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Abstract
Despite the enormous efforts of the scientific community over the years, effec-
tive therapeutics for many (epi)genetic brain disorders remain unidentified. The 
common and persistent failures to translate preclinical findings into clinical suc-
cess are partially attributed to the limited efficiency of current disease models. 
Although animal and cellular models have substantially improved our knowl-
edge of the pathological processes involved in these disorders, human brain 
research has generally been hampered by a lack of satisfactory humanized model 
systems. This, together with our incomplete knowledge of the multifactorial 
causes in the majority of these disorders, as well as a thorough understanding of 
associated (epi)genetic alterations, has been impeding progress in gaining more 
mechanistic insights from translational studies. Over the last years, however, 
stem cell technology has been offering an alternative approach to study and treat 
human brain disorders. Owing to this technology, we are now able to obtain a 
theoretically inexhaustible source of human neural cells and precursors in vitro 
that offer a platform for disease modeling and the establishment of therapeutic 
interventions. In addition to the potential to increase our general understanding 
of how (epi)genetic alterations contribute to the pathology of brain disorders, 
stem cells and derivatives allow for high-throughput drugs and toxicity testing, 
and provide a cell source for transplant therapies in regenerative medicine. In the 
current chapter, we will demonstrate the validity of human stem cell-based mod-
els and address the utility of other stem cell-based applications for several human 
brain disorders with multifactorial and (epi)genetic bases, including Parkinson’s 
disease (PD), Alzheimer’s disease (AD), fragile X syndrome (FXS), Angelman 
syndrome (AS), Prader-Willi syndrome (PWS), and Rett syndrome (RTT).
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23.1  Introduction

For decades, the scientific community has been intensively trying to translate their 
preclinical findings to discover and develop potent therapeutical interventions for 
pandemic diseases. Although (epi)genetic brain disorders, such as Alzheimer’s dis-
ease (AD), rank among the most devastating diseases and account for immeasurable 
socioeconomic burdens, therapeutical approaches that can prevent, stop, or even 
reverse them remain unidentified. This lack of effective therapeutics can be attrib-
uted to multiple factors, including the inaccessibility of human brain tissue samples, 
the scarcity of proper human longitudinal studies, the limitations of animal and cel-
lular models, as well as the direct contribution of absence in understanding all brain 
functions together with the complex cellular heterogeneity of the brain [1, 2]. 
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Although we have acquired an enormous body of knowledge over the years, there is 
an urgent and unmet demand to develop alternative model systems in order to better 
understand the underlying biological nature of the brain, as well as to develop new 
effective therapeutics to be able to reduce the suffering and costs that come along 
with the occurrence of these disorders.

A major challenge in modeling and treating brain disorders has been the inacces-
sible nature of specific human neural cell types affected by the disease. Stem cell 
technology has contributed to overcome these challenges, and with the recent dis-
coveries of induced pluripotency, the field has been growing at a rapid pace [3, 4]. 
In fact, stem cell technology has since then been offering a promising avenue to fill 
the gap between animal and human research. The field combines the efforts of cell 
biologists, (epi)genetic researchers, and clinicians to understand human biological 
systems and to develop effective treatment strategies for human disease. With the 
use of embryonic stem cells (ESCs), neural stem cells (NSCs), and induced pluripo-
tent stem cells (iPSCs), the field of stem cell technology is dedicated to develop 
adequate disease model systems, preclinical platforms for (high-throughput) drugs 
and toxicity screenings, and strategies for transplant therapies (Fig. 23.1) [5–7]. 
Theoretically, ESCs and iPSCs allow to obtain nearly every cell type of the human 
body in vitro and provide an inexhaustible cell source due to their pluripotent dif-
ferentiation potential and capacity of self-renewal [7]. As a consequence, these stem 
cells can be cultured and differentiated into NSCs and functional neural cells by 
using directed differentiation techniques [8, 9].

Although there is still a lot to improve in terms of their efficiency and safety, 
stem cell-based models harbor high translational potential and are currently very 
appealing to study [10]. In fact, these model systems have proved instrumental to 
model in vitro molecular alterations associated with genetic mutations in disease- 
causing genes and allow mechanistic cellular studies of multifactorial (epi)genetic 
brain disorders [5, 11]. While it is well established that (epi)genetic alterations con-
tribute to the pathophysiology of human disease, detailed epigenomic characteriza-
tion of stem cell-based models and the role of epigenetic changes in the 
pathophysiology of these diseases remain underexplored and are currently just start-
ing to become increasingly considered [2, 12]. The complex and interconnected 
network of epigenetic alterations, including DNA (hydroxy)methylation, histone 
modifications, and noncoding RNAs, has previously only been studied in animal 
models and in human postmortem brain samples. Nevertheless, with the rise and 
recent advances in stem cell technology, it should be accordingly expectable that 
stem cell-based neural models may represent valid tools to explore epigenetic 
changes involved in many brain disorders. The use of these models will undoubt-
edly contribute to a better understanding of human brain epigenetics and general 
physiology in the future.

In the current chapter, we will introduce the use of stem cell technology for 
human brain disorders with multifactorial and (epi)genetic bases, including 
Parkinson’s disease (PD), AD, fragile X syndrome (FXS), Angelman syndrome 
(AS), Prader-Willi syndrome (PWS), and Rett syndrome (RTT). We will address the 
recent advances of stem cell technology either with regard to disease modeling, 
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drugs, and toxicity testing or direct clinical applications, with the aim to provide the 
notion of their utility in fundamental research, as well as in the field of 
biomedicine.

23.2  Parkinson’s Disease

PD is a neurodegenerative disorder affecting over ten million people worldwide 
[13]. It is estimated that the majority of PD cases (80–90%) are idiopathic with a 
multifactorial origin, while the minority of the cases (10–20%) are familial and 
linked to monogenic mutations in PD-related genes, including PARK2, PARK7, 
PINK1, ATP13A2, SCNA, LRRK2, TAU, NURR1, and GBA [6, 14]. Furthermore, 
there is a growing body of evidence supporting the role of epigenetics in the devel-
opment and progression of PD [15, 16]. Differences in disease onset are observed, 
but PD pathology is common and characterized by progressive loss of dopaminergic 
neurons in the substantia nigra pars compacta of the mesencephalon [13, 17]. The 
most crucial pathological hallmarks seen in these neurons are abnormal aggregates 
of SNCA protein that form Lewy bodies and Lewy neurites [18, 19]. The exact 
molecular mechanisms underlying the initiation and progression of neurodegenera-
tion remain elusive, but loss of dopaminergic neurons causes deficits in dopaminer-
gic neurotransmission. These neurons are essential in the regulation of the motor 
functions, and their loss results in typical motor symptoms such as rest tremor, 
rigidity, bradykinesia, and gait abnormalities [18].

Previous therapeutic strategies have heavily relied on dopamine-enhancing drugs 
such as levodopa, dopamine receptor agonists, and monoamine oxidase inhibitors to 
compensate for the loss of dopaminergic neurotransmission [20, 21]. Alternatively, 
deep brain stimulation of the subthalamic nucleus represents an effective therapy in 
PD [22]. Even though these therapeutics are able to alleviate the symptoms, they are 
not able to compensate the cellular loss typical for PD. The availability of stem cell 
technology, however, has offered an alternative approach to treat PD and overcome 
this issue. Numerous studies have addressed the therapeutic potential of compensat-
ing the dopaminergic cell loss by replacing them by external cell sources, including 
NSCs and NSC-derived dopaminergic neurons. NSCs can be isolated from fetal 
brain tissue or specific regions in the adult brain, they can be obtained from differ-
entiated ESCs and iPSCs after neural induction in vitro, or they can be derived from 
direct reprogramming of somatic cells [6, 23].

