1777–1787.  

84. Marchetto MCN, Carromeu C, Acab A, Yu D, Yeo G, Mu Y, et al. (2010): A model 

for neural development and treatment of Rett Syndrome using human induced 

pluripotent stem cells. Cell  143(4): 527–539.  

85. Belinsky GS, Rich MT, Sirois CL, Short SM, Pedrosa E, Lachman HM, et al. (2014): 

Patch-clamp recordings and calcium imaging followed by single-cell PCR reveal the 

developmental profile of 13 genes in iPSC-derived human neurons. Stem Cell Research  

12(1): 101–118.  

86. Krey JF, Paşca SP, Shcheglovitov A, Yazawa M, Schwemberger R, Rasmusson R. 

(2013): Timothy syndrome is associated with activity-dependent dendritic retraction in 

rodent and human neurons. Nat Neurosci. 16(2): 201-9. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
28 

Ilieva et al. 

 

87.  Andoh-Noda T, Akamatsu W, Miyake K, Matsumoto T, Yamaguchi R, Sanosaka T, et 

al. (2015): Differentiation of multipotent neural stem cells derived from Rett syndrome 

patients is biased toward the astrocytic lineage. Molecular Brain  8: 31. 

88. Williams EC, Zhong X, Mohamed A, Li R, Liu Y, Dong Q, et al. (2014): Mutant 

astrocytes differentiated from Rett syndrome patients-specific iPSCs have adverse 

effects on wild-type neurons. Hum Mol Genet. 23(11): 2968-2980.  

89.  Ilieva M, Dufva M. (2013): SOX2 and OCT4 mRNA-Expressing Cells, Detected by 

Molecular Beacons, Localize to the Center of Neurospheresduring Differentiation. 

PLoS ONE  8(8): e73669. 

90.  Przybyla LM, Theunissen TW, Jaenisch R, Voldman J. (2013): Matrix remodeling 

maintains embryonic stem cell self-renewal by activating Stat3. Stem Cells. 

31(6):1097-106.  

91. Pampaloni FF. Nature reviews. Molecular cell biology: The third dimension bridges 

the gap between cell culture and live tissue. Nature Publishing Group; 10.2007;8:839 

92.  Takehara T, Teramura T, Onodera Y, Kishigami S, Matsumoto K, Saeki K, et al. 

(2009): Potential existence of stem cells with multiple differentiation abilities to three 

different germ lineages in mouse neurospheres. Stem Cells Dev. 18(10): 1433-1440.  

93. Mariani J, Simonini MV, Palejev D, Tomasini L, Coppola G, Szekely AM, et al. 

(2012): Modeling human cortical development in vitro using induced pluripotent stem 

cells. PNAS 109(31):12770-12775. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
29 

Ilieva et al. 

 

94.  Eiraku M, Watanabe K, Matsuo-Takasaki M, Kawada M, Yonemura S, Matsumura M, 

et al. (2008): Self-organized formation of polarized cortical tissues from ESCs and its 

active manipulation by extrinsic signals. Cell Stem Cell  3: 519–532. 

95.  Paşca AM, Sloan SA, Clarke LE, Tian Y, Makinson CD, Huber N, et al. (2015): 

Functional cortical neurons and astrocytes from human pluripotent stem cells in 3D 

culture. Nat Methods  12(7):671-678.  

96.   Jo J, Xiao Y, Sun AX, Cukuroglu E, Tran HD, Göke J, et al. (2016): Midbrain-like 

Organoids from Human Pluripotent Stem Cells Contain Functional Dopaminergic and 

Neuromelanin-Producing Neurons. Cell Stem Cell. 19(2): 248-57.  

97. Qian X, Nguyen HN, Song MM, Hadiono C, Ogden SC, Hammack C, et al. (2016): 

Brain-Region-Specific Organoids Using Mini-bioreactors for Modeling ZIKV 

Exposure. Cell  165: 1-17. 

98. Lancaster MA, Renner M, Martin CA, Wenzel D, Bicknell LS, Hurles ME, et al. 

(2013): Cerebral organoids model human brain development and microcephaly. Nature 

501(7467): 373-379.  

99. Renner M, Lancaster MA, Bian S, Choi H, Ku T, Peer A et al.(2017): Self-organized 

developmental patterning and differentiation in cerebral organoids. The EMBO 

Journal. 36 (10): 1316-1329. 

