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Abstract

Discerning the underlying pathological mechanisms and the identification of therapeutic strategies
to treat individuals affected with rare neurological diseases has proven challenging due to a host of
factors. For instance, rare diseases affecting the nervous system are inherently lacking in
appropriate patient sample availability compared to more common diseases, while animal models
often do not accurately recapitulate specific disease phenotypes. These challenges impede research
that may otherwise illuminate aspects of disease initiation and progression, leading to the ultimate
identification of potential therapeutics. The establishment of induced pluripotent stem cells
(iPSCs) as a human cellular model with defined genetics has provided the unique opportunity to
study rare diseases within a controlled environment. iPSC models enable researchers to define
mutational effects on specific cell types and signaling pathways within increasingly complex
systems. Among rare diseases, pediatric diseases affecting neurodevelopment and neurological
function highlight the critical need for iPSC-based disease modeling due to the inherent difficulty
associated with collecting human neural tissue and the complexity of the mammalian nervous
system. Rare neurodevelopmental disorders are, therefore, ideal candidates for utilization of iPSC-
based /in vitro studies. In this review, we address both the state of the iPSC field in the context of
both their utility and limitations for neurodevelopmental studies, as well as speculating about the
future applications and unmet uses for iPSCs in rare diseases.
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BACKGROUND

Pluripotent Cellular Models for Rare Diseases - Derivation and Discrepancies

Before the development of iPSCs as a model system, pluripotent cell models were limited to

embryonic stem cells (ESCs). ESCs are typically derived during early embryonic
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development and maintain indefinite pluripotent proliferation in cell culture settings (1).
ESCs were first derived from mouse blastocysts in 1981 (2, 3) and then later from human
blastocysts in 1998 from the inner cell mass (ICM) of early-stage embryos (1, 4). As ESCs
became more mainstream in developmental research, a standardized definition was
necessary in characterizing the requirements to classify an ESC. These requirements
included the source of harvest being from pre-implanted or peri-implanted embryos,
prolonged proliferation without differentiation when grown /in vitro, and the ability to
generate all three embryonic germ layers (1). Somatic cell nuclear transfer (SCNT) between
an egg and somatic cell has also been utilized as an alternative source for ESC generation
(5), though genomic instability and poor efficiency have deterred widespread use of this
method (6). Human ESCs have great application potential due to their ability to theoretically
differentiate into any terminal cell type found in the body, allowing for the study of signaling
mechanisms required for maintenance of pluripotency determining how defined lineages,
and cell transplantation/replacement therapies for various diseases (7, 8). While blastocyst
isolation of ESCs or SCNT are technically difficult, the protocols are defined and provide an
unlimited source of cells for use in downstream assays of interest (5, 9). However, a number
of technical and ethical hurdles are associated with derivation and usage of human ESCs.
These include the limited supply of human embryos available for ESC isolation, the
presence of legal restriction on ESC derivation or research within a number of US states and
European countries, and the ethical controversy surrounding the destruction of blastocysts or
oocytes during ESC derivation (10, 11). Particularly relevant for rare disease research, the
availability of disease-carrying embryos for human ESC isolation are extremely limiting and
would typically require disease identification /n utero (12). While ESCs derived through
either traditional blastocyst isolation or SCNT represent outstanding models for the study of
human development, an unmet need exists for new disease-specific human cellular models
for the study of rare diseases.

The generation of induced pluripotent stem cells (iPSCs) by Kazutoshi Takahashi and
Shinya Yamanaka in 2006 created an outstanding cellular model for the study of rare
diseases (13). In contrast to being derived from blastocysts, iPSCs were first generated from
mouse embryonic and adult fibroblasts before being applied to human cells (13). iPSCs
exhibit morphology and growth properties similar to those of ESCs and can be derived from
a number of somatic cell types. iPSCs are most commonly derived from fibroblasts,
peripheral blood-derived mononuclear cells (PBMCs), or other types of lineage-restricted
stem cells (14). iPSCs were first generated through viral transduction of key pluripotency
factors including Sox2, Klf4, c-Myc, and Oct3/4, later referred to as the Yamanaka factors
(Figure 1). The definition of KIf4 and c-Myc activity in various cancers helped elucidate
their role in enhancing cell proliferation and metabolic reprogramming to facilitate iPSC
derivation and maintenance, while Sox2 and Oct3/4 activity drive transcriptional
reprogramming toward the pluripotent state (13). Additional transcription factors that have
roles in early development, such as Nanog, have been supplemented in addition to the
original Yamanaka factors to support and fine-tune the maintenance and induction of
pluripotency in both ESC cultures and iPSC cultures (15, 16).

Transduction of the aforementioned transcription factor genes for iPSC generation is
commonly performed using integration-free delivery systems (non-integrating viruses or
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episomal vectors) in many different somatic cell types (fibroblasts, adipocyte stem cells,
neural stem cells [NSCs], hematopoietic stem cells [HSCs], and PBMCs) with varying
degrees of reprogramming efficiencies (17-20). Following transduction, reprogrammed cells
undergo positive selection based on morphology, growth properties, and expression of
pluripotent surface markers before clonal expansion. Though assays for validation of newly-
derived iPSCs are often lab and/or disease specific, widely used standard assays including
verification of iPSC differentiation into all three embryonic germ layers through in vitro
embryoid body and/or /n vivo teratoma formation, expression of pluripotent cellular markers
at the transcriptional and protein level, genomic stability over time in culture, normal
pluripotent cellular morphology and growth properties, DNA fingerprinting, and ensuring
pathogen-free culture confirmation are recommended. Additional considerations regarding
both basic research and clinical applications of ESC and iPSC derivatives are available (21).

