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Université de Paris, INSERM, PARCC, Paris, France

Kelly Aromalaran
Masonic Medical Research Institute, Utica, NY, United States

Priti Azad
Department of Pediatrics (Respiratory Medicine), San Diego, CA, United States

Laura Bernardini
Medical Genetics Unit, Fondazione IRCCS Casa Sollievo della Sofferenza, San
Giovanni Rotondo, Italy

Zhenyu Chen
Department of Biomedical Sciences, University of Illinois College of Medicine
Rockford, Rockford, IL, United States; Department of Bioengineering, University
of Illinois at Chicago, Chicago, IL, United States

Saravanakkumar Chennappan
Masonic Medical Research Institute, Utica, NY, United States

Dennis O. Clegg
Program in Biomolecular Science and Engineering, University of California, Santa
Barbara, CA, United States; Center for Stem Cell Biology and Engineering,
Department of Molecular, Cellular and Developmental Biology, University of
California, Santa Barbara, CA, United States

Marzia Corli
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Preface

This book’s initial title was “iPSCs: Recent Advances.” Nevertheless, because of the
ongoing strong interest in this theme, we were capable to collect more chapters than
would fit in one single volume, covering induced pluripotent stem cells (iPSCs)
biology from different perspectives. Therefore, the book was subdivided into several
volumes.

This volume “Current Progress in iPSC Disease Modeling” offers contributions
by known scientists and clinicians in the multidisciplinary areas of biological and
medical research. The chapters bring up-to-date comprehensive overviews of current
advances in the field. This book describes the use of induced pluripotent stem cells to
model several diseases in vitro, enabling us to study the cellular and molecular
mechanisms involved in different pathologies. Further insights into these mecha-
nisms will have important implications for our understanding of disease appearance,
development, and progression. The authors focus on the modern state-of-art
methodologies and the leading-edge concepts in the field of stem cell biology. In
recent years, remarkable progress has been made in the obtention of induced
pluripotent stem cells and their differentiation into several cell types, tissues, and
organs using state-of-art techniques. These advantages facilitated identification of
key targets and definition of the molecular basis of several disorders. Thus, the
present book is an attempt to describe the most recent developments in the area
of iPSCs biology which is one of the rising hot topics in the field of molecular
and cellular biology today. Here, we present a selected collection of detailed
chapters on what we know so far about the use of iPSCs for modeling multiple
diseases. Eleven chapters written by experts in the field summarize the present
knowledge about iPSC Disease Modeling.

David H. Gutmann and colleagues from the Washington University School of
Medicine discuss iPSCs for modeling Neurofibromatosis Type 1. Katherine Julian
and Jaime Imitola from the University of Connecticut School of Medicine describe
iPSCs for modeling Multiple Sclerosis. Huiwen Zhao and Gabriel Haddad from the
University of California San Diego compile our understanding of iPSCs for
modeling Chronic Mountain Sickness. Maria Irene Kontaridis and colleagues
fromMasonic Medical Research Institute update us with what we know about iPSCs
for modeling Noonan and Costello syndromes. Taeka Hattori and colleagues from
Osaka City University Graduate School of Medicine summarize current knowledge
on modeling MELAS/LEIGH overlap syndrome using iPSCs. Yang Yu from Peking
University Third Hospital addresses the importance of iPSCs for modeling Poly-
cystic Ovary Syndrome. Mohamed A. Faynus and Dennis O. Clegg from the
University of California talk about the modeling of Inherited Retinal Dystrophies
using iPSCs. Xue-Jun Li and colleagues from the University of Illinois at Chicago
present the modeling of Hereditary Spastic Paraplegias using iPSCs. Angelo Luigi
Vescovi and colleagues from the University of Padova give an overview of iPSCs
for modeling SmitheMagenis syndrome. Jean-Sébastien Hulot and colleagues

xix



from INSERM introduce what we know so far about iPSCs for modeling of Cardiac
Arrhythmias. Finally, Thomas A Forbes and Melissa H Little from the University of
Melbourne focus on iPSCs for modeling heritable kidney disease.

It is hoped that the articles published in this book will become a source of
reference and inspiration for future research ideas. I would like to express my
deep gratitude to my wife Veranika Ushakova, and Ms. Billie Jean Fernandez and
Ms. Elisabeth Brown from Elsevier, who helped at every step of the execution of
this project.

Alexander Birbrair
Editor
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Abstract
Neurofibromatosis type 1 (NF1) is a common monogenic disorder caused by
germline mutations in a single copy of the NF1 gene. While NF1 is inherited in an
autosomal dominant fashion and is completely penetrant, patients heterogeneously
exhibit a wide variety of clinical features, including neurodevelopmental delays and
cognitive deficits, central and peripheral nervous system tumors, and musculo-
skeletal and pigmentary abnormalities. Although the genetic basis for NF1 is well

CHAPTER

* These two authors contributed equally to this work.
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established, the etiologies underlying many of the associated clinical features are
not well understood. Moreover, the ability to provide accurate risk assessments is
currently limited, and few preclinical models fully recapitulate their human coun-
terparts. With the advent of human induced pluripotent stem cell (hiPSC) tech-
nology, it now becomes possible to develop humanized NF1 models to gain greater
insights into the pathobiology of NF1, identify and evaluate new therapeutic agents,
and discover potential risk factors. In this review, we describe the current state of
NF1 hiPSC research and outline potential future directions.

Keywords: Astrocytes; Cancer; Human induced pluripotent stem cells; Microglia; Neurofibromatosis;

Neurons; Organoids; Ras; Stem cells.

Introduction
Neurofibromatosis type 1 (NF1) is an autosomal dominant disorder affecting
approximately 1 in 3000 individuals worldwide, caused by a mutation in a single
copy of the NF1 gene (Uusitalo et al., 2015). While 50% of children with NF1
have a parent with NF1, the NF1 gene is subject to a remarkably high rate of muta-
tion, such that 50% of NF1 cases arise from sporadic de novo mutations (Friedman,
1999). Additionally, despite being a monogenic disorder, NF1 is characterized by
striking clinical heterogeneity, where affected individuals present with a wide vari-
ety of clinical features, mainly involving the nervous system (Fig. 1.1). In this re-
gard, individuals with NF1 are at an increased risk for central and peripheral
nervous system (CNS and PNS, respectively) tumors, most commonly low-grade
gliomas (LGGs) of the optic pathway (optic pathway gliomadOPG) or brainstem
(brainstem gliomas), and cutaneous and plexiform neurofibromas (cNF and pNF,
respectively) arising in association with peripheral nerves (Gutmann et al., 2017).
Other common clinical manifestations include pigmentary and musculoskeletal ab-
normalities. In addition, there are also higher rates of neurodevelopmental abnor-
malities, such as motor delays, attention deficit hyperactivity disorder, and autism
spectrum disorder (ASD). Similarly, approximately 60%e80% of children with
NF1 exhibit deficits in executive function, attention, memory, and visuospatial
and visuoperceptual abilities (Hyman et al., 2005).

NF1 gene
Discovered in 1990, the NF1 gene resides on chromosome 17q11.2, where it codes
for the protein neurofibromin (Cawthon et al., 1990; Viskochil et al., 1990; Wallace
et al., 1990; Collins et al., 1989; Gutmann et al., 1991; DeClue et al., 1991). Neuro-
fibromin is a large molecule with three known isoforms, which arise from the alter-
native splicing of exons 11alt12, 30alt31, and 56alt57 (previously exons 9a, 23a, and
48a, respectively) (Danglot et al., 1995; Andersen et al., 1993; Cawthon et al., 1990;
Anastasaki et al., 2017). Although neurofibromin is expressed in many tissues, iso-
form levels of the protein vary considerably by tissue and cell type, with the 11alt12
isoform being largely restricted to brain neurons and the 56alt57 isoform highly
expressed in muscle (Gutmann et al, 1993, 1999).
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Most studies of neurofibromin function have focused on its ability to negatively
regulate the Ras proto-oncogene (Ballester et al., 1990; Xu et al., 1990; DeClue
et al., 1992; Basu et al., 1992) (Fig. 1.2). As a GTPase-activating protein (GAP),
neurofibromin facilitates GTP hydrolysis, accelerating the conversion of Ras
from its active, GTP-bound state to its inactive, GDP-bound state. The domain
responsible for this catalytic activity is termed the GAP-related domain (GRD).
As a negative Ras regulator, neurofibromin reduces signaling of Ras downstream
effector molecules, including the Raf-MEK-ERK/MAPK and PI3K-AKT-mTOR
pathways, to control cell proliferation and survival (Lau et al., 2000; Dasgupta
et al., 2005; Johannessen et al., 2005). In addition, Ras-mediated regulation of
cyclic AMP, important for axonal outgrowth, operates through atypical Protein Ki-
nase C zeta signaling, likely by altering G protein-coupled receptor signaling
(Anastasaki and Gutmann, 2014).

While the NF1-GRD has been well characterized, this domain comprises only
10% of the entire neurofibromin coding sequence, raising questions about the func-
tion of the rest of the protein. Additional domains of neurofibromin have been
described (Fig. 1.2), including a cysteine-serine-rich domain (Tokuo et al., 2001),
tubulin-binding domain (Bollag et al., 1993), syndecan-binding domains (Hsueh
et al., 2001), Sec14 domain and pleckstrin homology domain (Welti et al., 2007),

FIGURE 1.1 NF1 clinical features.

An overview of NF1 clinical features, with the typical ages of initial development. Yellow

arrows denote noted pathology. CALMs, café-au-lait macules; OPG, optic pathway glioma;

T2HSI, T2 high signal intensity lesions;MPNST, malignant peripheral nerve sheath tumor.
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leucine repeat domain (Izawa et al., 1996), and the carboxy-terminal domain (Tokuo
et al., 2001) There have also been a number of reported potential neurofibromin-
interacting proteins (Bollag et al., 1993; Patrakitkomjorn et al., 2008; Kweh et al.,
2009; Wang et al., 2011). In addition, neurofibromin appears to function as a dimer,
and requires localization to the plasma membrane. Dimerization is mediated by res-
idues flanking the NF1-GRD (Sherekar et al., 2020), while membrane targeting is
partially regulated by binding to the Spred1 protein (Stowe et al., 2012;
Dunzendorfer-Matt et al., 2016).

FIGURE 1.2 Neurofibromin signaling pathway.

The NF1 gene codes for the protein neurofibromin with multiple annotated domains: a

cysteine-serine-rich domain (CSRD), a tubulin-binding domain (TBD), a GTPase-

activating protein-related domain (GRD), two syndecan-binding domains (SBD), a Sec14

domain and pleckstrin homology domain (Seck14/PH), and the carboxy-terminal domain

(CTD). In addition, two regions believed to be associated with dimerization of

neurofibromin are shown (Dimerization domain; DD). Neurofibromin regulates cell growth

and function through several downstream signaling effectors, mainly by accelerating the

conversion of active GTP-bound Ras to its inactive GDP-bound form. The presence of

additional functional domains in the NF1 gene suggests other non-Ras-mediated

functions of neurofibromin.
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Genotype-phenotype correlations
Whereas all mutations in the NF1 gene are thought to impair neurofibromin func-
tion, studies from numerous groups have begun to reveal some degree of NF1
mutational specificity. Most notably, individuals with c.2970-2972delAAT,
c.5425C>T, and c.3112A>G germline NF1 gene mutations do not develop cNFs
or apparent pNFs (Upadhyaya et al., 2007; Pinna et al., 2015; Santoro et al.,
2015; Rojnueangnit et al., 2015; Trevisson et al., 2019). Similarly, large genomic
deletions, termed microdeletions, in which the NF1 gene and a number of sur-
rounding genes are deleted, are seen in individuals with NF1 exhibiting facial dys-
morphism, marked cognitive delays, and an increased tumor burden (Pasmant
et al., 2010; Kehrer-Sawatzki et al., 2017). Additional studies have identified cor-
relations between the location of the NF1 gene mutation and presentation of clin-
ical features. Patients presenting with OPGs are more likely to harbor 50 end NF1
mutations (Sharif et al., 2011; Bolcekova et al., 2014; Anastasaki et al., 2017),
while those with 3’end mutations have greater autism trait burden (Morris and Gut-
mann, 2018).

Roadblocks to treatment
Over the past three decades since the discovery of the NF1 gene, there has been
remarkable progress in understanding the etiologies for many NF1 clinical features.
While promising treatments have been identified, the highly heterogeneous nature of
this disorder continues to impose substantial barriers to improved care for affected
individuals. In this regard, it is not currently possible to predict which clinical man-
ifestations will arise in any given person or identify which promising therapy might
be most effective for any particular individual.

Importantly, the development of accurate humanized models of NF1-related
medical features remains a challenge. Generation of human LGG or neurofibroma
patient xenograft tumor models has proven difficult, and the paucity of brain spec-
imens from individuals with NF1 has limited our ability to understand the basis for
cognitive and behavioral deficits in children. These limitations have resulted in a
heavy reliance on mouse models of NF1 or the use of large animals, like minipigs
(White et al., 2018; Isakson et al., 2018; Khanna et al., 2019; Uthoff et al., 2020),
to define the molecular and cellular pathogenesis of NF1-related features, as well
as to discover and evaluate potential therapies.

Nf1 genetically engineered mouse models
Mouse models have proven highly instructive for studying clinical phenotypes
observed in NF1 patients. For example, Nf1þ/� mice harboring only one functional
Nf1 allele have been used to study learning and memory (Silva et al., 1997), impul-
sivity (Lukkes et al., 2020), and autistic-like behaviors (Molosh et al., 2014). These
studies have uncovered links between learning deficits and aberrant Ras signaling
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(Costa et al., 2002), and have implicated increases in ERK/MAPK, a downstream
effector of Ras, in some social behavioral deficits (Molosh et al., 2014). Further-
more, Nf1þ/� mice with Cre-driven Nf1 loss have also identified alterations in
dopamine signaling as a contributor to attention and learning and memory deficits
(Brown et al., 2010; Diggs-Andrews et al., 2013).

In addition, many research teams have generated Nf1 knockout models of NF1-
associated tumors, including OPGs (Bajenaru et al., 2003, 2005; Zhu et al., 2005),
cNFs and pNFs (Le et al., 2009; Chen et al., 2019; Zhu et al., 2002; Wu et al.,
2008), and malignant peripheral nerve sheath tumors (MPNSTs) (Cichowski
et al., 1999; Wu et al., 2014; Hirbe et al., 2016). These models have been useful
for identifying the cellular and molecular factors influencing tumor formation and
progression, such as the role of the tumor microenvironment in OPGs (Daginakatte
and Gutmann, 2007; Simmons et al., 2011; Pong et al., 2013; Solga et al., 2015; Guo
et al., 2019, 2020) and pNFs (Yang et al., 2008; Liao et al., 2018). Moreover, these
Nf1 preclinical models were critical for the identification and evaluation of potential
drug therapies including inhibitors of MEK (Jessen et al., 2013; Kaul et al., 2015),
PI3K (Kaul et al., 2015), mTOR (Hegedus et al., 2008), and tyrosine kinases (Yang
et al., 2008). These preclinical findings have helped lead to a number of clinical tri-
als, including MEK inhibitor Selumetinib (NCT01362803) (Dombi et al., 2016;
Gross et al., 2020) (NCT03871257), mTOR inhibitor Everolimus
(NCT01158651), and tyrosine kinase inhibitor Imatinib mesylate (NCT01673009)
(Robertson et al., 2012).

While Nf1 genetically engineered mouse (GEM) have provided important in-
sights relevant to disease pathobiology and clinical treatment, there are inherent
differences between the murine and human nervous systems, which may impact
on the clinical translation of preclinical findings. On a basic level, the murine brain
is lissencephalic with a smooth outer surface, while the human brain contains intri-
cate and extensive folding (gyrencephalic) (Sun and Hevner, 2014). Additionally,
astrocytes and microglia, two CNS cell types implicated in NF1 pathogenesis,
exhibit notable species-specific differences. Humans harbor astrocyte subtypes
not seen in mice, and for subtypes present in both species, the human version is
often characterized as larger and more complex (Oberheim et al., 2009). Further-
more, differential expression of a large number of genes in human astrocytes
relative to their rodent counterparts has been reported (Zhang et al., 2016). Like-
wise, transcriptomic differences between human and rodent microglia have been
reported, and human and rodent microglia have been shown to exhibit differential
responses to certain drugs and stimuli in vitro (Hasselmann and Blurton-Jones,
2020; Smith and Dragunow, 2014). Finally, comparisons of gene expression pro-
files of neuronal and nonneuronal murine and human cells have revealed key dif-
ferences in the expression of genes implicated in neuronal signaling (Hodge et al.,
2019). For all of these reasons, it is important to complement rodent-based studies
with human cellular and tissue modeling approaches.
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Utility of human induced pluripotent stem cells for NF1 research
Human induced pluripotent stem cells (hiPSCs) offer a tractable experimental plat-
form, as lines can be established directly from patient tissues, enabling the study of
mutations in the context of their native genomes. In addition, the CRISPR/Cas9
genome editing system can be utilized to engineer specific mutations onto a uniform
genomic background, allowing for the isolation of mutational effects (Israel et al.,
2012; Paquet et al., 2016; Rehbach et al., 2020). Furthermore, the ability of hiPSCs
to differentiate into nearly any cell type creates a powerful tool to study effects of
NF1mutation on neurodevelopment, as well as to develop humanized tumor models
(Fig. 1.3).

To this end, hiPSCs have been useful for modeling multiple complex neurogenic
disorders, such as ASD (Deshpande et al., 2017; Gouder et al., 2019), Down syn-
drome (Ponroy Bally et al., 2020), microcephaly (Lancaster et al., 2013), and psy-
chiatric disorders (schizophrenia and bipolar disorder) (Brennand et al., 2011;

FIGURE 1.3 Human induced pluripotent stem cell differentiation and modeling.

Human induced pluripotent stem cells (hiPSCs) can be differentiated into many different

cell types that contribute to NF1 pathobiology. In this respect, hiPSCs can be

differentiated into microglia, neural progenitor cells, as well as mature astrocytes,

oligodendrocytes, and neurons, as both two-dimensional and multicellular three-

dimensional models (cerebral organoids). These cell types can be used to study both

neurodevelopmental defects and neoplasia.
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Mertens et al., 2015; Robicsek et al., 2013). In this review, we focus on the utility of
hiPSC modeling to better understand the cellular and molecular etiologies underly-
ing the pathogenesis of NF1-related clinical features.

Brain development and function
As healthy CNS cells are rarely available from individuals with NF1, the advent of
hiPSCs and related technology provides unparalleled opportunities to study the
impact of NF1 gene mutations on human neurodevelopment.

Mutational specificity
Based on epidemiologic [population-based; (Trevisson et al., 2019; Morris and
Gutmann, 2018; Anastasaki et al., 2017)] and mouse modeling studies (Guo et al.,
2019; Li et al., 2016; Toonen et al., 2016), the specific germline NF1 gene mutation
may partially contribute to the diverse spectrum of cognitive deficits observed in
children with NF1. With the advent of hiPSC technology, it is now possible to con-
trol for important variables, such as environmental factors and additional genomic
variants, and evaluate the importance of different germline NF1 gene mutations at
the cellular and tissue levels. In this regard, using two-dimensional (2D) cultures
of hiPSC-derived neuroglial cell populations, differences in the level of neurofibro-
min protein expression were detected, with some NF1 mutations leading to minor
reductions (<25%) in neurofibromin expression and others with >70% reductions
(Anastasaki et al., 2015). Similarly, these differences in neurofibromin were paral-
leled by similar differential reductions in dopamine levels. To control for genomic
variation and sex, a series of germline NF1 gene mutations were CRISPR/Cas9 engi-
neered into a common hiPSC line, revealing similar differences in neural progenitor
dopamine levels, as well as defects in cerebral organoid neuronal differentiation and
apoptosis (Anastasaki et al., 2020).

Mutational effects can also be studied using hiPSC lines derived directly from
patient samples, allowing for the investigation of mutation interactions and large-
scale genome changes not easily engineered with current technology. This technique
has been used to examine complex neurogenic diseases, such as ASD (Gouder et al.,
2019) and Alzheimer’s disease (Israel et al., 2012), and has been shown to be
instructive for interrogating the cellular and tissue defects associated with
17q11.2 microdeletions (NF1 total gene deletions) (Wegscheid et al., 2021).

Cell-autonomous effects
To date, there is a paucity of information available on the impact of NF1 gene mu-
tation on neuron function, which could be explored using a variety of different dif-
ferentiation protocols (Engle et al., 2018; Pang et al., 2011; Yoo et al., 2011; Zhang
et al., 2013). This is particularly important for understanding how NF1 mutations
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regulate neuron biology, including neurogenesis, synaptic plasticity, and response to
injury. Moreover, it is not clear whether deregulated Ras signaling underlies all of
the neuronal abnormalities reported to date. In this regard, all NF1 mutations result
in increased Ras activation, whereas differential effects on dopamine levels have
been observed (Anastasaki and Gutmann, 2014). Similarly, NF1 mutations differen-
tially disrupt neurogenesis in cerebral organoids, but have near-identical levels of
increased Ras activity (Anastasaki et al., 2020). Future use of 2D and three-
dimensional (3D) models may elucidate the mechanisms underlying these differen-
tial effects, as well as define the role of the neuron-specific neurofibromin exon
11alt12 [previously exon 9a; (Anastasaki et al., 2017)] in brain function.

In addition to neurons, other cells in the brain, such as astrocytes, oligodendro-
cytes, and microglia, influence neuronal growth, differentiation, and maturation. As
such, hiPSC-derived astrocytes harboring NF1 mutations exhibit increased prolifer-
ation, both in 2D culture and in 3D cerebral organoids (Anastasaki et al., 2020).
While not yet explored in human cells, mouse microglia with Nf1 mutations exhibit
increased proliferation and migration, whereas Nf1-mutant oligodendrocytes have
aberrant myelination (Daginakatte and Gutmann, 2007; Mayes et al., 2013). Given
the marked differences between rodent and human brain cells, hiPSCs could be har-
nessed for these analyses using a variety of methods (Abud et al., 2017; Goldman
and Kuypers, 2015).

Modeling brain development and function
Intercellular interactions are integral to the regulation of cell growth, migration, and
differentiation throughout neurodevelopment. While 2D cell cultures provide many
insights into NF1 pathobiology, the advent of 3D models of brain development,
termed cerebral organoids, allows for the investigation of neurodevelopmental de-
fects in a relevant tissue context. Multiple protocols for establishing cerebral organo-
ids specific to different brain regions have been developed, and each remarkably
recapitulates aspects of early human neurodevelopment. At the transcriptome level,
hiPSC-derived telencephalic organoid gene expression maps closely to the fetal
neocortex from 8 to 16 weeks postconception, with approximately 80% of genes
implicated in neocortex disease or evolution exhibiting similar expression patterns
(Amiri et al., 2018; Camp et al., 2015). In addition, cerebral organoids faithfully
mimic human ventricular zone organization and neural stem cell migration (Klaus
et al., 2019; Li et al., 2017; Zhang et al., 2013). In this respect, defects in neuron
migration have been implicated in the pathology of many neurodevelopmental dis-
orders (Pan et al., 2019).

In addition to more accurately modeling human brain development, cerebral
organoids form functional neural networks. By eight months in culture, brain orga-
noids show spontaneous action potentials, as well as coordinated bursting activity,
indicative of neural network formation (Quadrato et al., 2017). In addition, organo-
ids representing different brain regions have been integrated into “assembloids” to
construct cross-regional neural circuity (Bagley et al., 2017; Birey et al., 2017;
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Xiang et al., 2017). Differences in neural circuit formation and functional connec-
tivity between brain regions have been reported in many cognitive and develop-
mental disorders, including NF1 (Apostolova et al., 2015; Baudou et al., 2019;
Ibrahim et al., 2017). Whereas organoids may only model the most basic elements
of neural circuity, they represent one method for studying human brain connectivity
in vitro.

While serving as useful tools for studying early brain development, organoids
lack vascularization and endocrine hormones, and often do not incorporate micro-
glia. Engraftment of hiPSC-derived neurons and organoids into the murine brain
can restore some of these missing interactions. As such, transplantation of hiPSC-
derived neurons and organoids can partially restore neurologic function in murine
models of stroke, Parkinson’s disease, and Down syndrome (Maria et al., 2013;
Xu et al., 2019; Yuan et al., 2013), where they continue to mature and become vas-
cularized (Daviaud et al., 2018; Mansour et al., 2018).

Nervous system tumors
In addition to an increased incidence of neurodevelopmental disorders, an elevated
risk of CNS and PNS tumor development is a defining feature of NF1. NF1 patients
commonly develop LGGs, which arise primarily in the optic pathway and brainstem,
as well as cNFs and pNFs which arise in association with peripheral nerves. While
pNFs are benign tumors, they can undergo malignant transformation into MPNSTs,
a cancer with a poor five-year overall survival rate (Kolberg et al., 2013). The ability
to model these tumors is paramount to understanding and treating them effectively.
Historically, preclinical modeling has been conducted in mice due to the limited life-
span and lack of availability of primary cell lines from NF1 patient biopsies. How-
ever, the advent of hiPSC technology makes the development of humanized tumor
models possible.

Tumor modeling
Since it has been difficult to establish low-grade NF1 tumor models using patient-
derived xenografts, hiPSCs could be employed to develop surrogate models. In
addition to potentially establishing complementary preclinical platforms for
drug discovery and testing, hiPSCs are ideally suited to define the cells of origin
for NF1-associated nervous system tumors, where neural progenitor cells
(NPCs), oligodendrocyte precursor cells (OPCs), and astrocytes have all been
implicated in murine OPG development (Hegedus et al., 2007; Lee et al., 2012;
Solga et al., 2014, 2017). Similarly, Schwann cell precursors (SCPs) have been
identified as the potential cell of origin for neurofibromas (Zhu et al., 2002; Le
et al., 2009; Chen et al., 2014, 2019). Using specific differentiation protocols,
each of these cell types can be generated and examined [NPCs (Cheng et al.,
2017), OPCs (Wang et al., 2013; Douvaras and Fossati, 2015), astrocytes
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(Chandrasekaran et al., 2016), SCPs (Kim et al., 2017; Sugiyama-Nakagiri et al.,
2016)] (Fig. 1.3). Moreover, other NF1 tumor-associated genomic alterations (e.g.,
CDKN2A loss, TP53 mutation) could be engineered, in addition to NF1 loss, to
study tumor progression and malignant transformation.

Use of this technology has already been employed to establish hiPSC-based
neurofibroma models. NF1-deficient hiPSCs derived from primary pNF patient
cell lines and subsequently differentiated into stem cells (SCs) have been shown
to form sphere-like structures mimicking pNF expression patterns of SC markers
and exhibiting increased proliferation and loss of myelination capacity (Carrió
et al., 2019). Work in several laboratories is underway to generate hiPSC models
of NF1-associated neurofibromas and MPNSTs (Mo et al., 2021).

While hiPSC models of NF1-related brain tumors have not been reported to date,
stem cellebased 3D cerebral organoid models of high-grade brain tumors have been
described, including glioblastoma (GBM) (Ogawa et al., 2018; Bian et al., 2018) and
medulloblastoma (Ballabio et al., 2020). These models faithfully replicate many of
the key characteristics of GBM and medulloblastoma in vitro, as well as in vivo
following implantation into immunodeficient mice, highlighting the feasibility of
hiPSC-derived brain tumor models. Several laboratories, including our own, are
also working to establish NF1-related LGG models from hiPSCs.

Tumor microenvironment
The promise and potential of hiPSCs lies not only in their ability to model tumors
themselves but also in their capacity to recreate aspects of the tumor microenviron-
ment, a crucial factor contributing to tumor pathogenesis. Neurons have received
increasing recognition as key microenvironmental components in a broad range of
tumors (Monje et al., 2020), including those relevant to NF1. The importance of
nerves in pNF formation has been demonstrated in mouse models, where pNFs
formed following implantation of Nf1-deficient SKPs into the sciatic nerve, but
failed to form from intradermal/subcutaneous implantation (Le et al., 2009; Liao
et al., 2016). The availability of numerous differentiation protocols for hiPSC-
derived PNS neurons could prove useful in corroborating these findings (Guimarães
et al., 2018; Muller et al., 2018). Furthermore, hiPSCs can also be used to probe the
importance of neurons in NF1-related CNS tumors (Pan et al., 2021). Recently,
hiPSC-derived CNS neurons CRISPR/Cas9 engineered to express NF1 mutations
were used to elucidate a mechanism by which neurons promote OPG growth through
communication with immune cell intermediates (Guo et al., 2020).

In addition to neurons, microglia have been recognized as key microenviron-
mental players in NF1-related OPGs. Numerous studies in Nf1 GEM and Nf1
GEM-derived cell cultures have demonstrated the importance of microglia to
OPG pathobiology, with recent work focusing on their role as one of the immune
cell intermediates facilitating transmission of tumor supportive signaling from neu-
rons to tumor cells (Daginakatte and Gutmann, 2007; Simmons et al., 2011; Pong
et al., 2013; Solga et al., 2015; Guo et al., 2019, 2020). Although functionally
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similar, murine and human microglia have important differences in transcriptomic
profiles and in vitro responses to stimuli, suggesting that the impact of NF1mutation
on microglia function needs to be studied in human cells (Smith and Dragunow,
2014; Hasselmann and Blurton-Jones, 2020). Using numerous optimized methods,
it is now possible to examine hiPSC microglia function in 2D cultures, as compo-
nents of cerebral organoids, and following transplantation into mice (Hasselmann
and Blurton-Jones, 2020).

Similarly, hiPSC platforms can be utilized to model mast cells, a key cell type in
the neurofibroma microenvironment. Mast cell infiltration is commonly observed in
neurofibromas and is recapitulated nicely in mouse models (Zhu et al., 2002; Le
et al., 2009; Chen et al., 2019). In vitro and in vivo studies have identified the mech-
anisms underlying mast cell recruitment to the tumor site (Yang et al., 2003) and
have detailed mast cell interactions with other cell types implicated in neurofibromas
(Yang et al., 2006). Furthermore, transplantation of Nf1 heterozygous bone
marrowederived cells, likely representing a population of mast cells, has been
shown to induce pNF formation in irradiated mice harboring Nf1-deficient Schwann
cells (Yang et al., 2008). As pNFs have recently been shown to form in mice
following experimental reduction in mast cell infiltration, further work is necessary
to precisely detail their role in the pathogenesis of these peripheral nerve sheath tu-
mors (Liao et al., 2018). Several hiPSC differentiation protocols for mast cells have
been established (Igarashi et al., 2018; Kauts et al., 2018; Ikuno et al., 2019), and can
be used as a humanized system to further studies of mast cells.

Other NF1 clinical features
In addition to neurodevelopmental delays and an increased tumor burden, patients
with NF1 can present with a variety of other clinical features, including vision
loss, peripheral nerve pain, and pigmentary and musculoskeletal abnormalities. As
described above, hiPSC modeling may prove invaluable for further elucidating the
mechanisms underlying NF1 pathology.