100. Chambers SM, Fasano CA, Papapetrou EP, Tomishima M, Sadelain M, Studer L. 

(2009): Highly efficient neural conversion of human ES and iPS cells by dual 

inhibition of SMAD signaling. Nat Biotechnol. 27: 275–280. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
30 

Ilieva et al. 

 

101. Krencik R, Weick JP, Liu Y, Zhang ZJ, Zhang SC. (2011): Specification of 

transplantable astroglial subtypes from human pluripotent stem cells. Nature 

Biotechnology  29: 528–534.  

102. Nicholas CR, Chen J, Tang Y, Southwell DG, Chalmers N, Vogt D, et al. (2013): 

Functional maturation of hPSC-derived forebrain interneurons requires an extended 

timeline and mimics human neural development. Cell Stem Cell  12(5):573-586.  

103. Nestor MW, Jacob S, Sun B, Prè D, Sproul AA, Hong SI, et al. (2015): 

Characterization of a subpopulation of developing cortical interneurons from human 

iPSCs within serum-free embryoid bodies. Am J Physiol Cell Physiol. 308(3): C209–

C219. 

104. Marin O. (2012): Interneuron dysfunction in psychiatric disorders. Nature Reviews 

Neuroscience 13: 107-120. 

105. Takano T. (2015): Interneuron Dysfunction in Syndromic Autism: Recent Advances. 

Dev Neurosci. 37(6): 467-75.  

106. Watanabe K, Kamiya D, Nishiyama A, Katayama T, Nozaki S, Kawasaki H, et al. 

(2005): Directed differentiation of telencephalic precursors from embryonic stem cells. 

Nat Neurosci. 8(3): 288-296.  

107. Eiraku M, Takata N, Ishibashi H, Kawada M, Sakakura E, Okuda S, et al. (2011): 

Self-organizing optic-cup morphogenesis in three-dimensional culture. Nature 

472(7341):51-56.  

108.  Kadoshima T, Sakaguchi H, Nakano T, Soen M, Ando S, Eiraku M, et al. (2013): 

Self-organization of axial polarity, inside-out layer pattern, and species-specific 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
31 

Ilieva et al. 

 

progenitor dynamics in human ES cell-derived neocortex. Proc Natl Acad Sci U S A  

110(50):20284-20289.  

109.  Birey F, Andersen J, Makinson ChD, Islam S, Wei W, Huber N et al. (2017): 

Assembly of functionally integrated human forebrain spheroids. Nature 545: 54-59. 

110.  Bershteyn M, Nowakowski TJ, Pollen AA, Di Lullo E, Nene A, Wynshaw-Boris A, 

Kriegstein AR (2017): Human iPSC-derived cerebral organoids model cellular features 

of lissencephaly and reveal prolonged mitosis of outer radial glia. CellStemCell April 

20: 1-15. 

111.  Quadrato G, Nguyen T, Macosko EZ, Sherwood JL, Yang SM, Berger DR (2017): 

Cell diversity and network dynamics in photosensitive human brain organoids. Nature 

545: 48-53. 

112.  Li Y, Muffat J, Omer A, Bosch I, Lancaster MA, Sur M et al. (2017): Induction of 

expansion and folding in human cerebral organoids. CellStemCell 20 March: 1-12. 

113.  Camp JG, Badsha F, Florio M, Kanton S, Gerber T, Wilsch-Bräuninger M, et al. 

(2015): Human cerebral organoids recapitulate gene expression programs of fetal 

neocortex development. PNAS  112(51): 15672–15677. 

114.  Luo Ch, Lancaster MA, Castanon R, Nery JR, Knoblich JA, Ecker JR (2016): 

Cerebral organoids recapitulate epigenomic signatures of the human fetal brain. Cell 

Reports 17: 3369-3384. 

115.   Mariani J, Coppola G, Zhang P, Abyzov A, Provini L, Tomasini L, et al. (2015): 

FOXG1-Dependent Dysregulation of GABA/Glutamate Neuron Differentiation in 

Autism Spectrum Disorders. Cell  162(2): 375–390. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
32 

Ilieva et al. 

 

116.  Stein JL, de la Torre-Ubieta L, Tian Y, Parikshak NN, Hernández IA, Marchetto MC 

et al. (2014): A quantitative framework to evaluate modeling of cortical development 

by neural stem cells. Neuron; 83(1):69-86. 