iPSCs offer a number of outstanding utilities as models for biomedical research. First,
inducing pluripotency from somatic cells offers a non-invasive, efficient method to obtain
cellular models for genome-specific and disease-relevant /n vitro research. Second, iPSCs
exhibit comparable pluripotent capabilities to human ESCs while avoiding many of the
ethical dilemmas. Furthermore, iPSC models allow the study of human diseases outside of
the patient while continuing to offer a patient-specific and disease-centric approach
(personalized medicine). From the perspective of neurological disorders, iPSC models have
filled an important niche between linking neurobiology, neural function, and disease-
associated cellular changes, addressing research questions with translational potential. The
opportunity to observe human-derived neural cell types without the need for post-mortem
samples or invasive biopsies has opened countless doors for identifying cellular phenotypes
that would possibly not otherwise be recognized if utilizing non-neural cell types, animal
models, or patient clinical observations, each of which have distinct disadvantages in the
case of rare neurological disorders. Additionally, advances in the field of genome editing
offer exciting new avenues for disease modeling using iPSCs. In particular, utilizing
CRISPR-based genome editing to induce or correct disease-causing mutations allows for the
identification of gene-specific functions in the realm of disease pathology. CRISPR and
other genome editing technologies also allow for creation of isogenic control lines where the
disease-causing mutation has been genetically corrected and can be applied in
developmental assays to determine gene-specific deficits. Rescue studies have already been
conducted for some of the diseases mentioned in this review, highlighting the causative role
of these genetic alterations and opening the door for the discussion of potential therapies
(22, 23). For laboratories new to the iPSC field, a number of biobanks and cellular
repositories are available for distribution of various control and patient-derived iPSC models
(Table 1).

As with any model, iPSCs do have recognized limitations that must be taken into account.
One issue is a degree of variability that exists between iPSC lines, even those isolated from
the same donor. A recent study analyzed >100 human control iPSC lines, including multiple
lines from the same donor, and identified a list of genes which correlated with intrinsic or
extrinsic variation both between and within cell lines (24). This study applied RNA
sequencing and cellular phenotype analysis to detect cell lines where gene expression data
did not correlate with their physiological behavior (24). Once differentiation of iPSCs is
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initiated, variability can also be enhanced due to altered differentiation efficiency. When
comparing human iPSCs to ESCs, it has been shown that iPSCs differentiate to
neuroepithelium, functional neurons and/or glia at similar rates (25). However, increased
variability in efficiency was reported within iPSC models (25). iPSCs displayed a
differentiation efficiency rate of 15-79% toward neuroepithelium, in comparison to 90-97%
for ESC-derived neuroepithelium (25). It should also be noted that the results from this
study were independent of the reprogramming method used. Additional issues related to
more general upkeep and maintenance of iPSC integrity and genomic stability have been
widely discussed previously. While these issues should be taken into consideration for any
iPSC-based project, they do not limit the excitement or applicability of iPSC models for rare
neurological disease research.

Current Models and Methods for Generation of Neural Cell Types from iPSCs

When generating disease models of neurodegeneration and neurodevelopment, the process
of differentiating iPSCs is a critical step in recapitulating and identifying important aspects
of disease onset and progression. Various protocols have been optimized to direct iPSC
differentiation toward multipotent NSCs with the capacity to generate terminal neural
lineages including defined neuronal populations, astrocytes, and oligodendrocytes. Current
iPSC disease models can utilize either two-dimensional (2D) or three-dimensional (3D)
systems, each offering advantages and disadvantages depending on the research goals and
objectives. For example, more recently developed 3D models are of interest due to their
possible recapitulation of naturally occurring spatial organization and complexity
reminiscent of human development. On the other hand, 2D differentiation models offer
highly efficient and expandable differentiation capacity, as well as a record of achievement
in displaying some neurodevelopmental defects and disease processes.

Since the advent of iPSC generation, a host of protocols have been developed to direct
pluripotent cells toward neurons and glia that function similar to those found /in vivo.
However, there are major discrepancies between /n vitro protocols and de-novo
differentiation due to a limited understanding of environmental cues, as well as poorly
defined cell autonomous and non-cell autonomous effects. To help address these
discrepancies, 3D models were developed to better mimic an /7 vivo environment while
maintaining use of human models of genetic disease. Advantages and disadvantages of
published methods in recapitulating developmental and functional phenotypes associated
with rare pediatric diseases of the nervous system are discussed. For any neural
differentiation assay to be utilized, a critical issue that must be considered is maintenance of
optimal iPSC quality as defined by quality control measures is essential for differentiation
assays of choice.

Differentiation toward neural lineages in two-dimensional models

Perhaps the most common method used to generate multipotent NSCs operates via induction
of embryoid bodies (EBs) from iPSCs. EBs are 3D, spherical structures generated from
aggregated iPSCs that mimic the cell-cell interactions observed during early embryogenesis
(26). EBs have the ability to spontaneously differentiate to all primary germ layers
(endoderm, ectoderm, and mesoderm) and many different cell lineages depending on 1) the
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quality of iPSCs, 2) the factors contained within the differentiation medium, and 3) the
density and/or size of the EB (27, 28). The establishment of EBs from iPSCs represent a key
experimental axis where most iPSC disease models converge before branching into directed
differentiation methods for either 2D or 3D models. In traditional 2D neural differentiation
assays, EBs are plated onto neural competent substrates, such as laminin or poly-D-lysine, to
form neural rosettes. From the neural rosette stage, which has been shown to be
representative of primitive human NSCs, standard methodology involves manually or
enzymatically isolating NSCs and culturing for downstream differentiation assays (Figure
2). However, the EB formation method does have some drawbacks, including poorly defined
culture settings, prolonged differentiation, and poor overall yield due to EB heterogeneity
(28). An alternative method of generating neural rosettes utilizes dual-SMAD inhibition,
blocking SMAD signaling via Noggin and SB431542 and directing iPSCs and/or ESCs
toward a neural fate (29). Dual-SMAD inhibition alleviates the need for embryoid body
formation and creates a more direct differentiation protocol. This protocol can produce a
significant enrichment of neural precursors when compared to a standard MS5/Noggin
protocol (29). Additionally, the MS5 protocol requires low density plating for optimal
efficiency, while dual-SMAD inhibition maintains efficiency at higher seeding densities,
allowing for more total neural precursor cells in addition to the overall higher efficiency
(29). Dual-SMAD differentiation does require additional optimization steps as the starting
cell density and timing of differentiation will vary across cell lines.