Vision loss arising from OPG development is observed in a subset of NF1 pa-
tients, with females more commonly requiring intervention (Diggs-Andrews et al.,
2014). Retinal ganglion cell (RGC) death has been observed in mouse Nf1-OPG
models (Diggs-Andrews et al., 2014; Kaul et al., 2015; Solga et al., 2017), and
the intrinsic vulnerability of Nf1þ/� RGCs has been demonstrated in vitro
and in vivo (Brown et al., 2010). hiPSC RGCs (Teotia et al., 2017) and 3D
hiPSC-based retinal preparations (Zhong et al., 2014; Parfitt et al., 2016), termed
retinal cups, have been successfully generated and utilized for studies of glaucoma
(Teotia et al., 2017) as well as Leber congenital amaurosis, a retinal disorder that
often manifests in visual impairment (Parfitt et al., 2016). Application of such sys-
tems to NF1 could enable further investigation of the cellular and molecular mech-
anisms underlying vision loss and observed sexually dimorphic phenotypes.
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Additionally, in a survey of NF1 patients, over half reported pain, highlighting
the substantial pain burden, perhaps arising from dysfunctional sensory neurons
(Kongkriangkai et al., 2019). To date, limited studies have focused on the role of
sensory neurons in pain pathology. In mice, Nf1-mutant sensory neurons have
greater excitability and an enhanced stimulus-evoked release of neuropeptides
(Hingtgen et al., 2006; Wang et al., 2005). While hiPSC-derived sensory neurons
have not yet been used for NF1 pain research to date, they have been increasingly
useful in the study the PNS in other contexts (Clark et al., 2017; Meents et al.,
2019; Muller et al., 2018).

NF1-related pigmentary abnormalities, such as café-au-lait macules (CALMs),
and musculoskeletal abnormalities, such as skeletal dysplasia, scoliosis, osteopenia,
and muscle weakness, also provide interesting avenues for hiPSC-based research
(Arrington et al., 2013; Heervä et al., 2013; Schindeler and Little, 2008; Cornett
et al., 2015). NF1-mutant human embryonic stem cellederived melanocytes have
been used to model aspects of hyperpigmentation and CALMs, while patient-
derived dental pulp stem cells differentiated into chondrogenic and osteogenic
lineages have been used to study NF1-related skeletal changes. Work in these model
systems has indicated aberrant PKA-cAMP and ERK signaling is relevant to hyper-
pigmentation and CALMs (Allouche et al., 2015), whereas changes in cell prolifera-
tion, calcification, and extracellular matrix deposition may underlie NF1-related
skeletal changes (Almeida et al., 2015, 2018). Such work underscores the viability
of stem cell platforms for the study of NF1-related pigmentary and musculoskeletal
clinical features.NF1-mutant patient-derived hiPSCmelanocytes have been generated
and reported to exhibit a senescent phenotype (Larribere et al., 2015). hiPSC differ-
entiation protocols also exist for chondrogenic (Kawata et al., 2019) and osteogenic
(Csobonyeiova et al., 2017) cell lineages. Furthermore, hiPSCs can be differentiated
into myogenic progenitors (van derWal et al., 2018) and used to model neuromuscular
junctions (Lin et al., 2019) and skeletal muscles (Maffioletti et al., 2018), enabling
further study of muscle formation and muscle weakness in NF1, which has only
been modeled in mice to date (Kossler et al., 2011; Summers et al., 2018).

Future directions
While Nf1 GEM models have served as the workhorses for studying pathobiology
and evaluating promising drugs prior to human clinical trials, with the advent of
hiPSC technology, it now becomes possible to complement and extend these studies.
This is particularly important in light of the inherent differences between mouse and
human tissues. As such, harmonization of murine and hiPSC models provides
unique opportunities to define the etiologies for human disease, as well as discover
and evaluate promising therapies for individuals affected with NF1 (Fig. 1.4).
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FIGURE 1.4 Integration between mouse models and human induced pluripotent stem cell.

Induced pluripotent stem cells derived from patients can be differentiated into individual

cell types, used to generate three-dimensional (3D) organoids, or employed to create 3D

tumor models. These human induced pluripotent stem cell platforms can be utilized to

elucidate the molecular pathogenesis of various NF1 clinical features and to identify

potential therapeutic targets. The efficacy of identified therapies can be further validated

in vivo using mouse models. GEM, genetically engineered mouse models.
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Saunders, P., Dzierzak, E., 2018. Rapid mast cell generation from Gata2 reporter plurip-
otent stem cells. Stem Cell Rep. 11 (4), 1009e1020. https://doi.org/10.1016/
j.stemcr.2018.08.007.

Kawata, M., Mori, D., Kanke, K., Hojo, H., Ohba, S., Chung, U., Yano, F., Masaki, H.,
Otsu, M., Nakauchi, H., Tanaka, S., Saito, T., 2019. Simple and robust differentiation
of human pluripotent stem cells toward chondrocytes by two small-molecule
compounds. Stem Cell Rep. 13 (3), 530e544. https://doi.org/10.1016/
j.stemcr.2019.07.012.

Kehrer-Sawatzki, H., Mautner, V.-F., Cooper, D.N., 2017. Emerging genotypeephenotype re-
lationships in patients with large NF1 deletions. Hum. Genet. 136 (4), 349e376. https://
doi.org/10.1007/s00439-017-1766-y.

References 21

https://doi.org/10.1016/j.alit.2017.08.008
https://doi.org/10.2131/jts.44.789
https://doi.org/10.2131/jts.44.789
https://doi.org/10.1038/s42003-018-0163-y
https://doi.org/10.1038/nature10821
https://doi.org/10.1016/0014-5793(96)00137-8
https://doi.org/10.1172/JCI60578
https://doi.org/10.1073/pnas.0503224102
https://doi.org/10.1093/neuonc/nou329
https://doi.org/10.1093/neuonc/nou287
https://doi.org/10.1093/neuonc/nou287
https://doi.org/10.1016/j.stemcr.2018.08.007
https://doi.org/10.1016/j.stemcr.2018.08.007
https://doi.org/10.1016/j.stemcr.2019.07.012
https://doi.org/10.1016/j.stemcr.2019.07.012
https://doi.org/10.1007/s00439-017-1766-y
https://doi.org/10.1007/s00439-017-1766-y


Khanna, R., Moutal, A., White, K.A., Chefdeville, A., Negrao de Assis, P., Cai, S., Swier, V.J.,
Bellampalli, S.S., Giunta, M.D., Darbro, B.W., Quelle, D.E., Sieren, J.C., Wallace, M.R.,
Rogers, C.S., Meyerholz, D.K., Weimer, J.M., 2019. Assessment of nociception and
related quality-of-life measures in a porcine model of neurofibromatosis type 1. Pain
160 (11), 2473e2486. https://doi.org/10.1097/j.pain.0000000000001648.

Kim, H.-S., Lee, J., Lee, D.Y., Kim, Y.-D., Kim, J.Y., Lim, H.J., Lim, S., Cho, Y.S., 2017.
Schwann cell precursors from human pluripotent stem cells as a potential therapeutic
target for myelin repair. Stem Cell Rep. 8 (6), 1714e1726. https://doi.org/10.1016/
j.stemcr.2017.04.011.

Klaus, J., Kanton, S., Kyrousi, C., Ayo-Martin, A.C., Di Giaimo, R., Riesenberg, S.,
O’Neill, A.C., Camp, J.G., Tocco, C., Santel, M., Rusha, E., Drukker, M.,
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Abstract
Multiple sclerosis (MS) is a neuroinflammatory condition characterized by
demyelination and neurodegeneration. Currently, the pathogenesis of MS is not
well understood. Animal experiments have previously been used to model the
mechanisms behind CNS repair in MS, but interspecies differences pose limita-
tions to studying the disease process in humans. Induced pluripotent stem cells
(iPSCs) have more recently generated great enthusiasm as a mechanism to model
neuroinflammatory conditions with findings that translate well to humans.
Challenges of modeling MS with iPSCs include lack of known genetic variants in
oligodendrocytes and neurons, limited supply of cell lines, and varying disease
phenotypes present in MS patients. The purpose of this chapter is to outline the
progress of using iPSCs to model MS, discuss the challenges within the field, and
highlight future directions for modeling MS with iPSCs.
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Introduction
Since the approval of the first disease-modifying therapy (DMT) for multiple scle-
rosis (MS) in 1993 (Derwenskus, 2011), substantial progress in identifying inflam-
matory regulators that underly MS pathogenesis has been made. Despite the current
treatments available, there is no cure for MS and disease progression in many
patients leads to debilitating brain and spinal cord atrophy. Animal studies have
helped model many neuroinflammatory conditions, including MS, but the difference
in interspecies molecular phenotypes results in significant limitations (Orack et al.,
2015). To better model pathogenesis and repair in MS and identify potential treat-
ments, researchers are expanding the use of diverse models and approaches to
include patient-derived tissues and patient-derived cells. These models include
induced pluripotent stem (iPSCs), which are somatic cells that are rendered plurip-
otent after the injection of pluripotent transcription factors.

Over the last 25 years, there has been great interest in stem cell research for the
treatment of neurological diseases. Early stage clinical trials investigating the ther-
apeutic potential of both neural and mesenchymal stem cells in MS are currently un-
derway (Trounson and McDonald, 2015). Despite the enthusiasm surrounding stem
cells, there has been slow progress in translating these findings to the bedside due to
scientific hurdles, lack of reproducibility, unrealistic expectations from the public,
and need for rigorous clinical trials. The result is that many patients with severe
neurological conditions are left searching for cures from fraudulent stem cell clinics
based on the hype surrounding stem cell research. Consequently, disseminating
nonscientific approaches and unapproved unethical marketing of experimental
stem cell therapies poses a significant risk to desperate patients (Julian et al., 2018).

Human-induced pluripotent stem cells (hiPSCs) perhaps provide the most signif-
icant potential for better understanding disease pathogenesis and identifying thera-
peutic targets in neurological diseases. Current experimental evidence shows the
human brain has limited intrinsic capacity to exhibit repair and remyelination in
MS (Yeunget al., 2019) by both endogenous stem cells or injected exogenous
stem cells. In this chapter, we review the role of iPSC modeling in MS translational
research and clinical applications, current challenges with iPSC modeling, and
future directions within the field of neural stem cell (NSC) research.

32 CHAPTER 2 Use of induced pluripotent stem cells to model inflammatory



Multiple sclerosis background
MS is a neuroinflammatory disease characterized by demyelination, neurodegener-
ation, and axonal loss (Orack et al., 2015). There are approximately one million peo-
ple in the United States living with MS, and this disease tends to preferentially affect
women and patients aged between 20 and 50 (Wallin et al., 2019). Current evidence
suggests that disease prevalence is increasing as new medications increase the life-
span of MS patients (The prevalence, 2019). MS affects patients both physically and
emotionally by causing early disability, gait alterations, depression, cognitive
decline, and a loss of independence through job loss and financial ruin resulting
from medical expenses.

To date, there have been three major disease courses identified for MS. The most
common type of MS that affects 85% of patients is relapsing-remitting MS (RRMS),
which is characterized by clearly defined attacks of new or worsening neurological
symptoms followed by periods of remission. Primary progressive MS (PPMS) is
defined as worsening neurologic function from the onset of symptoms without
remission. PPMS affects both men and women and usually develops later in life.
Lastly, secondary progressive MS (SPMS) is the late transition of an RRMS disease
course into a progressive worsening of the clinical condition without periods of
remission (Klineova and Lublin, 2018). The varying degree of SPMS onset depends
on the initial lesion burden and localization of lesions, which is more severe if the
patient exhibits a high lesion burden in the brainstem and the spinal cord (Lublin
et al., 2014). Recently, it has been recognized that MS can show disease progression
independent of relapses (University of California et al., 2019).

Despite increasing disease prevalence, the pathogenesis of MS is not well under-
stood. Current evidence points to a disease with a complex etiology resulting from
an interplay between genetics and environmental factors (Fig. 2.1). Genome-wide
association studies over the past 10 years have linked MS to more than 240 genetic
variants with a focus primarily on genes expressed on T, cells, B cells, and microglia
(Cotsapas and Mitrovic, 2018). Environmental factors include vitamin D deficiency,
smoking status, obesity, and exposure to EpsteineBarr virus (Ascherio, 2013).
Current hypotheses about MS pathogenesis include the emergence of clones of
autoreactive T cells and B cells, persistently activated microglia, the development
of inflammatory follicles within the meninges, the intrinsic vulnerability of neurons
and axons to injury, and the absence of myelin repair (Orack et al., 2015). This
exuberant chronic inflammation compartmentalized to the brain results in both
neuronal damage and neurodegeneration, but mechanisms underlying the lack of
repair and neurodegeneration in MS are not well understood and under intense
investigation.

Pharmacologic interventions that control MS disease progression are known as
DMTs, which target the natural history of the disease by decreasing the number
of relapses in patients. Randomized-controlled trials demonstrated that starting pa-
tients with a defined clinically isolated syndrome (CIS) on certain DMTs delays CIS
progression to MS (Gajofatto and Benedetti, 2015). Recent evidence also suggests
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that starting patients on DMTs early in the disease course may improve MS prog-
nosis by changing the individual trajectory of the patient’s disease (Noyes and
Weinstock-Guttman, 2013). Disease progression and patient outcomes depend on
the burden of lesions at the onset, location of the patient’s lesions, and ancestry.
For example, patients of African-American ancestry typically show worsening dis-
ease progression (Cipriani and Klein, 2019). There is a high degree of clinical het-
erogeneity among patients; therefore, a better understanding of the disease process
at the molecular level within the brain is needed to identify and improve current
treatment options in a personalized fashion focusing on the drivers of MS
progression.

Utility of animal models to study stem cells in multiple
sclerosis
Initial experiments to model neuroinflammation in MS relied on animal models to
explore the relationship between the immune system and NSCs. These studies
have examined both endogenous stem cell capacity and exogenous stem cell poten-
tial. Human and animal brains contain reservoirs, or niches, of NSCs containing both
stem cells and support cells located around the ventricle that establish a functional
area for neurogenesis, oligodendrogenesis, and gliogenesis. One such niche, the den-
tate gyrus, gives rise to neurogenesis throughout development and in the adult brain
in mice. Another niche, the subventricular zone (SVZ), is also prominent in mice
brains and persists throughout prenatal human development. However, in humans,

FIGURE 2.1

Multiple sclerosis (MS) is likely the result of an interplay between genetics and

environmental factors. To date, over 200 genetic variants in MS have been identified.

Certain environmental factors, such as smoking and vitamin D deficiency, also play a role

in patient-specific phenotypes.
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the activity of both niches tends to disappear after birth, giving remnants with
limited neurogenic potential in the adult human brain (Paredes et al., 2016).

In mice, the SVZ gives rise to neuroblasts that migrate to the olfactory bulb to
replace dying neurons each day (Lim and Alvarez-Buylla, 2016). NSCs from the
SVZ contribute to local myelin repair by differentiating into oligodendrocyte precur-
sor cells that migrate to the site of injury and mature into myelinating oligodendro-
cytes (Tiane et al., 2019). The specialized niche of the SVZ allows for this process to
occur normally. Interestingly, it has been noted that the SVZ is impaired in MS
patients (Wang et al., 2008) and mice in the chronic stage of experimental autoim-
mune encephalomyelitis (EAE), which models acute and chronic stages of MS
(Pluchino et al., 2008). Experiments have demonstrated that during the initial stages
of the mouse models of MS and EAE, there is prominent activation of the SVZ stem
cell niche, leading to initial repair and regeneration of oligodendrocytes, but these
repair mechanisms are lost during the chronic phase of the disease (Starossom
et al., 2011). The hypothesis was that microglia were involved in the responses of
NSCs in the SVZ, as previous studies have suggested that microglia are involved
in the responses of the dentate gyrus to inflammation (Ekdahl et al., 2009). To inves-
tigate this potential mechanism, microglia were isolated from the SVZ during the
acute and chronic phases of EAE and analysis of gene expression among the differ-
entially expressed genes was performed. It was discovered that the lectin ligand
Chi3l3, once known as a marker for alternate activation of microglia and macro-
phages, also activates epidermal growth factor receptor and induces oligodendrogen-
esis. In animal models of MS, eradication of this protein led to progressive EAE
(Starossom et al., 2019).

Several in vivo animal studies have also demonstrated that NSCs are activated by
inflammation and respond by changing their proliferation, migration, differentiation,
and secretory patterns. In rats, inflammation in the subgranular zone (SGZ) of the
hippocampus, an area where neurogenesis occurs, resulted in microglia activation
and subsequent lack of neuronal differentiation (Monje et al., 2003). The neurogenic
dysfunction was specific to the SGZ niche itself, and blocking microglia activation
subsequently restored neurogenesis. The impaired neuronal function was a revers-
ible process fixed by removing the negative inflammatory influence with anti-
inflammatory treatment (Monje et al., 2003).

More recent studies have combined the use of iPSCs and animal models to
further explore the utility of NSCs during neuroinflammation. Initial experiments
using neurospheres showed that disease severity in EAE was ameliorated by directly
injecting NSCs into the ventricles or intravenously in the tails of mice (Pluchino
et al., 2003). Subsequent studies confirmed that neurospheres act through mecha-
nisms that are more anti-inflammatory than cell replacement in vivo to modulate
the responses of T cells in EAE (Pluchino et al., 2005; Merzaban et al., 2015).
For example, transplantation of mouse iPSC-NPCs into mice with EAE led to the
in situ release of neuroprotective molecules such as leukemia inhibitory factor in
addition to chemokines (Gresle et al., 2012). This transplantation resulted in the
migration of iPSC-NPCs to the site of myelin damage and subsequent endogenous
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myelin protection and improved functionality (Gresle et al., 2012). Because we
cannot obtain patient stem cells directly from the human brain, studies use iPSC-
derived NSCs to demonstrate feasibility as proof of principle. There are now several
ongoing studies in phase I clinical trials in humans to demonstrate the safety of
NSCs (Martino, 2020). Although animal studies have allowed clinicians and re-
searchers to study the process and consequences of neuroinflammation, differences
in interspecies molecular phenotypes pose limitations and generalizability to
humans.

Modeling neurological diseases using stem cells
It is crucial to differentiate mature CNS cells (neurons, astrocytes, oligodendrocytes,
and microglia) from stem cells characterized by long-term self-renewal and multi-
lineage differentiation (Wang, 2019). Stem cells can be classified as embryonic, so-
matic, mesenchymal, and pluripotent stem cells (PSCs). PSCs expressly have
provided the opportunity to generate diseased cells in a patient-specific setting
due to their self-renewal capacity, potency, and capability to differentiate into deriv-
atives of all three germ layers (Orack et al., 2015). Further, there are two categories
of PSCsdembryonic stem cells and iPSCs, the latter of which can be generated
through genetic reprogramming by transfection with key pluripotent factors
(Oct3/4,SOX2, Klf4, c-myc). These specific transcription factors are associated
with pluripotency into somatic cells such as skin fibroblasts or blood cells.

The generation of iPSCs from healthy and diseased donor tissue has provided
excellent insight into the molecular mechanisms of various neurological diseases.
The comparison of patient-derived cells to healthy control cells allows for the study
of abnormal cell characteristics, or disease phenotypes, on both a molecular and
functional cellular level (Hollingsworth et al., 2017). The collection of phenotypes
from patients’ iPSCs provides the opportunity to examine neurodegeneration in a
unique environment at a personalized level. For instance, mutation-defined iPSCs
have been generated to better understand pathogenesis and measure a response to
treatment in several neurological syndromes, including Timothy syndrome and
Rett syndrome. iPSCs have also been used to model Alzheimer’s disease (AD), Par-
kinson’s disease, Huntington’s disease, and Amyotrophic Lateral Sclerosis. Interest-
ingly, iPSCs have been used to model both familial forms of AD with previously
identified mutations (Yagi et al., 2011), in addition to nonfamilial conditions with
sporadic mutations. These models have yielded disease phenotypes shared between
patients with the familial disease with exact genetic mutations and sporadic disease.
As the knowledge of iPSC phenotypes is expanded, there is a need to catalog and
facilitate the association between genotypes and phenotypes. We have contributed
with the first repository of phenotypes for all published iPSC models (Hollingsworth
et al., 2017). This platform illustrates that previously unrelated genes show similar
phenotypes, demonstrating the need to keep expanding iPSCs molecular and cellular
phenotypes additional iPSCs-derived models of neurological diseases. For example,
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it has recently been shown that astrocytes from patients that harbor NF-kB genetic
variants are more pathogenic in vitro (Ponath et al., 2018). These findings provide
optimism for modeling other neurodegenerative disorders like MS that do not clearly
have a defined genetic mutation identified in neurons and oligodendrocytes (Israel
et al., 2012).

Modeling multiple sclerosis with human-derived induced
pluripotent stem cells
Recent advancements in genetics and the study of neurological diseases have led to
the creation of iPSCs from patients with MS (Fig. 2.2) (Orack et al., 2015). These
iPSCs have been used to generate various cell types, including neural progenitor
cells (NPCs), mature neuron subtypes, astrocytes, and, more recently, oligodendro-
cytes. hiPSC-generated microglia have been produced in vitro, and human microglia
progenitors have been studied in animal models (Xu et al., 2020). One of the critical
arguments against the modeling of MS with patient-derived cells is that MS is a
complex disease with multiple pathological phases. Therefore, no single model
will recapitulate all the cellular and molecular dynamics from humans due to signif-
icant heterogeneity in the disease’s pathological and clinical manifestations. The
argument against MS can also be applied to complex neurological disorders like
AD, yet there are studies modeling AD with patient-derived cells (Majolo et al.,
2019). The use of iPSCs to model complex diseases contends that human cells
may model several critical aspects of the disease process that cannot adequately
be represented using animal experiments.

iPSCs specifically allow researchers to measure the effect of inflammation and
neurodegeneration on these vulnerable cell lines. NPCs were modeled in PPMS us-
ing patient-derived iPSCs and were found to have inherent defects in neuroprotec-
tion and remyelination during active myelin injury in vivo. These authors also
found a lack of oligodendrocyte progenitor cell (OPC) differentiation in vitro, indi-
cating that NPCs in PPMS patients may contain inherent differences related to mye-
linating support (Nicaise et al., 2019). Further, the NPCs from each PPMS patient
cell line varied in their responses to proremyelinating compounds, suggesting a
range in patient-specific regenerative potential (Nicaise et al., 2017). This work
used iPSCs from patients with PPMS to study cellular senescence pathways. It
demonstrated an increase in SOX2/p16ink4a (þ) cells in demyelinated lesions of
PPMS, suggesting that the SOX2 in NPCs may upregulate cellular senescence. Inter-
estingly, the senescence effects were found to be reversed by rapamycin, an mTOR
inhibitor, which suggests the mTOR pathway as another contributor and potential
target in MS treatment (Nicaise et al., 2019). Another study using iPSCs derived
from patients with SPMS demonstrated an insufficient capacity to stimulate OPC
in vitro migration to MS lesions, a necessary step before differentiation into mature
oligodendrocytes can occur (Lopez-Caraballo et al., 2020).
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FIGURE 2.2

Human iPSC graphic schematically highlighting the usage and directives of iPSCs,

especially pertaining to disease modeling and drug screening of MS using patient-derived

cells. GWAS, genome-wide association study; iPSC, induced pluripotent stem cell; MS,

multiple sclerosis.

Reproduced from Orack, J. C., et al., 2015. Concise review: modeling multiple sclerosis with stem cell biological

platforms: toward functional validation of cellular and molecular phenotypes in inflammation-induced neuro-

degeneration. Stem Cell. Transl. Med. 4, 252e260.



Additional experiments generated iPSCs from both stable and progressive MS
patients. They analyzed chronic exposure to low-dose interferon-gamma on the dif-
ferentiation of these cell lines into oligodendrocyte-lineage cells. IFNg, a prominent
cytokine in MS pathophysiology, possesses a unique ability to upregulate many in-
flammatory cytokines to augment an immune response. The work demonstrated that
sustained exposure to low-dose IFNg resulted in impaired differentiation, especially
in the preprogenitor stage, and redirection in lineage phenotype (Morales Pantoja
et al., 2020). iPSCs have also illustrated that variants in NF-kB correlate with
dysfunctional astrocyte response and increased inflammation (Ponath et al., 2018).
This work highlights the importance of iPSCs to help model MS and support or
refute current hypotheses surrounding disease pathogenesis.

Challenges in the field
Despite the progress made in modeling MS pathogenesis using iPSCs, researchers
still face several key challenges. First, while the utility of modeling the response
of nervous system cells to stressors has been discussed, the pathogenesis of MS is
complex and no genetic variants in neurons and oligodendrocytes have been identi-
fied. Second, it is unknown how many cell lines from how many patients are needed
to model biologically relevant MS phenotypes. We recently modeled microglia from
several patients with neurological diseases, including MS, and demonstrated that
patient-derived microglia-like cells harbor similar genetic susceptibility seen in
microglia (Ryan et al., 2017). In addition, the sources of these cell lines, as well
as genetically matched controls, are limited. It is currently unknown if donor selec-
tion for these cell lines will generate a strong phenotype in vitro. Individual donors
may have genetic variants rather than somatic mutations, which can affect modeling
the disease phenotype.

Another challenge involves obtaining cells needed to study the disease process in
MS. These cells include neurons, oligodendrocytes, and astrocytes from patients
affected by the disease. However, studying the disease process directly from human
tissue has several limitations. First, the extraction of brain cells via biopsy is invasive
and rarely justified. Second, certain neural cells, such as oligodendrocytes and neu-
rons, are postmitotic and require precursors. In contrast to diseases defined by spe-
cific, known somatic mutations, MS is characterized by multiple susceptibility genes
in immune cells and an interplay between cell-autonomous mechanisms in neural
cells and immune dysfunction.

Future Directions
Despite the challenges faced by MS researchers and clinicians, there is ongoing
research involving MS modeled with iPSCs. Critical unmet questions in the field
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include better understanding the etiology of neurodegeneration in MS, the subse-
quent lack of repair, overall disease progression, and exploring what aspects of
MS can be modeled in vitro. There is also a need to explore what aspects of MS
can be modeled and studied through iPSCs and continue to identify both opportu-
nities and limitations of iPSC modeling in MS. Several models of progression favor
a multihit pathological cascade that worsens with increasing relapses, neuroaxonal
dysfunction in normal-appearing white matter, and cortical lesions. In these events,
there is sustained activation of microglia and astrocytes, and persistence of CD8þ
T cells in lesions (Popescu et al., 2013).

Recently, three-dimensional (3D) models like cerebral organoids have been
introduced as models of human brain development. These cultures are nonvascular-
ized and face criticism; however, it is well known that mature neurons and oligoden-
drocytes can be generated in organoids. The utility of modeling demyelinating
diseases with 3D human cortical organoids derived from hiPSCs has been further
demonstrated by generating OPCs and mature oligodendrocytes from organoid
models. These models aim to capture the complex microenvironment, cellecell in-
teractions, and development of the CNS that cannot be recreated using two-
dimensional in vitro models (Madhavan et al., 2018; Marton et al., 2019).

Aside from modeling MS with iPSCs to better understand disease pathogenesis,
these models should also be used to identify potential therapeutic targets in MS.
While DMTs are available to patients with MS, disease progression is inevitable
without a cure. One avenue to accomplish this identification is by using stem cells
to model nervous system cells’ response to stressors contributing to MS pathogen-
esis and identify neuroprotective compounds. This principle was previously demon-
strated by finding that the centrally acting drug benztropine decreased a model of
MS disease severity by stimulating progenitor differentiation, which subsequently
resulted in increased remyelination and functional recovery (Deshmukh et al.,
2013). Next, cellular phenotypes need to be improved to identify therapeutic targets.
The phenotypes of synaptic plasticity, axonal growth, myelination, and the function
and gene expression of neurons, astrocytes, and OPCs have been previously defined
for various neurological conditions (Orack et al., 2015), but further work is needed
to determine the MS-related phenotypes in vitro that are predictive of clinical suc-
cess. Once the knowledge on cellular phenotypes in MS is improved, correlations
between these phenotypes and similar phenotypes in neurological diseases with
known genotypes can be made (Hollingsworth et al., 2017).

This work emphasizes the utility of patient-derived cells, like iPSCs, as powerful
tools to investigate mechanisms of neurodegeneration (Hollingsworth et al., 2017).
Compared to other neurological disorders, iPSCs are less frequently used to model
MS, perhaps due to the traditional emphasis of studying immunopathogenesis rather
than intrinsic neuronal and oligodendroglial mechanisms. As shown in recent
research, there is a straightforward utility in using reductionist models to dissect
the complexity of MS. It can be argued that these models may be more directly
applicable to finding elusive CNS cell-autonomous defects independent of neuronal
susceptibility in cortical MS lesions or oligodendrocyte heterogeneity in the human
brain.
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Conclusions
To advance efforts in understanding MS pathogenesis, new technologies to model
MS with patient-derived cells are being deployed. Human 3D culture techniques
are gaining traction for modeling unique aspects of the disease, as several labs are
generating mini-brain organoids with oligodendrocytes. Additionally, patient-
derived monocytes differentiated into microglia represent another robust modeling
tool, especially since they conserve the genetic susceptibility of native microglia
from MS. Advancing the treatments of MS, especially for progressive disease
courses, relies on finding new molecules that avoid progression in MS and will
require studying underlying mechanisms of disease pathogenesis within the CNS.
Past translational success depended on the identification of fundamental steps of
immunopathogenesis in T and B cells. Similar work is underway in investigating
repair and neurodegenerative mechanisms in MS and focuses chiefly on neurons, ol-
igodendrocytes, and endogenous stem cells. Combining emerging tools like organo-
ids and iPSCs with novel pathophysiologic ideas will improve our ability to
understand the basic principles of neurodegeneration and repair in MS to the extent
that it is impossible with animal models.
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Abstract
Chronic Mountain Sickness (CMS) was first described by Carlos Monge in 1925
and potentially threatens more than 100 million highlanders during extended living
at altitude above 2500 m. CMS is characterized by excessive erythrocytosis, severe
hypoxemia and many neurologic manifestations. CMS patients often suffer from
increased mortality and morbidity than others at high altitude due to the severe
polycythemia, pulmonary hypertension, congestive heart failure and stroke. There
are no ideal treatments available to prevent or cure CMS, except for phlebotomy
and descent. Since (a) CMS is believed to be a maladaptation to hypoxia and
(b) hypoxia is a common feature of many diseases at sea level including cardio-
vascular diseases and stroke, we believe that investigating the underlying mecha-
nisms of maladaptation to hypoxia in CMS subjects may lead us to a better
understanding of many hypoxia-related diseases as well. Over the past two decades,
CMS research has shifted from physiology to genetics with the development of new
technologies such as DNA and RNA sequencing. However, our understanding at the
cellular level remains largely unexplored due to the lack of human samples and
techniques. Induced pluripotent stem cell (iPSC) technology can overcome or
avoid some of the obstacles from animal studies. Since then, it has been used
by many laboratories to study a variety of human diseases including Sickle cell
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Disease, Alzheimer’s disease, Parkinson’s disease and many more. We have
recently applied this technology to CMS research. Combining iPSC technology and
CMS disease-in-dish model allow us to investigate the cellular and molecular
mechanisms of CMS pathobiology in vitro, which may ultimately shed light on
developing therapeutic strategies in CMS as well as other hypoxia-related disorders.
In this chapter, we focus primarily on trying to understand the pathophysiology and
biology of CMS using iPSC-differentiated red blood cells, neurons, and astrocytes.