117.  Gore AA. Nature (London): Somatic coding mutations in human induced pluripotent 

stem cells. Macmillan Journals Ltd., etc; 03.2011;471:63 

118.  Liu ML, Zang T, Zou Y, Chang JC, Gibson JR, Huber KM, Zhang CL. (2013): Small 

molecules enable neurogenin 2 to efficiently convert human fibroblasts into cholinergic 

neurons. Nat Commun. 4:2183. 

119. Ring KL, Tong LM, Balestra ME, Javier R, Andrews-Zwilling Y, Li G et al. (2012): 

Direct Reprogramming of Mouse and Human Fibroblasts into Multipotent Neural Stem 

Cells with a Single Factor. Cell Stem Cell 11, 100–109. 

120. Thier MM. Cell stem cell: Direct conversion of fibroblasts into stably expandable 

neural stem cells. Elsevier, Cell Press; 04.2012;10:473. 

121.  Brick DJ, Nethercott HE, Montesano S, Banuelos MG, Stover AE, Schutte SS, et al. 

(2014): The Autism Spectrum Disorders Stem Cell Resource at Children’s Hospital of 

Orange County: Implications for Disease Modeling and Drug Discovery. Stem Cells 

translational medicine  3: 1275-1286. 

122.  Quadrato G, Sherwood JL, Paola Arlotta P (2017): Long-term culture and 

electrophysiological characterization of human brain organoids. Protocol Exchange. 

doi:10.1038/protex.2017.049. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
33 

Ilieva et al. 

 

123.  Schwartz MP, Hou Z, Propson NE, Zhang J, Engstrom CJ, Santos Costa V, et al. 

(2015): Human pluripotent stem cell-derived neural constructs for predicting neural 

toxicity. PNAS  112(40): 12516-21.  

124.  Musunuru K (2013) Genome editing of human pluripotent stem cells to generate 

human cellular disease models. Dis Model Mech.;6(4):896-904. 

125.   Boissart C, Poulet A, Georges P, Darville H, Julita E, Delorme R et al. (2013): 

Differentiation from human pluripotent stem cells of cortical neurons of the superficial 

layers amenable to psychiatric disease modeling and high-throughput drug screening. 

Transl. Psychiatry;3:e294. 

126.  Ranga A, Gjorevski N, Lutolf MP (2014): Drug discovery trough stem-cell based 

organoid models. Adv Drug Deliv Rev.;69-70:19-28. 

127.  Nam K. H., Smith A. S. T., Lone S., Kwon S.,  Kim D. H. (2015). Biomimetic 3D 

Tissue Models for Advanced High-Throughput Drug Screening. Journal of laboratory 

automation, 20(3), 201-215. 

 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
34 

Ilieva et al. 

 

 

Figures descriptions  

Figure 1 Cerebral organoids follow the in vivo timeline and can recapitulate the early (8-10 

gestation week) to mid-fetal (22-24/35 gestation week) human brain development. 

Figure 2  

A. Brain stem cell niche - The elements of the local environment that participate in the 
balance between quiescence and cell division and mediate the balanced response of 
stem cells to the need of the organism include: 1) the constraints of the architectural 
space; 2) mechanical forces in three dimensions; 3) physical engagement of the cell 
membrane with molecules on neighboring cells or extracellular matrix; 4) signaling 
interactions at the interface of stem cells and niche or descendent cells; 5) paracrine 
and endocrine signals from local or distant sources; 5) neural input; 6) metabolic 
products of tissue activity and 7) oxygen. Disturbances in the interactions between 
those elements may lead to disbalance in cell proliferation, differentiation and 
migration and contribute to development of ASD pathology. 

B. Signaling pathways for cortical neurons differentiation - iPSC can be guided into 
neural progenitors fate in three ways: culturing embryoid bodies (EB) in suspension 
and further isolation of neural cell from the adherent culture of EB, SFEBq method, 
and dual-SMAD inhibition method. Differentiation into telencephalic progenitors can 
be triggered by inhibition of the Wnt pathway during induction process. Further, 
neural progenitors can be guided either to dorsal fate by inhibition of sonic hedgehog 
(SHH) signaling or treatment with retinoic acid (RA), or to ventral fate by activation 
of SHH signaling together with Wnt inhibition.  