Although NSCs, ESCs, and iPSCs have all been studied for their therapeutic 
potential in PD, mesenchymal stem cells and olfactory ensheathing cells have also 
been considered [6]. Furthermore, the use of NSCs, ESCs, and iPSCs for disease 
modeling or drugs and toxicity testing in PD is another rapid-moving field of 
research [19]. While this area of research is also very interesting, here we will 
mainly focus on the direct clinical application and major problems that have been 
encountered when using these stem cells for the treatment of PD.

Studies using rodent and nonhuman primate models of PD have demonstrated 
that NSCs transplanted into animal brains differentiate into dopaminergic neurons 
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[24, 25]. Endogenous NSCs retain their regional specificity, and therefore, fetal 
grafts derived from a dopaminergic- enriched region, such as the mesencephalon, 
are appropriate cell sources for direct transplantation [21]. When grafts of fetal 
brain tissue are transplanted to the midbrain of induced parkinsonism rats or non-
human primates, they can improve many of the typical motor deficits seen in these 
animal models [24, 26–28]. Additionally, differentiation of NSCs into dopaminer-
gic neurons can also be enhanced in vitro prior to transplantation [29, 30]. Studies 
that differentiated fetal grafts into enriched populations of dopaminergic neurons 
have also found significant cellular and motor behavior recovery in PD animal 
models [31, 32]. Graft-induced amelioration of motor deficits is dependent on the 
ability of the grafted NSCs and neurons to restore dopaminergic neurotransmission 
in the affected area surrounding the transplant. The mechanisms that are thought to 
underlie these effects can be classified into two categories: direct repair by dopa-
minergic neuron replacement and indirect repair trough stem cell-derived neuro-
tropic factors [21].

Clinical trials using fetal brain mesencephalic tissue grafts were initiated in the 
1990s [33–36]. Improvements have been documented in PD patients in terms of 
behavior, histology, and survival of the transplanted cells, and in several cases, they 
were even able to eliminate their dopamine-enhancing medication [37]. Interestingly, 
studies have demonstrated that transplanted grafts survived and remain functional 
up to 14 years posttransplantation, although evidence that PD pathology may propa-
gate from host to grafts is emerging [38, 39]. On the other hand, several mild to 
severe side effects were also observed. One of the most troubling side effects was 
the occurrence of graft-induced dyskinesia [40, 41]. Furthermore, since the mid-
brain tissue used to treat PD patients is derived from a genetically distinct individ-
ual, i.e., allogeneic, the transplanted grafts cause immunogenic responses that need 
to be repressed continuously to prevent graft rejection [42]. In addition to these side 
effects, the use of fetal tissue grafts for PD treatment is also challenging on a large 
scale, given the limited accessibility and ethical concerns behind the use of primary 
brain tissue from aborted fetuses [43].

ESCs derived from blastocyst embryos, on the other hand, have an intrinsic capa-
bility for infinite self-renewal and are able to differentiate into nearly any cell of the 
human body, including NSCs or dopaminergic neurons [44]. This theoretical inex-
haustible source of cells indicated ESCs as having great promise for cell transplan-
tation therapy in PD. Likewise to fetal grafts, the functional characteristics of 
transplanted ESC-derived NSCs and dopaminergic neurons have been addressed 
in vivo by engrafting these cells into animal models of PD [45–49]. These experi-
ments demonstrated that ESC-derived NSCs or dopaminergic neurons were able to 
integrate into the host brains and to restore dopaminergic neurotransmission, as well 
as to improve locomotive deficits seen in these PD models. This provided preclini-
cal evidence of the potential of ESC-derived NSCs and dopaminergic neurons for 
the treatment of PD [50]. Although ESCs seemed to be a very promising cell source, 
the efficiency of neural cell conversion from ESCs is still limited and often results 
in incompletely differentiated heterogeneous cellular populations containing differ-
ent neural cells [51–53]. Therefore, a critical issue that must be resolved and that 
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might even increase the functional outcome after transplantation is the improvement 
of directed differentiation protocols, as well as cell sorting techniques.

The potential clinical relevance of ESCs found in animal models has opened the 
possibility for transplantation therapy in human PD patients, but clinical trials 
using ESCs have not been initiated for treating PD until very recently. Main issues 
that prevented these cells to move from bench-to-bedside were related to their pos-
sible phenotypic instability due to incomplete directed differentiation processes. 
Moreover, there is a chance of transplanting residual undifferentiated ESCs that 
can lead to tumor formation in vivo [54]. Furthermore, and also similar to human 
fetal tissue grafts, ESCs are allogeneic and harbor the problem of immune rejection 
[55]. Despite the methodological and potential ethical caveats, the Australian 
Therapeutic Goods Administration has approved a Phase I clinical trial for PD 
using parthenogenetic ESCs (pESCs) [56, 57]. Parthenogenetic embryos are 
formed by chemically activating the unfertilized human ovum, which allows induc-
tion of pESC cultures that are unable to produce a viable offspring [57]. Based on 
two preclinical safety studies with rats and nonhuman primates [58], the idea of the 
International Stem Cell Corporation is to derive NSCs from these pESCs to treat 
PD patients [59].

With the elegant discovery of somatic cell reprogramming and induced pluripo-
tency by Takahashi and Yamanaka in 2006 [4], another opportunity for the treatment 
of PD became available. iPSCs are similar if not virtually identical to ESCs in terms 
of their self-renewal, differentiation potential (pluripotency), morphology, surface 
marker expression, and in vivo teratoma formation capacity [4, 7]. In relation to 
transplant therapies for PD, the major advantage of iPSCs above all the aforemen-
tioned stem cell types is that iPSCs can be generated from somatic cells of the PD 
patient to be treated, which allows autologous transplantation [60]. As a conse-
quence, these cells contain the genetic background of the donor, which is speculated 
to minimize the risk of immune rejection [61]. Moreover, the ethical issues with 
regard to destruction of fetuses and embryos are circumvented with the use of 
iPSCs. These unique characteristics support the therapeutic potential of human 
iPSCs for personalized cell replacement therapy of PD.

To date, several studies have differentiated iPSCs to NSCs or dopaminergic neu-
rons and examined their clinical potential in PD animal models. Grafted iPSC- 
derived NSCs survived, differentiated in vivo into dopaminergic neurons, matured, 
and integrated into the recipients’ brains [62]. In addition, transplanted human and 
non-primate iPSC-derived NSCs or dopaminergic neurons were found to have sig-
nificant therapeutic effects in rat and non-primate PD models by alleviating PD 
phenotypes [62–66]. Interestingly, in one of these studies, the differentiated neural 
populations derived from the iPSCs were characterized and sorted based on cellular 
markers prior to transplantation [63]. Sorting the iPSC-derived neural populations 
eliminated the undifferentiated tumorigenic cells and significantly increased the 
number of dopaminergic neurons in the cell grafts compared to unsorted cell popu-
lations [63]. These findings demonstrate that sorted and enriched dopaminergic 
neuronal populations are viable, safe, and functional in vivo, as well as improve the 
functional impairments posttransplantation [46, 63].
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Based on the animal studies, much efforts have been made to bring these poten-
tial therapeutic cells to GMP (Good Manufacturing Practice) standards so they can 
be translated to the clinic for treatment of PD. However, clinical trials using human 
iPSCs have not been reported yet. In spite of the initial positive results of iPSC- 
derived NSCs and dopaminergic neurons in animal models of PD, there are several 
hurdles that have to be elucidated to realize their full potential in regenerative medi-
cine, including the discrepancies around the iPSCs’ epigenetic memory [67], dif-
ferentiation bias [68], mitochondrial dynamics [69, 70], and the appropriate choice 
of reprogramming technology. In fact, current somatic cell reprogramming tech-
niques have heavily relied on genomic integrating techniques containing factors 
such as c-MYC and KLF4 [3]. These techniques can affect the genome in a yet 
unspecified way and might alter the neurobiology of the derived cells, including 
their differentiation potential, as well as their survival and integration into the recip-
ients’ brains.