Keywords: Astrocytes; Chronic mountain sickness; Electrophysiology; Erythrocytosis; Hypoxia;

Intracellular pH; Ionic homeostasis; iPSCs; Kir channel; Mitochondrial dysfunction; Naþ channel;

Neurons; Neuropathy; Red blood cells; SENP1.

Introduction
Chronic mountain sickness (CMS) was first described by Carlos Monge in 1925 and
is more common in Andeans (up to 15%e20%) than Tibetan and Ethiopian popula-
tions. This disease potentially threatens more than 100 million highlanders
during extended living at altitude above 2500 m (Monge, 1942, 1953; Monge and
Whittembury, 1976). CMS is characterized by excessive erythrocytosis, severe
hypoxemia, and many neurologic manifestations, and the severity of CMS is
assessed by CMS score (Leon-Velarde et al., 2005). CMS patients often suffer
from increased mortality and morbidity than others at high altitude due to the severe
polycythemia, pulmonary hypertension, congestive heart failure, and stroke. There
are no ideal treatments available to prevent or cure CMS, except for phlebotomy
and descent to lower altitudes (Richalet et al., 2005; Rivera-Ch et al., 2007,
2008). Therefore, CMS has been classified as one of the global public health con-
cerns (Leon-Velarde, 2003; Leon-Velarde et al., 2005; Villafuerte and Corante,
2016). Since (a) CMS is believed to be a maladaptation to hypoxia (Penaloza and
Arias-Stella, 2007) and (b) hypoxia is a common feature of many diseases at sea
level including cardiovascular diseases and stroke, we believe that investigating
the underlying mechanisms of maladaptation to hypoxia in CMS subjects may
lead us to a better understanding of many hypoxia-related diseases as well.

Over the past two decades, CMS research has shifted from physiology to genetics
with the development of new technologies such as DNA and RNA sequencing.
Through studies by our group as well as others, we believe that there is a genetic
basis for this disease, and the candidate genes found in these studies play an impor-
tant role in CMS pathology or hypoxia adaptation (Azad et al., 2016, 2017; Jha
et al., 2016; Perkins et al., 2012; Ronen et al., 2014; Stobdan et al., 2015, 2017;
Udpa et al., 2014; Zhao et al., 2015; Zhou and Haddad, 2013; Zhou et al., 2013).
However, our understanding at the cellular level remains largely unexplored due
to the lack of human samples and techniques. Although animal studies have
improved our understanding of CMS pathobiology to a certain degree, the limitation
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of using animals to study human diseases, especially in CMS projects, still exists.
Induced pluripotent stem cell (iPSC) technology, first introduced by Dr. Yamanaka
in 2007 (Takahashi et al., 2007, 2007b), can overcome or avoid some of the obstacles
from animal studies. Since then, it has been used by many laboratories to study a
variety of human diseases including sickle cell disease (Papapetrou, 2017), Alz-
heimer’s disease (Kondo et al., 2013), Parkinson’s disease (Hargus et al., 2010),
autism spectrum disorder (Russo et al., 2019), Rett syndrome (Marchetto et al.,
2010), long QT syndrome (Tiscornia et al., 2011), and many more.

We have recently applied this technology to CMS research. Combining iPSC
technology and CMS disease-in-dish model allows us to investigate the cellular
and molecular mechanisms of CMS pathobiology in vitro, which may ultimately
shed light on developing therapeutic strategies in CMS as well as other hypoxia-
related disorders. In this chapter, we focus primarily on trying to understand the
pathophysiology and biology of CMS. Our laboratory has differentiated iPSCs
derived from fibroblasts of CMS and non-CMS individuals into red blood cells, neu-
rons, and astrocytes, in order to provide insight into the mechanisms underlying
CMS disease (Fig. 3.1).

Induced pluripotent stem cellederived in-vitro erythroid
system to study hypoxia-induced excessive erythropoiesis
in chronic mountain sickness patients
Excessive erythropoiesis (EE) in the Andean population is one of the critical traits
of chronic mountain sickness (CMS). This excessive response has deleterious ef-
fects since a high hematocrit/hemoglobin increases blood viscosity and reduces
blood flow to hypoxia-sensitive organs (brain and heart), often resulting in myocar-
dial infarction and stroke in young adults (Villafuerte and Corante, 2016).
Although HIF1a and its target erythropoietin (EPO) are considered major regula-
tors of red blood cell (RBC) production, the role of EPO in EE is still inconclusive
(Dainiak et al., 1989; Leon-Velarde et al., 2000). In addition, genetic approaches
did not reveal evidence of association between candidate genes (e.g., EPOR,
HIF1a, PHD1/2/3) polymorphisms and severe polycythemia (Haase, 2013; Mejia
et al., 2005).

Genomic studies have yielded very valuable information (Azad et al., 2016,
2017; Stobdan et al., 2017; Zhou et al., 2013). For example, whole genome
sequencing studies done in our laboratory have discovered a nu mber of candidate
DNA selected regions containing genes that are differentially expressed in CMS
and non-CMS subjects (Stobdan et al., 2017; Zhou et al., 2013). Approximately
1000 genes are potentially involved in high altitude adaptation to hypoxia in
different human populations across the world (Azad et al., 2017). Many of these
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candidate genes belong to various networks that are predicted to regulate biological
processes and physiological functions during development. For example, interac-
tions between the candidate genes that were obtained by analyzing three high alti-
tude populations namely Andean, Ethiopian, and Tibetan highlander genomes
have suggested that there is coordination in functions between various organs/tis-
sues, such as the central nervous system, the hematological and the cardiovascular
systems (Azad et al., 2017). The study by Lorenzo et al. shows how a missense mu-
tation in the EGLN1 gene is functionally linked to erythropoiesis in the Tibetan pop-
ulation (Lorenzo et al., 2014). Similarly, our recent study by Azad et al. (Azad et al.,
2016) has built a model of EE from the Andean population using induced pluripotent

FIGURE 3.1 Modeling chronic mountain sickness (CMS) pathology-using induced pluripotent

stem cell (iPSC) technology.

Colored boxes indicate the most common symptoms of CMS. iPSC-derived red blood

cells, neurons, and astrocytes are the main focus of this chapter. The ultimate goal of

disease-in-a-dish modeling is to reveal novel drug targets and develop therapeutic

strategies.
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stem cell (iPSCs). The differentiation of these iPS cells into RBC under normoxia
and hypoxia allowed us to “replicate the EE phenotype in the dish” using cells
derived from CMS and non-CMS subjects (Fig. 3.2). Interestingly, under hypoxia
at the same stage, CMS cells showed a much higher level of CD235a (40%e80%)
as compared to non-CMS as well as the normoxia group (Azad et al., 2016).
Fig. 3.2 shows a substantial difference among the different groups in their response
to hypoxia. Fig. 3.2 also shows the differential sensitivity of the three populations
to graded hypoxia, with a large sensitivity to hypoxia in cells from CMS subjects.
CMS cells also produced a significantly higher number of burst-forming units as
compared to non-CMS (Azad et al., 2016), suggesting that the erythroid progenitors
in the CMS subjects have a higher proliferative potential than the non-CMS subjects.
Furthermore, we observed that, while all groups had similar rates of erythroid produc-
tion in normoxia, CMS cells produced a higher proportion of erythroid cells, matured
faster and proliferated more under hypoxia (Azad et al., 2016). We have functionally
linked certain genes from our genomic studies (such as SENP1, a deSUMOylase),
to the extreme erythrocytosis. In order to determine the role of SENP1 in the polycy-
themic response to hypoxia in CMS iPS cells, we tested whether SENP1 shRNA di-
minishes the exuberant response to hypoxia in CMS cells. In spite of the fact that we
investigated the role of only SENP1, the reduction in the number of RBCs was dra-
matic (Azad et al., 2016). This iPSC technology has a tremendous potential to help
us understand the mechanistic basis of disease. In addition, we were able to recently
confirm our findings in iPSCs using native CD34þ cells from the CMS and non-CMS
Andean subjects (Azad et al., 2016; Bermudez et al., 2020). Both native CD34þ and
iPS cell systems provide different advantages: (a) CD34þ cells provide a better
approximation of the inherent capability of native hematopoietic stem cells;
(b) iPSCs provide unlimited material for our investigation to understand further
mechanisms.

Induced pluripotent stem cell-derived neural cells to study
neuropathology in chronic mountain sickness
Besides excessive erythrocytosis, CMS patients also experience many neurological
symptoms including headache, dizziness, tinnitus, sleep disturbance, and cognitive
impairment (Villafuerte and Corante, 2016). Recently, Bao et al. reported that CMS
patients have a blunted cerebral blood flow and exaggerated systemic oxidative-
inflammatory stress with impaired cognition (Bailey et al., 2019; Bao et al.,
2017). Reduced cerebral blood flow is correlated with increasing severity of CMS
scores (Bao et al., 2017). Our laboratory has generated iPSCs from skin biopsies
of non-CMS and CMS individuals, respectively (Zhao et al., 2015) and differenti-
ated these into frontal cortex neurons to study the potential differences between
CMS and non-CMS subjects. We were able to generate iPSCs, neuronal progenitor
cells (NPCs), and neurons from both groups without apparent difference. The cells
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FIGURE 3.2 Erythropoietic response of sea level, non-chronic mountain sickness (CMS), and

CMS cells under hypoxia: an exaggerated erythropoietic response in CMS samples.

(A) Cells were cultured as detailed in Azad et al. (2016) and flow cytometric analysis was

performed at the EB stage at day 28 to assess the erythropoietic response as measured by

CD235a (Glycophorin A) as a marker. The representative FACS plots of sea level, non-

CMS and CMS in normoxia (left) and in hypoxia (the right). The dot plot represents the live

cells as gated through propidium iodide (PI). CD235aþ cells are shown in red (gray in

print version) along the y-axis and CD235a� cells are shown in blue (dark gray in print

version). The % in each figure represents the relative proportion of CD235a cells. There

are drastic differences between CMS (bottom left) versus the non-CMS (middle) and sea

level (top) samples under hypoxia. (B) The figure shows the hypoxic response of CMS
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obtained from both populations had a similar morphology at all stages and a similar
percentage of neural subtypes (Fig. 3.3AeH), suggesting that cells obtained from
both groups have a similar reprogramming and differentiation ability in normoxia.

Global hypoxia is well known to lead to mitochondrial ultrastructural changes
(Biswal et al., 2016), and mitochondria play an important role in hypoxia tolerance
or adaptation in mammals (Chitra and Boopathy, 2014; Li et al., 2016; Perkins et al.,
2012). Interestingly, CMS neurons exhibit altered mitochondrial morphology
including a decreased mitochondrial volume density, length with less cristae mem-
brane surface area (Fig. 3.3IeJ). OPA1 is a mitochondrial fusion gene and plays
an important role in mitochondrial biogenesis, cristae remodeling, and cell death.
Under physiological conditions, a similar amount of long- and short-form OPA1
(L-OPA1 and S-OPA1, respectively) are formed (Wai and Langer, 2016), with
L-OPA1 promoting fusion and S-OPA1 promoting fission. Under oxygen and
glucose deprivation or hypoxia/ischemia, the loss of L-OPA1 and accumulation of
S-OPA1 lead to the loss of cristae structures and mitochondrial fragmentation, which
disturbs oxidative phosphorylation, reduces ATP production, and predisposes to
excitotoxicity and cell death (Barbour and Turner, 2014; Baricault et al., 2007;
Brooks et al., 2011; Duvezin-Caubet et al., 2006; Merkwirth et al., 2008; Song
et al., 2007). We found a significantly increased S-OPA1 accumulation in CMS neu-
rons (Fig. 3.3K) with decreased ATP levels, indicating an increased fission and en-
ergy disruption in CMS neurons. This is the first observation in CMS that would
suggest a bioenergetic basis for their disease.

Even though CMS subjects exhibit abnormalities such as mitochondrial frag-
mentation and a decreased ATP level, there is no increased cell death observed in
CMS neurons under normoxic conditions. In fact, CMS patients manifest the
pathological phenotype only at high altitude but cease to have major symptoms after
descent to low altitude. This observation led us to speculate that hypoxia is the major
environmental factor that may uncover the predisposition in CMS patients to a bio-
energetic disturbance and disease. With hypoxia exposure, we observed an increased

=
patients, non-CMS and sea level control subjects as measured by the relative proportion of

CD235a after three weeks hypoxia (5% O2). There is a remarkable significant difference

between sea level, non-CMS and CMS under hypoxia. *** represents P < .001. (C) The

figure depicts the interclonal variability among the subjects. Multiple clones were tested for

CMS, non-CMS, and sea level subjects. The y-axis represents the relative proportion of

CD235a under hypoxia for different clones. (D) The graph shows the dose response to

various (1%, 10%, 5%, and 1.5%) O2 levels (as measured by proportion of CD235a-y-axis) in

CMS, sea level, and non-CMS cells. CMS cells show an exaggerated response under hypoxia.

Azad, P., Zhao, H. W., Cabrales, P. J., Ronen, R., Zhou, D., Poulsen, O., et al., 2016. Senp1 drives hypoxia-

induced polycythemia via GATA1 and Bcl-xL in subjects with Monge’s disease. J. Exp. Med. 213 (12),

2729e2744. https://doi.org/10.1084/jem.20151920 ©2016 Azad et al. originally published in JEM.
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FIGURE 3.3 Altered mitochondrial function in induced pluripotent stem cell (iPSC)-derived

chronic mountain sickness (CMS) neurons.

Generation of iPSC-derived neurons through (A) fibroblasts, (B) iPSCs,

(C) rosette-containing neuronal progenitor cells, and (D) differentiated two-dimensional

neurons. (EeH) Representative images of iPSCs-derived neurons expressing

glutamatergic neuronal markers including MAP2 and VGLUT1, Scale bar ¼ 50 mm.

Representative (I) transmission electron microscope images and (J) fluorescence images

of mitochondria labeled with MitoTracker Green FM from non-CMS and CMS subjects.

The scale bar is 250 nm and 10 mm, respectively. (K) A representative blot of OPA1

expression in non-CMS and CMS neurons. (L) A representative blot of OPA1 expression in

CMS and mCMS-OPA1 neurons. (M) Survival curve of mCMS-OPA1 neurons as

compared to non-CMS and CMS neurons after 1.5% O2 treatment for four days.

** indicates P < .01, *** indicates P < .001 as compared to non-CMS; # indicates

P < .05, ## indicates P < .01 as compared to CMS neurons.

Reprinted from Zhao, H. W., Gu, X. Q., Chailangkarn, T., Perkins, G., Callacondo, D., Appenzeller, O., et al.,

2015. Altered iPSC-derived neurons’ sodium channel properties in subjects with Monge’s disease. Neuroscience

288, 187e199. https://doi.org/10.1016/j.neuroscience.2014.12.039, Copyright (2015), with permission

from Elsevier. Zhao, H.W., Perkins, G., Yao, H., Callacondo, D., Appenzeller, O., Ellisman, E., La Spada, A.R.,

Haddad, G.G., 2018. Mitochondrial dysfunction in iPSC-derived neurons of subjects with chronic mountain

sickness. J. Appl. Physiol. (1985) 125(3):832e840. https://doi.org/10.1152/japplphysiol.00689.2017,

Copyright (2018), Zhao et al. originally published in JAP.
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LDH release and caspase 3 activation in CMS neurons. The increased susceptibility
to hypoxic stress can be attenuated by OPA1 manipulation. By transfecting CMS
neurons with retroviral pMSCVeOPA1 construct that increases L-OPA1 and the
balance between L- and S-OPA1 (L-/S-OPA1 ratio), we found that the modified
CMS-OPA1 (mCMS-OPA1) neurons have an increased ATP level, a decreased
LDH release and caspase 3 activation than CMS cells without modification under
hypoxia (Fig. 3.3LeM). These findings, for the first time, confirm that CMS neurons
have altered mitochondrial dynamic and function at the cellular level. Even though
the abnormalities in mitochondria do not result in significant cell death in CMS neu-
rons, they render CMS neurons more susceptible to hypoxia.

Induced pluripotent stem cellederived neural cells to study
ionic homeostasis in chronic mountain sickness
The abnormal mitochondria morphology and decreased ATP level in CMS neurons
suggest that mechanisms relying on the ATP level could be affected accordingly.
ATP concentration is critical for the maintenance of ion homeostasis. Indeed, ma-
chinery such as ionic transporters and ion channels that maintain the ionic homeo-
stasis in neural cells could be altered and potentially lead to cerebral edema in CMS
patients (Bao et al., 2019; Bao et al., 2017).

Disturbances of ionic homeostasis in the brain can lead to many pathological
conditions. The underlying mechanisms are related to major membrane proteins
such as ion transporters and ion channels. Impairment of acid base transporters
can cause the deregulation of intracellular pH (pHi) in neural cells and disturb ionic
homeostasis in the brain, such as under hypoxia (Yao et al., 2001; Yao et al., 2003).
The availability of human (normal or diseased) neurons and astrocytes derived from
iPSCs provides tremendous opportunity for researchers to delineate the role of
acid-base transporters in human brain hypoxia-related disorders such as CMS.
High altitude residents have increased pHi in their brain cells, perhaps to help
facilitate glycolysis, DNA synthesis, and cell cycle progression. Indeed, high alti-
tude natives in Andes show acidic cerebral spinal fluid which is indicative of acidic
extracellular pH in the brain of highlanders (Sorensen and Milledge, 1971). It is
tempting to speculate that certain mechanisms promote acid extrusion in brain cells
resulting in increased pHi but decreased extracellular pH in Andean high altitude
natives. To understand the mechanisms underlying this pHi alteration in highlanders,
we reprogrammed fibroblast obtained from CMS patients or non-CMS individuals of
Andes and differentiated into astrocytes as shown in Fig. 3.4AeD. Using BCECF
fluorescent dye, we investigated the pHi regulation in these astrocytes. The results
showed that both CMS and non-CMS highlanders have alkalized pHi but CMS
did not elevate their pHi to the level as non-CMS did which could be a sign of mal-
adaptation of brain pHi regulation in CMS patients (Fig. 3.4E and F) (Yao et al.,
2018). Further investigation revealed that sodium-hydrogen exchanger (NHE) is
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FIGURE 3.4 Generation of astrocytes from human Induced pluripotent stem cells (iPSCs) and

its application in the study of steady state pHi in chronic mountain sickness (CMS)

patients.

(AeC), iPSCs reprogrammed from a healthy subject were differentiated into neuronal

progenitor cells and further into astrocytes. (D), Calcium waves recorded from the iPSC-

derived astrocytes. Labels on the top left of each image denote the time after the

mechanical stimulation on the first cell in the red circle. (E), Distribution of steady-state

pHi in astrocytes derived from sea level, non-CMS, and CMS individuals (bin width: 0.033

pH unit). (F), Comparisons of steady-state pHi among astrocytes obtained from sea level,

non-CMS and CMS groups. *: P < .05, **: P < .01 between each comparison.

Reprinted from Yao, H., Azad, P., Zhao, H. W., Wang, J., Poulsen, O., Freitas, B. C., et al., 2016. The Naþ/

HCO3� co-transporter is protective during ischemia in astrocytes. Neuroscience https://doi.org/10.1016/j.

neuroscience.2016.09.050, Copyright (2016), with permission from Elsevier. Reprinted from Yao, H., Zhao, H.,

Wang, J., Haddad, G. G., 2018. Intracellular pH regulation in iPSCs-derived astrocytes from subjects with

chronic mountain sickness. Neuroscience 375, 25e33. https://doi.org/10.1016/j.neuroscience.2018.02.008,

Copyright (2018), with permission from Elsevier.
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more active following acid loading in highlanders than in sea level controls which
explained the increased steady-state pHi in brain cells of highlanders. Nevertheless,
compared with non-CMS astrocytes, CMS cells have lowered pHi, most likely due
to an enhanced acid loader activity, such as Naþ-dependent Cl�HCO3

� exchanger.
Indeed, hypoxia not only activates NHE but also HCO3

�-dependent acid loaders
when CO2/HCO3

� is available in the in vitro hypoxia environment (Yao et al.,
2003). Further efforts may focus on understanding how the acid loaders in astrocytes
contribute to the brain pHi deregulation in CMS patients.

Another function of acid base transporters is to maintain ionic homeostasis in the
nervous system. In order to move Hþ into/out of a cell, acid-base transporters simul-
taneously transport other ions, such as Naþ, Ca2þ, Cl�, etc., which makes acid-base
transporters an important contributor in many pathophysiological conditions, espe-
cially during hypoxia and ischemia (Bevensee and Boron, 2008; Yao and Haddad,
2004). Hence, malfunction of acid-base transporters can lead to impairment of brain
tissue in CMS patients. Magnetic resonance imaging studies have shown that
ischemic foci and edema occur in the CMS patients (Bao et al., 2017, 2019), sug-
gesting that the high viscosity blood in CMS causes sporadic ischemic infarct in
the brain. Using iPSC-derived astrocytes and an ischemic solution that simulates
the ischemic infarct rim environment (Yao et al., 2007a, 2007b), we identified
enhanced expression of NBCe1 mRNA and protein in human astrocytes under the
ischemic condition. Functional studies demonstrated that ischemic solution (IS)-
enhanced NBCe1 activities and the inhibition of NBCe1 with its selective blockers
S0859 exacerbated the IS-induced astrocytes death, suggesting a significant protec-
tive role of NBCe1 in brain ischemia or CMS patients (Yao et al., 2016). Therefore,
the impairment of NBCe1 function in the astrocytes during ischemia in highlanders,
such as CMS, could lead to the formation of infarct (brain cell death).

Ion channels are another major class of membrane proteins that play critical roles
in neural functions. The major neurologic symptoms like headache and migraine
that CMS patients have can be caused by or associated with the abnormal electro-
physiological functions in the brain. However, understanding the role of electro-
physiology in CMS pathophysiology can be challenging due to the complexity of
neurological symptoms and the absence of appropriate disease models for CMS.
The iPSC model provides us a unique opportunity to study the electrophysiological
functions in neural cells derived from CMS patients or non-CMS individuals. We
performed whole-cell patch-clamp recordings to compare the neuronal properties
between multiple CMS and non-CMS subjects (Zhao et al., 2015). Our results
show that CMS neurons were less excitable than non-CMS neurons. The lowered
neuronal excitability was caused by the decreased current densities of voltage-
gated Naþ channels and the depolarizing shift of the channel activation, while the
passive neuronal properties such as the cell capacitance and resting membrane
potential were not significantly changed in CMS subjects (Zhao et al., 2015). West-
ern blot also confirmed that the altered electrical function of Naþ channels is due to
the decreased protein expression of the channels in the CMS neurons. In a more
recent study, we showed that there was a reduction in the current densities of the
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inwardly rectifying potassium (Kir) channels in CMS astrocytes as compared to non-
CMS (Wu et al., 2018). The lowered Kir current densities are caused by the change
of total number of Kir4.1 and Kir2.3 channels whereas single channel properties of
Kir channels were not altered. iPSC-derived CMS astrocytes exhibited weakened
Kþ uptake ability due to the downregulated activity of glial Kir channels (Chever
et al., 2010; Djukic et al., 2007; Neusch et al., 2006; Wu et al., 2018). For the first
time, these studies provide evidence of dysfunctions of ion channels and neuronal
excitability in CMS neurons and astrocytes, indicating that CMS disease can man-
ifest with changes in neural function at molecular and cellular level.

Despite successful application of a two-dimensional (2D) culture system for
studying CMS, this approach has major limitations for modeling complex neurolog-
ical disorders. The 2D iPSC model has limited cell-to-cell interactions and does not
resemble the development and microstructure of the human brain in complex three-
dimensional (3D) fashion. Recent advances in generating cerebral organoids allow a
closer simulation of human cerebral cortex using the iPSC-derived, self-organized
3D human brain organoid (Lancaster and Knoblich, 2014; Pasca et al., 2015).
Compared with the 2D culture system, the 3D cerebral organoids technology can
closely simulate the key endogenous neurodevelopmental events with a cytoarchi-
tecture that resembles the developing human brain (Pasca, 2018). The 3D human ce-
rebral organoids recapitulate the trajectory of human brain development and
maturation which are difficult to accomplish in other species. Indeed, using human
3D organoid model of hypoxic brain injury of prematurity, Pasca et al. identified
specific defects in intermediate neural progenitor cells, a cortical cell type associated
with the expansion of the human cerebral cortex, and showed that the impairment of
neural progenitor cells are related to the unfolded protein response and changes. This
finding was further validated using postmortem human brain tissue (Pasca et al.,
2019). In addition, using a similar strategy, Daviaud, H et al. demonstrated that tran-
sient hypoxic injury resulted in immediate and prolonged apoptosis, with outer
radial glial progenitors and neuroblasts/immature neurons suffering larger losses
(Daviaud et al., 2019). In addition, recent studies have shown that brain organoids
have a transcriptome profile that is close to that in the early human brain (Camp
et al., 2015; Nascimento et al., 2019; Pasca et al., 2015; Trujillo et al., 2019). There-
fore, iPSC-derived brain organoids represent an optimized approach for modeling
neurological disorders such as CMS. The establishment of in vitro human iPSC-
derived 3D neural cell culture systems not only helped our investigation of CMS
but also many other hypoxia-related disorders, such as neonatal hypoxia injury.

The application of human iPSC-derived neural cells in disease modeling opened
a new era for researchers to probe human diseaseebased studies. Since both 2D and
3D cultures of iPSC-derived neural cells demonstrated reliable functional and
morphological properties similar to human neurons and astrocytes, comparisons
of neural cells between control and patients will significantly advance our knowl-
edge about etiology and pathophysiology of specific diseases such as CMS and
hold promise for developing new therapeutic strategies.
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Summary and future directions
Since its initial description in 1925, CMS has threatened over 100 million high-
landers living at or above 2500 m worldwide. Consequently, efforts to understand
this disease have become increasingly crucial. To date, the advent of new sequencing
technologies has bolstered our understanding of the genetics of hypoxia tolerance
and high altitude adaptation in humans and animal models. However, the complexity
of this disease (i.e., its differential effect on different tissues and cell types) and the
limited availability of human native tissue have made investigations at cellular and
molecular levels challenging.

In recent years, we have pioneered the use of iPSC technology to examine the
pathogenesis of CMS in various affected cell types. Since iPSCs are derived from
subjects’ somatic cells (i.e., peripheral blood mononuclear cells, fibroblasts), their
use enables the examination of disease phenotypes in the context of patient genetic
backgrounds. Our lab has focused on deriving and studying RBCs, neurons, and as-
trocytes, because the cardiovascular and nervous systems have proved particularly
susceptible to hypoxia in CMS patients (Fig. 3.1). As a proof of concept, iPSC-
derived RBCs from CMS patients exhibited a striking erythropoietic response to
hypoxia in vitro (Fig. 3.2), demonstrating that subject- and tissue-specific iPSC-
derived cells can help unravel the cellular and molecular basis of CMS. Individuals
with CMS are also afflicted by pulmonary hypertension and systemic vascular
dysfunction, which can be exacerbated by hypoxemia, hyperviscosity, and/or
elevated hemoglobin. In such cases, patient-specific iPSCs can be used to derive
endothelial cells in vitro in order to examine the origins of vascular differences be-
tween CMS and non-CMS. Peripheral neuropathies in CMS patients, such as mild
demyelination (seen in burning feet-burning hand syndromes) (Thomas et al.,
2000) and paresthesia, can also be studied by deriving sensory neurons from iPSCs
(Guimaraes et al., 2018). IPSC-derived microglia allow us to further investigate the
chronic inflammation that occurs due to increased systemic oxidative-inflammatory-
nitrosative stress (Muffat et al., 2016). The accelerated rate of iPSC technology
development will broaden potential avenues for the exploration of CMS.

Although we have investigated various affected cell types separately in vitro, our
data demonstrate that CMS is a systemic disorder that affects multiple organ systems
simultaneously. An important conclusion from these studies is that it is important not
only to understand the symptoms of Monge’s disease but also the maladaptive mech-
anisms that give rise to it and the adaptations that promote survival in non-CMS in-
dividuals. Such knowledge could inform remedies for the maladaptive responses to
hypoxia in CMS afflicted individuals.

There are currently no treatments or therapies for CMS. Given its advantages,
however, iPSC technology will support the translation of in vitro findings into

Summary and future directions 57



potential treatments for symptoms of CMS. There are a number of available drugs
that target gene products reported by studies of high-altitude adaptation. For
example, PPAR (alpha), EDNRB, EPAS1, and EGLN1, among others, can be tar-
geted by existing drugs or compounds (Ronen et al., 2014). The consistent improve-
ment of gene editing technologies like CRISPR enable target manipulation in vitro,
not only confirming which genes or pathways are necessary for CMS pathology but
also examining if the disease phenotypes can be rescued. New drugs that target path-
ways or gene products are crucial for CMS pathology can then be screened in
patient-specific iPSC-derived cell cultures. Drugs or drug targets identified in the
study of CMS may also be applicable for addressing the progression of other
hypoxia-related diseases. Overall, iPSC technology offers an unprecedented oppor-
tunity to delve deeper into the cellular and molecular foundations of CMS and to
explore novel avenues for treatment.
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Abstract
Germline mutations in genes that reside along the canonical RAS-mitogen-activated
protein kinase (MAPK) signaling pathway lead to disorders known as RASopathies,
rare autosomal dominant diseases that include Noonan syndrome (NS), Noonan
Syndrome with Multiple Lentigines (NSMLs), and Costello Syndrome (CS). Clinical
presentation of these disorders is similar, systemically affecting multiple tissues and
organs including the heart and brain, yet distinct. However, while differential acti-
vation of RAS-MAPK and RAS-PI3K-AKT signaling has been attributed to the
cause of NS, NSML, and CS, the nuances for how each of these pathways elicits
distinct disease characteristics remains unclear. To begin to address these concerns
and to elucidate the mechanisms of these disorders, animal model systems have been
generated and utilized. However, these nonhuman model systems do not always
effectively translate to human disease function and/or therapeutic efficacy in pa-
tients. To circumvent these issues, inducible pluripotent stem cells (iPSCs) along
with clustered regularly interspaced short palindromic repeats associated protein 9
genome editing technology has recently been developed to study disease mecha-
nisms associated with RASopathies. Here, we will discuss the current iPSC-related
research as it pertains to NS, NSML, and CS, with particular focus on how this
technology has advanced our understanding of RASopathies and the cardiac and
neurodevelopmental defects associated with mutations in patients.