C. Comparison of neurodevelopment in mice (a), human (b) and in vitro – organoids 
(c). Neuronal stem cells (radial glia) reside in ventricular zone and are the source for 
more differentiated cells like neurons, intermediate progenitors, and basal radial glia. 
Intermediate progenitors and basal radial glia reside in subventricular zone (SVZ). In 
human and organoids SVZ is separated into an inner and outer SVZ. Neurons migrate 
via basal processes through the intermediate zone (IZ) to the cortical plate (CP). CP in 
human is extremely well developed comparing to mice. Human cortex is folded into 
numerous gyri and sulci. In contrast mouse brain is smooth. 
Organoids differ from human developing brain in the size of the cortical wall and 
complexity of neural progenitor population. Development of vascular system in 
organoids is missing.  
VZ-ventricular zone, SVZ-subventricular zone, iSVZ – inner SVZ, oSVZ – outher 
SVZ, IZ – intermediate zone, CP – cortical plate, aIP – apical intermediate 
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progenitors, bIP – basal intermediate progenitors, aRG – apical radial glia, bRG – 
basal radial glia, BV – blood vessels.  
 

Figure 3  

 Perspectives in psychiatric disease research based on patient’s derived iPSC and 
brain organoids. The organoid platform could be employ in the fundamental and applied 
research of neurodevelopmental psychiatric disorders (autism, schizophrenia). Multi-omics 
and functional profiling of 3D brain organoids followed by big data analysis will help to 
identify sets of genes and sub-pathways relevant as potential drug targets, which correlate 
with clinical symptoms and genetic alterations as well as the phenotypic characteristics of the 
affected neuronal populations. Finally, organoids can be used as “in sphero” tool for 
screening of chemical compounds as therapeutic agents and thus develop a more effective 
therapeutics. 
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Table 1. Methods for generation cortical/brain organoids 

Reference Procedure  Results Notes 
Eiraku et al. 
(2008), [94] 

SFEBq –serum free 
floating culture of 
embryoid body-like 
aggregates with quick re-
aggregation 
Growth factors 
patterning to stimulate 
neuronal differentiation – 
WNT inhibitor, 
Nodal/Activin/TGF β 
inhibitor, BMP- inhibitor 

Derivation of 
individual brain 
regions – retina, 
cerebral cortex, 
pituitary. 
 

 

Mariani et al. 
(2012), [93] 

Cortical like 3D culture 
based on SFEBq 
Small molecules, growth 
factors, rostral 
neuralizing factors 
(FGF2, inhibitors of 
BMP, Wnt/β catenin, 
TGF β/activin), nodal 
pathway to induce 
forebrain fate 

3D structures 
containing polarized 
radial glia, 
intermediate 
progenitors, and a 
spectrum of layer –
specific cortical 
neurons reminiscent of 
their organization in 
vivo 
Forebrain neuronal 
gene expression 
program 
No hindbrain, 
posterior and ventral 
regions markers 
expression  

Gene expression 
profile of the 
embryonic 
telencephalon – 
dorsal 
telencephalon 
correlation with 
early human 
cortical wall at 8-10 
week 

Kadoshima et al. 
(2013), [108] 

Nodal/Activin/TGF β 
inhibitor, BMP- inhibitor 

Forebrain organoids 
self-forms 
multilayered structure 
including three 
neuronal 
zones (subplate, 
cortical plate, and 
Cajal-Retzius cell 
zones) and 
three progenitor zones 
(ventricular, 
subventricular, and 
intermediate 
zones) 

recapitulates human 
fetal cortex in the 
early second 
trimester 
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Lancaster et al. 
(2013), [98] 

Cerebral organoids 
Self-organizing capacity  
of iPSC, EB formation, 
Embedding in Matrigel 
No growth factors 
paterning 

Complex structures – 
cerebral organoids; 
Discrete brain regions 
– forebrain and 
hindbrain (decrease 
with time) 
Microcephalia 
modelling 

Recapitulate first 
trimester after 
conception 
Can growth 1 year 
in a spinning 
bioreactor 

Pasça et al. 
(2015), [95] 

None-adherent, no 
extracellular matrix 
SMAD inhibitor, FGF2, 
EGF, BDNF, NT3 

Cortical neurons and 
astrocytes from iPSC 
hCS – human cortical 
spheroids; only 
excitatory neurons of 
the dorsal 
telencephalon; 
laminated neocortex at 
2.5 months 
recapitulate mid fetal 
prenatal brain (19-24 
pcw) 