Alternatively, direct differentiation protocols have recently been developed to circumvent
drawbacks associated with both EB formation and NSC maintenance. Such methods can
differentiate iPSC colonies directly to terminal neural subtypes, bypassing EB and NSC
formation. Wang et al. utilized an AAVS1-targeted, doxycycline-inducible neurogenin 2
transgene to rapidly convert iPSCs to viable neurons in a two-step protocol (30). This
method induces a highly homogenous population of functional glutamatergic neurons
amenable to high content analyses and drug screening (30). For diseases where excitatory
neuron pathology is of interest, this inducible method creates an system for a relatively
quick and efficient differentiation assay with multiple utilities (30). However, many studies
are beginning to highlight the importance of other neural subtypes in the pathogenesis of
several neurological diseases, creating interest in refining reprogramming methods that
generate astrocytes and oligodendrocytes (OLs). A recent publication utilized transcriptional
overexpression of gliogenic factors including Sox9 and NFIB to directly induce astrocyte
formation from iPSC models in a rapid and efficient manner (~90% astrocytes on d7 post-
induction) (31). In the context of rare neurological disease where researchers often focus on
specific neuronal or glial subpopulations, direct reprogramming methods such as these
would be warranted.

In addition to established methods for differentiation of mature neurons, protocols have also
been developed for the generation of functional astrocytes and oligodendrocytes. Ehrlich et
al. (2017) and L. et al. (2016) separately established 28-day differentiation protocols to
differentiate iPSCs to O4* OLs (32, 33). These protocols utilized viral induction of SOX10,
OLIG2, and NKX6.2 to generate OLs that displayed similar morphology, protein marker
expression, and myelination properties to those observed in human primary OLs (33).
Similarly, OLs have been induced from hiPSC-derived NSCs over a twelve-week timespan.
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The culture conditions for this differentiation were defined on their ability to promote the
expansion of oligodendrocyte progenitor cells (OPCs) through the bulk of this differentiation
assay. As with other hiPSC-derived differentiated cells, extensive morphological and
functional tests were conducted to validate the generated OLs (34). Wang et al. (2013)
presented an OL differentiation protocol spanning 110 and 150 days for oligodendrocyte
progenitor cells (OPCs) and OLs respectively. These cells were utilized in functional assays
where the hiPSC-derived OLs rescued a congenital hypomyelination phenotype following
transplantation (35). Recent findings have highlighted accelerated OL induction when
culturing NSCs in media depleted of FGF2, an apparent inhibitor of OPC differentiation
(36). Moreover, the presence of immature human astrocytes may enhance the transition of
OPCs to OLs, a crucial limiting step in this protocol that can span up to 2/3 the total
differentiation timeline (37, 38).

Astrocyte differentiation protocols have focused on expanding neural progenitors before
gliogenesis initiates, modeling normal human development (39). Although most glial
differentiation protocols fail to induce terminal differentiation at rates and developmental
time points similar to humans /n vivo, some protocols have attempted to more closely
parallel human development by taking advantage of known signaling pathways identified as
key initiators of developmental processes. For example, some protocols rely on stimulating
the JAK/STAT3 pathway which has been shown to promote astrogenesis (40, 41). Medium
containing leukemia inhibitory factor (42), a known activator of the JAK/STAT signaling has
shown promise in inducing astrocytes from NCSs (41, 43). Current astrocyte differentiation
protocols vary in generation times, ranging from 4-12 weeks depending on culture
conditions, cell medium composition, and cell density (39, 43, 44).

Similar to OL differentiation, protocols for astrocyte differentiation from iPSC-derived
NSCs are lagging in time and efficiency compared to neuron differentiation. However, new
methods relying on transduction of transcription factors such as SOX9 and NFIB can boost
the efficiency and speed in generating viable astrocytes (31). Additionally, use of small
molecules such as VC6TFZ has been shown to reprogram fibroblasts to functional astrocytes
in fewer than four weeks, providing an alternative and efficient method of astrocyte
generation for use in downstream applications, including modeling of neurological diseases
and therapeutic discovery (45). As more studies continue to improve and expand the current
protocols utilized to generate functional astrocytes, it is important to keep in mind the
potential transcriptional variability across populations of similarly induced astrocytes. To
this end, a recent study has shown that astrocytes behave functionally different depending on
the region of neural progenitors from which they were derived (46). Whether this variation
occurs during normal development or whether it is an artifact of the model remains unclear.
Regardless of the method used, differentiated astrocytes will continue to be an important
aspect of studying neurological disorders due to their implicit roles in modulating energy
consumption (storage and maintenance of glycogen granules), glutamate (neurotransmitter)
uptake, altered calcium signaling in the presence of neurotransmitters, cholesterol cross talk
with neurons, and secrete cytokines associated with neuroinflammation (31, 43, 44, 47).

Although microglia arise from the mesoderm as opposed to the ectodermal origin of the
three principal neural cell types, protocols for iPSC-derived microglia have been developed
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to allow further study of this critical CNS resident. Microglia act as the primary immune cell
in the brain (48, 49). While they have been widely studied in the realm of neurodegenerative
disorders, they potentially play a role in neurodevelopmental diseases as well (49). To
generate microglia, iPSCs must first be driven toward a mesodermal, hematopoietic lineage
(50). The hematopoietic progenitor cells are non-adherent and can be induced to further
differentiate into microglia following supplementation with macrophage colony stimulating
factor, IL-34, and TGFp-1 (50). A study by Douvaras et. al. in 2017 generated iPSC-derived
microglial progenitor cells in 30 days, with an additional 15-30 days required for maturation
(51). A similar study looking at the role of microglia in neurodegenerative disease generated
mature microglia in 38 days (52). Both studies performed cellular and functional analyses to
confirm cell maturation, including cell marker analysis and chemokine and cytokine
secretion following artificial stimulation (52). While microglia require a lengthy process
similar to the aforementioned glial cell types, the published derivation methods appear to be
much more well-defined and consistent across labs (50-53).