Another concern related to use of patient-derived iPSCs is that these cells poten-
tially harbor susceptibility traits to PD phenotypes because of mutations or epigen-
etic markers that could be present in these patients’ cells. For instance, establishing 
iPSC lines derived from patients that harbor PD-related genetic risk loci might 
make these cells more susceptible to develop PD phenotypic characteristics post-
transplantation. To overcome this issue, iPSCs have been generated where the 
underlying mutations in the disease-causing genes were modified using genomic 
editing techniques [71–73]. Finally, whereas it has been generally assumed that 
autologous iPSCs should be immune-tolerated for the patient from whom 
the somatic cells are derived, several studies have reported immune rejection 
responses [61, 74].

Stem cell studies and in particular the use of iPSCs also allow for PD disease 
modeling in vitro. These stem cell-based studies offer a unique opportunity to 
unravel the (epi)genetic and environmental contributions of the disorder in patient- 
specific dopaminergic neurons [19]. Dopaminergic neurons from genetic PD cases 
have already been used to recapitulate disease phenotypes, such as impaired dopa-
mine metabolism, SCNA accumulation, mitochondrial dysfunction, and oxidative 
stress vulnerability [75–82]. In addition, the study of epigenetic mechanisms using 
patient iPSC-derived PD models is expected to have a huge impact in understanding 
the pathophysiology of PD and to assist the development of therapeutic interven-
tions [2]. Moreover, patient iPSC-derived dopaminergic cells could represent useful 
models to potentially recapitulate the environmental exposome through the patients’ 
epigenome [2]. Accordingly, iPSC-based models are expected to be helpful for 
investigating epigenetic changes of disorders where the environment is supposed to 
play a more prominent role, such as idiopathic form of PD [2]. Although the com-
plexity of these multifactorial disorders is expected to be high, especially when 
taking into account possible interactions between (epi)genetic factors that could 
modify pathological phenotypes, iPSC-derived models provide new opportunities 
to investigate epigenomic alterations associated with the disorder. A pioneer study 
by Fernández-Santiago et al. [83] recently provided first evidence that epigenetic 
deregulation is associated with monogenic and idiopathic PD in an iPSC-based 

R.J.M. Riemens et al.



451

model system. Interestingly, their findings suggest the presence of molecular defi-
cits in PD somatic cells that manifest only upon differentiation into dopaminergic 
neurons [83]. Future comparable studies will have important implications for dis-
ease modeling, as well as transplant therapies using patient-derived iPSCs.

23.3  Alzheimer’s Disease

AD is the most common neurodegenerative disorder and leading cause of age- 
related dementia [84]. In 2010 approximately 36 million people were diagnosed 
with AD worldwide, and the incidence is expected to double every 20 years to an 
estimated 115 million cases in 2050 [85]. The early onset autosomal-dominant form 
of AD, termed familial AD (FAD), generally occurs between 30 and 60 years of age 
and is estimated to represent less than 5% of all AD cases [86]. The average age of 
occurrence for the more common multifactorial late onset form, sporadic AD 
(SAD), is 65 years with an increasing likelihood of developing the disorder each 
subsequent year [86]. Both forms are characterized by progressive memory disori-
entation and cognitive disturbances, but remain clinically and neuropathologically 
heterogeneous [87]. Main hallmarks that are seen in AD brains include aggregation 
of amyloid-β (Aβ) peptides into extracellular senile plaques and accumulation of 
intracellular hyperphosphorylated tau protein into neurofibrillary tangles (NFTs) 
[88]. Furthermore, neuroinflammation, oxidative stress, and endoplasmatic reticu-
lum (ER) stress have also been implicated in the disease [89]. Although many 
hypotheses have been proposed to explain the pathogenesis of AD, the interrelation-
ships and causality of these hallmarks remain to be elucidated.

To date, AD studies have mainly relied on the use of transgenic mice models, the 
use of non-neural human cell cultures, and human postmortem tissue analyses [85, 
90]. Although the significant impact of transgenic mice models on progress in 
understanding various aspect of the disorder is undeniable, they only reproduce 
specific AD hallmarks and do not reflect clinical phenotypes completely. Moreover, 
the use of non-neural cell lines omits unique neural features and therefore may fail 
to capture essential biological processes. The limited accessibility to postmortem 
tissues and an inadequate amount of cell subtype-specific samples add up to this and 
together hinder the study of its biological basis. Even in the case that samples are 
available, the use of postmortem tissue does simply not allow to differentiate 
between molecular hallmarks that are involved in the causes or consequences of the 
disease. For these reasons, there has been an ongoing demand for innovative and 
predictive model systems that closely resemble unique human neural features and 
which allow to study cause-effect relationships in a controlled setting.

The recent advances in stem cell technology make the availability of iPSCs for 
AD studies very relevant in this context. iPSCs derived from either FAD or SAD 
patients´ somatic cells contain a patient-specific pathogenic background, which 
offers a promising avenue for AD modeling [89]. In fact, the use of disease-relevant 
neural cells, by differentiating iPSCs along the neural lineage, offers an alternative 
approach to study the underlying neuropathological mechanisms in vitro in a 

23 Stem Cell Technology for (Epi)genetic Brain Disorders



452

humanized, personalized, and cell subtype-specific manner. iPSC-derived neuronal 
populations generated from AD patients with known pathogenic backgrounds can 
be studied, (epi)genetically probed, and treated with drug libraries to investigate 
their effects on molecular and cellular responses. For these reasons, there has been 
a growing body of research over the past years to adopt rapidly improving iPSC- 
derived model systems of AD for fundamental research applications, as well as for 
the assessment of drugs prior to the initiation of clinical trials [91, 92]. Due to this 
increasing interest in patient-derived iPSCs for AD research, we will here only 
focus on the recent progresses of iPSC studies and demonstrate their utility for dis-
ease modeling and drug discovery.

Modeling AD using patient-derived iPSCs was initiated from FAD cases with 
known mutations in disease-causing genes, including amyloid precursor protein 
(APP), presenilin 1 (PSEN1), and presenilin 2 (PSEN2) [93]. The main goal of these 
preliminary studies using FAD patient-derived iPSCs has been the validation of 
their potential for AD modeling, in which they have been seeking to find 
AD-associated cellular phenotypes. It has previously been shown that mutations in 
APP, PSEN1, or PSEN2 may cause abnormal cleavage of APP, which results in 
increased levels of total Aβ or increased ratios of neurotoxic Aβ42 to Aβ40 
(Aβ42/40) peptides [94].