Do not describe cell 
death 
Grow up to 9 
months 
Expression of 
NeuN after 7 weeks 
corresponding to 20 
weeks of gestation 

Schwartz et al. 
(2015), [123] 
 
 

hESC- derived neural 
progenitors, endothelial 
cells, mesenchymal stem 
cells, 
microglia/macrophage 
precursors combined on 
chemically defined poly-
ethylene glycol 
hydrogels 

 Screening of toxins 

Qian et al. (2016), 
[97] 

Miniaturized spinning 
bioreactor (Spin Ω) 
Pre-patterned embryoid 
bodies with SMAD 
inhibitors, embedded in 
Matrigel and treatment 
with GSK-3β 
inhibitor,WNT3A protein 
and SMAD inhibitor 
 
Sonic hedgehog (SHH), 
FGF8, SMAD inhibitors, 
GSK-3β inhibitor 
 
Pre-patterning with dual 
SMAD inhibitors – 
neuroectodermal fate 
WNT3A, SHH, 
Purmorphamine 
 

 
Forebrain organoids 
with all six cortical 
layers, and 
GABAergic neuronal 
subtypes; oSVZ-like 
region with NPCs  
 
 
Midbrain organoids – 
TH+ cells, 
FOXA2+,NURR1, 
PITX3 
 
Hypothalamic lineage 

 
Prefrontal cortex 
development: GW 
22 at day 84 
GW 14-24/35 at 
day 100 
Multi-layer 
progenitor zone 
recapitulating 
human cortical 
development 
maintenance of the 
stem cell niche 
risk genes for 
schizophrenia and 
ASD show 
significant overlap 
comparing to post 
mortem patients 
tissue 
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Table 2  Advantages and Disadvantages of 2D vs 3D models 

 2D cell culture: 3D cell culture: 

Advantages Easier environmental 
control, cell manipulation, 
and imaging.  

Homogenic 

High reproducibility 

Cytoarchitecture similar to in 
vivo 

Variety of cellular populations 

Organ specific functions 

Niche-like environment 

  

Disadvantages Inability to depict traits 
exhibited in vivo (e.g. gene 
expression) 

Less compatibility with in 
vivo settings. 

Increased drug sensitivity 
(due to monolayer) and 
exposed surface. 

Diffusional transport limitations 
(oxygen, nutrients).  

Technical challenges for 
manipulation and imaging. 

Standardization and 
reproducibility issues – “batch 
syndrome” 

Time and labor consuming  
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Psychiatry in a Dish: Stem Cells and Brain Organoids Modeling Autism Spectrum Disorders 

Supplemental Information 

 

Supplemental Table S1 – Finding in the studies of ASD iPSC derived neurons/glia 

Reference Diagnosis N of 
patients 

N of cell 
lines 

Origin Cell type 
differentiation 

Findings Remarks 

Marchetto et 
al. (2010), [1] 

Rett syndrome – 
mutation in MeCP2 
Missense 
Nonsense 
Frameshift 
Classical symptoms 
Controls 
 

 
 
2 
1 
1 
2 
5 

4 fibroblasts neurons Reduced synapses 
Reduced spine 
density 
Smaller soma size 
Altered Ca2+signaling 
Electrophysiological 
defects  

 

Chamberline 
et al. (2010), 
[2] 

Angelmann/Prader 
Willi 
AS-maternally 
inherited deletions of 
15q11-q13 
PWS paternal 
deletion of 15q11-
q13 

 
 
2 
 
1 

 fibroblasts neurons   

Sheridan et al. 
(2011), [3] 

Frigile X syndrome 3 male  fibroblasts Post mitotic 
neurons and 
glia 

Aberrant neuronal 
differentiation 
correlated with 
epigenetic 
modification of 
FMR1 gene and loss 
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Reference Diagnosis N of 
patients 

N of cell 
lines 

Origin Cell type 
differentiation 

Findings Remarks 

of FMRP expression  
Ananiev et al. 
(2011), [4] 

Rett syndrome 
5-years old T158M 
mut. 
25-years old V247X 
mut. 
8-years old R306C 
mut. 
11-years old R294X 
mut. 
28-years old health 
 

  fibroblasts neurons Smaller nuclear size  

Cheung et al. 
(2011), [5] 

Rett syndrome – 6 
years old female 

1  fibroblasts Cortical 
neurons 
(glutamatergic) 