Three-dimensional neural differentiation using iPSC-derived organoids

Three-dimensional differentiations, such as cerebral organoids, are formed by transferring
embryoid bodies generated from iPSC models to non-tissue culture treated low-binding
dishes, inhibiting the EBs from adhering to the surface of the dish. These organoids can be
cultured for prolonged periods of time, sometimes exceeding 180 days, during which time
they can mature and self-organize into structures reminiscent of the developing nervous
system. Through assays for both protein and transcript expression, mature cerebral
organoids have been shown to exhibit /n7 vivo neurological structures such as cortical
layering and sub ventricular zone formation. In the context of neurodevelopmental diseases,
organoids offer a way to model the patient’s brain through an /n vitro model while providing
insight to cell interactions and tissue development (54). A study in 2015 found a
dysregulation of excitatory vs. inhibitory neuron differentiation in an autism spectrum
disorder organoid model (55). Organoids as a model for disease are still in the developing
stages and with time, should become a strong model, especially in the study of
neurodevelopmental disorders. Very few studies have successfully captured the ability to
direct differentiation of specific neural subtypes in a 3D model, but some labs have shown
promise in generating enriched populations of oligodendrocytes (56). Beyond modeling
cortical development, protocols for organoids mimicking formation of the hippocampus,
midbrain, hypothalamus, and cerebellum have been produced as well (57-62).

While iPSC-derived organoids have attracted significant attention as a complex in vitro
model system, organoid-based studies do have caveats to consider prior to initiation. First,
organoid-to organoid variability is a common occurrence (63-65). When iPSCs are formed
into brain organoids, a multitude of cell types are formed and through maturation of these
cells, variability from organoid to organoid can increase. A study utilizing 31 human brain
organoids and single-cell RNA sequencing of over 80,000 cells identified several clusters
correlating to specific cellular subtypes within the developing brain (66). Through analysis
of this data set, it was emphasized that in order to use brain organoids as in vitro models of
the human brain, a more thorough understanding of their composition and diversity is
required (66). As with any iPSC-based differentiation model, lower iPSC quality at the
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initiation of organoid assays will dramatically impact the differentiation potential and
ultimate quality of organoid maturation. Another technical hurdle related to organoid
development and health is poor nutrient availability impacting organoid growth and viability.
Use of tissue culture systems like bioreactors to boost nutrient flow and cause surface
tension pressure upon differentiating cells, as well as endothelial co-culture to improve
nutrient transport, have been successfully utilized (67-69). The development of organoid
production methods which minimize variability is key to take full advantage of this powerful
tool (63-65).

Direct reprogramming of somatic cells toward neural subtypes

In addition to the growing number of methods being established to differentiate iPSCs
toward multipotent or terminal cell types, several groups have repurposed reprogramming
methodology to transdifferentiate terminal cells directly to another terminal cell type of
interest without the need for iPSC generation. This method is known as direct
reprogramming or transdifferentiation and is still being optimized for defined cell types.
Transdifferentiation to cells of interest dramatically decreases the time required for
generation, eliminates the costs associated with iPSC maintenance and differentiation, and
decreases the potential tumorigenic risks of stem cell intermediates. Transdifferentiation of
MEFs to neurons has been accomplished via transduction of transcription factors Brn2,
Ascll, and BAM (70). Since then, several labs have attempted transdifferentiation of
fibroblasts to dopaminergic and motor neural subtypes with varying success (71-73). To
avoid transgene uptake, chemical compounds alone have begun to be used in specific
concentrations to achieve similar results to transdifferentiating MEFs. In 2015, Li et al.
induced transdifferentiation of MEFs via supplementing growth media with 1SX9, Forskolin,
CHIR99021, and I-BET151 (74). The resulting cell conversion resulted in TUJ-1-positive
neurons capable of producing action potentials and functional synapses (74). Hu et al.
reported a similar direct reprogramming protocol in which fibroblasts from Alzheimer’s
patients were converted into neuronal cells via small molecules VCRFSGY, including VPA,
CHIR99021, RepSox, Forskolin, SP600125, GO6983, and Y-27632 (75). Heinrich et al.
(2010) first reported direct conversion of neurons from astrocytes /n vitro via overexpression
of exogenous transcriptions factors /n vitro (76), and soon thereafter, Guo et al (2014)
reprogrammed astrocytes to neurons /n vivo as a potential treatment for regenerating
functional neurons in Alzheimer’s disease (77). In 2015, Caiazzo et al. published a method
of inducing directed astrocyte transdifferentiation from MEFs via induction of transcription
factors NFIA, NFIB, and SOX9 (78).

Pluripotent Stem Cell Models of Rare Neurodevelopmental Disorders — Successes and

Challenges

Within the United States, any condition affecting less than 200,000 individuals is classified
as a rare disease according to the Orphan Drug Act. Estimates from various sources suggest
of the 7,000 rare diseases believed to be present globally, 80% are believed to be of genetic
origin. It is further estimated that approximately 10% of the world’s population is afflicted
with some form of a rare disease, many of whom are pediatric cases due to the
developmental origins of most rare diseases (79). Further, a high percentage (~20%) of
infant deaths are associated with malformations associated with rare diseases (80). Rare
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diseases thus represent a global health burden further compounded by poor accessibility to
affected patient tissue, animal models that are not characteristic of clinical phenotypes, and
poorly understood disease pathology. Due to the sheer number of rare diseases impacting the
nervous system, we have selected a small number of conditions to discuss in some detail
below. For these selected disorders, iPSC models have provided significant insight into
disease pathogenesis and the cellular mechanisms likely impacting patients.