Keywords: AKT/mTOR; Cardiomyocytes; Costello Syndrome; CRISPR-Cas; Disease modeling;

HRAS; iPSCs; Noonan syndrome; Noonan Syndrome with Multiple Lentigines; PTPN11/SHP2;

RAF1; RAS-MAPK; RAS-PI3K-AKT; RASopathy; Stem cell technology.

Glossary of terms
ADHD Attention deficit hyperactivity disorder
AKT Protein Kinase B
ASD Atrial septal defects
B-ALL B-cell Acute Lymphoblastic Leukemia
BIX02189 Selective MEK5 and ERK5 inhibitor
BRAF B-Raf Proto-Oncogene, Serine/Threonine Kinase
CBL Casitas b-lineage lymphoma, Proto-Oncogene
CBL0137 Metabolically stable curaxin that activates p53, inhibits NF-kB, function-

ally inactivates the facilitates chromatin transcription complex (FACT)
CHD Congenital heart disease
CMs Cardiomyocytes
CRSIPR-Cas9 Clustered regularly interspaced short palindromic repeats associated pro-

tein 9
CS Costello Syndrome

66 CHAPTER 4 Induced pluripotent stem cells



DORV Double-outlet right ventricle
EC Endocardial cushion
EMT Epithelial to mesenchymal transition
ERK Extracellular regulated kinase
FACS Fluorescence-activated cell sorting
FAK Focal adhesion kinase
FGF Fibroblast growth factor
FGF4 Fibroblast growth factor 4
Gab1 GRB2 Associated Binding Protein 1
GAPs GTPase activating proteins
GDP Guanosine-50-diphosphate
GEFs Guanine nucleotide exchange factors
GM-CSF Granulocyte-macrophage colony-stimulating factor
GOF Gain-of-function
GSK-3b Glycogen synthase kinase 3 beta
GTP Guanosine-50-triphosphate
GTPase Guanosine triphosphate hydrolase
HCM Hypertrophic cardiomyopathy
HRAS Harvey rat sarcoma viral oncogene homolog, Proto-Oncogene, GTPase
iPSCs inducible pluripotent stem cells
IRS-1 Insulin receptor substrate 1
JAK/STAT The Janus kinase (JAK)-signal transducer and activator of transcription

(STAT)
JMML Juvenile Myelomonocytic Leukemia
JQ1 Thienotriazolodiazepine and a potent inhibitor of the BET family of bromo-

domain proteins
KRAS Kirsten Rat Sarcoma Viral Oncogene Homolog, Proto-Oncogene, GTPase
LOF Loss-of-Function
LZTR1 Leucine Zipper Like Transcription Regulator 1
MAPK Mitogen-activated protein kinase
MEK MAPK Kinase
miRs Mirco-RNAs
MPD Myeloproliferative disorder
MRAS Muscle RAS oncogene homolog and R-RAS3
mTOR The mammalian target of rapamycin
MYC MYC Proto-Oncogene, BHLH Transcription Factor
NASEM National Academies of Sciences, Engineering, and Medicine
NF-kB Nuclear factor-kB
NFATc4 Nuclear Factor Of Activated T Cells 4
NPPA Natriuretic Peptide A
NRAS Neuroblastoma RAS Viral Oncogene Homolog, Proto-Oncogene, GTPase
NS Noonan syndrome
NS-LAH NS with loose anagen hair
NS/JMML NS-associated JMML
NSML Noonan Syndrome with Multiple Lentigines
p90RSK p90 ribosomal s6 kinase
PAM Proto-spacer adjacent motif
PD98059 Non-ATP competitive MEK inhibitor
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PI3Ks Phosphoinositide 3-kinases
PPP1CB Protein Phosphatase 1 Catalytic Subunit Beta
PTP Protein tyrosine phosphatase
PTPN11 Protein tyrosine phosphatase nonereceptor type 11 gene
PVS Pulmonary valve stenosis
pY Phosphotyrosyl
Pyr3 Transient receptor potential channel 3 (TRPC3) inhibitor
RAF1 Raf-1 Proto-Oncogene, Serine/Threonine Kinase
RIT1 Ras Like Without CAAX 1
RRAS RAS related
RTKs Receptor tyrosine kinases
scRNAseq Single cell RNAseq
SHOC2 SHOC2 Leucine Rich Repeat Scaffold Protein
SHP2 Src homology region 2 (SH2)-containing protein tyrosine phosphatase 2
siRNA Small interfering RNA
SNAI2 Snail Family Transcriptional Repressor 2
SOS Son of sevenless, Ras/Rac Guanine Nucleotide Exchange Factor
TGF-b Transforming growth factor beta
TP53 Tumor protein p53, also known as p53
TSC2 Tuberous sclerosis complex
U0126 Selective inhibitor of MAP kinase kinases, MEK1 and MEK2
VSD Ventricular septal defects
Wnt3a Wnt Family Member 3A

Preface
The causal mechanisms and potential treatment options available for patients with
congenital disorders remain largely unknown, principally because of technological
limitations and unclear determinations for best practices in therapeutic approaches
for treating these patients. Now, human inducible pluripotent stem cells (iPSCs) pro-
vide hope for these patients and their families. Together with the development of
clustered regularly interspaced short palindromic repeats associated protein 9
(CRISPR-Cas9) genome editing technology, iPSCs may not only facilitate identifi-
cation of novel genes underlying human disorders, but could also provide an
increased understanding of disease etiologies to facilitate novel, more effective,
therapeutic interventions. Here, we will review the use of this novel technology as
it pertains to RASopathy disorders, a group of autosomal-dominant developmental
disorders that affect genes that reside along the canonical RAS-mitogen-activated
protein kinase (MAPK) signaling pathway (hereby referred to as RAS-MAPK). Spe-
cifically, we will discuss the progress made using iPSCs and CRISPR-Cas9 in eval-
uating Noonan syndrome (NS), Noonan Syndrome with Multiple Lentigines
(NSMLs; formerly LEOPARD syndrome), and Costello Syndrome (CS). We will
also discuss current applications, limitations, and future directions for modeling
RASopathies using iPSC technology.
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Induced pluripotent stem cells and CRISPR-Cas9
First generated by now Nobel laureate Shinya Yamanaka in 2006, iPSCs are derived
from somatic cells that are genetically reprogrammed to an embryonic stem celle
like state through forced expression of genes and factors needed to maintain plurip-
otency (Takahashi and Yamanaka, 2006). Once in culture, iPSCs can then be redif-
ferentiated into various cell types using a unique cocktail of growth factors specific
for that cell lineage. The emergence of this new technology has allowed many lab-
oratories, including our own, to generate patient-derived iPSCs to study the genetic
basis of disease pathogenesis more effectively (Dimos et al., 2008; Higgins et al.,
2019; Jaffre et al., 2019; Mulero-Navarro et al., 2015; Park et al., 2008; Sakai
et al., 2018). Moreover, iPSC technology offers several advantages over other pre-
viously generated model systems. For example, although animal studies remain
indisputably valuable in understanding the role of genetic defects, they are often
not translatable to human disease. In addition, patient-specific iPSCs provide re-
searchers the opportunity to delineate the effects of genetic alterations on specific
cell types, to provide more functional, mechanistic, and therapeutic data for a partic-
ular disease of interest. Finally, iPSCs are an ideal model system for assessing ther-
apeutic drug potency, efficacy, and specificity, without worrying about in vivo
cytotoxic or off-target effects. For example, differentiating iPSCs from a patient’s
own cells to generate a cell type and patient-specific disease model can allow for
low- or high-throughput pharmacological screening to identify the most suitable
candidate drugs for treating, reversing, or curing a particular disease. This personal-
ized medicine approach can also be more broadly applied to additional patients with
the same genetic mutations, the molecular basis of which can be extrapolated and
generally applied (Fig. 4.1).

In addition to the generation and differentiation of iPSCs, genome editing using
CRIPSR-Cas9 has further revolutionized iPSC capabilities, allowing for both direct
and indirect comparative understandings of specific genetic diseaseecausing muta-
tions. This technology has the capability to alter the genomic sequence within iPSCs,
to either create an isogenic control line from a patient’s own iPSCs or to induce a
disease-causing genetic mutation in the background of normal iPSCs, without
needing to obtain the sample directly from the patient. Indeed, the greatest challenge
for iPSC studies previously was in finding the most “appropriate” control for patient
cells. Researchers needed to account for a patient’s unique genetic background.
They tried to do this by including several “normal” control subjects with the same
gender, age, and ethnicity as the patient, but allelic variance and potential confound-
ing contributions from genetic modifiers could not be excluded. Now, CRISPR-Cas9
technology directly modifies a patient’s own genetic sequence to “correct” muta-
tions, creating an isogenic control iPSC line, to determine the necessity and suffi-
ciency of that mutation in causing a particular disease or phenotype. Conversely,
when cells from patients with a particular genetic mutation are more difficult to
obtain, or to ascertain the disease-causing capacity and potency of a specific muta-
tion, researchers use CRISPR-Cas9 to “induce” a mutation in the background of a
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normal (control) iPSC line (Fig. 4.1). In this regard, when compared to patient-
derived iPSC lines, introducing mutations in the context of a normal background
can also delineate potential contributions from genetic modifiers and allelic variants
to a particular disease, including effects associated with gene dosage, disease pene-
trance, and phenotypic expressivity.

However, like all new technologies, limitations for iPSCs and CRISPR-Cas9 also
exist. For example, an important limitation of iPSC-derived differentiated cells,
particularly as it pertains to cardiomyocytes (CMs) or neurons, is that the cells
remain in a fairly immature state, with embryonic or fetal-like electrophysiological,

FIGURE 4.1 Overview of the use of iPSC technology for modeling Noonan syndrome (NS),

Noonan Syndrome with Multiple Lentigines (NSML), and Costello Syndrome (CS).

RASopathies are developmental disorders affecting several major organ systems listed on

the left. Primary cells from a patient or a healthy control can be used to reprogram somatic

cells through the introduction of Yamanaka factors (L-MYC, OCT3/4-KLF4, SOX2, and

LIN28), generating embryonic pluripotent stem-like cells termed inducible pluripotent

stem cells (iPSCs). Gene editing of human iPSCs using clustered regularly interspaced

short palindromic repeats (CRISPR)-Cas9 can also be used to correct genetic defects in

diseased patient-derived iPSCs or introduce specific mutations in the background of

normal patient-derived iPSCs. Using a variety of growth factors to stimulate these iPSCs,

cells can be differentiated into any cell type for further analysis using either a monolayer

(for a single cell type) or a co-culture cell system (for 2 or more cell types). To mimic in-

vivo physiology, more advanced two-dimensional (2D) or three-dimensional (3D) organoid

and organ-on-a-chip technologies can be used for disease modeling. As a tool, iPSCs

can provide a valuable platform for basic molecular and functional studies, precision

therapy and future drug development, screening and validation. PAM, proto-spacer

adjacent motif.
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calcium-handling, and/or metabolic signatures (Keung et al., 2014; Robertson et al.,
2013). Therefore, while studying congenital or developmental disorders may be
highly useful using this model system, studying adult disease physiology can be
limiting, difficult, or even not possible in some lineages.

In the context of RASopathies, these technologies provide greater opportunities
for understanding the precise mechanisms underlying congenital disease, particu-
larly those associated with NS, NSML, and CS. Because there are currently no
bona fide therapies for relieving the syndromic features associated with RASopa-
thies, iPSCs may also help define new therapeutic targets and/or identify novel treat-
ments for these patients. Finally, these technologies may demonstrate feasibility for
potential future in utero genome editing strategies, although there are, of course,
ethical considerations and boundary limitations that need to be, and have not yet
been, carefully considered for this potential treatment approach. Here, we will
discuss the research associated with RASopathies and iPSCs, and how it particularly
pertains to the role of cardiac and neurodevelopmental diseases in these patients, as
well as define the future directions of this technology in the study of rare diseases
such as RASopathies.

RASopathies and signaling
While individually rare, collectively the RASopathies comprise one of the largest
groups of congenital disorders worldwide, with a prevalence of w1 in every 1000
live births (Rauen, 2013). These syndromes are characterized by a broad spectrum
of functional and morphological abnormalities that include heart defects, short stat-
ure, neurocognitive impairment, craniofacial malformations, musculoskeletal, cuta-
neous lesions, ectodermal, and ocular abnormalities, hypotonia and a predisposition
to developing benign and/or metastatic tumors (Aoki et al., 2008, 2016; Gripp et al.,
2020; Rauen, 2013). However, the molecular etiology for each disorder is distinct,
with differential modifiers potentially playing a role in the severity and expressivity
of these characteristics (Gripp et al., 2019; Rauen, 2013).

How mutations that cause RASopathies elicit pathological responses remains to
be fully elucidated. What is clear, however, is that RAS activation plays an integral
part. RAS is a small guanosine triphosphate hydrolase (GTPase) that can switch be-
tween an active guanosine-50-triphosphate (GTP) bound form and an inactive gua-
nosine-50-diphosphate (GDP) bound form in response to an incoming signal.
Importantly, its activation initiates a cascade of downstream signaling that drives
MAPK activation, as well as the activation of integral parallel signaling pathways,
necessary to drive and maintain essential biological and cellular functions (Fig. 4.2).

The RAS-MAPK cascade is an intracellular signaling pathway that controls
growth, proliferation, differentiation, and migration of cells (Lauriol et al., 2015;
Tidyman and Rauen, 2009). Activation of Extracellular-Regulated Kinase (ERK)
(also referred to herein as MAPK) is central for growth, development, and survival
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of an organism. During development, several growth factors and mitogens, extra-
cellular matrices, and cytokines engage the MAPK pathway to specify cellular pro-
liferation, migration, and differentiation (Corson et al., 2003; Tanimura and
Takeda, 2017). Preventing MAPK activation either by knocking down ERK2 or
its immediate upstream kinases, MAPK Kinases 1/2 (MEK1/2), leads to embry-
onic lethality (Belanger et al., 2003; Giroux et al., 1999; Hatano et al., 2003;
Saba-El-Leil et al., 2003, Fig. 4.2).

Apart from its vital role in embryogenesis, the MAPK pathway is also critical for
various biological functions, such as memory formation, immune cell proliferation
and maturation, and cellular, organ and organismal metabolic homeostasis (Fischer
et al., 2005; Gehart et al., 2010; Gold, 2008; Medina and Viola, 2018; Papa et al.,
2019). Dysregulation of the RAS-ERK/MAPK pathway, often due to gain-of-

FIGURE 4.2 Mutations in genes residing along the canonical RAS-ERK/MAPK pathway are

causal to the development of Noonan syndrome (NS), Noonan Syndrome with Multiple

Lentigines (NSML), and Costello Syndrome (CS), among other RASopathies.

Aberrant gene expression of genes encoding signaling proteins in the RAS-MAPK and

RAS-PI3K-AKT pathway cause NS yellow, NSML gray, and CS red. While NS mutations

lead to gain-of-function activity of ERK/MAPK, NSML mutations increase AKT activity. In

contrast, activation of either/or ERK/MAPK and AKT can occur in a cell-type specific

manner in CS.
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function (GOF) mutations affecting the core kinases or loss-of-function (LOF) mu-
tations for negative regulators of the pathway are paramount for the sustained
cellular proliferation, growth and survival of cancer cells (Dhillon et al., 2007;
Ryan et al., 2015). Though it appears linear and straightforward, the RAS-MAPK
pathway is complex, with a myriad of regulatory layers and bifurcating signaling
components that intricately modulate cellular activity, including at the transcrip-
tional, posttranslational, and protein/protein levels. However, the intricacies of
how these signaling networks crosstalk and their functional roles in mediating path-
ological changes in the context of specific mutations are not fully understood (Tajan
et al., 2018a).

In addition, another critical signaling pathway modulated by RAS is the phos-
phoinositide 3-kinase (PI3K)-protein kinase B (PKB or AKT) pathway (Buckles
et al., 2017; Ong et al., 2001; Pacold et al., 2000; Suire et al., 2002). Parallel to
MAPK, the PI3K-AKT pathway is critical for control and modulation of protein syn-
thesis, survival, and apoptosis of cells (Castellano and Downward, 2011). Like
MAPK, isoform specific activation of AKT and its cellular pathway components fa-
cilitates differential developmental outcomes. For instance, knocking out any of the
three AKT isoforms manifests in distinct, but viable, physiological and pathological
defects, but elimination of all three isoforms causes embryonic lethality, indicating
the importance of this pathway in development (Chen et al., 2001; Cho et al., 2001;
Dummler et al., 2006; Peng et al., 2003; Tschopp et al., 2005; Yang et al., 2005).
Another critical function of PI3K-AKT signaling pertains to its effects on stem
cell pluripotency, cell fate, and differentiation of cells, particularly during early
development (Yu and Cui, 2016).

Crosstalk between the RAS-MAPK and the RAS-PI3K-AKT pathways influ-
ences multiple coordinated cellular functions that require feedback and feedforward
loops (Mendoza et al., 2011; Saini et al., 2013). For instance, both ERK1/2 and
p90RSK1, a downstream kinase in the RAS-MAPK pathway, can phosphorylate
and inhibit the activity of TSC2, a negative regulator of the AKT pathway, resulting
in the activation of AKT (Arvisais et al., 2006; Winter et al., 2011). In addition, AKT
itself can impair RAF activation through phosphorylation of its inhibitory domain at
Ser259, and thus thereby can indirectly regulate activation of MAPK (Moelling
et al., 2002). Taken together, disruption in any component of these intricate signaling
pathway processes, all regulated by the upstream activity of RAS, can have signif-
icant and deleterious effects.

Differential activation of RAS-MAPK and RAS-PI3K-AKT signaling is reported
in NS, NSML, and CS. While hyperactivation of RAS-MAPK is reported in NS, an
increase in PI3K-AKT signaling is observed in NSML (Edouard et al., 2010; Ishida
et al., 2011; Marin et al., 2011). To further complicate matters, cell type-specific
increased activation of both RAS-MAPK or PI3K-AKT are observed in CS
(Chen et al., 2009; Chennappan et al., 2017; Niihori et al., 2011; Oba et al., 2018;
Rosenberger et al., 2009; Schreiber et al., 2017; Schuhmacher et al., 2008). How
or why differential regulation occurs in associated disorders that disrupt similar
downstream effectors remains unclear. Use of novel technologies in this regard
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can have significant impact on understanding the regulation of these mutations and
the pathways that are involved. Use of iPSCs in this regard will help provide insights
into the molecular mechanism causal to the disease, and to the identification and
development of more targeted, efficacious, and potent clinical therapies for RASo-
pathies patients.

Noonan syndrome
NS (OMIM 163950), first described by Jacqueline Noonan 52 years ago, has an esti-
mated prevalence of w1:1000e1:2500 live births (Noonan, 1968; Roberts et al.,
2013). Germline mutations in multiple genes that reside along the canonical RAS-
MAPK signaling cascade have been identified as causal to NS, including PTPN11
(Tartaglia et al., 2001), SOS1 (Roberts et al., 2007; Tartaglia et al., 2007), RAF1
(Pandit et al., 2007; Razzaque et al., 2007), KRAS (Schubbert et al., 2006), RIT1
(Aoki et al., 2013), NRAS (Cirstea et al., 2010), RRAS (Niihori et al., 2011),
BRAF (Sarkozy et al., 2009), MRAS (Higgins et al., 2017; Motta et al., 2020),
SOS2 and LZTR1 (Johnston et al., 2018; Umeki et al., 2019; Yamamoto et al.,
2015). In addition, mutations in SHOC2 (Gripp et al., 2013) and PPP1CB (Gripp
et al., 2016) are associated with an NS-like disorder termed NS with loose anagen
hair (NS-LAH). Moreover, while the majority of NS mutations are autosomal domi-
nant, homozygous recessive mutations in LZTR1 have also been reported (Johnston
et al., 2018). Importantly, most, if not all, of the mutations result in a GOF activity
for the gene, leading to downstream hyperactivation of MAPK signaling (Fig. 4.1).
Moreover, while a myriad of genes are causal to NS, the majority of NS cases
(>50%) are caused by mutations in one single gene, PTPN11, encoding the Src ho-
mology 2 (SH2) domain-containing protein tyrosine phosphatase 2 (SHP2).

Phenotypically, patients present with craniofacial abnormalities, short stature,
neurocognitive disabilities, bleeding disorders, development of certain types of can-
cers, as well as cardiac defects, principally atrio/ventricular septal defects (VSDs),
cardiac hypertrophy, and pulmonic stenosis (Romano et al., 2010). Of these pheno-
typic features, the most detrimental are the mutations that affect the heart, the brain,
and cause cancer. Indeed, more than 80% of patients with NS have congenital heart
disease, with pulmonary valve stenosis (PVS) being the most common cardiac struc-
tural anomaly (38.9%e63%) (Romano et al., 2010; Sharland et al., 1992; Sznajer
et al., 2007). In addition, atrial septal defects (8%e25%), stenosis of the peripheral
pulmonary arteries (w15%), hypertrophic cardiomyopathy (HCM) (9.5%e20%),
coarctation of aorta (8.8%), mitral valve anomalies (5.8%), tetralogy of Fallot
(4.4%), VSD (4.4%), patent ductus arteriosus (2.2%), and irregular heart rhythm
have also been reported (Marino et al., 1999; Roberts et al., 2013). PVS and ASD
are most associated with individuals who carry mutations in PTPN11 (Sznajer
et al., 2007). In contrast, HCM, a life-threatening condition that causes abnormal
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thickening of heart muscle tissue and decreased cardiac function, is frequently asso-
ciated with RAF1 and RIT1 mutations (Aoki et al., 2013; Marino et al., 1999;
Razzaque et al., 2007; Sznajer et al., 2007).

While the majority of NS patients have only mild cognitive impairment
(Pierpont, 2016), recent studies investigating the behavioral phenotypes in NS de-
scribes autism-like features (Garg et al., 2017; Watanabe et al., 2011) and impair-
ment in social activity (Shaw et al., 2007). Indeed, evaluation of children and
adults with NS show that 21% identify with significant autism-spectrum disorder
characteristics (Adviento et al., 2014); however, the causal mechanisms remain
unknown.

Finally, NS-associated mutations are associated with increased incidence in a
number of cancers, including the development of breast cancer, lung cancer, neuro-
blastoma, B-cell acute lymphoblastic leukemia, and juvenile myelomonocytic leu-
kemia (JMML). For example, somatic germline mutations in PTPN11 have been
identified as causal to NS-associated JMML (NS/JMML) (Strullu et al., 2014). As
the clinical, functional, and mechanistic details associated with these phenotypic ab-
normalities remain to be fully elucidated, use of more humanized model systems,
such as iPSCs, could help provide the interface needed to specifically target genes
or pathways of interest, to more potently, more efficaciously treat RASopathies
patients.

Disease modeling of Noonan syndrome
Animal models generated to study NS, including mouse, zebrafish, Drosophila mel-
anogaster (fruit flies), and Xenopus have helped yield important biological insights
into NS disease pathophysiology (Araki et al., 2004, 2009; Bonetti et al., 2014;
Langdon et al., 2012; Nakagama et al., 2020; Oishi et al., 2006; Zheng et al.,
2018). For example, mutant mice harboring NS-associated PTPN11D61G/þ,
PTPN11Q79R/þ, SOS1E846K/þ, KRASV14I/þ, RIT1A57G/þ, and RAF1L613V/þ display
phenotypic features also observed in NS patients, including short stature, craniofa-
cial dysmorphia, growth retardation, and cardiac defects (Araki et al., 2004; Chen
et al., 2010; Hernandez-Porras et al., 2014; Krenz et al., 2008; Nakamura et al.,
2007; Takahara et al., 2019; Wu et al., 2011). With respect to the latter, these animal
model systems have been instrumental in understanding some of the cardiac devel-
opmental and structural abnormalities associated with NS. For example,
PTPN11D61G/þ mice showed that both homozygous (100%) and heterozygous
(w50%) expression of this mutation can lead to embryonic lethality. Of those het-
erozygous mice that survived, development of severe cardiac structural abnormal-
ities, including VSD, double-outlet right ventricle (DORV), and enlarged outflow
tract and atrioventricular valve primordia were observed (Araki et al., 2004). How-
ever, consistent with PTPN11-associated NS patients, no HCM was observed in
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these mice (Araki et al., 2004). To understand the cardiac cell origin for the NS car-
diac defects, Araki et al. generated inducible, lineage specific PTPN11inD61Y/þ mice
to examine the effects of NS-associated GOF activity in response to promotors that
drive myocardial (aMHC-Cre), endocardial (Tie2-Cre), or neural crest (Wnt1-Cre)
expression in the heart. Interestingly, endocardial-specific expression of mutant
PTPN11 alone was responsible for the enlarged cardiac cushions, the VSD,
DORV, and the thinned myocardium. Endocardial cells line the heart and undergo
epithelial to mesenchymal transition (EMT), contributing to the development of
cushion mesenchyme; therefore, the enlarged cushions observed in NS mutant
mice are likely attributed to increased endocardial activity of SHP2, causing an
extension of EMT and leading to increased cellular proliferation of cushion mesen-
chyme. Unexpectedly, the PTPN11mutant myocardial-specific expressing mice had
no obvious cardiac phenotype, suggesting that paracrine signals play an integral role
in the development of cardiac muscle. In addition, a role for neural crest in response
to GOF NS mutants was also determined; increased SHP2 activity led to ERK1/2
hyperphosphorylation in the pre- and postmigratory NCCs that resulted craniofacial
abnormalities in mice (Nakamura et al., 2009b). Conversely, deletion of SHP2 in
premigratory neural crest cells prevented migration of cells into the developing
outflow tract, resulting in incomplete septation (Nakamura et al., 2009a).

Defects during looping morphogenesis can also result in the DORV phenotype
(Ramsdell, 2005). Indeed, SHP2-D61G mRNA injected into zebrafish embryos
reduced heart rates, as well as caused inverted looping or nonlooped hearts (Bonetti
et al., 2014). This observation was also reported in Xenopus, where NS-associated
mutant embryos presented with leftward heart displacement and left/right asymme-
try due to impaired ciliogenesis and cilia function in the Kupffer’s vesicle (Langdon
et al., 2012), suggesting these phenotypes are linked to aberrant GOF RAS-MAPK
signaling.

Similarly, transgenic mice expressing the PTPN11Q79R/þ mutation on a cardiac
specific developmental promoter (aMHC) developed morphological abnormalities
in the interventricular groove of the developing heart and exhibited ventricular
noncompaction without fibrosis (Araki et al., 2004; Nakamura et al., 2007).
Here too, the enlarged endocardial cushions (ECs) in the atrioventricular canal
and in the outflow tract of these mice were found to be a consequence of hyperac-
tive RAS-MAPK signaling (Krenz et al., 2008). In contrast, PTPN11Q79R/þ mice
on a more adult-onset cardiac specific promoter (aMHC) showed no aberrant ven-
tricular architecture in the heart, suggesting that the cardiac abnormalities associ-
ated with NS are mediated by disrupted RAS-MAPK signaling during embryonic
development.

In addition to PTPN11, mouse models with other gene mutations also faithfully
reproduce the cardiac phenotypes observed in patients. KRASV14I/þ mice displayed
cardiac hyperplasia, without hypertension, and cardiac fibrosis (Hernandez-Porras
et al., 2015). RIT1A57G/þ and RAF1L613V/þ mouse models also successfully recapit-
ulated the HCM phenotype observed in NS patients (Takahara et al., 2019; Wu et al.,
2011).
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However, not all mutant animal models reproduce the clinical cardiac pheno-
types. For example, SOS1E846K/þ mice, which had increased RAS-MAPK, RAC,
and STAT3 signaling, developed aortic stenosis, whereas, in patients, the primary
cardiac phenotype is pulmonary stenosis. In addition, homozygous SOS1E846K/
E846 mice proved not only to be viable but also manifested with additional cardiac
phenotypes, including epicardial fibrosis and adipocyte infiltration to the heart,
which had not previously been reported or observed (Chen et al., 2010). Studies
in Xenopus showed that activating NS mutations in PTPN11 (D61A and E76A)
induced animal cap elongation, but showed minimal activation of the RAS-
MAPK pathway (O’Reilly et al., 2000). In contrast, transgenic overexpression of
the PTPN11 N308D mutation in Drosophila melanogaster led to an increased acti-
vation of MAPK during wing vein formation (Oishi et al., 2006). Finally,
morpholino-mediated knockdown of SHP2 in zebrafish resulted in cell movement
defects as early as gastrulation, consistent with defects observed in SHP2-deleted
mice (Yang et al., 2013), as well as impaired craniofacial and cardiac development
(Bonetti et al., 2014; Jopling et al., 2007).

In addition to cardiac phenotypes, neurodevelopmental anomalies in RASopa-
thies are rapidly gaining interest and are becoming important to the overall clinical
phenotype (Gauthier et al., 2007; Ke et al., 2007). For example, genetic knock-
down of PTPN11 in mouse cultured cortical precursors or in the embryonic cortex
blocks neurogenesis and enhances astrogenesis (Gauthier et al., 2007). Ectopic
expression of wild type (WT) SHP2 or an NS-associated activating D61G mutation
enhances neurogenesis, suggesting that SHP2 plays a pivotal role in determining
neuronal cell fate (Gauthier et al., 2007). Moreover, neuronal activity in
PTPN11D61Y/þ mice also revealed aberrant signaling in parallel pathways,
including that of PI3K/AKT/mTOR and JAK/STAT (Altmuller et al., 2017). Simi-
larly, a recent study in RAF1L613V mice revealed increased numbers of glial sub-
types in the forebrain and increased numbers of astrocytes in the adult cortex
and hippocampus (Holter et al., 2019).

Despite the inconsistencies of animal models, these models have helped clarify
the significance of aberrant signaling pathways in NS. In this regard, several
research groups have found that inhibiting RAS-MAPK signaling at the level of
MEK or ERK can be beneficial in reducing or normalizing NS pathologies. Specif-
ically, cushion explant outgrowth in PTPN11Q79R/þ mice was reduced by treating
mice with the MEK1 inhibitor U0126 (Krenz et al., 2008). Similarly, KRASV14I/þ

mice treated with the same MEK inhibitor rescued the neonatal heart defects asso-
ciated with that mutation (Hernandez-Porras et al., 2015). Prenatal treatment of
SOS1E846K/þ mice with another MEK inhibitor, PD0325901, reduced the embryonic
lethality, penetrance of cardiac defects, and improved (but not normalized) the
growth and skull shape abnormalities in these mice (Chen et al., 2010). Interestingly,
postnatal inhibition of RAF1L613V/þ mice with the same PD0325901 inhibitor also
normalized the cardiac defects, growth deficiencies, and craniofacial abnormalities
(Wu et al., 2011). In PTPN11D61G/þ mice, however, only the growth retardation was
partially rescued by the U0126 treatment, suggesting a potential parallel pathway
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regulating this component of the NS phenotype (Tajan et al., 2018b). More recently,
inhibitors of PTPN11, including the SHP099 drug, a potent allosteric inhibitor of
phosphatase activity, have been used in mouse models to suppress tumor cell growth
and proliferation (Chen et al., 2016), showing significant promise for further appli-
cation in clinical trials.