Several studies have focused on increased copy numbers of the APP gene. The 
first described was a trisomy 21 Down syndrome model using both patient ESCs 
and iPSC-derived neurons [95]. Down syndrome individuals have an increased risk 
of developing AD, which has been attributed at least in part to having three copies 
of APP [96]. In the iPSC-derived cortical neurons, increased Aβ production and 
Aβ42/40 ratios were observed [95]. Furthermore, phosphorylated tau and total tau 
levels were seen to be upregulated and mislocalized to the neuronal dendrites [95]. 
In a separate study, iPSC neurons from FAD patients with a duplication of APP 
were analyzed [97]. Compared to non-demented control individuals, these FAD 
neurons exhibited significantly higher levels of Aβ40, phosphorylated tau, and gly-
cogen synthase kinase-3β (GSK-3β) activity – a physiological kinase of tau [97]. 
Moreover, the neurons also accumulated large RAB5-positive endosomes, which 
has been seen in autopsies from SAD and some forms of FAD [97, 98].

Missense mutations in APP that are known to cause AD have also been studied 
in patient-derived iPSC models. A study by Kondo et al. [99] included three iPSC 
lines from FAD patients harboring the APP-E693Δ (Osaka) mutation. The iPSC- 
derived cortical neurons exhibited accumulated intracellular Aβ oligomers, leading 
to endoplasmic reticulum and oxidative stress [99]. Interestingly, two APP-V717 L 
mutant lines in the same study were tested and produced large quantities of extracel-
lular Aβ42 that lacked intracellular accumulation, as well as the accompanying 
stress response hallmarks [99]. In iPSC-derived forebrain glutamatergic neurons 
from AD patients harboring the APP-V717I (London) mutation, significant higher 
levels of Aβ42 were also found [100]. The fold increase in Aβ42/40 ratio reported 
was highly similar to that observed in plasma from human subjects with the same 
mutation [100, 101]. Taken together, the pathological phenotypes found in these 
AD-iPSC studies mimic those that have been previously defined in mice and/or 
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cellular models carrying the same mutations [99, 100], demonstrating the validity of 
iPSC-based model system.

In addition to APP mutations, studies have also focused on patient-derived iPSCs 
that contain mutations in PSEN1 or PSEN2. Yagi et al. [84] demonstrated that iPSC- 
derived neurons harboring the PSEN1-A246E and PSEN2-N141I mutations have 
increased levels of Aβ42. Both mutations have also been reported to induce elevated 
levels of Aβ42 in human plasma, as well as in animal and other cellular models [84, 
101–103]. Sproul et al. [104] analyzed iPSC lines with the PSEN1-A246E and 
PSEN1-M146L mutations, also demonstrating that mutant neural precursor cells 
(NPCs) presented increased Aβ42/40 ratios. Molecular profiling in this latter study 
identified 14 genes differently regulated in mutant PSEN1 NPCs, of which five tar-
gets were previously shown to be differentially expressed in late and intermediate 
AD patients [104]. While the gene expression changes identified in this study are 
intriguing, they also emphasize the power of AD-iPSC studies to replicate addi-
tional phenotypic features. However, future mechanistic studies in both human cells 
and animal models are required to determine whether they indeed play a role in AD.

APP mutants, but not PSEN1 and PSEN2 mutants’ iPSC lines, demonstrated 
elevated total levels of tau and tau phosphorylation in a recent study by Moore et al. 
[105]. They compared different iPSC-derived cortical neurons from AD patients 
harboring APP mutations (APP-V717I and duplication of APP) or PSEN1 muta-
tions (PSEN1-Intron/Δ4, PSEN1-Y115C, PSEN1-M146I). While these differences 
might be related to unknown effects of culture conditions or timing, another testable 
possibility is that APP and PSEN1 or PSEN2 mutations differ in their pathological 
phenotypes.

Another interesting approach for studying genetic-based disorders like FAD is 
with the use of isogenic lines created by genome editing of ESCs or iPSCs [73, 92]. 
Isogenic cell lines can be generated by inducing or correcting AD mutations in the 
wild-type (WT) cell line or patient-derived iPSCs, respectively [106]. The use of 
isogenic lines with the same genetic background reduces the intrinsic variability 
that comes from comparing cells from different individuals and allows to determine 
how a single targeted mutation affects molecular and cellular mechanisms [106]. 
The first study to do this for FAD mutations was conducted by Woodruff et al. [107]. 
They were able to generate an allelic series of heterozygous and homozygous 
PSEN1-ΔE9 knock in iPSC lines, as well as heterozygous null mutants with WT 
and PSEN1-ΔE9 alleles. The authors demonstrated that PSEN1-ΔE9 mutant neu-
rons increased the Aβ42/40 ratio in a gene dosage-dependent manner by signifi-
cantly decreasing the amount of Aβ40, while moderately increasing the amount of 
Aβ42 [107]. The results found in this study emphasize the use of isogenic cell lines 
as potential promising tool for modeling AD.

iPSC-derived neurons from SAD patients have also been used to study AD, by 
comparing the phenotypic characteristics of these cells with iPSC-derived FAD 
neurons. In some of the previously mentioned reports, i.e., Israel et al. [97] and 
Kondo et al. [99], iPSC lines from two random SAD patients were analyzed in par-
allel. Interestingly, in each case only one of the two iPSC-derived neuronal popula-
tions demonstrated phenotypes consistent with the FAD lines. This heterogeneity 
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corresponds with the complex origin of SAD and its influence on disease causation 
and progression. SAD is thought to be multifactorial, defined by a lack of autoso-
mal-dominant inheritance and arises due to a complex interplay of (epi)genetic and 
environmental risk factors [108–110]. It is estimated that at least 60–80% of SAD 
may have a genetic underpinning [109, 111, 112]. Recent developments in genomic 
technologies, on the other hand, have allowed for high- throughput interrogation of 
the epigenome, and epigenome-wide association studies (EWAS) have identified 
unique epigenetic signatures that play a role in AD [15, 16, 113].

To date, only two studies have been published that directly focused on patient- 
derived iPSC lines that harbor known SAD genetic risk factors [114, 115]. For many 
years, APOE3/E4 was the only known robust genetic risk factor, but as a result of 
several genome-wide association studies (GWAS) collaborations, increasing sam-
ple sizes and meta-analysis, at least 20 other risk, as well as protective, loci have 
been reported [108, 112, 116, 117]. Duan et al. [114] analyzed iPSC lines derived 
from three APOE3/E4 SAD patients next to two PSEN1 FAD mutant lines (PSEN1- 
A246E and PSEN1-M146 L). The basal forebrain cholinergic neurons derived from 
AD-APOE3/E4 patients’ iPSCs showed typical AD hallmarks, including increased 
Aβ42/40 ratios [114]. A second study by Young et al. [115] focused on SORL1, 
which encodes an endocytic trafficking factor whose levels modulate the processing 
of APP to Aβ and other proteolytic products implicated in SAD [118]. Loss of 
SORL1 expression has been documented in SAD cases [119], and the SORL1 locus 
has been associated with SAD in both candidate gene and GWAS analyses [112]. 
By studying patient iPSC-derived neural cells, this latter study confirmed the impor-
tance of the SORL1/APP pathway in SAD, and their findings corroborate most 
previous studies in cell and animal models [115].