Rett syndrome -—Rett syndrome (RTT) is a rare, X-linked dominant neurodevelopmental
disease that is caused by mutations in MECPZ(81). MECP?2 is a transcriptional repressor
that binds to methylated CpG dinucleotides and recruits co-repressors and chromatin
remodeling proteins. MECPZis located on the X chromosome and when mutated, widely
disrupts chromatin organization (82). Previous studies have implemented iPSC models of
Rett syndrome to identify key developmental defects, therapeutic windows, and genetic
alterations (83). For example, experiments conducted utilizing reprogrammed patient RTT
fibroblasts revealed X chromosome re-activation occurs upon full reprogramming to a
pluripotent state, while neuronal differentiation leads to X-inactivation (83-85). Additional
studies utilizing RTT patient-derived iPSCs have generated differentiated RTT cortical
neurons, revealing synaptic deficits defined by fewer glutamatergic synapses, smaller somas,
reduced dendritic arborization, and fewer dendritic spines (22, 82, 83, 86-88). Interesting
work by Cheung et. al. utilized the non-random X-inactivation of iPSC clones to model
MECP?2 effects on neuronal phenotypes from an RTT patient (86). Due to the mosaic
expression of mutant MECP?2 in a cell-specific manner based upon X-chromosome silencing
of the mutant versus wild-type MECP?2 allele, this study was able to demonstrate reduced
neuronal soma size in a RTT iPSC clone expressing mutant MECP2 compared to a wild-type
MECP2 expressing iPSC clone derived from the same patient (86). These data defined novel
and critical cellular deficits in RTT that can now be further explored for mechanisms of
progression and drug targets.

Additional functional deficits, including altered calcium signaling and electrophysiological
defects were also detected in RTT patient-derived neurons. Intracellular calcium activity,
when increased, is implicated in the activation of various signaling pathways, including
neuronal excitation. iPSC-based studies have demonstrated that calcium oscillations are
reduced in RTT neurons comparison to unaffected controls (83). Calcium signaling deficits
are suggestive of a decrease in neuronal network connectivity and network dynamics,
providing additional functional support for significant functional attenuation in RTT patient-
derived neurons (82, 83). Electrophysiological studies also noted that RTT neurons feature
diminished action potential firing amplitude and frequency (83). Differentiation assays have
also highlighted an increase in /n vitro astrocyte formation, which was supported by findings
in post-mortem patient samples (82, 89). Astrocytes are known for their role in neuronal
support in regard to synapse formation and maintenance, and neurotransmitter reuptake from
synapses. Increases in astrocyte formation in RTT cultures suggest a possible role for glial
MECP?2 in regulating neuronal maturation and dendritic arborization, further supporting the
previously mentioned findings highlighting reduced neuronal network complexity in mature
RTT cultures (82, 90).
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Fragile X syndrome -—Fragile X syndrome (FXS) results from trinucleotide CGG repeat
expansion in the fragile X mental retardation 1 (FMRI) gene, producing a loss-of-function
(42). The CGG repeats must exceed 200 copies for disease pathology to present, though the
number of repeats does correlate to a range of disease severity in patients (91, 92). The
FMR1 gene codes for the FMRP protein which functions as an RNA-binding protein that
controls the location and translation of mMRNA into proteins involved in synaptic plasticity
and connectivity in the central nervous system (CNS) (93). FXS is inherited as an X-linked
trait and clinically is known as the most prevalent inherited form of cognitive impairment as
well as the leading genetic cause of autism (92). Modeling FXS using iPSCs is essential due
to poor correlation between human clinical findings and animal models of the disease.
Unfortunately, cloning and generating animal models for long, repetitive segments has
proven difficult and none of the current animal models available precisely or fully imitate
the molecular and cellular phenotypes observed in FXS patients (92). These iPSC models
have allowed for characterization and highlighting of neurodevelopmental phenotypes
through 7n vitro models. Previous studies from FMR1 knockout mice have reported
shortened neurites and fewer neurite branch points in comparison to controls (94). However,
some /n vitro studies have shown contrasting results. This is possibly due to variance in
origin of cells, neuronal subtype being assayed, culture conditions, and analysis methods.
When studying forebrain neurons specifically, fewer and shorter processes were observed,
supporting the previous /n vivo findings (93). It should also be noted that FMR1 is known to
be localized in the growth cone of developing axons. Assays examining motility and
extension of neurites found that FXS neurons showed constrained motility and a decreased
rate of neurite extension (93).

Autism spectrum disorders -—Autism spectrum disorders (ASDs) are characterized by
impaired social interactions, communication deficits, and repetitive behaviors (95-98). A
recent study published by the Centers for Disease Control and Prevention (CDC) stated that
ASD now affects 1 in 59 children. This recorded prevalence has climbed quickly, jumping
from 1 in 150 children from 2000-2002 to its most recent count (99). While ASDs would
not be considered a rare disease when clustered together based upon clinical presentation
(patients commonly present with accompanying conditions including epilepsy, depression,
anxiety, intellectual deficits, and gastrointestinal complications (98, 100)), ASDs are defined
genetically as syndromic or idiopathic cases. Syndromic cases are caused by a known
genetic disorder, such as Rett or Fragile X syndrome (95). In contrast, idiopathic cases have
an unknown genetic cause. While animal models are challenging for use in autism modeling
due to the inherently complex behavioral and social phenotypes present in ASD patients
(101), poorly defined genetic causes further complicates the study of ASDs using animal
models. While past studies were able to obtain post-mortem samples from patients, this
limited the study of ASD at the cellular and molecular level and did not allow for
experimental manipulation to test hypotheses. Given the ever-growing prevalence, broad
phenotypic range, and variance in disease progression from patient to patient, iPSCs offer a
patient-specific approach that allows for the study of ASDs that can better encompass the
variability between patients. Through this model, researchers have discovered novel
developmental and functional deficits in a variety of neural cell types. Using time-dependent
neural differentiation of ASD iPSCs, researchers can utilize developmental snapshots at
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different stages to correlate patient-specific genetic variation to any changes observed (102).
With neurons as the focus of many initial studies, it was identified that decreased synaptic
activity and fewer synapses were present in patients with syndromic ASD (103). iPSCs have
also provided insight into the dynamic changes that occur during development. Through
these studies, it was observed that ASD patient iPSC-derived neurons exhibit both reduced
connectivity and reduced function of glutamatergic synapses (95). Alternatively, a recent
study by Zaslavsky et. al in 2019 demonstrated that iPSC-derived cortical neurons from
ASD individuals with mutations in the gene SHANK?2 exhibit increased dendrite length,
increased dendrite complexity, and increased synapse numbers (104). These findings support
a hyperconnected phenotype present in a unique subset of ASD patients and demonstrate
ASD neuronal deficits are not limited to reduced function (104). More recent studies have
generated iPSC-derived neurons and astrocytes and conducted functional and molecular
assays both individually and in co-culture settings. It was noted that the interplay between
these two cell types contributes to the pathophysiology observed in ASD patients (96).