Delineating Noonan syndromeeassociated cardiac
hypertrophy using induced pluripotent stem cell technology
As is frequently the case, the relevance of nonmammalian or nonhuman model sys-
tems to humans is not always clear, and the phenotypes that cannot be clearly delin-
eated or understood in animal model systems remain an enigma. To circumvent
these issues, researchers have started incorporating iPSC technology to study the hu-
man mechanisms associated with NS. To date, and so far, several groups, including
ours, have modeled NS in iPSCs to study cardiac hypertrophy (Higgins et al., 2017;
Jaffre et al., 2019; Sakai et al., 2018) and NS/JMML (Mulero-Navarro et al., 2015).

RAF1 is a critical gene along the RAS-MAPK signaling pathway. Although rare,
more than 90% of all NS-associated RAF1 mutations cause severe, and often lethal,
HCM. Our lab generated iPSC-derived cardiomyocytes (iPSC-CMs) from a patient
with a RAF1S257L/þ mutation, as well from a CRISPR-Cas9 corrected isogenic con-
trol iPSC line. As a secondary confirmation of the effects of the RAF1 mutation in
cardiac pathology, we also generated iPSC-CMs from normal iPSCs and those
garnered from inducing the RAF1 mutation using CRISPR-Cas9 technology in the
context of a normal background. Our results demonstrated that we could recapitulate
the RAF1 patient cardiac hypertrophy phenotype in both patient-derived and
CRISPR-induced RAF1 mutant iPSC-CM lines, as evidenced by increased cell
size and myofiber disarray (Jaffre et al., 2019). However, we observed slightly lesser
effects of cardiac hypertrophy in the normal iPSCs induced with the RAF1 mutation
than in the diseased patient-derived cells, suggesting genetic modifiers likely modify
the severity and expressivity of the disease in NS-associated RAF1 patients. Identi-
fication of these modifiers in this, as well as other RASopathies, will be crucial in
fully understanding the mechanistic functions of these mutations in patients.

Nonetheless, using this model system, we were able to utilize pharmacological
intervention to determine, for the first time, that two novel molecular signaling path-
ways modulate hypertrophy in RAF1: activation of MEK1/2 to modulate myofi-
brillar disarray and an increase in ERK5 to induce the enlargement of CMs.
Interestingly, and perhaps surprisingly, ERK/MAPK was not involved in the devel-
opment of hypertrophy in RAF1 mutant iPSC-CMs. Specifically, myofiber disarray
was rescued by treating cells with PD98059 or trametinib, blockers of RAF1-depen-
dent activation of MEK1/2, but not with the MEK1/2 inhibitor U0126. Concomi-
tantly, mutant iPSC-CMs treated with U0126 or BIX02189, inhibitors more
potent for ERK5 signaling, significantly normalized the cell surface area. These
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results suggest that combinatorial therapies using both MEK1/2 and ERK5 inhibi-
tors could be used effectively to treat RAF1-associated cardiac hypertrophy. In addi-
tion, using RNA-sequencing (RNA-seq) technology, we revealed a number of
downstream regulatory genes that are also dysregulated by aberrant MEK1/2 or
ERK5 signaling in these patients; these too are likely causal to the hypertrophic
phenotype and could serve as potential novel therapeutic targets for treating
RAF1-associated HCM in the near future. Importantly, previous mouse models sug-
gested that the hyperactivation of ERK1/2 was likely responsible for the HCM
phenotype in RAF1 patients; however, using the human iPSC-CM model system,
we now reveal, for the first time, a novel aberrant signaling pathway and regulatory
mechanism causal to the HCM phenotype in this RASopathy (Jaffre et al., 2019; Wu
et al., 2011).

Similarly, Sakai et al. (2018), who generated iPSC-CMs from normal, idiopathic
HCM or RAF1-associated NS patients, showed that the hypertrophic phenotype, as
measured by increased cell size, could be recapitulated in both idiopathic and mutant
RAF1 patient-derived iPSC-CMs. In addition, concentration of diastolic intracellular
calcium was also increased in these patient-derived iPSC-CMs, although this did not
reach significance in the RAF1 mutant cells. Like our study, Sakai et al. also tried
using iPSC-CMs to identify potential drug candidates that could reverse the hyper-
trophic phenotype. Pyr3, a transient receptor potential channel 3 inhibitor, dose-
dependently decreased the cell size area in both the idiopathic HCM and RAF1
mutant iPSC-CMs. In addition, Pyr3 also dose-dependently decreased the diastolic
intracellular calcium levels in both lines, but again, this did not reach significance in
the RAF1 mutant cells. These results collectively suggest that Pyr3, or its derivative,
could potentially be used to treat patients with cardiac hypertrophy, irrespective of
the disease etiology. Moreover, these data suggest that Pyr3 regulates both cell size
and calcium homeostasis in iPSC-CMs (Sakai et al., 2018). Interestingly, these re-
sults also are important for another reason; Sakai et al. utilized healthy iPSC-CMs
as controls for this study, derived from different genetic backgrounds, as opposed
to using isogenic controls derived from the same patient’s cells (Sakai et al.,
2018). This is significant in that, despite this, significant disease relevance for the
NS-associated RAF1 patient iPSC-CMs could still be observed, suggesting that
the RAF1 mutations alone are both necessary and sufficient for the development
of cardiac hypertrophy in RASopathies patients.

The RAS-related protein MRAS, also known as muscle RAS oncogene homo-
log and R-RAS3 (Kimmelman et al., 1997; Quilliam et al., 1999), functions as a
signal transducer for a wide variety of signaling pathways, particularly those pro-
moting growth and proliferation, such as the MAPK (Higgins et al., 2017). Impor-
tantly, MRAS was recently identified as a novel NS susceptibility gene. Most
prominently expressed in brain and heart, NS-associated MRAS disease variants
cause severe cardiac hypertrophy (Higgins et al., 2017). To sufficiently define
the molecular mechanisms causal to MRAS-associated cardiac hypertrophy and
to demonstrate the necessity and sufficiency ofMRAS variants to cause this pheno-
type, iPSC-CMs were generated from two patients with the MRAS variant
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p.Gly23Val-MRAS (Higgins et al., 2019). Both lines recapitulated the HCM pheno-
type observed in NS-associated MRAS patients. To validate the findings, CRISPR-
Cas9 genome editing was used to correct the pathogenic variant in patient cells,
creating an isogenic control, and the pathogenic variant was introduced into unre-
lated control cells, to ascertain that the p.Gly23Val-MRAS variant, in and of itself,
was necessary and sufficient to elicit the hypertrophic phenotype in iPSC-CMs.
Indeed, compared with controls, both patient and disease modeled iPSC-CMs
were significantly larger and displayed abnormal changes in gene expression
consistent with the development of pathological HCM, including increased expres-
sion of NPPA and NPPB, two genes involved in the reactivation of the fetal gene
program indicative of pathological hypertrophy. Additionally, patient and disease-
modeled iPSC-CMs displayed impaired calcium handling, including increased fre-
quency of irregular calcium transients and changes in calcium handling kinetics
(Higgins et al., 2019).

Understanding cancer causing Noonan syndrome mutations
using induced pluripotent stem cells
JMML is one of several cancers commonly associated with RASopathies mutations.
It is an aggressive and difficult-to-treat myelodysplastic and myeloproliferative
neoplasm that presents in early childhood (Kratz et al., 2005; Martinelli et al.,
2010; Niemeyer et al., 2010; Strullu et al., 2014) and is characterized by excessive
proliferation of monocytic and granulocytic cells mediated by somatic GOF muta-
tions in components of the RAS-MAPK signaling pathway (Yoshida et al., 2012).
As this is a devastating disease with a low survival rate, iPSC technology offers re-
searchers an opportunity to better understand the mechanism(s) causal to its devel-
opment, as well as identify strategies to treat the disease more effectively in clinic.

As mentioned previously,>50% of NS patients andw35% of JMML cases carry
GOF PTPN11mutations. However, the molecular mechanisms for how or why these
PTPN11 mutations cause abnormal myelopoiesis remained unclear. SHP2 is a ubiq-
uitously expressed nonreceptor protein-tyrosine phosphatase that contains two SH2
domains, a central PTP catalytic domain and a C-terminal tail with two tyrosine
phosphorylation sites and a proline-rich motif (Tartaglia and Gelb, 2005). To
become activated, a phosphotyrosyl (pY) peptide binds to its N-terminal SH2
domain, inducing a conformational change that unfolds the protein, allowing its sub-
strates to bind to the catalytic site to render downstream pathway activation (Lauriol
et al., 2015). SHP2 is required for RAS-MAPK pathway activation by most, if not
all, RTKs as well as by cytokine receptors and integrins. In addition, depending
on the receptor to which it binds, SHP2 can either positively or negatively drive
RAS-PI3K-AKT pathway activation (Keilhack et al., 2005; Wu et al., 2001; Zhang
et al., 2002). Therefore, SHP2 is a critical mediator of downstream signaling events
that are essential for the control of cellular functions, including proliferation, differ-
entiation, migration, cell cycle progression, and apoptosis of cells.
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To better understand the role of GOF PTPN11 mutations in causing NS/JMML,
Mulero-Navarro et al. generated iPSC lines from healthy individuals or from patients
with either PTPN11mutations causal to NS alone or PTPN11mutations causal to both
NS and JMML, to evaluate the effects of these mutations in early oncogenesis, prior to
the accumulation of secondary genomic alterations (Mulero-Navarro et al., 2015).
They found that hematopoietic cells differentiated from iPSCs derived from patients
harboring NS/JMML-causing PTPN11mutations could recapitulate the clinical onco-
genic features of JMML, including the hypersensitivity to granulocyte-macrophage
colony-stimulating factor and the hyper proliferation capacity of the myeloid cell pop-
ulation. Moreover, using transcriptome analysis, iPSC-derived NS/JMML myeloid
cells showed increased STAT5 signaling and up-regulation of two specific micro-
RNAs (miRs), miR-223 and miR-15a (Mulero-Navarro et al., 2015), suggesting a
novel mechanism by which certain NS-associated mutations lead to onset of
JMML. Indeed, these miRs were up-regulated in 11/19 JMML bone marrow mono-
nuclear cells harboring PTPN11mutations (Mulero-Navarro et al., 2015). In an effort
to validate the mechanism of regulation and to identify a potential therapeutic target,
investigators reduced the expression of miR-223 in NS/JMML iPSCs and found that
myelogenesis could be normalized. Taken together, this study inherently demonstrated
how an iPSCmodel systemcould be used to study an inherited human cancer syndrome
to identify novel molecular signatures and biomarkers that can be used therapeutically.
Indeed, the two small miR inhibitors identified herein are currently being tested in clin-
ical trials for a variety of cancers (Gordanpour et al., 2012; Yang et al., 2018).

Proteomics can also be a powerful tool when used in combination with iPSC
technology. Most recently, Pearson et al. utilized this approach to delineate addi-
tional functional mechanisms associated with NS/JMML. In this case, the group
generated iPSC-derived myeloid cells from NS patients with PTPN11 mutations
either known to be or not to be associated with increased incidence of JMML.
Their proteomic assessments showed that JMML-associated PTPN11 mutations
induced TP53 and NF-kB signaling (Pearson et al., 2020). In addition, differential
MYC gene expression was also identified as a significant mediator of NS/JMML
(Mulero-Navarro et al., 2015). Taken together, iPSC technology was used to iden-
tify both the relevance of novel pathway mediators in disease, as well to demon-
strate the therapeutic potential of specific and targeted inhibitors in treating NS
or NS/JMML. In this regard, Pearson et al. identified two small molecular inhibi-
tors, JQ1, a thienotriazolodiazepine and potent inhibitor of the BET family of bro-
modomain proteins, and CBL0137, a simultaneous inhibitor of NF-kB, Heat Shock
Factor 1, and activator of p53, as preferential targeted therapies to treat NS-
associated JMML (Pearson et al., 2020).

Noonan Syndrome with Multiple Lentigines
NSML, also known as LEOPARD syndrome, multiple lentigines syndrome, and car-
diomyopathic lentiginosis, is a rare autosomal dominant disorder with an estimated
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prevalence of 1:3500 (Bonetti et al., 2014). It was first described by Dr. Erwin P
Zeisler MD and Dr. S. William Becker MD in 1936, and the first familial case
was identified by I. Rosen, in twins, in 1942 (Martinez-Quintana and Rodriguez-
Gonzalez, 2012). Presenting features of NSML include multiple lentigines (brown
spots), ECG abnormalities, ocular hypertelorism, HCM, abnormal genitalia, retarda-
tion of growth, and sensorineural deafness (Digilio et al., 2006; Legius et al., 2002).
As its features closely resemble those in NS, NSML can often be misdiagnosed in
the clinic, especially early in life. Indeed, the presentation of multiple lentigines,
perhaps the most uniquely distinguishing characteristic of NSML, does not manifest
until w5 years of age. Therefore, genetic validation of the mutations causal to this
disorder is essential for proper diagnosis. In this regard, while mutations in multiple
genes residing in the RAS-MAPK pathway have been attributed to causing NS,
>85% of all cases of NSML are caused by germline heterozygous missense muta-
tions in PTPN11 (Carvajal-Vergara et al., 2010; Edouard et al., 2010; Lauriol and
Kontaridis, 2011; Tartaglia et al., 2001).

Like NS, NSML patients develop cardiac abnormalities. Unlike NS, however,
nearly all (over 90%) cases of NSML present with HCM, although valve anomalies
similar to NS have also been observed (Limongelli et al., 2007). Since >50% of all
patients with NS also have PTPN11mutations, how is it that PTPN11 can cause both
NS and NSML, similar, yet distinct, disorders? The answer to this conundrum could
be explained by a series of highly significant biological and functional data. NS-
causing PTPN11 mutations are GOF, resulting in increased activation of RAS-
MAPK signaling, whereas NSML-causing PTPN11 mutations are LOF for SHP2
phosphatase activity (Hanna et al., 2006; Kontaridis et al., 2006). The reason for
this difference lies in the location and function of each of the specific mutation
causal to NS or NSML. Specifically, both NS and NSML mutations alter the
SHP2 molecular switch to allow for a more open conformation of the phosphatase
(Kontaridis et al., 2006). However, mutations causal to NS primarily reside in the
N-terminal SH2 domains, thereby allowing for increased substrate accessibility
and binding to the PTP catalytic cleft, while mutations causal to NSML affect
conserved residues important for PTP catalysis, thereby decreasing catalytic activity
despite the open conformation (Kontaridis et al., 2006, Fig. 4.3A).

Disease modeling of Noonan Syndrome with Multiple
Lentigines
To determine the molecular mechanisms that underlie the pathophysiology of the
NSML PTPN11mutations, a multitude of in vitro and in vivo studies have been con-
ducted, some with conflicting results. First, several in vitro studies (Hanna et al.,
2006; Kontaridis et al., 2006), as well as studies in zebrafish, demonstrably showed
that NSML PTPN11 mutations are LOF, with perhaps dominant negative activity on
RAS-MAPK signaling. However, in Drosophila, NSML mutations had increased
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MAPK activity (Oishi et al., 2009). Moreover, these results were supported by an
in vitro study using mouse embryonic fibroblasts, where NSML mutations were sug-
gested to be GOF because of their open conformation, which potentially prolonged
the binding of potential ligands, mediating increased substrate turnover, and, poten-
tially, sustained RAS-MAPK activation (Yu et al., 2014). Therefore, in order to
investigate these contradictory in vitro results and to more definitively understand
the effects of NSMLmutations in the context of a mammalian system, our lab gener-
ated the first NSML mouse model, using a recombineering approach to knock-in the

FIGURE 4.3 Mapping of mutations associated with Noonan syndrome (NS), Noonan Syndrome

with Multiple Lentigines (NSML), and Costello Syndrome (CS) to their protein domain.

(A) Schematic representation of germline PTPN11 mutations on SHP2. The mutations

associated with NS are colored in red, the mutations associated with NSML are colored in

blue. Domains (based on NCBI Conserved Domain Database): N-terminal Src homology 2

(N-SH2) domain, C-terminal Src homology 2 (C-SH2) domain, Catalytic domain of

tyrosine-protein phosphatase nonreceptor type 11 (PTP). (B) Schematic representation

of germline HRASmutations on HRAS. Secondary structural elements are shown as pink

cylinders for a-helices and blue cylinder for b-sheets. Functional domains including P-

loop, switch I, switch II, and hypervariable region (HVR) are highlighted at the bottom of

the schematic. Mutations reported only in CS are colored in green, mutations reported

only in cancer are colored in red, and mutations reported in both CS and cancer are

colored in blue.
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PTPN11 Y279C gene mutation (PTPN11Y279C/þ) (Marin et al., 2011). Our findings
demonstrated that NSML-associated SHP2 activity was, in fact, decreased in vivo
and that NSML mutations diminished the activation of MAPK signaling in response
to agonist stimulation.

To make things more complicated, in order for SHP2 to confer its normal activity
to the RAS-MAPK pathway, it must bind to upstream scaffolding adapters (or other
Tyr(P) proteins) (Yu et al., 2013). Therefore, a catalytically inactive NSML mutant
competes for binding with endogenous WT SHP2 (Kontaridis et al., 2006). More-
over, the preferentially “open” conformation of the NSML SHP2 mutants could
enhance its binding and even prevent binding of other proteins that would otherwise
differentially regulate/modulate downstream signaling (Stewart et al., 2010).
Consistent with this notion, increased basal as well as IGF-1einduced association
of SHP2 with IRS-1 and Gab1 were observed in NSML mice (Marin et al., 2011),
suggesting that in addition to effects on catalytic activity, NSML mutants did, in
fact, behave as dominant negatives. As well, the LOF effects of the NSML-
associated SHP2 mutations could also prevent the dephosphorylation of receptors
or scaffolding adapters to which it was bound, leading to downstream pathway
hyperactivation (Edouard et al., 2010; Marin et al., 2011). In this regard, GOF
activity of PI3K/AKT/mTOR signaling was demonstrated in hearts from NSML
mice, which was found to be causal to the development of NSML-associated
HCM (Lauriol and Kontaridis, 2011; Marin et al., 2011). Indeed, inhibition of this
pathway using an mTOR inhibitor (rapamycin) both prevented and reversed this
pathological phenotype, suggesting SHP2 is a critical regulator of this pathway in
the modulation of CM size (Marin et al., 2011).

In addition, transgenic cardiac overexpression of another, even more severe,
NSML mutant, Q510E, also displayed a severe cardiac phenotype, with increased
CM size, heart-to-body weight ratios, interventricular septum thickness, CM
disarray, and interstitial fibrosis (Krenz et al., 2008). Echocardiography revealed
that the ventricular walls were thickened and contractile function was depressed.
Hereto, AKT/mTOR signaling was hyperactivated and rapamycin treatment rescued
the NSML-associated cardiac phenotype in vivo (Krenz et al., 2008). Using cultured
neonatal rat CMs with adenoviral gene delivery and pharmacological inhibitors, it
was similarly confirmed that NSML mutations mediate the hyper-activation of
AKT/mTOR, as well as focal adhesion kinase (FAK), a protein with a role in cell
motility and cell survival (Schramm et al., 2012). As well, primary and immortalized
fibroblast cell lines from 2 patients with NSML, conferring mutations Y279C and
T468M, showed hyperphosphorylation of PI3K/AKT, as well as GSK-3b, a parallel
signaling effector of AKT (Edouard et al., 2010), confirming the necessity of this
pathway in the development of HCM in NSML.

Finally, drawing parallels to other, more common forms of HCM, Clay et al. hy-
pothesized that in addition to altered signaling pathways, changes in calcium ho-
meostasis and/or sarcomeric mechanical properties could also play a role in
NSML cardiac pathophysiology. Indeed, isolated primary CMs from transgenic
CM-specific Q510E-SHP2 expressing mice showed increased calcium transient
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amplitudes during excitation-contraction coupling, increased sarcoplasmic reticu-
lum calcium content, and increased expression of sarco(endo)plasmic reticulum
calcium-ATPase (Clay et al., 2015).

Like NS, causal mechanisms associated with the cardiac manifestations in
NSML are developmental in origin. Moreover, the molecular mechanisms regulating
cardiac development and morphogenesis may be dependent on crosstalk between
multiple cell lineages, the aberrant regulation of which can induce the onset of car-
diac phenotypes such as HCM. To investigate the direct role of NSML mutations in
heart development, an inducible knock-in PTPN11mouse model (PTPN11inY279C/þ)
was utilized to determine NSML-associated myocardial (aMHC-Cre), endocardial
(Tie2-Cre) or neural crest (Wnt1-Cre) contributions in the heart (Lauriol et al.,
2016). Surprisingly, only endocardial-specific expressing NSML mice were suffi-
cient to induce the adult-onset cardiac hypertrophy (Lauriol et al., 2016; Schramm
et al., 2012). In development, NSML mouse hearts showed diminished trabeculation
and valvular hyperplasia, defects that could only be recapitulated in endocardial-
specific, but not myocardial-specific or neural crestespecific NSML mice (Lauriol
et al., 2016). These findings were validated in atrioventricular EC explants isolated
from transgenic mice overexpressing the Q510E-SHP2 NSML mutation in endocar-
dium, where cushions were found to be 80% larger than those of WT mice (Edwards
et al., 2015). Similarly, explanted ECs from chick embryonic hearts induced with
adenoviral expression of the Q510E-SHP2 mutation confirmed this NSML-
associated increased valvular outgrowth (Edwards et al., 2015). Interestingly, unlike
NS, the NSML-associated enlarged cushion phenotype is not a consequence of
increased valve cell proliferation; rather, it is mediated by increased valve cell
migration in ECs, possibly through aberrant regulation of the FAK/SRC/mTOR
signaling axis (Edwards et al., 2015).

In addition to endocardium, other lineages also contribute to the NSML cardiac
phenotype; VSDs, common features of NSML, are evident only in myocardial-
specific NSML hearts (Lauriol et al., 2016). However, these myocardial-specific
NSML developmental defects resolve before birth and mice never develop the
adult-onset HCM, suggesting that the NSML-PTPN11 mutations contribute to a
developmental delay in myocardium, which is mediated by abnormal communica-
tion between endocardium and myocardium. Together, these data suggest that
PTPN11 plays a pivotal role in cardiac development and that NSML mutations
contribute to both cell-autonomous and noncell-autonomous effects in the devel-
oping heart through regulation of pathways that control endocardial-to-myocardial
crosstalk (Lauriol et al., 2016).

NSML mutations also affect neural crest development due to decreased RAS-
MAPK signaling (Stewart et al., 2010). However, unlike NS, inducible neural-
crest specific expressing NSML mice (Wnt1-Cre:PTPN11inY279C/þ) did not show
any overt cardiac-associated defects or abnormalities during development (Lauriol
et al., 2016), Despite this, neural crest clearly contributes to other NSML-
associated PTPN11 phenotypes, including the craniofacial abnormalities and devel-
opment of multiple lentigines (Lauriol et al., 2016). The mutations promote
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extended pluripotency, delaying differentiation and cell migration of neural crest
cells. Concomitantly, this leads to an excess number of pigment cells, abnormalities
in facial cartilage cells, and to the characteristic development of lentigines and
craniofacial dysmorphia observed in NSML patients (Stewart et al., 2010). The
importance of PTPN11 in neural crest is further illustrated in a set of experiments
in mice showing that deleted SHP2 specifically in neural crest leads to defective
specification and migration of cells to the cranium, the heart, and to the central ner-
vous system (Grossmann et al., 2009; Nakamura et al., 2009a).

Delineating Noonan Syndrome with Multiple
Lentigineseassociated cardiac hypertrophy using induced
pluripotent stem cell technology
While NS and NSML have similar clinical phenotypes and predominantly affect the
same gene (PTPN11), the biological function of the mutations and the molecular
mechanisms leading to their disease etiology are uniquely different. The recent
progress made in iPSCs suggests that this model system is ideal to study the differ-
ential regulation of NS versus NSML mutations.

To try to understand the importance of the AKT/GSK-3b pathway in NSML, in-
vestigators generated P19CL6 cells, pluripotent murine embryonic carcinoma cells,
harboring the Q510E NSML mutation (Ishida et al., 2011). When differentiated into
CMs, these mutant cells demonstrated increased AKTand GSK-3b phosphorylation,
as compared to control cell lines. Moreover, this aberrant signaling activity led to
reduced terminal differentiation of mutant CMs. For mutant cells that did terminally
differentiate, however, CM size was apparently larger than WT, though a demonstra-
tive correlation to HCM could not be made given the differentiation limitations of
these cell lines (Ishida et al., 2011).

As the technology developed, another group generated iPSCs derived from fi-
broblasts isolated from NSML patients with a T468M mutation in PTPN11, and
differentiated them into CMs to study the effects of NSML mutations on human
heart function (Carvajal-Vergara et al., 2010). These iPSC-CMs showed a higher
degree of sarcomeric organization and a preferential nuclear localization of
NFATc4, an important regulator of cardiac hypertrophy, when compared with
CMs derived from human embryonic stem cells or from iPSCs collected from a
healthy sibling (Carvajal-Vergara et al., 2010). Unfortunately, more conventional
markers of cardiac hypertrophy, including measures of increased protein synthesis
and a reactivation of fetal genes, could not be observed in these NSML iPSC-CM
lines. Phosphoproteomic microarray chip analysis of these cells, however, revealed
that baseline epidermal growth factor receptor and MEK1 were both increased
in mutant cells, as compared to controls. In addition, though baseline MAPK
activity trended higher in NSML lines than in control groups, any potential
difference in activity did not reach statistical significance. Moreover, there was
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no observable hyperactivation of the pathway following fibroblast growth factor
(FGF) stimulation (Carvajal-Vergara et al., 2010), suggesting an LOF activity of
NSML mutants for RAS-MAPK signaling in response to agonist stimulation.
Because the number of embryoid bodies in the control versus the NSML-derived
cell lines in these experiments contained different CM ratios and a mixed popula-
tion of cardiac cells (Carvajal-Vergara et al., 2010), potentially limiting the inter-
pretation of the findings, a CM enrichment protocol was developed (Lin et al.,
2012). Using this method, investigators could confirm that hypertrophy-related
genes, including myosin heavy chain and phospholamban, were induced in
NSML-derived CMs, as compared to controls, and to similar levels as those previ-
ously reported in NSML mice (Marin et al., 2011). Since a similar regulatory
network appears to control cardiac hypertrophy in both human- and mouse-
associated NSML, the data suggest that mechanisms identified in NSML mice
could be extrapolated to human NSML as well. In addition, the enrichment of hu-
man iPSC-CMs could be used to identify new contributors to disease pathology.
Indeed, increased TGF-b expression was identified as a novel contributor to
NSML-associated hypertrophy (Lin et al., 2012).

As iPSC technology advances and purification and differentiation methods for
these cells continues to improve, understanding and identifying novel mechanisms
causal to NS and NSML will become more plausible. Clearly iPSC technology is
a useful tool for studying these disease phenotypes and serves as a potentially sig-
nificant drug screening tool, to better and more effectively treat patients with these
disorders. To expedite this, it will be important for scientists to continue to share in-
formation, best practices, and resources. To this end, an iPSC line was recently
generated from peripheral blood mononuclear cells isolated from a patient with
NSML carrying the Q510P PTPN11 gene mutation using a nonintegrating Sendai
virus technique; these cells are now an available resource for the NSML research
community (Li et al., 2019).

Costello Syndrome
The term Costello Syndrome (OMIM# 218040) was first used in 1991 to report a
patient with a developmental phenotype similar to two others previously reported
in the 1970s by Dr. Jack Costello (Costello, 1971, 1977; Der Kaloustian et al.,
1991; Martin and Jones, 1991). CS is a rare autosomal dominant disorder with a
prevalence of 1 in 300,000e1,250,000 live births. Most mutations occur de novo,
but somatic mosaicism with typical CS phenotypes or transmission to offspring
and recurrence in siblings have been reported (Girisha et al., 2010; Gripp et al.,
2006; Sol-Church et al., 2009). Patients typically present with features common
to other RASopthies, including craniofacial defects, coarse facial features, cardiac
and skin abnormalities, postnatal growth retardation, gut abnormalities, and neuro-
cognitive delay (Abe et al., 2012; Gripp and Lin, 2012). Uniquely, however, CS pa-
tients have high birth weights, with a subsequent failure to thrive, and develop severe
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ectodermal anomalies (Costello, 1971, 1977; Der Kaloustian et al., 1991; Martin and
Jones, 1991). In addition, these patients have increased predisposition to developing
both benign and malignant tumors (Gripp, 2005).

Neurological malformations and delayed neurocognitive development are
prevalent and perhaps more significant in CS than in other RASopathies. Macro-
cephaly, hydrocephalus, Chiari I malformation, syrinx, seizures, cerebral and cere-
bellar atrophy, leukomalacia, poor gray-white matter differentiation, smaller
corpus callosum, deviation of the cerebellar tonsils, and demyelination of the basal
tonsil are just some of the significant neurological malformations reported in CS
(Gripp et al., 2019; Kang and Lee, 2019). In addition, and perhaps consequently,
approximately 80% of individuals with CS have intellectual disabilities, most in
the mild to moderate range. Common features manifested by the neurocognitive
dysfunction in CS include speech and language deficiency, orthopedic impairment,
delayed fine- and gross-motor skills, and impairment in adaptive functioning
(Gripp et al., 2019).

The heart and muscle phenotypes in CS are not yet well characterized but are
thought to be significantly involved in the overall CS syndromic etiology. General
muscular weakness is common in CS, likely due to an excess in the number of neuro-
muscular spindles (Bolocan et al., 2014). In addition, cardiac abnormalities include
pulmonic valve stenosis, septal defects, aortic dilation, HCM, and arrhythmias (Lin
et al., 2011).

Clinically, the bone phenotypes observed in CS patients include spine curvature
(scoliosis, as well as kyphosis), bilateral or unilateral hip dysplasia, anterior wall
chest deformity, tight tendons and contractures of the elbow, wrist, hip, knee, ankle,
and feet (Gripp et al., 2019; Leoni et al., 2014). Osteoporosis is also seen in older CS
patients, with decreased bone mineral density evident from a young age, possibly
due to increased bone resorption, which is also reported in other RASopathies
(Leoni et al., 2014; Stevenson et al., 2011).

Failure to thrive in CS is, in part, attributed to the gastrointestinal defects asso-
ciated with this disorder. Feeding and swallowing difficulties are potentiated by an
enlargement of the tongue and by general oral hypersensitivity. Vomiting is common
and is caused by pyloric stenosis or gastroesophageal reflux. Intestinal pseudo-
obstruction and chronic constipation are common and due to impaired gastrointes-
tinal motility of the intestinal tract. In addition, malocclusion is also common,
possibly disrupting proper eating abilities. Understandably, patients tend to be irri-
table and sleep deprived, adding to the level of the overall anxiety associated with
this disorder (Gripp et al., 2019).