Decreased soma size 
in derived neurons 

 

Pasça et al. 
(2011), [6] 

Timothy syndrome 
Controls 

2 
3 

36 fibroblasts Cortical 
neurons 

Defects in Ca2+ 

signaling and activity 
dependent gene 
expression 
Abnormal 
differentiation of 
cortical neurons 
Increased TH 
Increased 
norepinephrine and 
dopamine 

 

Kim et al. 
(2011), [7] 

Rett syndrome 
 

3 (5 years 
old) 
1 (8 years 
old) 

10 fibroblasts neurons Mutation in methyl 
1GpG binding protein 
2 (MeCP2) 
Defect in neuronal 
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Reference Diagnosis N of 
patients 

N of cell 
lines 

Origin Cell type 
differentiation 

Findings Remarks 

1 (25 years 
old) 

maturation consistent 
with RTT phenotypes 

De Rosa et al. 
(2012), [8] 

ADI-R diagnosis of 
autism 
Minimal IQ 
equivalent >35 or a 
minimal 
developmental level 
of 18 months as 
measured by the 
Vineland Adaptive 
Behavior Scales 

3 Between 2-
7 lines 
from 
patient 
EB from 2 
lines 

Peripheral 
blood 
mononuclear 
cells 

GABA-ergic 
neurons 

Some neurons are 
mitotically active – in 
process of maturation 

 

Liu et al. 
(2012), [9]  

54 years old female 
FMR1 premutation 
carrier (30 and 94 
CGG repeats) 

1 Multiple 
derivative 
lines –
normal or 
expanded 
FMR1 
allele 

fibroblasts neurons Reduced post 
synaptic density 
protein 95 expression; 
Reduced synaptic 
puncta density; 
Reduced neurite 
length; 
Ca2+ signaling defects 

 

Shcheglovitov 
et al. (2013), 
[10] 

Phelan-McDermis 
SHANK3 

  fibroblasts neurons Impairment of 
excitatory neurons 
and synaptic 
transmission 

 

Krey et al. 
(2013), [11] 

Timothy syndrome 2  fibroblasts Cortical 
neurons 

Activity dependent 
dendrite retraction 
deficit 

 

Boissart et al. 
(2013), [12] 

ASD non-syndromic 
de novo mutation in 
SHANK3 

2  fibroblasts Cortical 
neurons - 
glutamatergic 

Drug screening  
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Reference Diagnosis N of 
patients 

N of cell 
lines 

Origin Cell type 
differentiation 

Findings Remarks 

Brick et al. 
(2014), [13] 
 

Fragile X (FXS) full 
mutation 
FXS with autism 
Fragile X 
permutation 
FX permutation with 
autism 
ASD 
Autism idiopathic 
Autism idiopathic, 
head size > 99%ile 
Autism idiopathic, 
head size 19%-
90%ile 
Autism idiopathic , 
IQ ≥85 
Autism idiopathic, 
IQ ≤ 60 
Autism idiopathic , 
with seizures 
Autism idiopathic, 
without seizures 
FXS, without 
seizures 
FXS with autism 
(idiopathic), without 
seizures 
Controls 

 
5 
14 
7 
 
4 
4 
43 
 
11 
 
11 
10 
17 
 
6 
 
37 
5 
 
 
9 
21 

More than 
200 cell 
lines 

fibroblasts Glutamatergic 
neurons 

Biobank Patients with FXS 
have genetic test 
CGG repeat number 
as a full mutation; 
Idiopathic autism – 
negative for FMR1 
mutation; 
Age of the patients >8 
years; 
IQ of 40 or higher; 
Most are male 
(n=99); 
6 female: Rett (1) 
Premutation (1) 
Idiopathic (3) 
Control (1); 
Controls are screened 
negative for ASD 
using Social 
Communication 
Questionnaire, IQ 
(WASI) and screened 
for CGG repeat size 
and/or FMR1 
expression; 
Patients underwent 
ADOS-G, ADI-R and 
WASI 
 

Griesi- 8 years old male with 1  Dental pulp Neurons Disruption in axonal  
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Reference Diagnosis N of 
patients 