Other Neurodevelopmental Disorders of Particular Interest

Timothy syndrome -—Timothy syndrome (TS) is a rare disorder caused by a missense
mutation in CACNAIC, which encodes for the L-type calcium channel Ca,1.2 (105).
Regarding the observed neurological phenotypes, TS patients present with autism,
developmental delay, intellectual deficits, and seizures (106). Given the rare nature of
Timothy syndrome, iPSCs offer a promising alternative model in comparison to previous
studies. The use of iPSCs to study TS allow for the identification of defects present at
various developmental stages. Splice variants associated with Ca,1.2 mutations in TS induce
a loss of inactivation which is believed to have prominent effects on neuronal signaling
(105). iPSCs revealed mutations in Cay1.2 increase the amplitude of Ca2* elevations in
NPCs and neurons derived from TS patients (105).

Smith-Lemli-Opitz syndrome -——Smith-Lemli-Opitz syndrome (SLOS), is an autosomal
recessive inborn error of metabolism caused by mutations in DHCR7, which encodes for the
enzyme responsible for reducing 7-dehydrocholesterol to cholesterol in the final step of the
cholesterol biosynthesis pathway. Patients with SLOS present with a wide range of
neurological phenotypes, including intellectual disability, ASD, self-injurious behaviors, and
structural brain abnormalities (107). In the most severe cases, patients die within the first
week of life due to a failure to thrive, while many patients survive into adulthood. Animal
models of SLOS are limited due to lethality and cholesterol metabolism differences between
species, while limited patient tissue is available for study (108, 109). In the modeling of
neurodevelopmental deficits of SLOS, challenge with cholesterol deficient conditions
induces a loss of iPSC pluripotency, NSC multipotency and an accelerated drive toward
neural differentiation (110).

Zika virus -—Following /n utero infection of developing human fetuses with Zika virus,
neurodevelopmental defects were reported in a number of two-year old children (111). In a
comprehensive study performed after the 2015-16 Zika epidemic, 125 pregnant ZIKV+
women were monitored for gestational and child effects (111). Common findings in affected
individuals included low birth weight, premature birth, and dramatic microcephaly (111). As
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ZIKV infected infants aged, speech impairments and abnormal eye and hearing assessments
were identified (111). Neurodevelopmental deficits were also noted to occur with increasing
severity based upon the gestational stage the mother when infection occurred (111). iPSCs
can therefore serve as a model to identify the cellular and signaling mechanisms associated
with this emerging disease. Using iPSCs as a model, human neural progenitor cells (RNPCs)
were used to highlight the robust impact of the Brazilian ZIKV strain on hNPCs and
neurodevelopment, demonstrating hNPC targeted cell death is likely a contributing factor to
the microcephaly observed in ZIKV infected patients (112). In addition to two-dimensional
iPSC-derived neural differentiation models, three-dimensional models have provided novel
insight into the impact of Zika virus infection /in utero on neurodevelopment (113). To take
this model a step further, brain region-specific organoids were produced and infected with
ZIKV, again demonstrating hNPC-targeted cell death upon ZIKV infection and
recapitulation of microcephalic phenotypes, supporting previous ZIKV studies (61).

Defining Disease-Associated Neurological Phenotypes Using iPSC Models — Commonly
Utilized Functional and Phenotypic Assays

Differentiating neural cell types from iPSC models is an ever increasingly complex
procedure with many emerging protocols yielding varied populations of neurons, astrocytes,
and oligodendrocytes. While these specified cell types may display pathological markers and
morphology observed in naturally occurring cell types /n vivo, it is critically necessary to
test the functional capacity of differentiated cells as a measure of appropriate cell-specific
behaviors. Differentiated cell types that exhibit basic neural function in comparison to fetal-
derived or rodent primary culture cells are a critical requirement for validation of the
differentiation process. An additional issue for consideration is potential batch-to-batch
variation for iPSC-derived neurons and neuronal subtypes. When characterizing and
quantifying connectivity and signaling or analyzing cell expression profiles, conditions such
as cell density and cell subtype should be accounted for and kept consistent between assays
(114, 115). Below, we highlight assays that are broadly applicable to rare
neurodevelopmental disorders. However, the analysis of specific functional assays of high
relevance for of a particular disease should be determined by individual laboratories based
upon available clinical symptoms and previously published findings from other models.

Neurite Outgrowth -—Neurite outgrowth assays can be used to measure the number,
width, arborization, and length of neurites that branch off the soma of neurons, offering
valuable insight into neuron development, health, and maturity. Numerous publications have
observed the difference between human pluripotent stem cell-derived neurons and primary
neurons from rodent models (116, 117). Neurite outgrowth assays are an established method
to examine the effectiveness and/or neurotoxicity of new treatment options for various rare
diseases (116, 118). Further, neurite retraction can be utilized as a readout for establishing
the neurotoxicity of novel drugs and small molecules. In regard to neurodevelopmental
studies, neurite length, neurite arborization, and neurite width are each measures of neuronal
connectivity and maturation. High-content image analysis and neurite tracing is a consistent
and unbiased method of imaging as well as image analysis, with most analysis software
being highly automated and refined by adjusting many variables as needed to improve the
sensitivity and coverage of multiple analyses (116, 118, 119). A recent study performed a
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high-throughput drug screen in control iPSC-derived neurons to identify novel molecules
which inhibit or promote neurite extension (120). The application of similar high-throughput
neurite-based drug screens or the evaluation of neurite impacting compounds represents a
promising avenue for normalization of neurite parameters in rare disease iPSC models where
neurite defects are likely contributors to disease pathology (121, 122).