Dermatological manifestations of CS patients include loose skin around neck,
hands, and feet, soft and thickened skin in palms of hand and soles of feet, and hyper
pigmentation (Siegel et al., 2012). Perhaps most significantly, however, CS patients
have a high predisposition to developing tumors. Benign tumors in CS patients
include papillomas around the nose, mouth, and anus (Gripp, 2005). Malignant
tumors include development of rhabdomyosarcomas, cancer in the connective tissue
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of the muscle (Gripp et al., 2019; Sinico et al., 2011). CS patients also have a higher
predisposition to developing solid tumors such as neuroblastoma and transitional
cell carcinoma of the bladder (Gripp, 2005; Gripp et al., 2002).

Costello Syndrome and HRAS
In 2005, mutations in one gene, HRAS, which resides at the core of the canonical
RAS-MAPK signaling cascade, was identified as causal to CS (Aoki et al., 2005;
Gripp et al., 2007; Kerr et al., 2006). The mechanism of regulation of HRAS is
similar to other RAS proteins. Briefly, in its GDP bound state, HRAS is inactive, pre-
venting it from binding to its downstream effectors and activating downstream path-
ways. To activate HRAS, guanine nucleotide exchange factors exchange GDP for
GTP. Conversely, GTPase activating proteins (GAPs) mediate the conversion of
GTP back to GDP, restoring the inactive conformation and terminating downstream
binding of HRAS to its effectors (Bos et al., 2007).

HRAS has been heavily studied with respect to its role as an oncogene, and so-
matic mutations in HRAS are known to cause cancers in prostate, salivary gland,
skin, stomach, thyroid, urinary tract, and upper aerodigestive tissues (Prior et al.,
2012). Since CS-associated HRAS mutations are germline, the molecular and
functional signature of these mutations are distinct. For example, whereas somatic
mutations in HRAS are concentrated to three hot spots, G12, G13, and Q61, CS-
associated HRAS mutations are distributed throughout the protein (Fig. 4.2B)
(Buhrman et al., 2010; Denayer et al., 2008; Gremer et al., 2010; Gripp et al.,
2012, 2015; Hobbs et al., 2016; Kerr et al., 2006; Lorenz et al., 2013; Prior et al.,
2012). However, like the oncogenic somatic mutations, the most common HRAS
mutation in CS is a GOF mutation that renders active HRAS insensitive to GAP ac-
tivity. This mutation, p.Gly12Ser, affects nearly 80% of all CS patients (Gripp and
Lin, 2012; Kerr et al., 2006). Other, rarer GOF mutations are also identified in CS,
including the p.Lys117Arg mutation, which alters GDP/GTP nucleotide affinity, and
the p.Glu37dup mutation, which induces enhanced downstream effector binding to
increase activity of the pathway (Denayer et al., 2008; Gremer et al., 2010).

Interestingly, and to make things more complicated, like PTPN11, both GOF and
LOF CS-associated HRAS mutations exist. Specifically, two HRAS mutations,
p.Gly60Asp and p.Ser89Cys, negatively regulate RAS activity and downstream
signaling, leading to a much milder overall CS phenotype (Gripp et al., 2012,
2015). Moreover, selective hyper-activation of one effector pathway over another
is also demonstrated with some CS-associated HRAS mutations. For instance, under
steady-state conditions, HRAS p.Glu63_Asp69dup demonstrates enhanced binding
to RAF1, leading to subsequent induction of MAPK activity, but shows impaired
parallel binding to PI3K, decreasing downstream AKT/mTOR signaling (Lorenz
et al., 2013).
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Disease modeling of Costello Syndrome
Specific functional consequences of the different HRAS mutations associated with
CS are not yet well understood. Most studies for CS-associated HRAS have utilized
in vitro overexpression systems, which often mask the true pathophysiology under-
lying the disease. Because of that and the importance of demonstrating disease in
more relevant biological systems, animal models for CS were created. To date, there
are only three published papers modeling CS in murine models and one in zebrafish,
each replicating some, but not all, of the features in human CS. The first CS model
was developed by the Barbacid lab (CNIO, Spain), who generated an HRASG12V/þ

knock-in mouse model. Generation of these mutant mice included an insertion of a
b-gal-neomycin cassette fused to the 30untranslated region of the HRAS knock-in
gene locus in order to more effectively monitor HRAS expression in tissues. Both
homozygous and heterozygous mice were viable on the 129Sv/j:C57BL/6J mixed
background and successfully phenocopied at least some of features of CS, including
the craniofacial malformations, malocclusion, neurocognitive defects, and the car-
diac hypertrophy. However, the mice did not develop cancer during the observed
time period for this study (1.5 years) (Schreiber et al., 2017; Schuhmacher et al.,
2008; Viosca et al., 2009). Dermal, skeletal, and muscular phenotypes of CS were
not characterized in this model system.

The second CS mouse model created by Chen et al. (2009), like the previous
model is a HRASG12V/þ knock in mouse, but on a mixed 129Sv/j:C57BL/6J:FVB/
N background. Interestingly, these mice displayed increased postnatal lethality in
heterozygous mice and a complete postnatal lethality in homozygous mice. Nec-
ropsy did not reveal any gross or microscopic pathology of the heart muscle or
lung or any evidence of bleeding in these neonates, leaving the cause of death in
these mice largely unknown. However, as feeding difficulties are a well-
recognized phenotype in CS, it is possible these mice failed to suckle after birth,
leading to their early demise (Gripp et al., 2019). Surviving heterozygous mice
developed craniofacial malformations and malocclusion, but interestingly, no car-
diac abnormalities (Chen et al., 2009; Goodwin et al., 2014a). Importantly, this
model developed the skin and gastric papilloma’s observed in CS patients. Other
CS phenotypes affecting bone, muscle, brain, and skin were not characterized.
The difference in disease severity between the two mouse models is noteworthy
but has not yet been fully elucidated. Likely, the mouse genetic background plays
a significant role in modulating the severity of the CS phenotype. It may also be
possible that the insertion of the b-gal-neomycin cassette in Schuhmacher et al.
(2008) HRASG12V/þ mouse model prevents full or appropriate expression of the
HRAS mutant allele (Chen et al., 2009; Schreiber et al., 2017), reducing the severity
of the disease in these mice.

The third, and most recent, CS mouse model was generated by the Aoki lab and
garners an HRASG12S/þ knock-in mutation in the C57BL/6J background (Tohoku
University School of Medicine, Japan). These mice harbor the more clinically
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relevant mutation, the p.Gly12Ser mutation, which is observed in >80% of CS
patients. Heterozygous mice were born at the expected Mendelian ratios, but
homozygous mice showed complete postnatal lethality of unknown cause.
Hereto, mice phenocopied some of the features of CS, including facial dysmor-
phia, malocclusion, increased resting energy expenditure, and cardiac abnormal-
ities (Oba et al., 2018). Other CS phenotypes involving brain, bone, skin, and
muscle hereto were not evaluated. Thus, taken together, there are reported varia-
tions in the phenotypic spectrum for CS in developed murine models, variables
that seem to be dependent on genetic background, genetic targeting strategy, and
the specific HRAS mutation chosen for the study.

In addition to these mouse models, a zebrafish model stably expressing mutant
HRASG12V/þ using the Tol2 transposase has also been generated. The mutant fish
display reduced size, scoliosis, smaller heart, craniofacial dysmorphology, increased
tumor incidence, and decreased life span (Santoriello et al., 2009). Interestingly,
decreased proliferation and increased senescence are also observed in several tis-
sues, including the adult progenitor compartments of the brain and heart. However,
using a zebrafish model to delineate human disease pathophysiology poses major
concerns. First, the genetic manipulation used to create this model is prone to inser-
tion of multiple copies of the transgene, i.e., the mutant HRAS, which may confound
results when compared to effects of endogenously expressing HRAS in CS patients.
Second, and more importantly, this is not a mammalian model system, and, there-
fore, translatability of mechanism and function of the mutation in humans may be
significantly different. Despite this, using the zebrafish model system is an invalu-
able tool to monitor some preliminary functionality of a disease mutation, particu-
larly as it relates to early embryogenesis, which may not always be possible using
mammalian model systems.

Interestingly, none of the described models showed a global hyperactivation of
RAS-MAPKor RAS-AKT/mTOR signaling, as was expected from the in vitro onco-
genic HRAS overexpression studies. Instead, only modest lineage and tissue-specific
changes were observed. For example, all three CS mouse models showed increased
RAS-MAPK signaling in the liver. On the other hand, the increased active GTP
bound HRAS did not effectively translate to increased RAS-MAPK signaling in
mouse embryonic fibroblasts, adult brain, or heart (Chen et al., 2009; Chennappan
et al., 2017; Schuhmacher et al., 2008). However, later studies revealed that activa-
tion of the MAPK pathway was localized to the hippocampal region of the brain in
CS mice (Schreiber et al., 2017; Viosca et al., 2009). Similarly, an increase in ERK
activity was observed in CS mouse incisors, and inhibition of MAPK or AKT using
pathway-targeted inhibitors normalized the hyper-proliferation of progenitor cells,
thereby preventing the development of malocclusions (Goodwin et al., 2014b).
Finally, studies in CS-derived mouse skin fibroblasts demonstrated increased
RAS-AKT/mTOR signaling at baseline and in response to overnight serum starva-
tion, an activation that was lost when cells were cultured in the presence of serum
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(Chennappan et al., 2017). Taken together, it is clear that a better understanding of
the molecular mechanisms involving HRAS signaling in CS are needed to determine
the mechanistic and functional consequences of this disease in patients.

Costello Syndrome and induced pluripotent stem cells
Indeed, use of patient-derived iPSCs can now, for the first time, provide a humanized
model system to better understand the functional and cellular consequences of spe-
cific HRAS-associated mutations causal to CS. Human iPSCs derived from patients
with CS were first differentiated to astroglia. In vitro, these cells differentiated
rapidly, were larger, exhibited hyperplasia, and displayed an abundance of extracel-
lular matrix remodeling factors and proteoglycans. Moreover, CS-associated iPSC-
derived astrocytes formed a complex morphology, with increased volume and
branching, when grafted into mouse hippocampal organotypic slices, thereby
mimicking the accelerated maturation observed in vitro. CS-associated iPSC-
derived astrocytes also accelerated primary neurite outgrowth from purified rat
postnatal retinal ganglion cells, in both in vitro co-culture and in indirect co-
culture systems, suggesting increased astroglial to neuron signaling that is attributed
to increased extracellular matrix and proteoglycan secretion. Indeed, decreasing the
expression of SNAI2, a transcriptional factor downstream of HRAS, either by treat-
ing cells with a farnesyl transferase inhibitor that inactivates RAS or by knocking
down its expression with an SNAI2 specific siRNA, reduced the secretion of extra-
cellular matrix proteins and proteoglycans and normalized the signaling defects in
CS-associated iPSC-derived astrocytes. Interestingly, the acute treatment with farne-
syl transferase inhibitor had a pronounced effect on the expression of nondevelop-
mentally regulated transcription factors without altering those involved in normal
astrocyte development, making it a viable therapeutic treatment for cognitive
impairment and enhanced neuroplasticity in CS. Importantly too, these results could
be recapitulated in mice with astrocyte-specific expression of CS mutant HRAS,
where experience-independent accumulation of proteoglycans in the form of a
perineuronal net was observed around the parvalbumin positive interneurons in
the cortex, suggesting accelerated neuronal maturation, impaired cortical remodel-
ing, and decreased learning (Krencik et al., 2015). In a follow-up study, investigators
also evaluated the effect of CS-associated neuroectodermal differentiation. Here,
CS-associated iPSC-derived neuroectoderm displayed an extended progenitor
phase with increased production of cortical neurons and morphological deficits,
effects also confirmed in a CS mouse model. Morphological analysis of mature neu-
rons also revealed significantly altered neurite length and soma size in CS patients
(Rooney et al., 2016).

By highlighting the synergy between mouse models and human iPSCs, mecha-
nisms underlying cellular pathologies of CS can be better understood and therapeu-
tic targets in the pathway can more easily be identified. For example, iPSCs have
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helped determine that increased neuronal progenitor cell proliferation and cellular
hypertrophy occur in CS, in both terminally differentiated neurons and astrocytes,
suggesting that these attributes underlie the increased brain volume and overall
cognitive deficiency in CS. However, limitations in studying CS using iPSC biology
exist. For example, while the CS iPSC-derived neuronal models nicely reproduce the
structural and morphological findings observed in vivo in HRASG12V/þ mice,
the cells fail to properly differentiate, showing aspects of functional and electrophys-
iological immaturity (Rooney et al., 2016). However, these effects may be technical
and could perhaps be easily overcome by use of high density astrocyte co-cultures,
modified media culture systems, three dimensional (3D) brain organoids, or organ-
on-a-chip technologies (Arlotta et al., 2017; Klapper et al., 2019; Lancaster et al.,
2013; Pasca et al., 2015). In addition, use of genome editing technologies to
“induce” specific mutations in HRAS could allow for more definitive assessments
of various CS mutations, providing the opportunity to exponentially increase under-
standing of the complexities associated with CS pathophysiology.

Limitations and future direction of induced pluripotent stem
cell model systems
So far, it has been demonstrated that iPSCs, together with CRISPR-Cas9 genome
editing, can be powerful tools to study the differential molecular mechanisms of
RASopathies, to identify novel targets in downstream signaling pathways, and to
screen compounds that may be effective in treating human disease. Despite these
advantages, however, use of in vitro model systems, do not always adequately pre-
dict disease etiology and demonstrate different functional mechanisms in culture
as compared to whole organ systems. In this case, validation of findings using
iPSC-derived differentiation systems should be made in animal models. In the
future, it is likely that iPSC-derived single cell cultures will benefit from recent ad-
vances using 3D organoids model systems or organ-on-a-chip technologies, where
multiple cell types can be studied at one time in the internal microenvironment
where paracrine signals and co-contributing cellular functions can be assessed
(Yin et al., 2016).

There are also other limitations to consider when using iPSCs to model disease.
For example, several recent studies report that iPSCs preserve residual epigenetic
memory of donor somatic cells and can lead to low quality iPSCs with limited clin-
ical application (Tobin and Kim, 2012). In addition, the differentiation process does
not always yield a pure population. For example, iPSC-differentiation could yield a
nonuniform phenotype with a mixed population of cells (Moretti et al., 2010;
Sharma et al., 2013). To overcome this problem, protocols have been focused
on optimizing conditions to more effectively isolate and purify iPSC-derived differ-
entiated cell lineages. In the case of CMs, FACS selection, using fluorescent dye
labeling of mitochondria or surface expression of either the signal regulatory
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protein alpha or an activated leukocyte cell adhesion molecule have been used
(Dubois et al., 2011; Lin et al., 2012; Rust et al., 2009). There has also been success
with >90% efficiency in isolating and enriching CMs from iPSC lines using lactate
purification (Burridge et al., 2015; Lian et al., 2013). Additional limitations include
batch effects, where the differentiation of iPSC clones often result in heterogeneity
of the different cellular subtypes in a particular lineage; for example, in iPSC-CMs,
cultures include a mixed population of atrial, nodal, and ventricular CMs (Sharma
et al., 2013). One technique that has recently been utilized to help improve these lim-
itations is single cell RNAseq (scRNAseq), where individual cells can be grouped
into specific subpopulations based on their differential gene expression profile and
used to predict the physiological and functional effects of the mutation or pathology
(Chu et al., 2016; Wen and Tang, 2016).

Importantly, for some lineages such as CMs and neuronal cells, iPSC-derived
cells do not fully mature, preventing a complete characterization of the adult pheno-
types (Karbassi et al., 2020). For example, although brain organoids differentiated
from iPSCs recapitulate many features of human brain development in vivo, current
methods can only recapitulate development to the first trimester. Moreover, the lack
of vascularization of this tissue limits the growth and the maturation of brain organo-
ids due to an inadequate supply of key nutrients and oxygen. Indeed, 3D brain orga-
noids also lack the presence of essential nonneural cells, such as microglia,
endothelial cells, hematopoietic cells, and meninges, needed for the critical para-
crine signals necessary for proper brain function. Finally, another serious challenge
to organoid technology is that they are highly heterogeneous, with random posi-
tioning of brain regions within each organoid. Therefore, and to overcome some
of these limitations, multiple iPSC lines and independent batches have to be differ-
entiated for consistency and reproducibility of results (Qian et al., 2019). Moreover,
hereto, scRNAseq can be used to help define the differentiation and maturation of
excitable cells, such as neurons and CMs, to help more clearly define cell-lineage
specific disease functionality. Ultimately, it will be this ability to isolate and charac-
terize a pure, mature population of iPSC-derived cells that will make drug discovery,
proteomic, genomic, and metabolomic studies more efficient in the future (Brodehl
et al., 2019).

Lastly, an important consideration when using iPSCs is the contributing effect of
allelic variance, altered gene expressivity, and modifier loci on disease severity from
individual to individual. It is not often clear what cell line makes the best “control”
for a diseased patient’s iPSCs. Previously, diseased cells were compared to cells
from a healthy donor, usually an unaffected sibling, the parents, age-matched, or
sex-matched controls. However, assessing effects of a specific mutation in the
context of a different genetic background made interpretation of any results difficult.
To circumvent this problem, researchers combined iPSC-based disease modeling
with CRISPR-Cas9 technology to “correct” mutations in a patient’s own iPSCs,
creating an isogenic control. However, the new challenge that arose in this case is
the inability to distinguish the effect of the pathogenic mutation from other potential
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disease-causing changes in a patient’s background. In this case, researchers started
using the CRISPR-Cas9 technology to also “introduce” a potential pathogenic mu-
tation in the background of a healthy iPSC cell line, leading to isogenic mutated
iPSC cell lines. However, though these isogenic mutated cells model the disease
phenotype, the severity of the phenotype can sometimes be significantly less pro-
nounced when compared to patient-derived iPSCs, suggesting that additional ge-
netic modifications exist to influence the severity of a disease phenotype (Jaffre
et al., 2019). Obviously, using multiple patient-derived iPSCs would be an ideal sys-
tem to ascertain more definitively the contributions of a single point mutation in
causing a disease. However, in RASopathies, which are rare, this can be a significant
challenge. Thus, our next best strategy is to use both corrected and patient-derived
iPSC lines to determine disease relevance and molecular/cellular analysis, as well as
drug screening to prevent or reverse these diseases. In the future, we hope to use
iPSCs to understand the functional role of these genetic modifiers in the context
of disease heterogeneity in RASopathies. In addition, use of a patient’s own cells,
corrected for their mutations, may also prove useful in clinical applications, such
as reparative and regenerative medicine.

Clearly, the direction for iPSCs is moving toward clinical application. However,
cautionary steps in this regard must be taken. Like cancer cells, iPSCs have indef-
inite proliferation capacity, with epigenetic modifications and expression of onco-
genic markers, such as c-MYC, which increases the efficiency of reprogramming.
Therefore, iPSCs generated with c-MYC have a higher risk of tumorigenesis. Conse-
quently, iPSCs might have genomic instability, which has to be checked regularly by
karyotyping and next generation sequencing. Indeed, it is this consequential epige-
nomic and genomic instability that remains a major limitation for clinical applica-
tion of iPSC-based cell therapies (Yoshihara et al., 2019). More recently, and to
overcome this hurdle, multiple reprogramming approaches have now been devel-
oped to create iPSCs without the need for c-Myc or other oncogenes (l-Myc and
Lin28) (Kamath et al., 2017).

As of today, some ethical concerns regarding potential off-target effects of Cas9
limits the use of this technology in a clinical setting. However, with the creation of
advanced Cas9 variants with increased specificity, it is likely that this gene editing
strategy will soon become a technological reality (Lee et al., 2018). Indeed, several
studies have demonstrated successful in utero gene therapy in animal models in a
variety of diseases, including hemophilia and lysosomal storage disorders, thus
paving the path to clinical translation (Casal and Haskins, 2006). The correction
of a monogenic mutation using CRISPR-Cas9 can be done ex-vivo on gametes or
embryos before implantation, in utero, or even postnatally. The National Academy
of Sciences, the National Academy of Medicine, and the National Academies of Sci-
ences, Engineering, and Medicine recommend that “research on germline gene edit-
ing should continue, albeit cautiously, and only for therapeutic purposes to treat
serious heritable diseases” (Kofler and Kraschel, 2018). Considering that genes
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associated with RASopathies are fundamentally regulated during development, us-
ing genome editing tools in utero could prove beneficial, and perhaps even life-
saving, to patients with these disorders.

RASopathies and induced pluripotent stem cells: where do
we go from here?
As mentioned previously, RASopathies are a group of syndromic disorders that
affect multiple organs and tissues. However, despite the overt systemic effects of
the mutations that cause these disorders, research has only focused on modeling car-
diac hypertrophy, JMML, and neuronal phenotypes. It will be invaluable to continue
these studies but also to expand them in other equally devastating, aspects of RASo-
pathies. One area currently being investigated in our own lab includes understanding
the effects of the neurocognitive aspects of NS. These elements include delineating
why some, but not all, NS patients develop cognitive and learning disabilities, atten-
tion deficit hyperactivity disorder, and autism (Adviento et al., 2014; Pierpont et al.,
2018). Like iPSC-derived CMs or myeloid cells, use of iPSC-derived brain organo-
ids will significantly advance our understanding of neuronal disease in NS for
several reasons. First, it can be difficult to obtain biopsies from tissues such as the
brain directly from NS patients; iPSCs can be generated from a simple blood
draw. Second, brain function and disease can be modeled in vitro, through differen-
tiation of iPSCs into human neuronal cells, allowing investigators to both recapitu-
late the clinical effects observed in patients, as well as understand the functional
effects of disease-causing mutations.

In addition, RASopathies patients have severe gastrointestinal difficulties. For
example, more than 75% of infants with NS present with mild to severe, often
long-lasting, feeding difficulties, which include poor suckling, slow feeding, and
recurrent vomiting (Roberts et al., 2013; Sharland et al., 1992). Interestingly, severe
feeding problems in infancy are associated with a developmental delay in language
and affect long-term educational achievement (Shaw et al., 2007). Similarly, severe
feeding difficulties in early infancy lead to G-tube placement in CS patients (Gripp
et al., 2002). In this regard, generation of intestinal 3D organoids will be advantageous
in investigating the mechanisms underlying intestinal disease in RASopathies, along
with helping identify potential therapies that can treat this problem in children.
Indeed, intestinal organoids that mimic embryonic intestinal development have
been differentiated from iPSCs in vitro using a combination of Wnt3a and FGF4
for hindgut specification and FGF4 alone to promote hindgut morphogenesis
(McCracken et al., 2011; Spence et al., 2011), and they have already been used exten-
sively for modeling a variety of diseases that affect the gastrointestinal tract (Mithal
et al., 2020; Workman et al., 2017). Our lab is currently applying this technology
to determine the functional mechanisms associated with gastrointestinal difficulties
in NS and NSML.
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Conclusions
In summary, the unlimited source of iPSCs, combined with CRISPR-Cas9 technol-
ogy, will provide us an opportunity to more deeply understand the molecular mech-
anisms of diseases, such as RASopathies, in a humanized model system, improving
our ability to achieve successful cell-based therapies that can translate to clinical tri-
als. This technology will not only accelerate development of novel therapeutic inter-
ventions but will also serve as a personalized medicine approach to effectively treat
patients with genetic disorders. This technology will undoubtedly address the
genomic, metabolic, and pharmacogenomic diversity of RASopathy specific vari-
ants, studies that can be validated in mammalian systems and then quickly move
to clinic. Further, combining reprogramming of iPSCs with 3D organoid cultures,
organ-on-a-chip technology, and bioprinting holds additional promise for investi-
gating and understanding tissue engineering and regenerative medicine in the near
future. Indeed, methods to further translate these technologies are advancing every
day and we hope that this technology will more readily yield findings to treat and
improve the lives of RASopathies patients, perhaps yielding opportunities to also
treat other, more common, congenital disorders with similar disease signaling mech-
anisms in the near future.
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Abstract
Mitochondrial disease presents a variety of clinical manifestations such as en-
cephalopathy, diabetes, and cardiomyopathy. Mitochondrial encephalopathy in-
cludes mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like
episodes (MELAS), Leigh syndrome (LS), and MELAS/Leigh overlap syndrome.
Mitochondrial encephalopathy has been modeled to reveal pathogenesis, but this is
also a challenging task. In this chapter, we discuss issues that must be considered
for modeling mitochondrial encephalopathy using induced pluripotent stem cells
(iPSCs). Based on the fact that iPSCs were established from the fibroblasts
carrying a high proportion of random mitochondrial DNA (mtDNA) mutations, the
mitochondrial function was not essential for reprogramming. Reprogramming
efficiencies, however, differed from genotypes of mDNA mutations. Although the
energy metabolism of iPSCs shifted from oxidative phosphorylation (OXPHOS) to
anaerobic glycolysis, the metabolic signature of iPSCs was affected by a mutation
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of mtDNA, which encoded a subunit of OXPHOS enzymes. Emerging genome
editing technologies were also successfully applied to mtDNA and may provide
further evidence of the pathophysiological mechanisms in mitochondrial diseases
in vitro. Furthermore we discuss the usefulness of neuronal three-dimensional
differentiation models using iPSCs. This will allow us to elucidate the pathogen-
esis of encephalopathy in the context of vascular angiopathy in MELAS/Leigh
overlap syndrome.

Keywords: 3D; Heteroplasmy; iPSCs; Mitochondria; Mitochondrial encephalopathy; Mitochon-

drial gene editing; Modeling; mtDNA; Pathogenesis.

Mitochondrial disease
Mitochondria are the powerhouse of the cells and account for oxidative phosphoryla-
tion (OXPHOS). Mitochondria also play important roles and diverse cellular functions
(e.g., proliferation, apoptosis, differentiation). Thus, mitochondrial dysfunctions are
associated with a wide range of human diseases including Alzheimer’s and Parkin-
son’s disease. Mitochondrial diseases are inherited from mitochondrial disorders
caused by either nuclear DNA mutation or mitochondrial DNA (mtDNA) mutation.
In this chapter, we mainly discuss mitochondrial diseases caused by mtDNA muta-
tions and how we can apply induced pluripotent stem cells (iPSCs) technology to
elucidate disease pathogenesis and to further develop novel treatments.

When mitochondrial function is impaired, it fails to provide sufficient energy to
the cells. The lack of energy leads to multiorgan dysfunction. The mtDNAmutations
mainly disturb the OXPHOS of the electron transport chain due to respiratory
complex defects. Cells with high energetic demands, such as neurons and myocytes,
are more susceptible to the defective energy productions. The patients carrying the
mtDNA mutation present a wide clinical spectrum: stroke-like episodes, dementia,
epilepsy, lactic acidemia, myopathy, recurrent headaches, hearing impairment,
diabetes, and short stature etc. Mitochondria contain the 37 genes. More than 250
types of point mutations, over 100 deletions (single deletions), and multiple dele-
tions and duplication have been reported as disease-causing genetic abnormalities.
Information on mtDNA mutations is available through the MITOMAP database
(a Human Mitochondrial Genome Database: https://mitomap.org/MITOMAP).

Heteroplasmy and threshold effect
Certain types of mtDNA mutation affect specific organs. Moreover, the mutation
load of mtDNA in each cell, which is called “heteroplasmy,” contributes to the
severity of the disease phenotype. Each organ or cell type has its own threshold to
manifest a dysfunction. In order to demonstrate the phenotypic threshold effect,
several experimental models have been reported. In vitro, enucleated cytoplasm
can be fused with whole cells to create so-called cybrids, in which we will be
able to manipulate different proportions of mutated mtDNA from 0% to 100%,
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and to study the effects of a given “mutant load” on the activity of respiratory chain
complexes, as well as other cellular functions (Rossignol et al., 2003). In vivo,
Nakada et al. established a technique to produce “Mito-mice” harboring various
degrees of mutant load (Nakada et al., 2001). The mito-mice were generated by
introducing deletion mutant mtDNA (DmtDNA) from cultured cells into fertilized
eggs of C57BL/6J (B6) strain mice (Nakada et al., 2004). In the case of mito-
mice carrying more than 70% DmtDNA at birth, they showed mitochondrial
respiration defects and consequently died around six months after birth. On the other
hand, mito-mice carrying about 30%e50% DmtDNA at birth were healthy (Nakada
et al., 2008). The threshold effect of heteroplasmy correlates with the onset and di-
versity of symptoms, but none of the mito-mice showed any neurological symptoms
comparable to humans as described below. The pathogenesis of neurological symp-
toms of mitochondrial disease has yet to be elucidated.

Neurological manifestations
Neurological symptoms caused by mitochondrial dysfunction are classified into
subgroups based on clinical manifestations as follows: mitochondrial encephalomy-
opathy with lactate acidosis and stroke-like episodes (MELAS), Leigh syndrome
(LS), myoclonus epilepsy associated with ragged-red fibers (MERRF), etc. Further-
more, a growing number of patients failed to be categorized into the subgroups and
were diagnosed as having overlap syndrome, such as MELAS/Leigh overlap
syndrome (Crimi et al., 2003; Jun Matsui, 2014; Leng et al., 2015; Wang et al.,
2010; Kori et al., 2019; La Morgia et al., 2014) or MEERF/MELAS overlap
syndrome (Zeviani et al., 1993). Each patient of mitochondrial encephalopathy
presented a variety of clinical manifestations. There was no correlation between
phenotype and mitochondrial genotype in the patients with mitochondrial encepha-
lopathy. The iPSCs are suitable for examining the molecular features of individual
mitochondrial diseases. The iPSCs carrying heteroplasmic mtDNA mutations will
enable demonstration of the patient-specific models in mitochondrial diseases
(Hatakeyama and Goto, 2016) (Fig. 5.1).

Here, we describe obstacles to modeling mitochondrial diseases and what we
learned from the use of iPSCs technology in mitochondrial studies. Lastly, we
discuss emerging technologies that allow us to elucidate the pathogenesis of mito-
chondrial diseases from new dimensions and to develop novel treatment strategies.

Mitochondrial dysfunction and induced pluripotent
stem cells
When we generate iPSCs from mitochondrial diseases, we need to undertake the
following steps: reprogramming, maintenance, proliferation, and differentiation.
In 2013, Folmes et al. first demonstrated that iPSCs were generated from patients
with MELAS caused by mtDNA mutation (m.13513G > A) (Folmes et al., 2013).
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Thereafter several reports demonstrated the generation of iPSCs with other types of
mtDNA mutations (Table 5.1). Based on these pioneering studies, we are beginning
to understand how mitochondria dysfunctions affect the following steps: (1) reprog-
ramming, (2) maintenance and proliferation of iPSCs, and (3) differentiation from
iPSCs (Fig. 5.2C).

Role of mitochondria in reprogramming
Wahlestedt et al. generated iPSCs from somatic cells carrying random mtDNA mu-
tations. They used the somatic cells harvested from Polgtm1Lrsn mice, which had the
error-prone mtDNA polymerase. Interestingly, even if the cells had a high proportion
of mtDNA mutations, iPSCs were established indicating that intact mitochondrial

FIGURE 5.1 Demonstration of the patient-specific models in mitochondrial diseases.