N of cell 
lines 

Origin Cell type 
differentiation 

Findings Remarks 

Oliveira et al. 
(2014), [14] 

balanced 
translocation 
46 XY, t 
(3;11)(p21;q22) 
disruption of TRPC6 
cation channel 

stem cells guidelines, dendritic 
spine growth, 
excitatory synapse 
formation and Ca2+ 

signaling 
 

Belinsky et al. 
(2014), [15] 

22q11.2 deletion and 
healthy individuals 

 2   Patch-clamp 
recordings 
Electrophysiology 
and gene expression 
during neuronal 
development  

 

Williams et al. 
(2014), [16] 

Rett syndrome 3   Astroglial 
progenitors, 
GFAP+ 
astrocytes 

Negative effect of 
condition media on 
neurons morphology 
and function 

 

Doers et al. 
(2014), [17] 

Fragile X syndrome 
4-10 years old boys 

 
3 

 fibroblasts Forebrain 
neurons 

Defects in neurite 
outgrowth 

 

Andon-Noda 
et al. (2015), 
[18] 

Rett syndrome – 10 
years old RTT-
monozygotic female 
tweens with mosaic 
expression of mutant 
X-linked methyl 
CpG-binding protein 
2 

2 2 sets wild 
type and 
mutant 
MECP2 
expressing 
iPSC 

 astrocytes Accelerated astrocyte 
formation 
Increased astrocyte 
specific 
differentiation from 
multipotent neural 
stem cells 

 

Mariani et al. 
(2015), [19] 

Idiopathic Autism 
/macrocephalia 
head circumference > 
90%ile, males 

 
 
 
4 

2-3 lines 
per person 

fibroblasts Organoids 
GABA-ergic 
neurons 

Increased number of 
inhibitory neurons; 
Increased FOXG1 
expression; 

In mature organoids 
proportion in 
proliferating cells no 
significant difference 
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Reference Diagnosis N of 
patients 

N of cell 
lines 

Origin Cell type 
differentiation 

Findings Remarks 

Patients 
Mothers 
Fathers 
brothers 

3 
4 
1 

Accelerated cell cycle 
– decreased cell cycle 
length; 
Increased synapse 
number 

between ASD and 
controls 

Marcheto et 
al. 
(2016), [20] 

Idiopathic ASD – 
patients diagnosed 
with ASD and MRI 
scanning 
Individuals with 
larger than normal 
average brain volume 
Behavior 
presentation DSM-
IV; APA, Wecher 
Intelligence scale, the 
Autism Diagnostic 
observation 
Schedule, the Autism 
diagnostic interview, 
Revised and 
Vineland Adaptive 
behavior scales 

8 ASD 
individuals 
5 
gender/age-
matched 
controls 

 Fibroblasts Neuronal 
progenitor cells 

Increased cell 
proliferation caused 
by dysregulation of β-
catenin/BRN2 
transcriptional 
cascade 
Abnormal 
neurogenesis 
Reduced 
synaptogenesis 
leading to functional 
defects in neuronal 
networks 

 

 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Ilieva et al.  Supplement 

7 

Supplemental References 

1. Marchetto MCN, Carromeu C, Acab A, Yu D, Yeo G, Mu Y, et al. (2010): A model for neural development and treatment of Rett 
Syndrome using human induced pluripotent stem cells. Cell  143(4): 527–539.  

2. Chamberlain SJ, Chen PF, Ng KY, Bourgois-Rocha F, Lemtiri-Chlieh F, Eric S. Levine ES, et al. (2010): Induced pluripotent stem cell 
models of the genomic imprinting disorders Angelman and Prader–Willi syndromes. PNAS 107(41), 17668–17673. 

3. Sheridan SD, Theriault KM, Reis SA, Zhou F, Madison JM, Daheron L, et al. (2011): Epigenetic characterization of the FMR1 gene and 
aberrant neurodevelopment in human induced pluripotent stem cell models of fragile X syndrome. PLoS One 6(10): e26203. 

4. Ananiev G, Williams EC, Li H, Chang Q. (2011): Isogenic Pairs of Wild Type and Mutant Induced Pluripotent Stem Cell (iPSC) Lines 
from Rett Syndrome Patients as in vitro disease model. PLoS ONE 6(9): e25255. doi:10.1371/journal.pone.0025255. 

5. Cheung AYL, Horvath LM, Grafodatskaya D, Pasceri P, Weksberg R, Hotta A, et al. (2011): Isolation of MECP2-null Rett Syndrome 
patient hiPS cells and isogenic controls through X-chromosome inactivation. Hum. Mol. Genet. 2011; 20(11): 2103-2115. 