In another study by Hossini at el. [120], SAD iPSC-derived neurons were ana-
lyzed to assess the reflection of disease phenotype in gene expression and to exam-
ine the expression of typical AD proteins. The differentiated neuronal cells seemed 
to reflect the SAD phenotype by the expression of phosphorylated tau proteins and 
the upregulation of GSK-3β [120]. Further analysis of the neuronal cells also 
revealed significant changes in the expression of other genes associated with AD, 
including subunits of the proteasome complex [120]. Moreover, a disease-specific 
protein association network that models AD pathology on the transcriptome level 
could be generated from the AD-iPSCs [120]. Taken together, these studies have 
demonstrated that SAD patients’ iPSC-derived neuronal cells are able to recapitu-
late neuropathological processes of the disease.

Unfortunately, the contribution of epigenetic signatures, as well as environmen-
tal factors, has not been addressed yet in iPSC neurons derived from SAD, as well 
as FAD patients. Nonetheless, iPSC-derived neurons offer a platform to examine the 
casual relationships between environmental insults and the generation of molecular, 
cellular, and epigenomic responses in AD-relevant neuronal populations. In theory, 
one could test how the derived neuronal populations aggravate AD characteristic 
phenotypes when exposed to environmental risk factors or pathological hallmarks, 
such as stress hormones [121]. Furthermore, the use of iPSCs also provides the 
opportunity to examine the contribution of AD-associated epigenetic signatures. 
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Based on recent advances in the field of epigenetic editing [122, 123], these 
AD-associated epigenetic signatures can be modified at any given locus in order to 
normalize the cellular phenotypes in patient iPSC-derived neurons, as well as to 
induce AD characteristics in control iPSC lines.

In addition to evaluating the potential of iPSC-derived neurons to model typical 
AD phenotypes, substantial work has been done in order to assess the possible med-
ical relevance of AD iPSC models in terms of drug discovery and selection of 
appropriate therapeutics. Many of the aforementioned studies have tried to normal-
ize the AD-associated phenotypes by previous studied therapeutics for AD. In the 
iPSC model of Down syndrome, for example, Shi et al. [95] speculated whether 
Aβ40 and Aβ42 peptide generation could be reduced by pharmacological inhibition 
of the γ-secretase complex. Compounds that inhibit γ-secretase, as well as 
β-secretase, are potential therapeutics for AD, and inhibition of these protease com-
plexes has been shown to reduce Aβ level in mice models [124, 125]. When a 
γ-secretase inhibitor was administered for 4 consecutive days to the Down syn-
drome iPSC-derived neurons, Aβ40 and Aβ42 peptide production was reduced by 
almost half, whereas longer-term treatment (21 days) reduced secretion of both Aβ 
peptides below detectable levels [95]. Also Yagi et al. [84] found a dose-dependent 
reduction in Aβ42 and Aβ40 in iPSC-derived neurons form AD patients treated with 
γ-secretase inhibitors and modulators. A γ-secretase inhibitor was also sufficient to 
block Aβ production in both control and PSEN1 mutant NPCs [104], as well as in 
PSEN1 mutant neuronal cells [107]. Surprisingly, γ-secretase inhibitor treatment 
paradoxically increased Aβ40 secretion in the APOE3/E4 SAD lines [114]. The 
reason for this latter finding is not clear yet and will need to be addressed properly 
in future studies.

In other studies, FAD and SAD patient iPSC-derived neurons were treated with 
γ-secretase inhibitors or β-secretase inhibitors, and Aβ, GSK-3β, phosphorylated 
tau, and total tau levels were assessed. It was shown that β-secretase inhibitors, but 
not γ-secretase inhibitors, could significantly reduce the levels of phosphorylated 
tau and GSK-3β, while γ-secretase inhibitors only reduced the level of Aβ40 [97].
These findings suggested that APP proteolytic processing had a direct relationship 
with GSK-3β activation and tau phosphorylation in these neuronal models [97]. In 
line with these findings, manipulation of APP metabolism by β-secretase and 
γ-secretase inhibition/modulation also affected tau protein levels in the study by 
Moore et al. [105]. Furthermore, inhibition of γ-secretase significantly reduced the 
production of extracellular Aβ38, Aβ40, and Aβ42 in neurons of all genotypes 
[105]. In a separate study, also significant reductions of phosphorylated tau and tau 
expression were found in neuronal cells differentiated from a SAD patient after 
treatment with a γ-secretase inhibitor [120] .

Kondo et al. [99] evaluated β-secretase inhibitors and three additional drugs that 
have been reported to improve ER stress or to inhibit reactive oxygen species (ROS) 
generation, including docosahexaenoic acid (DHA). Intracellular accumulation of 
Aβ oligomers disappeared and ROS formation decreased after treatment with 
β-secretase inhibitors in both FAD and SAD iPSC-derived neurons [99]. DHA treat-
ment, on the other hand, decreased the generation of ROS in AD neural cells 
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harboring the APP-E693Δ mutation, whereas the amount of Aβ oligomers in cell 
lysates was not altered [99]. The clinical effectiveness of DHA treatment is still 
controversial and, interestingly, only one of two sporadic AD neurons accumulated 
intracellular Aβ oligomers and showed cellular phenotypes that could respond to 
DHA, while the other did not [99]. This result may explain why DHA treatment is 
only effective for some subpopulations of SAD patients, although disease stage and 
timing of treatment could be other critical factors to explain this phenomenon. 
These patient-specific iPSCs might, therefore, provide a chance to reevaluate the 
effect of a drug that failed in AD clinical trials, depending on the subpopulation of 
patients. Finally, immunotherapy is one of the alternative strategies being studied 
for the treatment of AD [126]. In the study of Muratore et al. [100], Aβ-specific 
antibodies were able to reverse the phenotype of increased total tau in AD iPSC-
derived neurons harboring the APP-V717I mutation.

To conclude, current studies represent critical first steps in assessing the potential 
of using iPSCs in AD research. Patient-specific iPSCs-derived neural cells have 
demonstrated validity on modeling AD pathological molecular alterations, such as 
increased Aβ42/40 ratios and tau hyperphosphorylation. Moreover, these studies 
have addressed the benefits of these iPSC systems for testing therapeutic interven-
tion strategies and drug libraries. Furthermore, iPSC technology might also be a 
valuable tool in exploring the complex heterogeneous nature in the etiology of SAD 
through interrogation of functional effects of (epi)genetic variants linked to risk and 
protective factors. With the availability of epigenetic editing systems, we might be 
able to decipher how epigenetic alterations participate in AD, which may also offer 
opportunities for future epigenetic-based pharmacological interventions. 
Nevertheless, there is enormous promise in the utility of iPSC technology to predict 
how individual epigenetic and cellular phenotypic variation contributes to the etiol-
ogy and pathophysiology of AD, as well as to pharmacological responses at clini-
cally relevant levels.