Induced pluripotent stem cells (iPSCs) can be generated from patients with mitochondrial

diseases caused by mitochondrial DNA (mtDNA) mutations. Each established iPSC clone

from the same patient may contain different levels of heteroplasmic mtDNA mutation.

Since the nuclear genomic background is identically “isogenic,” it is ideal to evaluate the

effect of mutation load of mtDNA on disease pathogenesis.
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Table 5.1 Induced pluripotent stem cells derived from the patients with
mitochondrial encephalopathy.

Gene
mutation

Gene
expression

Clinical
phenotype

Main findings of
the study References

m.13513G > A MT-ND5 MELAS Both the control
induced pluripotent
stem cells (iPSCs)
and the iPSCs with
mitochondrial DNA
(mtDNA) mutation
display spherically
shaped
mitochondria and
reduced oxygen
dependency.
High load of mtDNA
heteroplasmy
interferes with
cardiogenesis in
patient-specific
iPSCs

Folmes et al.
(2013)

LS They succeeded in
generating the iPSCs
with genetically intact
mtDNA by somatic
cell nuclear transfer.
These iPSCs
showed normal
oxidative
phosphorylation
(OXPHOS) upon
differentiation into
fibroblasts and
skeletal muscle cells.

Ma et al.
(2015)

LS Generation of the
iPSCs from the
patient with Leigh
syndrome (LS) by
using Sendai virus.

Galera et al.
(2016)

m.3243A > G MT-TL1 MELAS Active down-
regulation of
complex I through
mitophagy in iPSCs
derived neurons with
high mutant mtDNA
load.
The number of
mitochondrial
nucleoids is
increased in iPSCs

Hämäläinen
et al. (2013)

Continued

Mitochondrial dysfunction and induced pluripotent stem cells 115



Table 5.1 Induced pluripotent stem cells derived from the patients with

mitochondrial encephalopathy.dcont’d

Gene
mutation

Gene
expression

Clinical
phenotype

Main findings of
the study References

with high mutant
mtDNA load.
Upon neuronal
differentiation,
complex I specifically
was sequestered in
perinuclear PTEN-
induced putative
kinase 1 (PINK1) and
Parkin-positive
autophagosomes,
suggesting active
degradation through
mitophagy.

MELAS Generation of iPSC
lines with different
heteroplasmy levels.
Enzymatic activity
analysis for
mitochondrial
respiratory
complexes in
MELAS-iPSCe
derived fibroblasts.

Kodaira et al.
(2015)

MELAS They succeeded in
generating the iPSCs
with genetically intact
mtDNA by somatic
cell nuclear transfer.
These iPSCs
showed normal
OXPHOS upon
differentiation into
fibroblasts and
skeletal muscle cells.

Ma et al.
(2015)

MELAS Mitochondrial
myopathy,
encephalopathy,
lactic acidosis, and
stroke-like episodes
(MELAS)-iPSCs
showed reduced
efficiency to
differentiate into
endothelial cells.
MELAS-iPSCe
derived endothelial
cells displayed
dysregulated

Pek et al.
(2019)
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Table 5.1 Induced pluripotent stem cells derived from the patients with

mitochondrial encephalopathy.dcont’d

Gene
mutation

Gene
expression

Clinical
phenotype

Main findings of
the study References

inflammatory
responses.
Antioxidant treatments
were successful in
improving endothelial
functions.

MELAS An increase of
autophagy and
mitophagy in
MELAS-iPSCs.

Lin et al.
(2019)

Neuronal and
cardiac maturation
defects in the iPSCs
line with a high
proportion of
m.3243A > G.

Yokota et al.
(2017)

m.8993T > G MT-ATP6 LS They succeeded in
generating the iPSCs
with genetically intact
mtDNA by somatic
cell nuclear transfer.
These iPSCs
showed normal
OXPHOS upon
differentiation into
fibroblasts and
skeletal muscle cells.

Ma et al.
(2015)

m.8344A > G MT-TK MERRF Generation of the
iPSC line from a
patient with MERRF
by using Sendai
virus.

Wu et al.,
2018

m.10191T > C MT-ND3 MELAS/LS
overlap
syndrome

Metabolic signature
of MELAS/Leigh
overlap syndrome in
the iPSC.
The iPSCs with high
mutant load mtDNA
showed a distinct
metabolic profile
compared with
control-iPSCs
(pyruvate, malic acid,
and lactic acid).

Hattori et al.
(2016)

Continued
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function was not essential for reprogramming (Wahlestedt et al., 2014). Furthermore,
the suppression of mitochondrial function improved reprogramming efficiency. In the
presence of rotenone (complex I inhibitor), antimycin A or potassium cyanide
(complex IV inhibitor), mitochondrial inhibition improved reprogramming efficiency
and exhibited full differentiation potential (Son et al., 2013).

On the contrary, Yokota et al. reported that reprogramming efficiency decreased
in fibroblasts carrying high proportions of mutant mtDNA (�90% m.3243A > G
encoded tRNA) (Yokota et al., 2015). Since m.3243A > G is located in the mito-
chondrial genome encoding tRNA for protein synthesis, a unique set of functional
and structural changes of mitochondrial proteins may interfere in the reprogram-
ming process.

Role of mitochondria in maintenance and proliferation of induced
pluripotent stem cells
When the high degree of random mtDNA mutations was loaded by the error-prone
mtDNA polymerase as described above, the proliferative ability of the iPSCs was
compromised during the maintenance of pluripotency (Wahlestedt et al., 2014). In
the case of the m.13513G > A mutation affecting the ND5 subunit of complex I,
the proportion of heteroplasmy decreased from 50% at passage 3%e37% and
then to 7% at passages 21 during the maintenance of iPSCs, respectively (Folmes
et al., 2013). This result suggests that the m.13513G > A mutation of ND5 was
unstable in the state of pluripotency, but it is unclear whether the ND5 function
(complex 1 activity) is required for the maintenance of iPSCs. To support this notion,
in our experiment of a mutation of ND3, which leads to a defect of complex I activ-
ity, the degree of heteroplasmy in iPSCs with the m.10191T > C mutation (ND3)

Table 5.1 Induced pluripotent stem cells derived from the patients with

mitochondrial encephalopathy.dcont’d

Gene
mutation

Gene
expression

Clinical
phenotype

Main findings of
the study References

m.5541C > T MT-TW MELAS iPSC-derived
neurons were
detected due to
serious
mitochondrial
dysfunction triggered
by m.5541C > T.
Significant loss of
terminally
differentiated iPSCs-
derived neurons but
not iPSC-derived
skeletal muscle cells.

Hatakeyama
et al. (2015)
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FIGURE 5.2 Mitochondrial dynamics in induced pluripotent stem cells (iPSCs) for disease

modeling.

(A) Cellular metabolism: Various metabolic pathways exist in cytosol and mitochondria.

(i.e., Glycolysis, TCA cycle, b-oxidation, and OXPHOS) The iPSCs state tended to lean

toward increased glycolysis rather than oxidative phosphorylation (OXPHOS) in order to

inhibit the production of ROS. Glycolysis, TCA cycle, and b-oxidation were activated by

inhibiting OXPHOS. DHAP: Dihydroxyacetone Phosphate, G-3-P: Glyceraldehyde

3-phosphate, TG: triglyceride, FFA: free fatty acid, CPT: carnitine palmitoyl transferase, I,

II, III, IV, V: respiratory complex, NAD: nicotinamide adenine dinucleotide, ROS: reactive

oxygen species, mtDNA: mitochondrial DNA, Q: coenzyme Q, C: cytochrome C. (B)

Principal component analysis (PCA) analysis data of gas chromatography/mass

spectrometry (GC/MS) in iPSCs with mitochondrial myopathy, encephalopathy, lactic

acidosis, and stroke-like episodes (MELAS)/Leigh overlap syndrome. Score plot: The

contributions of the top two principal components (PCs) to variance were 86.7% (PC1)

and 11.9% (PC2). A principal component analysis of the metabolome analysis data

clearly distinguished between high mutant load-iPSC and low mutant load-iPSC with

mtDNA mutation on the second principal component axis. Loading plot: Metabolites that

contributed to this distinction were pyruvic acid, palmitic acid, stearic acid, and malic acid

(characteristic of high mutant load-iPSC) and lactic acid (characteristic of low mutant

load-iPSC and control-iPSC). (C) Somatic cells have ellipsoid-shaped mitochondria and

multicopies of mtDNA are distributed in mitochondrial cytosol. Upon reprogramming, the

shape of mitochondria changes to spherical and mtDNA accumulates in the nucleus.

Energy metabolisms also shifted from OXPHOS to glycolysis in iPSCs, which may have an

advantage in reducing toxic ROS generation. Differentiation from iPSCs will revert these

changes and recapitulate the disease progression at the cellular and organ levels.
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remained unchanged even after extended passages (>60 passages), which was
consistent with previous reports of iPSCs with m.3243A > G (Hämäläinen et al.,
2013; Fujikura et al., 2012; Kodaira et al., 2015). The energy metabolism of iPSCs
was shifted to anaerobic glycolysis from OXPHOS. It is suggested that the mainte-
nance and proliferation in iPSCs was not affected by the mitochondrial deficiency
with mtDNA mutation. The metabolic shift to glycolysis has the advantage of
preventing the production of reactive oxygen species (ROS) from OXPHOS in the
undifferentiated state of iPSCs (Armstrong et al., 2010; Prigione et al., 2010; Folmes
et al., 2011; Panopoulos et al., 2012). However, the iPSCs with high mutant load
mtDNA showed a distinct metabolic profile compared with control-iPSCs by gas
chromatography coupled with mass spectrometry (GC-MS). The loading plot of
principal component analysis revealed that the compounds contributing to the
distinction were pyruvic acid, malic acid, palmitic acid, and stearic acid (character-
istic of high mutant load-iPSC) and lactic acid (characteristic of control-iPSC and
low mutant load-iPSC) (Hattori et al., 2016). These results suggest that
m.10191T > C (ND3) influenced glucose metabolism, the tricarboxylic acid cycle,
fatty acid synthesis, fatty acid b-oxidation, and a lactate-malate-aspartate shuttle in
the iPSCs state (Fig. 5.2A and B).

More interestingly, during the maintenance of iPSCs, a large proportion of
mtDNA fragments were observed in the nucleus and accumulated in the nucleus
extrachromosomally (Schneider et al., 2014). Additionally, mitochondrial
morphology in undifferentiated iPSCs displayed a spheroid shape with poor cristae
structure and reduced mtDNA copies per cell (Folmes et al., 2011). These findings
imply that mtDNA itself may play an additional role during the maintenance of
iPSCs beyond wiring the energy metabolism in the mitochondria (Fig. 5.2C).

Role of mitochondria in differentiation from induced pluripotent
stem cells
To recapitulate the disease-specific phenotype in vitro, iPSCs provide a huge advan-
tage due to the ability of differentiation into various cell types. Mitochondrial
diseases with mtDNA mutation present pathological changes in a wide variety of
tissues and organs in humans.

Several research groups have attempted to induce differentiation into various cell
types in vitro in order to elucidate the pathogenesis of mitochondrial disease caused
by mtDNA mutation. MELAS is a common clinical phenotype of mitochondrial en-
cephalopathy. Lactate acidosis and reversible stroke-like episodes are characteristic
of the clinical features of MELAS. Patients with MELAS were reported to have
atherosclerotic lesions in aortic tissues (Sazonova et al., 2015; Sazonova et al.,
2009). Indeed, Pek et al. found proatherogenic and proinflammatory properties in
endothelial cells differentiated from MELAS-iPSCs, which were carrying the
m.3243A > G mutation (Pek et al., 2019). They speculated that the high level of
ROS was the main culprit causing these properties in the endothelial cells. Further-
more, Lin et al. demonstrated that oxidative insults induced a marked increase of
autophagy and broad activation of mitophagy, and led to compromised cell viability
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in the MELAS-iPSCs with the m.3243A > G mutation (Lin et al., 2019). Regarding
the pathological phenotype in neuronal lineage cells, Hämäläinen showed that
complex I was actively degraded by an autophagy-mediated mechanism upon
neuronal differentiation (Hämäläinen et al., 2013). In the case of MELAS-iPSCs
with the m.5541C > Tmutation, a significant loss of neurons was observed upon ter-
minal neuronal differentiation and it was due to serious mitochondrial dysfunction
(Hatakeyama et al., 2015). Yokota et al. established two isogenic iPSCs lines each
carrying different proportions of a heteroplasmic m.3243A > G mutation from the
same patient. The iPSCs with a high mutation load inhibited differentiation into
mature neurons. High proportions of m.3243A > G showed inhibited cardiac line-
age differentiation, as well (Yokota et al., 2017). These reports revealed that the
mitochondrial function and mtDNAwere involved in differentiation and maturation.

The mitochondrial genome only encodes 37 genes, and the vast majorities of
proteins and molecules are provided from the environments created by their own
nuclear genome. It is reasonable to consider that disease phenotypes of mtDNA
mutations could be influenced by the nuclear DNA backgrounds of the patients
(Hämäläinen et al., 2013; Fujikura et al., 2012; Kodaira et al., 2015). Direct manip-
ulation of mtDNAwould provide further evidence of the pathophysiological mech-
anisms in mitochondrial diseases in vitro. Recently, TALEN technology was
successfully applied to iPSCs to manipulate mtDNA. The m.13513G > A and
m.3243A > G heteroplasmy level in MELAS-iPSCs was decreased by the transduc-
tion of mitoTALENs (Yahata et al., 2017; Yang et al., 2018). The CRISPR-Cas9
system was initially considered to be challenging mainly due to inefficient delivery
of guide RNA and Cas9 enzyme complexes into mitochondria. Hussain, however,
succeeded in gene editing in the mtDNA by appending NADH-ubiquinone oxidore-
ductase chain 4 (ND4) targeting guide RNA to an RNA transport derived stem loop
element (RP-loop) and expressing the Cas9 enzyme with the preceding mitochon-
drial localization sequence. They showed mitochondrial co-localization of
RP-loop gRNA and a marked reduction of ND4 expression in the cells carrying a
A11204G variant in their ND4 sequence coincidently decreasing the mtDNA levels
(Hussain et al., 2021).

Future trends
The development of gene editing technology discussed above will allow us to inves-
tigate the effects of mitochondrial gene mutations on mitochondrial disease system-
atically by taking advantage of the iPSCs-platform. Another exciting trend using
iPSCs would be the development of three-dimensional culture (Lancaster and
Knoblich, 2014) (Fig. 5.3B), which allows us to recapitulate cellular interactions
in the context of tissue or organ levels. As an instance of neuronal differentiation,
conventional differentiation systems using two-dimensional cultures of iPSCs often
evaluate the cell survival rate, morphological changes in the cells, and/or gene
expression analysis, and these parameters do not always reflect the actual functions
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in the brain (Fig. 5.3A). Human iPSCs are now able to be differentiated into a large
multicellular organoid-like structure that contains distinct layers of neuronal cells
expressing characteristic markers of the human midbrain (Jo et al., 2016). The study
of rotenone toxicity for the mitochondrial respiratory function in a human brain
spheroid model has been reported. The results indicate that rotenone’s toxic potency
varies depending on the differentiation status and dopaminergic-neurons were more
susceptible to the toxin than astrocytes and other neuronal cell types at noncytotoxic
concentrations (1 mM) (Pamies et al., 2018). Dopaminergic and glutamatergic, and
GABAergic neurons are mixed in the neuronal organoid culture. It has not yet been
elucidated how the iPSCs carrying mtDNA mutations differentiate into the neuronal
organoid-like structure (Fig. 5.3B).

FIGURE 5.3 The development of neuronal culture derived from induced pluripotent stem cells

(iPSCs).

(A) Neuronal differentiated two-dimensional culture. The type-specific neuronal differentiation.

Various neuronal cells were derived from iPSCs. iPSCs were differentiated into NSC and

NPC. NPC were maturely differentiated into neurons, astrocytes, and oligodendrocytes.

Further neurons were differentiated into dopaminergic neuron, glutamatergic neuron,

and GABAergic neuron. NSC: neuronal stem cells, NPC: neuronal progenitor cells. (B)

Neuronal organoids three-dimensional culture. Organoid culture protocol begins the generation

of embryoid bodies (EBs) from iPSCs. EBs are induced neural induction.

Neuroectodermal tissues are transferred to droplets of Matrigel. Finally matrigel droplets

are transferred to a spinning bioreactor. Additionally, organoids culture is implanted into

the intracerebral membrane of immunodeficient mice. After vascularization, nutrition is

supplied to the implanted organoids culture vascularly.
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According to clinical molecular imaging of patients with MELAS, we expect the
pathological process involving vascular angiopathy, increase of anaerobic energy
metabolism, increase of blood flow, angioedema, and accompanying cellular edema
and neurological dysfunction due to increased oxidative stress (Ikawa et al., 2013;
Yoneda et al., 1999; Ikawa et al., 2009). Mitochondrial neuropathology is suspected
to be caused by various intertwining in the complex structure and function of the
human brain. It makes the condition complicated and difficult to study in the pathol-
ogy of mitochondrial disease. One limitation of the in vitro culture is the lack of
physiological vascular circulations. Mansour et al. differentiated human embryonic
stem cells into cerebral cortical organoids and implanted them into the brains of
severe combined immunodeficient mice (Mansour et al., 2018) (Fig. 5.3B). This
approach potentially enables us to study pathogenesis in the context of the native
vascular environment and to reveal the interplay between neuron and vascular
angiopathy (Inoue et al., 2000).
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Abstract
As a hot topic in the frontier of medicine, stem cells can not only be applied in
treatment of various diseases, but also provide reliable in vitro models for disease
research. With the first step taken 40 years from now, the stem cell acquisition and
isolation technologyhas developed relatively well. Nevertheless, limited by the
sources of material as well as the ethical dilemma of using embryonic stem cells
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(ESCs) and adult stem cells, scientists are now focusing on regeneratingthe infinite
proliferation and multi-differential potential of those terminally differentiated so-
matic cells. The reprogramming technology mainly include somatic cell nuclear
transfer technology (SCNT), cell fusion technology and induced pluripotent stem
cell (iPSc) technology, and the last one outperformed the former two for its higher
efficiency, simpler operation, higher cost performance, safety and higher precision.
Polycystic ovary syndrome (PCOS) is featured by endocrine disorders and meta-
bolic syndromes with complex clinical manifestations (persistent anovulation, in-
sulin resistance, hyperandrogenemia and hyperinsulinemia) caused by
hypothalamic-pituitary-ovarian axis dysfunction and a metabolic disorder.
Despite thephysical suffering and the psychological burden of the patients, the
etiology, diagnostic criteria and optimal treatment for PCOS are currently vague.
Meanwhile, there still lacks animal model that can fully simulate all the charac-
teristics of clinical PCOS patients at present. With the development of iPSC
technology, the ability of continuous self-renewal and the potential of multidi-
rectional differentiation of these cells have made them powerful tools for the
research and development of disease mechanism. Up to date, progress has been
madeon the establishment of PCOS-iPSCs cell models for maintaining the disease
gene phenotype in vitro to further advance the exploration of the pathogenesis,
pathogenic genes, and drug screening of PCOS.

Keywords: Cell model; Disease pathogenesis; Induced pluripotent stem cell; Polycystic ovary

syndrome; Translational medicine.

Introduction to stem cells and embryonic stem cells
Stem cells are a generic term for a large group of cells with self-renewal and multi-
potential both in vitro and in vivo. In 1999, stem cells were named by Science maga-
zine as one of the top 10 most important scientific fields in the 21st century. Stem
cells can be divided into different groups for several different classification methods.
According to their differentiation potential, they are generally divided into totipotent
stem cells, pluripotent stem cells, and unipotent stem cells. The differentiation abil-
ity of these three groups of cells changes from strong to weak in turn, whereby the
fertilized egg is a pluripotent stem cell with the highest differentiation potential that
can differentiate into a complete individual. However, the other two types of cells
can only differentiate into corresponding organs or tissues. According to the source,
stem cells can be divided into embryonic stem cells (ESCs) and adult stem cells.
Adult stem cells refers to a variety of pluripotent stem cells in the body, such as he-
matopoietic stem cells in the blood and neural stem cells (NSCs) in the brain.

In 1981, Evans (Martin, 1981) surgically removed the ovaries of mice at 2.5 days
after fertilization and then interfered with the internal environment of the uterus with
hormone injection to delay the implantation of the embryo. As a result, the first
mouse ESC line was obtained. Subsequently, Axelord et al. (Axelrod, 1984) also ob-
tained mouse ESC lines with the microdroplet culture method. Iannaccone and
others (Iannaccone et al., 1994) isolated and cloned a rat ESC line that was positive
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for SSEA-1 and AKP and can proliferate on the feeder cells of rat fetal fibroblasts
and differentiate into various cell types in vivo. In addition, Vassilieva et al.
(2000) established rat ES cell lines expressing SSEA-1 and OCT4, which were
maintained by members of the interleukin-6 family of cytokines, but leukemia inhib-
itory factor (LIF) is the most critical factor for maintaining culture. Piedrahita and
his colleagues (Piedrahita et al., 1990) isolated ESCs from porcine blastocyst inner
cell mass (ICM) and found that porcine blastocyst ICM can attach and proliferate on
a continuous cell line of murine embryonic fibroblasts (SIM mouse embryo-derived
thioguanine and ouabain resistant fibroblast cell line, STOs) or porcine embryonic
fibroblasts. However, the research team of Evans et al. (Notarianni et al., 1990)
directly cultured 6e7 days old pig blastocysts on STO feeder cells, selected ICM
cells and established the pig ES cell line through proliferation and passage culture.
Saito et al. (1992) cultured bovine ICM in medium with LIF and isolated bovine ES
cells. Moreover, Mitalipova et al. (2001) isolated bovine ES cells expressing SSEA-
1, SSEA-3, SSEA-4, and c-kit receptors from dense morula. Handyside and others
(Handyside et al., 1987) isolated ES-like cells from sheep blastocysts aged 7e8 days
old fed sheep skin fibroblast cells and fetal fibroblast cells, but as a result, endoderm-
like cells were obtained without ESCs. Rabbit ESCs were isolated from blastocysts
by Graves et al. (Moreadith and Graves, 1992), and preliminary identification was
performed to prove that they have the ability to proliferate in an undifferentiated
state on feeder cells. After being passaged for more than one year, the rabbit
ESCs still had normal karyotypes and were able to form embryoid bodies containing
three germ layers. With the continuous progress of related research on ESCs, an
increasing number of types of animal ESCs have been established, and research
on human embryonic stem cells (hESCs) was originally explored by Prea and his
colleagues (Pera et al., 1989) to isolate ESCs from human teratomas. Bongso
et al. (1994) cultured prokaryotic embryos until the blastocyst stage on human
fallopian tube epithelial cells until the blastocyst stage and obtained ESCs, but the
cells died after only two passages of culture. In 1998, Thomson’s research team
(Thomson et al., 1998) first isolated the ICM from blastocyst embryos by immuno-
logical methods and finally established human ESC lines.

A large number of experiments conducted by scientists on the differentiation
function of ESCs have shown that the obtained ESC lines cultured in vitro can differ-
entiate into multiple cell types, such as myocardial cells (Wobus et al., 1997;
Mummery et al., 2003; Huber et al., 2007), neurons (Wichterle et al., 2002; Li
et al., 2008), and blood cells (Keller et al., 1993) (Fig. 6.1). Therefore, it is regarded
as the “seed” cell for cell therapy and organ transplantation, with the promise of
treating a variety of genetic and other treatment-resistant diseases.

It is well known that ESCs develop from the ICM of embryos to the blastocyst
stage, which means that we must destroy the human embryo to establish human-
derived ESCs (Fig. 6.1). Due to the particularity of this material, which involves
legal and ethical issues (Robertson, 2001), the material selection has great limita-
tions, which restricts the research and application of human ESCs. In addition, a
fatal problem in the clinical application of ESCs is allotransplantation rejection.
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There are a small number of adult stem cells with limited differentiation potential in
adult bone marrow, nerves, muscles, adipose tissue, and other tissues, which also
solves the problem of immune rejection and the ethics of ESCs to some extent. It
has become an important role in the development of regenerative medicine drugs.
However, there are many unclear aspects in the process of differentiation of most
adult stem cells. More importantly, it is difficult to separate and purify and cultivate
adult stem cells in vitro. The number of obtained cells and the age of the donor are
also limiting.

The development of somatic reprogramming
Although both ESCs and adult stem cells have value in vitro research and a wide
range of application prospects, both of them have large limitations on the sources
of materials. To solve this dilemma, scientists have tried to make terminally differ-
entiated somatic cells “reverse growth” back to the original pluripotent state and
regain the characteristics of infinite proliferation and multidifferential potential of
ESCs. It is hoped that it can largely replace ESCs in scientific research and clinical
applications.

The process of returning terminally differentiated somatic cells to an undifferen-
tiated pluripotent state using a series of techniques is known as reprogramming.
Since the 1950s, reprogramming methods and reprogramming mechanisms have
been continuously explored, which has removed many obstacles for research and

FIGURE 6.1

The source and differentiation potential of embryonic stem cells. Embryonic stem cells

are derived from blastocyst inner cell mass (ICM) and can differentiate into various cell

types of tissues and organs in vitro, such as neural cells, cardiac cells, and blood cells.
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development in the field of regenerative medicine. At present, there are three main
somatic cell reprogramming technologies: somatic cell nuclear transfer (SCNT)
technology, cell fusion technology, and induced pluripotent stem cells (iPSCs).
These three technologies have different reprogramming methods and efficiencies,
which can induce somatic cell reprogramming to the state of pluripotent stem cells,
providing strong support and promotion for the development of biomedicine.

Nuclear transfer technique
SCNT technology in which somatic-derived nuclei are injected into enucleated oo-
cytes by microinjection or other techniques to achieve the return of terminally differ-
entiated somatic cells to an undifferentiated state can be used to establish pluripotent
cell lines or to develop into complete individuals, which is what we commonly call
cloning. In this process, the nucleus that has differentiated into a specific somatic
cell is reactivated by some substances in the oocyte cytoplasm, and these biomole-
cules in the oocyte cytoplasm that enable the differentiated nucleus to regain totipo-
tency are called reprogramming factors.

The technique was first developed in 1952. Two researchers, Briggs (Briggs and
King, 1952) and King (King et al., 1996), injected the early follicular nucleus into
the enucleated oocytes of the leopard frog, which eventually successfully developed
into a normal tadpole. Another sensational research achievement of the cloned sheep
Dolly (Wilmut et al., 1997) in 1997 was also a sign of the successful application of
this technology in mammals. Subsequently, a team of researchers (Marx, 1981) pro-
duced three cloned mice using nuclear transfer technology. With a series of studies
on this cloned mouse, many abnormal gene expression patterns during the embry-
onic period have been found, including telomere lengthening, obesity in adult indi-
viduals, immune system damage, susceptibility to tumors, premature death, and
other physiological problems. These anomalies make scientists worry about the
safety of nuclear transfer. Some scientists have tried to optimize these problems
by chemically altering egg activation, adjusting the enucleation time, and inhibiting
cytoplasmic division.

Although this technology is helpful in studying embryonic development and the
pathogenesis of diseases in some aspects, it has a series of problems, such as low
reprogramming efficiency, low survival rate of recombinant embryos, develop-
mental defects in cloned animals, and even ethics. Moreover, only those who have
professional micromanipulation skills can do so, which severely limits its develop-
ment and application in the field of reprogramming. This also requires scientists to
conduct research and develop new reprogramming techniques.

Cell fusion technique
Cell fusion technology is another reprogramming technology after nuclear transfer
technology. It works by fusing somatic cells with various pluripotent embryonic
cells to obtain hybrid cells with stem cell characteristics. These common embryonic
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cells include ESCs, embryonic germ cells, and embryonic cancer cells. The methods
of cell fusion are divided into spontaneous fusion and induced fusion in which spon-
taneous fusion refers to the spontaneous merger of two identical kinds of cells
cultured. Induced fusion mainly means that the cells between different species
must be treated with an inducer before they can fuse. Currently, there are mainly bio-
logical methods to induce fusion with the inactivated Sendai virus, chemical
methods involving polyethylene glycol (PEG), and physical methods such as elec-
trical pulse, vibration, centrifugation, and electrical stimulation to induce fusion.
The most widely used is PEG because it is easy to obtain and convenient, and the
fusion effect is stable.

As early as 1965, Harris and his research team (Harris, 1967) used Sendai virus
to fuse HeLa cells with red blood cells and successfully activated red blood cells. In
2005, the fusion of somatic cells with hESCs resulted in the formation of pluripotent
tetraploid cells (Sumer et al., 2010; Cowan et al., 2005; Yu et al., 2006) that
expressed the pluripotent marker gene Oct3/4. It was found that those tetraploid cells
were similar to ESCs with respect to DNA methylation levels and histone modifica-
tion patterns.

Several studies have shown that ESCs contain important reprogramming factors
that enable somatic cells to obtain pluripotency, but based on the analysis of the cur-
rent research results, it is impossible to determine exactly whether these reprogram-
ming factors are distributed in the nucleus or in the cytoplasm. It must be noted that
the obtained heterozygous cells contain two sets of chromosomes. For cell and organ
transplantation, the problem of immune rejection still exists. To solve this problem,
Tada et al. (Matsumura and Tada, 2008) also tried to remove a whole set of chromo-
somes from tetraploid cells to restore the diploid state, but this would seriously affect
the stability of the genome, so this method was not feasible. Since then, other
scientists have also attempted to reprogram somatic cells with extracts from ESCs
(Taranger et al., 2005). None of the above studies can effectively improve cell fusion
technology, the fusion efficiency is still low, and there are also ethical problems.
Therefore, the method of reprogramming by cell fusion has many limitations in
the field of biomedicine.

Induced pluripotent stem cells
The various defects in SCNT technology and cell fusion technology limit their ap-
plications. Scientists are eager to find a new way to reprogram cells, which can be
widely used in scientific research and clinical treatment. The emergence of iPSCs
has caused a dramatic response in the scientific community. Its greatest advantage
is that it cleverly and completely avoids the problems caused by the limitations of
ethical issues. It can also overcome the defects inherent in the other two reprogram-
ming methods, which sheds new light on the application of stem cells in the field of
regenerative medicine.

This landmark contribution was discovered by Japanese scientists Takahashi and
Yamanaka (Takahashi and Yamanaka, 2006) in 2006. They screened out a set of
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more effective transcription factors, namely, Oct4, Sox2, Klf4, and c-Myc, from 24
prepared candidate transcription factors. These four transcription factors are overex-
pressed in mouse embryonic fibroblast cells by retroviruses, which can reprogram
cells from the terminally differentiated state into a pluripotent state. The identifica-
tion results for iPSCs showed that they are very similar to ESCs in morphology, gene
expression profile, protein expression profile, epigenetic pattern and in vivo and
in vitro differentiation. Later, Yamanaka’s research team (Takahashi et al., 2007)
successfully reprogrammed human fibroblasts using OCT4, SOX2, C-MYC, and
KLF4 in 2007 to obtain human induced pluripotent stem cells (hiPSCs). In the
same year, Thompson’s laboratory (Yu et al., 2007) adopted another combination
of four transcription factors, OCT4, SOX2, NANOG, and LIN28, and achieved
the acquisition of hiPSCs.