6. Paşca SP, Portmann T, Voineagu I, Yazawa M, Shcheglovitov A, Paşca AM, et al. (2011): Using iPSC-derived neurons to uncover 
cellular phenotypes associated with Timothy syndrome. Nat Med. 17(12):1657-1662.  

7. Kim KY, Hysolli E, Park IH. (2011): Neuronal maturation defect in induced pluripotent stem cells from patients with Rett syndrome. 
PNAS  108(34):14169-14174.  

8. DeRosa BA, Van Baaren JM, Dubey GK, Vance JM, Pericak-Vance MA, Dykxhoorn DM. (2012): Derivation of autism spectrum 
disorder-specific induced pluripotent stem cells from peripheral blood mononuclear cells. Neurosci Lett. 516(1): 9–14.  

9. Liu J, Koscielska KA, Cao Z, Hulsizer S, Grace N, Mitchell G, et al. (2012): Signaling defects in iPSC-derived fragile X premutation 
neurons. Hum Mol Genet. 21(17):3795-3805.  

10.  Shcheglovitov A, Shcheglovitova O, Yazawa M, Portmann T, Shu R, Sebastiano V, et al. (2013): SHANK3 and IGF1 restore synaptic 
deficits in neurons from 22q13 deletion syndrome patients. Nature  503(7475):267-271.  

11. Krey JF, Paşca SP, Shcheglovitov A, Yazawa M, Schwemberger R, Rasmusson R. (2013): Timothy syndrome is associated with activity-
dependent dendritic retraction in rodent and human neurons. Nat Neurosci. 16(2): 201-9. 

12. Boissart C, Poulet A, Georges P, Darville H, Julita E, Delorme R et al. (2013): Differentiation from human pluripotent stem cells of 
cortical neurons of the superficial layers amenable to psychiatric disease modeling and high-throughput drug screening. Transl. 
Psychiatry;3:e294. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Ilieva et al.  Supplement 

8 

13. Brick DJ, Nethercott HE, Montesano S, Banuelos MG, Stover AE, Schutte SS, et al. (2014): The Autism Spectrum Disorders Stem Cell 
Resource at Children’s Hospital of Orange County: Implications for Disease Modeling and Drug Discovery. Stem Cells translational 
medicine  3: 1275-1286. 

14. Griesi-Oliveira K, Acab A, Gupta AR, Sunaga DY, Chailangkarn T, Nicol X, et al. (2015): Modeling non-syndromic autism and the 
impact of TRPC6 disruption in human neurons. Molecular Psychiatry  20: 1350-1365. 

15. Belinsky GS, Rich MT, Sirois CL, Short SM, Pedrosa E, Lachman HM, et al. (2014): Patch-clamp recordings and calcium imaging 
followed by single-cell PCR reveal the developmental profile of 13 genes in iPSC-derived human neurons. Stem Cell Research 12(1): 
101–118.  

16. Williams EC, Zhong X, Mohamed A, Li R, Liu Y, Dong Q, et al. (2014): Mutant astrocytes differentiated from Rett syndrome patients-
specific iPSCs have adverse effects on wild-type neurons. Hum Mol Genet. 23(11): 2968-2980.  

17. Doers ME, Musser MT, Nichol R, Berndt ER, Baker M, Gomez TM, et al. (2014): IPSC-derived forebrain neurons from FXS individuals 
show defects in initial neurite outgrowth. Stem Cells and Development 23(15): 1777–1787.  

18. Andoh-Noda T, Akamatsu W, Miyake K, Matsumoto T, Yamaguchi R, Sanosaka T, et al. (2015): Differentiation of multipotent neural 
stem cells derived from Rett syndrome patients is biased toward the astrocytic lineage. Molecular Brain 8: 31. 

19. Mariani J, Coppola G, Zhang P, Abyzov A, Provini L, Tomasini L, et al. (2015): FOXG1-Dependent Dysregulation of GABA/Glutamate 
Neuron Differentiation in Autism Spectrum Disorders. Cell 162(2): 375–390. 

20. Marchetto MC, Belinson H, Tian Y, Freitas BC, Fu C, Vadodaria KC. (2016): Altered proliferation and networks in neural cells derived 
from idiopathic autistic individuals. Mol Psychiatry, doi:10.1038/mp.2016.95. 
 