23.4  Fragile X Syndrome

FXS is considered an autism spectrum disorder and the most frequent form of inher-
ited intellectual disability with a penetrance of 1 in 2500 males and 1 in 4000 
females [127]. Patients suffer from multifactorial symptoms such as learning defi-
cits, low IQ, autism-like behavior, obesity, hypotonia in childhood, and seizures in 
adult life [128]. The disease is caused by the loss of fragile X mental retardation 
protein (FMRP), which is a cytoplasmic RNA-binding protein involved in transport 
and translocation of mRNA and proteins from the nucleus to neuronal dendrites 
[129, 130]. FMRP plays an important role in regulating synaptic development, plas-
ticity [131], and vesicular dynamics [132]. FMRP absence is usually caused by an 
aberrant epigenetic silencing of fragile X mental retardation 1 (FMR1) gene due to 
promoter inhibition, as a consequence of CGG repeat expansion in proximity to the 
5-UTR region [133, 134]. The increase in length of CGG repeats marks the region 
for hypermethylation. Non-affected individuals typically have 6–50 CGG repeats in 
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the CpG island close to FMR1 locus. For reasons still unknown, some subjects are 
susceptible to an expansion of those repeats. Between 50 and 200 CGG repeats are 
found in this region in a pre-mutation state, whereas most FXS patients carry >200 
repeats and characterize the full mutation state, likely leading to CpG methylation, 
chromatin condensation, and FMR1 transcriptional silencing [135].

Mice models mimicking the disease phenotype were developed using FMR1 
gene knockout (KO), mirroring several pathological features of FMRP impairment 
as FMR1 mRNA targets and FMRP functions [136–138]. Although very interesting, 
mice lack the epigenetic silencing of FMR1 in large CGG repeats, therefore, limit-
ing the use of mice models for fully understanding the molecular mechanism of the 
disease. Furthermore, the mechanism of epigenetic alterations on FMR1 locus and 
the consequent loss of FMRP during development are still uncertain [139]. The use 
of human stem cells has collaborated to a better comprehension of the disease 
mechanisms [140], and for the purpose of this section, we will, therefore, explore 
the recent discoveries using iPSC-based models for FXS.

ESCs with >200 CGG repeats present unmethylated CpGs and normal levels of 
FMR1 gene in early stages of development and progressively become methylated 
during differentiation [141]. Patient-derived iPSCs, on the other hand, maintain 
their methylation status during the reprogramming process, which demonstrates 
that in iPSCs the methylation status is not reversible [140, 142]. The epigenetic 
silencing of FMR1 is believed to occur in a differentiation-dependent manner, 
although the maintenance of methylation during reprogramming of iPSC-derived 
neurons from FXS patients supports their use for modeling the disorder [143]. 
Nonetheless, iPSCs generated from patients’ fibroblasts usually show that the repeat 
expansion is not equally present in all the cells, thus modeling the mosaicism 
observed in patients [144]. This mosaicism contributes greatly to disease pathogen-
esis and individual phenotypic variability [127, 135, 144]. Moreover, by using 
iPSCs, scientists were able to illustrate the phenomenon of CGG repeat expansion. 
After reprogramming, fibroblasts from mutated individuals (>200 repeats) gener-
ated cells with full-length expansions and fully methylated status. However, fibro-
blasts with a pre-mutation genotype (between 50 and 200 repeats) generated cells 
with either a normal genotype (<50 repeats) or full-mutated clones [141, 145]. 
These data show that pre-mutation expansion length is genetically instable and that 
the pre-mutated state is critical for disease pathogenesis [146].

Apart from that, a growing body of evidence suggested that the epigenetic state 
of FMR1 locus, rather than the extension of the CGG repeats, is critical for tran-
scriptional silencing [135, 144, 147]. In agreement, de Esch et al. [148] studied 
iPSC derived from unmethylated full-mutated individuals (presenting >200 repeats 
but no methylation on FMR1 locus). Interestingly, after fibroblast reprogramming, 
the obtained iPSC-derived neurons presented a full methylation status on FMR1 
region. This data demonstrated that methylation is a standard mechanism in CGG 
repeats expansions and that individuals harboring repeats without methylation had 
a normal phenotype, likely attributed to the unmethylated status of FMR1.

Likewise, Park et al. [149] also illustrated the importance of (CGG)n repeats in 
methylation and silencing of FMR1. In their study, genetic editing with CRISPR/
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Cas9 technology was used to eliminate CGG repeats upstream of the promoter in 
FXS iPSC-derived neurons. CRISPR/Cas9 technology works as a sequence-specific 
nuclease inducing a double cleavage in the DNA in targeting regions [150]. After 
deleting a large portion of CGG repeats, the authors described that the chromatin 
opened and demethylation occurred, leading to transcriptional activation of FMR1. 
These findings do not only suggest that transcriptional silencing of FMR1 can be 
reverted, but also that methylation status in this region is constantly monitored.

Finally, FXS patient-derived iPSCs are also starting to be used for high- 
throughput drug testing and harbor high potential for drug discovery research. For 
instance, iPSCs have been treated with drugs that could increase FMR1 levels [151], 
but unfortunately no clinical relevant results were obtained yet. The possibility of 
reverting FXS phenotype after reestablishment of FMR1 levels is also still uncertain 
and might partly explain these findings. To conclude, although all the pathophysio-
logical alterations in FXS remain to be elucidated, stem cell technology is unravel-
ing the role of epigenetic alterations in the disorder, such as the methylation 
dynamics of the FMR1 locus. Research along this line will greatly facilitate the 
development of therapeutic interventions and will allow future studies using epigen-
etic editing techniques.

23.5  Angelman Syndrome and Prader-Willi Syndrome

AS was first described in 1965 by the pediatrician Harry Angelman who noticed 
autistic-like features in three different individuals [152]. AS patients present neuro-
logical problems, abnormally motor condition, severe mental retardation, epileptic 
seizures, and episodes of inappropriate laughter [153]. The prevalence is estimated 
between 1/10,000 and 1/20,000 [154]. PWS is characterized by hypotonia, hypogo-
nadism, intellectual disability, a tendency to develop compulsive and obsessive 
behavior, and hyperphagia-causing obesity [155]. The incidence, on the other hand, 
is estimated between 1/15,000 and 1/30,000 [155]. Both disorders are caused by 
imprinting alterations on chromosome 15q11–13 region [156] although AS is 
caused by maternal inherited alterations, while PWS is caused by paternal ones.

During development, specific genes on a variety of chromosomes are subjected 
to silencing by a process known as genomic imprinting, which is dependent on the 
location of the gene on the chromosome, as well as its parent origin [157, 158]. The 
reason for silencing one of the parental genes is not fully understood, and estima-
tions point to only 1% of human genes to have inherited repression markers [159]. 
Silencing is mediated by a set of epigenetic alterations such as methylation of pro-
moters and histone modifications [160, 161]. An important region of chromosome 
15 (15q11–13) that is critical for many cellular processes is also subjected to 
genomic imprinting. This region compromises a variety of genes that are exclu-
sively expressed in a parental fashion: MKRN3, MAGEL2, NDN, C15orf2 and 
PWRN1 SNURF-snrpn for paternal origin, and UBE3A and ATP10A for maternal 
origin [162, 163]. Because many of these genes in this region are imprinted, the loss 
of function of one copy leads to vigorous alterations [164].
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AS is caused by the reduction or loss of the maternal allele coding for UBE3A 
gene, while PWS results from partial deletion of the 15q11.2-q13 region of the 
paternal allele and affects seven genes [160]. However, not all AS or PWS diag-
nosed patients present the same classical alterations on 15q11.2-q13 region [153]. 
Both disorders and other related pathologies are also known to be caused by other 
genetic alterations [160], including large and small deletions and duplications of 
15q11.2-q13, mutations in imprinting centers, and uniparental disomy, among oth-
ers [165]. As for many epigenetic disorders, the variety of genomic alterations 
affects the clinical severity of the disease and the possibility of modeling it for 
studying.