Patch-Clamp and Current Clamp Electrophysiology —Patch-clamp
electrophysiology is a commonly used method to quantify the functional activity of neurons
in relation to either neurodevelopmental stages or disease states. While patch-clamp
electrophysiology is a technically demanding technique, this method has been the gold
standard for establishment of basic neuronal function in neurons differentiated from control
or patient-derived iPSC models (123, 124). However, only a handful of outstanding
publications have utilized patch-clamp to demonstrate functional neuronal deficits within
rare disease iPSC models. In FXS murine models, neuronal hyperexcitability has been
identified (125). Unfortunately, there have been few iPSC-derived neuron electrophysiology
assays conducted for FXS. Within FXS hESC-derived neurons, a lack of action potential
maturation, characterized by small amplitude over an extended period of time, were
observed (126). Patch-clamp electrophysiology has also demonstrated that RTT neurons fire
fewer action potentials of decreased amplitude along with reduced inward current peaks,
suggesting defective Na* channel function (127). This functional deficit in RTT neurons
persisted in both excitatory and inhibitory synaptic transmission, where impaired long-term
potentiation (LTP) has also been observed in RTT (128). Interestingly, electrophysiological
functional changes resulting from rare diseases are not limited to neuronal deficits.
Zaslavsky et. al. recently identified an increase in the frequency of spontaneous excitatory
postsynaptic currents within SHANKZ2 neurons, a novel finding of interest (104).
Electrophysiology is also a critical assay for defining functional deficits in rare diseases
caused by mutations within genes responsible for neuronal function. Within Timothy
syndrome, which results due to mutations within a voltage-gated L-type calcium channel,
iPSC models demonstrated a distinctive increase in action potential width characteristic of a
neuron’s inability to inactivate (105). In addition, studies within Dravet syndrome iPSCs
demonstrate impaired action potential frequency in GABAergic neurons due to mutation
within the voltage-gated sodium channel gene SCN1A (129). Measurement of neuronal
function will continue to be a critical assay for assessment of both robust and functional
differentiation of iPSCs, as well as a tool for measurement of disease-specific functional
defects.

Multi-Electrode Arrays -—Multi-electrode arrays (MEA) act as a non-invasive interface
between neurons and electric circuitry to detect network-level activity and connectivity in
neuronal circuits. This method provides a large-scale readout of neuronal function. These
arrays transduce a change in neuronal membrane voltage to electronic current. Multi-
electrode arrays measure electrical firing activity by converting electrical field potential
recordings to raster plots. These plots highlight each spike above the set threshold in an
easy-to-read format. Multi-electrode arrays can vary in the number of electrodes present,
ranging anywhere from tens to thousands of electrodes per array. The more electrodes per
assay, the greater the sensitivity due to decreased distance between the cells and the
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electrodes. In Rett syndrome, it has been shown that neuronal network synchronization is
altered in iPSC-derived neurons and that RTT iPSC-derived neurons have an increased
number of glutamatergic synapses in comparison to controls (130). Multi-electrode arrays
have shown a higher frequency of synchronized burst events in RTT neurons, although this
has been disputed in previous studies (130). In Fragile X Syndrome, multi-electrode arrays
have highlighted abnormal network development that contributes to clustered burst firing.
This assay observed that differences in firing is dynamic throughout development (130).
After 7 DIV, there was no significant differences in firing rate, however that changed by DIV
21 when the cultures were more mature. After 21 DIV, the FXS neurons began to present
with a unique firing pattern which consists of strong clustered bursts (131). A recent study
has exquisitely demonstrated the MEA can be used to measure organoid maturation in a
repeated measures experiment over months of (132). MEA is quickly developing into a
functional method complementary to traditional patch clamp electrophysiology to ascertain
network-level neural activity in iPSC-derived models.

Proteomic and Transcriptomic Analyses -—Transcriptome assays have become a
vital tool in defining the global developmental stage and suggestive of functional activity in
iPSC models. For rare diseases specifically, RNA sequencing has become an indispensable
assay to highlight heterogeneity between patients and controls, or in the case of single-cell
RNA sequencing, cellular heterogeneity. These assays are highly sensitive and are becoming
more cost effective as sequencers and protocols become more efficient. For iPSC-derived
neurons and glia, RNA sequencing provides insight to differences occurring at the
transcriptomic level in comparison to better defined and homogenous populations of fetal,
post-mortem, or rodent cell types. A detailed transcriptional profile is able to determine
differentially expressed or enriches pathways expressed in discrete populations of cells,
providing a detailed transcriptional highlighting developmental, functional, or disease-
causing mechanisms associated with pathogenesis. In Rett syndrome, transcriptome analysis
of a pluripotent stem cell-derived neuronal model showed genome-wide transcriptional
down regulation, supported by the function of MECPZ2as a transcriptional regulator (133). A
separate study, looking at RTT iPSC undifferentiated samples analyzed global gene
expression patterns and observed that some sets of genes were humbly differentially
expressed. However, MECPZ is expressed at lower levels in iPSCs than differentiated
neurons, demonstrating cell type-specific transcriptional effects and the necessity for
studying relevant cell types. This study also highlighted distinct transcriptional profiles
between samples corresponding to patient-specific mutations (134). Transcriptome analysis
of Fragile X syndrome iPSC-derived neurons showed upregulation of genes relating to
neuron differentiation, cell fate specification, and regulation of transcription. The same
studies observed decreased expression of genes related to synaptic transmission, memory,
cell-to-cell signaling, telencephalon development, and transmission of nerve impulses (135,
136). Recently, RNA sequencing at the single cell level has become a commonly utilized
method to detail cellular heterogeneity within differentiated neural cultures, identifying
distinct developmental programs and cell specific pathways of interest. For example,
application of single cell analyses to rare disease iPSC models has helped define radial glial
deficits in a VRXNI autism model (137). As the availability of single cell technology
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becomes more accessible, this technology offers a profound capacity for discovery-based
analyses for the study of rare disease populations.