Mice models targeting chromosome 15 have been used to study AS dynamics. 
The most commonly used model is the deletion of exon 2 from Ubea3, since it is the 
only model that induces inherited maternal loss of Ubea3 [166, 167]. Using Ubea3- 
null mice, researchers were able to dissect the protein function. In the brain, UBEA3 
contributes to synapses formation and neuronal circuitry [168, 169] probably by 
downregulating the expression of other proteins [167]. As a consequence of UBEA3 
loss, synapses development is impaired [169]. PWS has also been mimicked using 
mice models since human pattern alleles found in 15q11.2-q13 also occur in a well- 
conserved region in chromosome 7 in mice. Although very similar, there are differ-
ences regarding centromere distance and the absence of C15ORF2 gene and two 
noncoding snoRNAs in mice [170]. PWS mice targeting pattern genes in this 
homologous region conveniently recapitulate some PWS symptoms but still remain 
an incomplete model. The complexity of the human chromosomal region with genes 
being paternally or maternally expressed, together with the variety of genotypes/
phenotypes that emerge from all the possible alterations occurring in this chromo-
some range, makes it difficult to model, study, and develop therapeutic approaches 
for both disorders [171].

To date, only a few groups have explored the potential of iPSCs in modeling 
pathological mechanisms in AS or PWS and addressed their potential to find thera-
peutic interventions for both disorders. Similar to FXS, differentiated iPSCs from 
AS and PWS recapitulate imprinting and methylation patterns unlike ESC, making 
it very suitable to study disease progression and pathological mechanisms [172]. 
Recently, the development of AS- and PWS iPSC-derived neurons showed that 
imprinting process occurs during neuronal differentiation and that this model can 
successfully recapitulate some of the disorder’s mechanism [173]. Although this 
latter study did not find neuronal differences between normal individuals and AS 
and PWS iPSC-derived neurons, large analyses of human iPSCs carrying chromo-
some 15 alterations have shown common pathological pathways for AS (deletion of 
15q11–13) and other disorders harboring duplications of 15q11–13 [174].

Interestingly, most human tissues express both paternal and maternal alleles of 
UBE3A, whereas in neurons the paternal UBE3A is usually epigenetically silenced 
by the long noncoding RNA (ncRNA) UBEA3-ATS [175, 176]. Studies using iPSCs 
from PWS patients with microdeletion in a region critical for paternal imprinting 
showed that the activation of this ncRNA alone can alter imprinting patterns in 
UBE3A paternal allele, suggesting that in neurons UBEA3-ATS is sufficient for 
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UBE3A paternal silencing [177, 178]. A similar model was used in an attempt to 
clarify the underlying mechanisms that trigger UBEA3-ATS expression in neurons 
[179], but the exact molecular mechanisms remain unclear. In parallel, therapeutic 
interventions for targeting UBEA3-ATS have been assessed in mice, with the aim of 
reestablishing normal levels of the protein by activating the paternal allele [180].
Furthermore, the administration of selected drugs have also been used to increase 
paternal Ubea3 expression in a mice model of AS [181]. Both strategies success-
fully reduced UBEA3-ATS levels and consequently recovered Ubea3 pattern allele 
expression, leading to amelioration of the cognitive deficits observed in mice [180]. 
Although not addressed yet for AS or PWS, human stem cells could offer a valuable 
platform to study similar therapeutic strategies for a variety of candidate genes that 
are inherently repressed in the same region. Especially the use of patient-derived 
iPSCs for these studies could potentially help to better understand the mechanisms 
behind specific gene silencing, both in imprinting, as well as in disease situations, 
and will likely contribute to develop therapeutic interventions in AS, PWS and other 
related disorders.

23.6  Rett Syndrome

RTT is a neurodevelopment disorder affecting mostly girls, with a prevalence of 1 in 
10,000 [182]. Patients first have an apparent normal intrauterus development, and 
symptoms only start to appear between the sixth and eightieth months of postnatal 
development. Typical symptoms include motor and language impairment, as well as 
cognitive regression. Although the symptomatology stabilizes approximately by 
5 years of age, the life span of girls is severely reduced [183]. In 1999, the syndrome 
was correlated to de novo mutations in the methyl-CpG-binding gene (MECP2) 
[184], which is an important regulator of the epigenetic state highly expressed in 
developing neurons [185, 186]. MECP2 is involved in regulating chromatin struc-
ture and acts as a transcriptional repressor, as well as activator [187]. Although RTT 
is mainly associated to MECP2, several other mutations in different genes have 
been described in RTT-like phenotypes, such as CDKL5, TC4, JMJD1C, and FGX1, 
among others [188, 189].

MECP2 levels are precisely controlled during development, and studies have 
shown that both overexpression [190, 191] and downregulation [192] affect brain 
normal development. The affinity of MECP2 to target regions in the DNA is highly 
dependent on its sequence [193]. As a consequence, even small alterations in the 
protein sequence can affect the interaction of MECP2 domains with the chromatin 
[194–196], thereby altering the epigenetic state of the genome. To date, over 800 
mutations have been mapped for the MECP2 locus in RTT patients [197, 198]. 
Several alterations, including missense and nonsense mutations, deletions, and 
duplications, can dramatically affect MECP2 function and contribute to a large 
range of clinical variability [203]. Furthermore, female embryos undergo X chro-
mosome inactivation during development to compensate for the presence of two 
parental copies. Since MECP2 is located on the X chromosome (Xq28), RTT 
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patients, therefore, can show mosaicism, which also contributes to the clinical 
observation of different phenotypes within the disorder [199, 200].

Mice models of RTT are widely used for modeling the disorder [201–204] and 
recapitulate several pathological hallmarks of the disease, such as abnormalities in 
dendritic morphology and neuronal connectivity [205, 206]. Interestingly, mice 
models have also shown that distinct neuronal populations are differently altered 
due to MECP2 loss [207–209]. Furthermore, those models have demonstrated that 
RTT phenotypes can be rescued by different treatment strategies [210–212]. One of 
the disadvantages of these RTT mice models, however, is that they are usually gen-
erated by MECP2 knockouts, while RTT patients likely present missense mutations 
in MECP2. Another caveat in these models is that the defects only appear very late 
during development in contrast to the early onset seen in humans [213]. Moreover, 
there are many biological differences in neurodevelopment and brain functions 
among mice and humans, which makes the use of humanized models more appeal-
ing for understanding RTT [11, 214].

The use of stem cells and specifically iPSC has shed a new light in the compre-
hension of RTT mechanisms [215]. The first in vitro neuronal model derived from 
RTT iPSCs with MECP2 mutations demonstrated most of the cellular abnormalities 
found in human and mice brains, such as lack of complex synapses (e.g., defects in 
synaptic outgrowth) and reduced number of dendrites [216]. Also, this study showed 
abnormalities in glutamatergic synapses and impaired electrophysiological proper-
ties [216]. Neurons obtained from iPSC from RTT patients also demonstrated defects 
in synaptic transmission [217] and connectivity [218], a phenomenon that is likely 
related to a reduced number of dendrites and which could be ameliorated through the 
administration of choline [217]. It has also been shown that iPSCs from RTT patients 
have maturation defects [219] and harbor a possible early deviation into the astro-
cytic lineage during differentiation [220], compromising neuronal commitment and 
proliferation. Furthermore, it is important to point out that cells derived from patients 
likely recapitulate the random X chromosome inactivation during development and 
differentiation [218, 221], providing construct validity to the model.