In additional to transcriptional analyses, establishing defined cellular proteomes can help
delineate the impact of a rare disease on cellular function. Proteomics analyses can detail
differences in protein levels across various cell types, as well as to generate quantitative
comparisons between healthy and diseased samples. Different mutations in the same gene
can produce differential effects downstream and present with protein differences. In a Rett
syndrome model, one study utilized quantitative multidimensional protein identification
technology (MudPIT) mass spectrometry (MS)-based shotgun proteomics to identify
proteome differences suspected to be caused by MECPZ2transcriptional or post-
transcriptional regulation. This study observed at least a two-fold decrease in ALDOC,
S100B, and GFAP. These are three key astrocytic markers, which supports an observed
defect in astrogenesis (138). Fragile X syndrome proteomic studies have observed
differences in proteins related to presynaptic specialization, vesicle recycling,
neurotransmitter release, and neuron excitability (91, 94, 139). Though currently less
utilized in rare disease iPSC work in comparison to RNA sequencing, future proteomic
analyses may be utilized as a complementary technique to fully characterize signaling
mechanisms within iPSC models.

Fused and Multi-System Organoids -—Fused organoid models build upon the
traditional 3D organoid model by culturing two organoids in a confined space to induce
organoid fusion. Individual organoids can be cultured separately prior to fusion to drive each
toward a specific regional fate. Fused organoids offer unique insight to the development of
connections between complex brain regions during neurodevelopment. While connectivity
and neuronal maturation can be analyzed in traditional two-dimensional models, brain
organoids offer a more physiological accurate representation of brain development. Recently
developed techniques to fuse organoids can be used to assay neuronal migration from one
specified region to another, as well as measure neuronal projections and connectivity
between regional models. A 2017 article investigated complex interactions between dorsal-
mimicking cortical organoids and ventral-mimicking medial ganglionic eminence organoids
(140). Following parallel differentiation protocols, including utilizing ventralizing factors
SHH and purmorphamine to generate an MGE-like organoid, it was shown that migration of
MGE-derived interneuron progenitors remarkably migrated into the cortical organoid,
replicating the ventral-to-dorsal migration of interneuron progenitors observed 7 vivo (141).
Another study utilized a similar approach to demonstrate reduced interneuron motility in a
Timothy syndrome model utilizing fusion of dorsalized and ventralized organoids (142). In
addition, organoids feature mature cell types due to their prolonged differentiation timeline.
In addition to neurons, formation and maturation of defined astrocyte populations with the
capacity to accentuate synaptic formation and neuronal calcium flux in organoid models
(143). These fused organoid models allow for the study of extraordinarily intricate
neurodevelopmental mechanisms previously only visible within animal models. Exciting
recent work combining neuralized organoids with endothelium, either of primary isolation or
iPSC-differentiated sources, has the potential to produce organoids of enhanced function and
relevance for defining cell-cell interactions and blood barrier transport (144). This work has

J Neurosci Methods. Author manuscript; available in PMC 2021 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Freel et al. Page 16

laid the foundation for future detailed studies of additional brain region models and disease
mechanisms of interest for rare disease researchers in physiologically relevant human
tissues.

Conclusions

iPSCs offer a genetically unique, developmentally plastic, and niche model system for
studying rare neurological diseases where patient neural tissue has limited availability or
rodent models offer less than ideal utility. This model has been used for disease-causing
mechanism discovery, differentiation assays, and drug developmental studies. The
theoretically infinite proliferative capabilities of iPSCs, as well as their ability to generate
cells from all three germ layers, makes them ideal candidates for rare disease studies of any
kind. In the field of rare neurological diseases specifically, iPSCs are attractive due to their
non-invasive isolation method, the robust assays available for differentiation to all three
neural cell types, the ability to define functional deficits in patient-derived neurons, and the
availability of complex three-dimensional models of neurodevelopment. As iPSCs continue
to become a reliable and mainstream model for the study of human diseases, the integration
of newer methodologies in future studies will likely produce exciting new discoveries and
hopefully novel therapies for various rare neurological diseases.
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Highlights

. Human induced pluripotent stem cells (iPSCs) are an established model
system

. Rare neurological diseases exert a profound burden on the pediatric
population

. Neurodevelopmental effects due to rare genetic changes can utilize iPSC
models

. iPSCs allow functional analyses and spatial disease modeling in human
neurons
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Figure 1. Comparison of iPSC and ESC derivation and expansion for downstream differentiation
assays.

Human ESCs are typically derived from cleavage-stage embryos cultured to the blastocyst
stage, followed by inner cell mass mechanoisolation, expansion /n vitro, and clonal
isolation/expansion of ESC lines. Conversely, iPSC derivation typically begins with the
somatic cell of choice being transduced with a reprogramming cocktail to initiate
reprogramming. Reprogrammed cells are then allowed to proliferate and expand, prior to
clonal expansion and derivation of individual clonal lines. These images were created using
BioRender.
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Figure 2. Differentiation timeline for standard 2D and organoid neuralization assays.
Traditionally, formation of neural stem cells and terminally differentiated neural cell types

utilizes an intermediate embryoid body stage induced to neutralize through BMP inhibition.
3D (organoid) differentiation allows for prolonged directed neurodevelopment combined
with tissue self-organization. Spatial organization and robust formation of mature neural cell
types within cerebral organoids are time dependent, require a minimum of 60 days
differentiation, and necessitates immunohistochemical analyses for cellular identification.
Images shown were generated by the authors.
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