The possible contribution of glial cells in RTT pathology has also been addressed 
by studying iPSC-derived astrocytes [222, 223]. Mutated astrocytes presented 
impairment in vesicular transport [223] and interacted with normal neurons affect-
ing neuronal morphology and maturation [222]. By using a 3D culture model of 
iPSCs from RTT patients, Zhang et al. [224] assessed the consequences of MECP2 
impairment in neuronal migration and in the interaction of neurons and astrocytes 
[224]. In this 3D RTT model, normal neurons and astrocytes were combined with 
mutated cells in a set of experiments for cellular migration. In the control group, 
normal astrocytes and neurons migrated toward each other, establishing cohesion. 
Interestingly, when normal astrocytes and RTT-derived neurons were combined, the 
migration impairment was similar to the impairment noticed in RTT-derived astro-
cytes and normal neurons. This shows that MECP2 can be important to cellular 
migration during developing of the brain and that the involvement of glia cells in the 
process shouldn’t be overlooked. One interesting conclusion from the abovemen-
tioned studies, however, is that the implication of MECP2 in migration process 
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contradicts the general assumption that the lack of complex connections on MECP2- 
impaired brain occurs due to poor synapses development, rather than migration 
problems.

Besides MECP2 mutations as a cause of RTT, several other mutations have been 
identified in RTT-like phenotypes [186, 188, 189]. For example, CDKL5-mutated 
iPSC were recently studied [225, 226], not only in the context of RTT but also for 
modeling other CDKL5-related disorders, such as epileptic encephalopathy or West 
syndrome. Cellular abnormalities caused by disruption of CDKL5 are similar to 
MECP2 mutations, but underlying mechanisms are different and CDLK5 protein 
appears to have a direct role in synaptic control [225, 226].

Most studies modeling MECP2 loss are not only interested in the basic patho-
logical pathways of RTT but also in the function of MECP2 itself as a key compo-
nent of epigenetic regulatory mechanisms in the brain [227], affecting gene 
expression [228, 229] and chromatin structure [230]. The analysis of in vitro pheno-
types of RTT-derived iPSCs will collaborate to understanding the function of each 
MECP2 protein domains in RTT and potentially enable the development of muta-
tion specific therapy [182]. By using iPSC-based approaches or allogenic stem cell 
[231] populations in combination with CRISPR/Cas9-induced mutations, we can 
nowadays assess specific consequences of selected mutations in neuronal function. 
In this perspective, iPSC-derived neurons from RTT patients will greatly contribute 
to unveil molecular targets and cellular process within neuronal development.

23.7  Discussion and Future Perspectives

In the current chapter, we have addressed the growing body of scientific interest in 
stem cells and their utility in terms of their potential to increase our general knowl-
edge of several (epi)genetic brain disorders. A universal challenge in the field of 
translational neuroscience has been the development of animal and cellular models 
that effectively recapitulate the biology of the human brain. Stem cells, including 
ESCs, NSCs, and iPSCs, have entered the field as a potential breakthrough to over-
come this hurdle and presented an alternative model for human brain studies. The 
field has been developing at a rapid pace, and methods to obtain, maintain, and dif-
ferentiate these cells are in continuous adaptation and optimization. Stem cell tech-
nology and directed neural differentiation techniques allow to examine the broad 
repertoire of neural cells found in the human brain, with the goal to elucidate devel-
opmental, cellular, and molecular features that were previously inaccessible in ani-
mal models or clinical studies. Aside from contributing to the understanding of 
underlying neurobiology and consequences of personal molecular variations on 
healthy brain functioning and disease, stem cell-based studies have the potential to 
enhance the development of new and effective therapeutic interventions. The use of 
stem cells and derivatives for high-throughput screening of compound libraries and 
toxicological analysis before the initiation of clinical trials becomes increasingly 
favored for the aim of drug discovery. Moreover, fully functional neural cells or 
neural precursors that are differentiated from human stem cells have direct 
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therapeutic potential in the field of regenerative medicine and might be employed as 
a cell replacement therapy for multiple neurodegenerative disorders such as 
Parkinson’s disease. In summary, stem cell technology has been offering unprece-
dented possibilities to investigate unique human biological features in a cell subtype- 
specific, as well as personalized matter, and is expected to greatly contribute to the 
development of therapeutic interventions [232].

Especially relevant in the light of current chapter, these stem cell-based studies 
offer a unique opportunity to further reveal the (epi)genetic and environmental con-
tributions of brain disorders. In fact, stem cell-based studies of (epi)genetic influ-
ences in combination with the environmental exposome are expected to have a huge 
impact in enhancing our understanding of brain disorders and will also assist the 
development of (epi)genetic-based therapeutic intervention. Moreover, with the 
current advances in genetic [233] and epigenetic [234] editing techniques, human 
stem cells and derivatives can be (epi)genetically altered in a controlled setting to 
induce, aggravate, or recover cellular disease phenotypes in vitro. This directly 
allows to study the role of individual (epi)genetic signatures on disease causation 
and progression. In fact, a unique opportunity of human stem cell-based systems is 
the ability to probe how (epi)genomic architectures predispose individuals and how 
they influence the behavior of various, participating cell types. A consequent trans-
lational contribution, therefore, is the possibility of early detection of brain disor-
ders that will improve timeliness and efficacy of diagnostic and therapeutic 
interventions. Furthermore, there is enormous promise in the utility of human neu-
ral culture systems to predict how individual (epi)genetic and cellular phenotypic 
variations contribute to the response of pharmacological interventions at clinically 
relevant levels. Finally, the (epi)genetic technologies available may also allow the 
deciphering of how (epi)genomic architectures found in individual humans act 
together to generate susceptibility and variation in response to the environmental 
insults that may also contribute to, or pharmacologically modify, disease pheno-
types in patients. Taken together, these study strategies provide an elegant and 
dynamic tool for modeling, following, and understanding various essential patho-
logical mechanisms of multiple brain disorders.

Although considerable progress has been made in validating these stem cell- 
based applications, further research is necessary to realize their full potential [235]. 
To date, there remains widespread lab-to-lab variability in culture methods and a 
lack in differentiation techniques to obtain homogeneous neural populations, as 
well as a lack of data regarding the desired cell types for modeling or treating cer-
tain brain disorders. Cellular heterogeneity, in combination with unidentified effects 
of reprogramming processes, can act as a potential confounder in epigenetic research 
and may lead to an under- or overestimation of the observed epigenetic differences. 
Furthermore, the simplicity of an in vitro model system is both an advantage and a 
significant disadvantage when culture purity in this case becomes a liability. Such 
models lack the complex mixture of neural cells found in the human brain, the com-
plex extracellular matrices, and their integrated 3D organizations, which might also 
cause confounding effects on experimental outcomes. Although the latter might be 
circumvented by combined cultures, 3D culture systems, or the use of organoids 
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[236], the future development of stem cell-based approaches will require extensive 
analysis and standardization, and any translation from bench to bedside must be 
undertaken gradually, with great caution and based on profound experimental data 
[1]. Altogether, stem cell technology is hypothesized to revolutionize the field of 
neuroscience the next 10 years, contributing substantially to improve our knowl-
edge of brain functions and epigenetic dysregulation in disease and to identify new 
druggable targets.
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