After the prelude to the reprogramming of human cells, a variety of somatic cells
can be used for reprogramming experiments. Scientists have reprogrammed human
mesenchymal stem cells (Wernig et al., 2008b), lung fibroblasts (Maherali et al.,
2008), bone marrow mesenchymal cells (Park et al., 2008a), adipocyte stem cells
(Sun et al., 2009), tumor cells (Lin et al., 2008), blood B lymphocytes (Seki
et al., 2010), tooth germ cells (Tamaoki et al., 2010), and other cells of different
types and different embryo layers to produce iPSCs. Many of the common types
of human somatic cells that have been reported to be reprogrammed by transcription
factors are shown in Table 6.1. However, different reprogramming donor cells have
different degrees of difficulty in reprogramming, such as blood cells and adipose
cells, which are relatively ideal and commonly used donor cells for iPSCs because
it is easy to obtain a large number of cells.

Reprogramming factors are mainly introduced into somatic cells in the form of
plasmids, proteins, mRNA, microRNAs, etc., through viral vectors, electric transfec-
tion, and liposome transfection. The safety and reprogramming efficiency of iPSCs
are of concern to many researchers. Stadtfeld et al. (2008) chose adenovirus as the
vector for the transfection method, which was a breakthrough in the process. This
method causes the imported reprogramming factor to be highly expressed in a short
time and does not involve permanent integration. In addition, the team also used
transposons to successfully produce virus-free integrated, higher security iPSCs.
Okita and his colleagues (Okita et al., 2008) used the characteristics of plasmid
transfection to design a plasmid framework and perform cotransfection, which
can eliminate the four integrated reprogramming factors to obtain iPSCs without
viral genes. Some studies have shown that adding some small molecular compounds
during reprogramming can improve the reprogramming efficiency of iPSCs. Shi
et al. (2008) used the G9a histone methyltransferase inhibitor BIX-01,294 to
improve the reprogramming rate of NSCs. Research by the Mikkelsen (Mikkelsen
et al., 2008) team showed that 5-azacytidine can also improve the efficiency of
reprogramming. Esteban et al. (2010) confirmed that valproic acid and vitamin C
can greatly improve the reprogramming efficiency of iPSCs by approximately 500
times. In 2013, Hongkui Deng’s research team (Hou et al., 2013) used chemical
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methods to induce the reprogramming of somatic cells and eliminated the depen-
dence of previous reprogramming methods on genetic manipulation. They treated
somatic cells with a combination of four small-molecule compounds to achieve so-
matic cell reprogramming, originally inducing the specialized mouse somatic cells
into pluripotent cells that can redifferentiate into various tissues and organ types and

Table 6.1 The main cell types and methods reported for human somatic cell
reprogramming through transcription factors.

Cell type
Reprogramming
factor

Delivery
method References

Fibroblasts OCT3/4, SOX2, KLF4,
c-MYC/OCT3/4, SOX2,
KLF4/OCT4, SOX2,
NANOG, LIN28

Retrovirus/PB
transposition/
Lentivirus

Takahashi et al. (2007),
Yu et al. (2007),
Nakagawa et al. (2008),
Meissner et al. (2007),
Woltjen et al. (2009), Mali
et al. (2008), Park et al.
(2008b)

Keratinocytes OCT4, SOX2, KLF4,
c-MYC

Lentivirus Aasen et al. (2008),
Carey et al. (2009)

Blood cells OCT4, SOX2/OCT4,
SOX2, KLF4, C-MYC/
OCT4, SOX2, KLF4,
C-MY, BCL-XL

Retrovirus/
Sendai virus

Giorgetti et al. (2010),
Zaehres et al. (2010),
Zhou et al. (2015), Ye and
Wang (2018), Wen et al.
(2016), Rim et al. (2016)

Papilla cells OCT4/OCT4, KLF4/
OCT4, SOX2, KLF4,
C-MYC/OCT4, SOX2,
KLF4, c-MYC

Retrovirus/
Lentivirus

Tsai et al. (2010, 2011),
Higgins et al. (2012),
Muchkaeva et al. (2014)

Amniotic fluid-
derived cells

OCT4, SOX2, KLF4,
C-MYC/

Retrovirus/
Plasmid
transfection

Li et al. (2009), Galende
et al. (2010), Slamecka
et al. (2016)

B
lymphocytes

OCT4/OCT4, SOX2,
KLF4, c-MYC

Cell fusion/
Sendai virus

Pereira et al. (2008),
Bueno et al. (2016)

Neural stem
cells

OCT4, KLF4/OCT4,
c-MYC

Retrovirus Kim et al. (2008)

Mesenchymal
stromal/stem
cells (MSCs)

OCT3/4, SOX2, KLF4/
LIN28, NANOG, OCT4,
SOX2/c-MYC, KLF4,
OCT4, SOX2

Retrovirus Oda et al. (2010), Yan
et al. (2010)

Urine-derived
cells

OCT4, SOX2, KLF4,
c-MYC/OCT4, GLIS1,
KLF4, SOX2, L-MYC,
miR-302/OCT4, SOX2,
C-MYC, KLF4

Retrovirus/
Nucleofector
Kit/Lentivirus

Wang et al. (2017b),
Zhou et al. (2011, 2012,
2013)

Adipocyte
stem cells

OCT4, SOX2, KLF4,
c-MYC

Lentivirus/
Retrovirus

Sun et al. (2009), Sugii
et al. (2011)
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named them chemically induced pluripotent stem cells. The shorter time, higher ef-
ficiency, simpler operation, higher cost performance, safer method, and more precise
outcome are the advantages of the reprogramming approach.

With continuous research and exploration by scientists, the technology of iPSCs
has become increasingly mature and improved, and the iPSC pluripotency identifi-
cation scheme is also important. Currently, it mainly includes the following six
aspects: (1) pluripotent stem cell surface markers, such as SSEA-1 and OCT4, which
are not expressed on the surface of differentiated cells; (2) the ability to induce
differentiation in vitro; (3) teratoma experiments in nude mice; (4) embryo chime-
rism experiments; (5) germline mosaicism; and (6) embryonic developmental abil-
ity. The last three criteria determine whether iPSCs have the characteristics of ESCs
from a scientific perspective. In addition, iPSCs and ESCs have similar DNA
methylation patterns and histone modifications, which can also be identified at the
epigenetic level.

Pathological features of polycystic ovary syndrome
Polycystic ovary syndrome (PCOS), also known as Stein-Leventhal syndrome, is a
common reproductive dysfunction syndrome in women of childbearing age. First
proposed by Stein and Leventhal in 1935 (Ozcan et al., 2012), the incidence is
5%e10% among women of childbearing age. PCOS is a reproductive disorder
caused by hypothalamic-pituitary-ovarian axis dysfunction and a metabolic disorder
with endocrine disorders and metabolic syndromes with complex clinical
manifestations.

The pathophysiology and clinical manifestations of the disease are complex, het-
erogeneous, progressive, and markedly racially diverse. The main manifestations are
persistent anovulation, insulin resistance (IR), hyperandrogenemia, and hyperinsuli-
nemia. Patients are often characterized by thin menstrual discharge in small amounts
and severe amenorrhea and infertility, accompanied by obesity, hairiness, bilateral
polycystic enlargement, black acanthosis, and acne. It can cause serious diseases
such as breast cancer, endometrial cancer, and cardiovascular and cerebrovascular
diseases. Among them, menstrual disorders are the main symptoms of PCOS. The
milder menstrual cycle is 35 days to six months, the menstrual flow is minimal,
and severe patients may have amenorrhea. Additionally, there are also patients
with irregular uterine bleeding, menstrual cycle, and menstrual volume without
regularity. Among the relevant manifestations of high androgen-related clinical
patients, varying degrees of hirsutism are one of the important manifestations of
androgen elevation. Excessive androgen can cause excessive secretion of sebaceous
glands and acne, and the patient’s face, back, and shoulders can appear as acne, pim-
ples, pustules, and nodules. It is often said that hyperandrogenemia refers to an
increase in oil secretion, which causes patients to have too much oil on the head,
face, chest, and back and enlarged pores. This is also the clinical manifestation of
high androgen in PCOS patients. Obesity related to IR occurs in patients with
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PCOS, and most of the obesity is in the abdomen. Severe IR can cause acanthosis
nigricans, symmetrical brown pigmentation in the vulva, neck, and underarms,
and skin thickening. The IR of patients with PCOS is related to obesity, and severe
IR will cause acanthosis nigricans. Symmetrical brown pigmentation will appear in
the vulva, neck, underarm, and other parts of the patient, resulting in skin thickening.
Overweight patients with PCOS may develop obstructive sleep apnea, which occurs
during sleep. However, patients with PCOS also have some psychological and
emotional disorders, which may easily cause depression and anxiety and lack of con-
fidence. Patients may have the above typical or partial symptoms, but infertility due
to ovulation disorders is the most significant clinical manifestation of PCOS.

Strikingly, PCOS and polycystic ovary (PCO) are two different concepts. PCO is
only a morphological disorder that can be caused by any type of disease with exces-
sive androgen, showing polycystic changes in the ovary without clinical symptoms
or changes in blood hormones.

Progress in polycystic ovary syndrome treatment and
research
Research on polycystic ovary syndrome
PCOS is an endocrine and metabolic disorder that affects a woman’s life. However,
there are still many controversies and unresolved issues about the etiology, diagnostic
criteria, and optimal treatment for PCOS. Therefore, PCOS has become a research
hotspot, and the exploration of its pathogenic mechanism is still the top priority of sci-
entists. At present, the exact cause of PCOS is still unclear, but according to the char-
acteristics of family heredity and heterogeneity of patients with PCOS, research
suggests that PCOS is related to heredity and environment (Jin and Xie, 2018).

Regarding the research on PCOS candidate genes, the current research results
show that no obvious related genes have been found, and there are few reproducible
conclusions, so a few specific genes related to PCOS have been found. Research has
shown that CYP17a expression and enzyme activity are increased in patients with
PCOS. CYP17a increases the phosphorylation level of serine residues after tran-
scription, which may increase its 17,20-lyase activity, resulting in hyperandrogene-
mia. CYP11A encodes a cholesterol side chain lyase P450scc. Follicular membrane
cells in patients with PCOS overexpress P450scc (Perez et al., 2008). CYT11A has
nucleotide repeats at the translation initiation site. Gharani’s team first reported that
microsatellite polymorphisms are related to the pathogenesis of PCOS (Gharani
et al., 1997). However, Gaasenbeek et al. (2004) verified the results of Gharani’s
research team with unreliable results after large-scale validation experiments. Sub-
sequently, other research teams conducted research on a number of candidate genes,
such as the aromatase gene CYP19, the sex hormoneebinding globulin gene SHBG,
the insulin gene, and the insulin receptor gene (Skrgatic et al., 2013), but failed to
obtain a clear correlation with patients with PCOS.
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However, the mechanism by which environmental factors affect the occurrence
of PCOS has always been an open question. Epigenetics is the process of studying
the genes’ phenotype. It is a molecular phenomenon that can regulate gene expres-
sion without changing the DNA sequence.

Epigenetic modification is very important for mammalian development, and
changes in environmental factors can visualize the epigenetic state, which may
lead to the occurrence of various diseases. Special epigenetic mutations can be
passed on to offspring. Abnormal epigenetic modifications are involved in the occur-
rence and inheritance of many diseases. In 2005, the study of LaVoie (2005) sug-
gested that abnormal epigenetic modification may play a crucial role in the
occurrence and inheritance of PCOS caused by high androgens. The PCOS epige-
netic abnormality hypothesis provides a direction for studying the occurrence and
inheritance of PCOS.

Epigenetics represents the new frontier of functional genomics for complex dis-
eases. It is a potential molecular bridge linking the environment and genetic mate-
rial. In recent years, many studies have also found that epigenetic changes are the
underlying mechanism of PCOS (Xu et al., 2016). Studies on rhesus monkeys
have shown that fetal exposure to high levels of androgens in utero determines
the clinical manifestations of PCOS in adolescence. Studies in sheep have shown
that excessive androgen exposure during the fetal period can affect early follicular
activity, which may explain the typical follicular developmental changes shown
by PCOS (De Leo et al., 2016). The role of epigenetics in PCOS cannot be under-
estimated. The current research in epigenetics is mainly reflected in the following
four specific aspects:

Methylation
Through the DNA chip method, researchers found that some genes in the adipose
tissue of women with PCOS showed corresponding modifications in some methyl-
ation sites (Fenichel et al., 2017). Other scientists conducted genome-wide DNA
methylation analysis in PCOS ovarian tissue and found 7982 different methylated
CpG sites, of which 59.8% were hypermethylated and 40.2% were hypomethylated.
Another study found that the global methylation level of DNA in granulosa cells
(GCs) of women with PCOS was lower than that of control women. In view of
the different tissues collected in the two studies, the results are not contradictory
(Pan et al., 2018). A research team reported that there were no significant differences
between the DNAmethyl groups of peripheral blood cells of patients with PCOS and
the DNA methyl groups of control groups, but Shen and his colleagues found mul-
tiple different methylations in the peripheral blood of patients with PCOS.

Histone modification
Theoretically, most of the genetic variations found in PCOS are involved in the regu-
lation of steroid formation, follicular maturation, or insulin signaling through the
modified proteins they encode. These effects activate cells through the membrane
receptors IR, epidermal growth factor receptor (EGFR), and luteinizing hormone
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(LH)/human chorionic gonadotophin receptor (HCGR) and ultimately participate in
the regulation of the gene expression of transcription factors. Studies have shown
that the PPAR 12ala genotype increases the risk of PCOS (Seshadri Reddy et al.,
2018). It was also found that changes in the expression of aquaporins may affect
PCOS follicular development and follicular atresia (Rahimi et al., 2018). Through
the study of the changes in FoxO3 expression and phosphorylation in human
GCs, it was found that the activation and overexpression of FoxO3 in PCOS female
GCs is associated with an increase in the level of apoptosis, suggesting that FoxO3
may be a candidate for PCOS female GC apoptosis (Wawrzkiewicz-Jalowiecka
et al., 2017). Quantitative real-time polymerase chain reaction was used to observe
the expression of BMAL1 in GCs of patients with PCOS, proving the effect of
BMAL1 on the synthesis of estrogen in hGCs, and the positive feedback cycle of
BMAL1-SIRT1-JNK was proposed, indicating that BMAL1 plays an important
role in the development of PCOS (Mikaeili et al., 2016). The expression of
APPL1 and INSR in PCOS was significantly reduced in GC. This finding indicates
that APPL1 may be an important mediator of adiponectin and insulin signaling in
GC and an important factor in the development of PCOS and IR (Zhang et al.,
2016). It has been reported that heat shock protein 90B1 (HSP90B1) is highly
expressed in ovarian cells of patients with PCOS and promotes the proliferation
of GCs. Further research shows that overexpression of HSP90B1 in ovarian cells
of patients with PCOS can reverse apoptosis. It can provide a new strategy for the
treatment of PCOS and regulate the activity of HSP90B1 (Dehghan et al., 2016).
There is evidence that during the maturation of PCOS oocytes, the mRNA expres-
sion patterns of angiopoietin-like protein 1 and angiopoietin-like protein 2 are disor-
dered, which may be related to the developmental ability of abnormal oocytes (Li
et al., 2016). Oxidative stress (OS) has been reported to be related to the pathogen-
esis of PCOS. In the presence of OS, normal human serum albumin is modified to
form ischemia-modified albumin (IMA) with reduced metal binding capacity.
Studies have found that elevated serum IMA levels reflect an increase in OS during
the pathogenesis of PCOS (Liu et al., 2016b). Another analysis showed that IMA
levels are related to serum-free testosterone levels in patients with PCOS. This cor-
relation may affect the quality of oocytes and change the balance of key follicular
fluid factors in the follicular microenvironment (Beyazit et al., 2016).

Genomic imprinting
The study found that 1 nM insulin significantly stimulated cell proliferation, induced
apoptosis, and reduced telomerase activity in GCs of healthy women and patients
with PCOS, but silencing INSR expression inhibited the role of insulin. In addition,
insulin-induced GC cell apoptosis in patients with PCOS is significantly higher than
that in healthy women (Song et al., 2018). By analyzing the genomes of a large num-
ber of patients with PCOS and the control group, it was found that 4 of the 10 SNP
loci have significant alleles, three of which are closely related to the occurrence of
PCOS (Chen et al., 2017). Studies have shown that the risk alleles carried by
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THADA and DENND1A are associated with endocrine and metabolic disorders in
patients with PCOS (Liu et al., 2016c). The ovaries isolated from FADS2 lack a
mature corpus luteum, suggesting that FADS2 may play a role in follicular matura-
tion and ovulation (Tian et al., 2016).

Long noncoding RNA and microRNA
The study found that the expression of long noncoding RNA (lncRNA) SRA in pa-
tients with PCOS was significantly higher than that in the control group, which was
positively correlated with obesity. Therefore, the increase in lncRNA SRA may be
an important mediator in the fat-related process of PCOS (Fu et al., 2018). It was
also found that lncRNA HCG26 was upregulated in PCOS. HCG26 inhibits cell pro-
liferation and cell cycle progression, and knocking out HCG26 can promote aroma-
tase gene expression and estradiol (E2) production without affecting FSH receptor
mRNA levels. This indicates that differentially expressed lncRNAs are involved
in GC proliferation and steroid production, leading to the pathogenesis of PCOS
(Liu et al., 2017). TERRAs are noncoding RNAs that are involved in the regulation
of telomere length, telomerase activity, and heterochromatinization. In PCOS, the
correlation between TERRA and TTE indicates that TERRA and TTE play an
important role in the regulation of LTL in patients with PCOS (Wang et al.,
2017a). Studies have shown that in cumulus cells of patients with PCOS, the expres-
sion level of lncRNAs is abnormal compared with that in normal women. This dif-
ferential expression may lead to the occurrence of PCOS and affect the development
of oocytes (Huang et al., 2016a).

All stages of follicular development can be regulated by miRNA activity (Naji
et al., 2018). Previous studies have shown that important regulatory factors, such
as microRNAs, play an increasingly important role in the development of PCOS
(Liu et al., 2016a). Studies have shown that abnormally expressed mRNA is related
to several specific signaling pathways, including IR, steroid hormone biosynthesis,
the PPAR signaling pathway, cell adhesion molecules, and the AMPK signaling
pathway (Fu et al., 2018). miR-33b-5p is overexpressed in the ovarian tissue of
PCOS/IR rats and can target HMGA2 to inhibit glutamate during the development
of PCOS. This finding suggests that increasing the expression of GLUT4 by inhib-
iting miR-33b-5p or increasing the levels of HMGA2 and SREBF1 may be a prom-
ising strategy for the treatment of PCOS (Yang et al., 2018). The study found that for
every doubling of the likelihood of women suffering from PCOS, the expression of
miR-23a will decrease by 0.01 times (Xiong et al., 2017). There is evidence that
miRNA-509-3p can improve the secretion of E2 and inhibit the expression of
MAP3K8, which helps to describe the pathogenesis of ovulation in PCOS, espe-
cially the regulation of E2 production (Huang et al., 2016b). It has also been shown
that the increased expression levels of miR-21 and miR-146a suggest that low-level
chronic inflammation and OS can be named as the main cause of PCOS (Salimi-Asl
et al., 2016).
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At present, epigenetic research on PCOS provides more convincing evidence to
link epigenetic regulation with the pathogenesis of disease, but similar studies have
obtained different results with different clinical research materials. The results ob-
tained from the model require further verification, so practical research materials
are more urgent for the study of PCOS. Overall, these new findings highlight the
important role of epigenetic regulation in the pathogenesis of PCOS.

Treatments for polycystic ovary syndrome
Since the pathogenesis of PCOS has not been clarified, the current treatment is
mainly aimed at clinical symptoms. The treatment objectives include correcting
ovulation, inhibiting the effect of androgens on target tissues, and reducing IR.
The main clinical treatment methods are as follows: (1) The caloric intake of pa-
tients is limited, which can reduce the storage of fat in the body, lower cholesterol,
improve blood lipids, and improve the insulin sensitivity of patients to promote
ovulation. Weight loss of 5%e10% in patients with PCOS can help reduce
androgen, LH, and insulin levels and help regulate ovulation, thus increasing the
likelihood of pregnancy (Zhang et al., 2018). Studies have shown that increased
subcutaneous and visceral adipose tissue in the abdomen can lead to IR, inflamma-
tion, blood lipids, and cerebrovascular disease (Hernandez-Mijares et al., 2013).
(2) Several different drugs directly or indirectly promote ovulation. For example,
clomiphene citrate, a sterol, competitively combines with the hypothalamus to
release the negative feedback of estrogen to the hypothalamus and indirectly pro-
mote ovulation. The aromatase inhibitor letrozole (Femara, Novartis) is approved
for patients with hormone-responsive breast cancer, but it has also been studied to
induce ovulation in PCOS. Treatment of patients with PCOS with letrozole can
effectively increase the ovulation rate and promote endometrial development.
The currently widely used drug for IR in patients with PCOS is the biguanide in-
sulin sensitizer metformin, which can improve IR, regulate hormone levels, and
promote ovulation. More specifically, for patients with PCOS infertility who
have failed aromatase inhibitor ovulation promotion therapy or show resistance
to the selective androgen receptor modulator clomiphene, gonadotropins are
injected into the patients to directly promote ovulation. It is important to use
low-dose propulsion drugs as much as possible; otherwise, it will cause excessive
stimulation of the ovarian bursa, increase the rate of multiple birth, and decrease
the pregnancy rate. (3) Surgical treatment refers to punching the ovarian surface
and stroma through laparoscopic drilling and then destroying the ovarian stroma
that produces androgens, aiming to regulate the expression of hormones to block
the vicious cycle of hyperandrogenemia and increase the chance of pregnancy. Un-
fortunately, this surgical treatment may not be effective, and it can also lead to
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complications such as pelvic adhesions and reduced ovarian function. The in vitro
fertilization-embryo transfer technology is generally the last choice for patients
with PCOS with failure to promote ovulation or other causes of infertility, but there
may be too much follicle recruitment but too little maturation. Moreover, although
surgical weight loss can achieve results in a short period, the risk is very high, and
there are many surgical complications that are generally not recommended. (4) The
combination of traditional Chinese medicine, Western medicine, acupuncture, sur-
gery, and other different treatment methods can improve the symptoms of patients
with PCOS with liver depression, kidney deficiency, spleen deficiency, blood sta-
sis, phlegm, and dampness and help to improve the ovulation rate and pregnancy
rate. Although the current treatment methods have certain effects, it is mainly
through the control of ovarian secretion through drugs to adjust the synthesis
and release of ovarian hormones. In fact, PCOS drugs need to be taken for a
long time, there are certain side effects, and the symptoms of PCOS will stop after
drug withdrawal occurs.

The clinical treatment of PCOS is mainly conservative treatment, and almost no
surgical treatment is adopted. Therefore, it is difficult for scientific research to
obtain clinical materials for PCOS. It is thus particularly important to find the ideal
PCOS animal model for basic research of its etiology. Scientists have established
various PCOS animal models using different methods to mimic the clinical char-
acteristics of human PCOS, including nonhuman primate macaques, sheep, and
rodent mice (Abbott et al., 1998; Eisner et al., 2002; Recabarren et al., 2005).
There are two rat models that are more widely used at present. One modeling prin-
ciple is to use letrozole as an aromatase inhibitor to block the conversion of andro-
gens to estrogen, leading to a high androgen environment in the body and
progressing to PCO (Maliqueo et al., 2013). Another modeling principle is that
the levels of androstenedione and testosterone are increased through the increase
in exogenous dehydroepiandrosterone (DHEA) levels, which shows the patholog-
ical characteristics of hyperandrogenemia in patients with PCOS. DHEA is an
intermediate product of pregnenolone conversion to androstenedione via the A5
pathway (Rudnicka et al., 2010). Most of these animal models have some of the
characteristics of PCOS, and some of them even have certain hormones and
metabolic changes similar to those of patients with PCOS. However, for the
time being, there is still no animal model that can fully simulate all the character-
istics of clinical patients with PCOS. Moreover, the construction of animal models
is not only time-consuming and laborious but also cannot truly simulate the true
pathological conditions of patients with PCOS. Therefore, to study the pathogen-
esis of PCOS accurately, we need other experimental carriers that can support
research in vitro. With the increasing application of iPSCs in disease research
and treatment, there will be a new research platform opened by iPSCs for research
on PCOS.
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Application of induced pluripotent stem cells in polycystic
ovary syndrome disease research
With the deepening of research on iPSCs of many species, including humans, rats,
and rabbits, have been successfully generated. Induced pluripotent stem cells with
the ability of continuous self-renewal and the potential of multidirectional differen-
tiation have become a powerful tool for the research and development of the reprog-
ramming mechanism and the pathogenesis of human diseases. The disease model
established by iPSCs is conducive to further exploration of related diseases and pro-
vides a new research platform for the pathogenesis, pathophysiology research, and
drug development of these diseases.

The application of induced pluripotent stem cells
Prior to the advent of iPSC technology, disease research and drug trials were mostly
performed on animal models. Due to species differences, the experimental results
obtained in animal models are less applicable to humans. The emergence of iPSCs
has had a great influence on stem cell biology and regenerative medicine. With the
pressing desire to treat diseases, research on the clinical application of iPSCs has
been carried out rapidly.

Disease-specific iPSCs can differentiate into specific cell types, and these cells
can reproduce the pathological phenotype of the disease, which is an ideal method
for establishing a disease model. In 2008, Dimos et al. (2008) performed reprogram-
ming experiments on epithelial cells in patients with familial amyotrophic lateral
sclerosis (ALS), and the iPSCs obtained with the disease-specific characteristics
could be induced to differentiate into donor cells of patient motor nerves in vitro,
which also provide disease-specific cell sources for drug targets. This is the first
time that the patient’s somatic cells have been reprogrammed into disease-specific
iPSCs. Then, in 2009, the Soldner research team (Soldner et al., 2009) induced
iPSCs to differentiate into dopamine neurons in vitro to explore new and effective
treatments for Parkinson’s patients. Yagi and his colleagues (Yagi et al., 2012) estab-
lished a good Alzheimer’s disease (AD) model in 2012 by inducing iPSCs derived
from patients with familial AD into neurons. At present, various iPSC disease
models, such as neurological diseases, cardiovascular diseases, metabolic diseases,
blood diseases, and immune system diseases, have been successfully established,
including Huntington disease (Zhang et al., 2010; Niclis et al., 2013; Camnasio
et al., 2012), Parkinson’s disease (PD) (Hartfield et al., 2012; Byers et al., 2012;
Roessler et al., 2013; Hargus et al., 2010), spinal muscular atrophy (Corti et al.,
2012; Ebert et al., 2009), ALS (Egawa et al., 2012), AD (Young and Goldstein,
2012; Shi et al., 2012; Israel et al., 2012; Yagi et al., 2011), b-thalassemia (Raja
et al., 2012; Fan et al., 2012; Papapetrou et al., 2011; Wang et al., 2009), and diabetes
mellitus (Soejitno and Prayudi, 2011; Godfrey et al., 2012). The establishment of an
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increasing number of disease models of iPSCs provides us with a true and reliable
cellular carrier for better revealing the disease mechanism of diseases.

Disease-specific iPSCs can be used as a tool for screening drugs because they
reproduce the development and pathophysiological characteristics of certain dis-
eases in vitro and provide a new resource for drug research. Matsa et al. (2011) found
that catecholamines can cause arrhythmias in cardiac muscle cells derived from type
II long QT syndrome-specific iPSCs, and beta-blockers can reverse this effect. From
the toxicological perspective, the toxic effects of certain drugs may not be consistent
for humans and animals. Moreover, the application of different types of somatic cells
differentiated from iPSCs for drug screening will result in more reliable evaluations
of drug safety and effectiveness. In addition, drug evaluation using patient-specific
iPSCs can provide individualized treatment.

There is an attractive application prospect in regenerative medicine for cell
replacement therapy using differentiated cells from patient-specific iPSCs. In
2008, iPSCs were induced to differentiate into neural precursor cells and trans-
planted into the fetal rat brain, where these cells were able to differentiate into func-
tional and active neurons and glial cells (Wernig et al., 2008a). The rat model of PD
can improve its symptoms by transplanting dopaminergic neurons differentiated
from iPSCs into the brain. In addition, type I diabetes-specific iPSCs can be induced
to differentiate into pancreatic b cells (Maehr et al., 2009). American scientists have
also successfully cultivated three-dimensional bone structures from human somatic
cells through iPSC technology (de Peppo et al., 2013). Although it is still far from
clinical application, iPSC technology provides a new and relatively easy-to-operate
method for obtaining pluripotent stem cells for regenerative medicine, which will
greatly promote the development of regenerative medicine.

The establishment of patient-specific disease-specific iPSCs overcomes the two
major problems of ethics and immune rejection that cell therapy has been facing and
greatly advances the process of patient-specific cell therapy. Moreover, the source of
somatic cells for iPSCs is convenient. Many different types of somatic cells have
been successfully induced as pluripotent cells. Among them, somatic cells that
are commonly used and conveniently obtained include skin fibroblasts, peripheral
blood mononuclear cells, and urine epithelial cells. The construction of a disease-
specific model of iPSCs has opened up a new way to use iPSCs to study the patho-
genesis of disease, drug screening, and cell therapy, showing its greater application
value.

The induced pluripotent stem cell disease model of polycystic ovary
syndrome
To more comprehensively understand the pathogenesis of polycystic ovaries and
establish a targeted treatment plan, it is increasingly important to study the patholog-
ical mechanism of PCOS. At present, some pathological characteristics of patients
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with PCOS are mainly simulated by constructing animal models for research, but
animal disease models are different from humans. An increasing number of re-
searchers believe that the materials of patients with PCOS are more realistic than
the PCOS animal model simulated, and the obtained experimental data are more
accurate.

To date, little is known about the pathological mechanism of PCOS. Some
scholars believe that the pathological changes of PCOS begin at the embryonic
stage. During the developmental stage of PCOS, genes have different spatiotemporal
regulatory sites (Goodarzi, 2008; Wang et al., 2014a). There are ethical and legal
limitations to the study of human embryos that have developed to different stages,
which makes it impossible to study the pathology of PCOS from the perspective
of dynamics and continuous cell and embryonic development. It is helpful to provide
practical cell research vectors by constructing effective PCOS cell models because it
can further advance the exploration of the pathogenesis, pathogenic genes, and drug
screening of PCOS.

At present, scientists have mainly established two types of PCOS cell lines
derived from patients with PCOS, one of which is the hESC line, which comes
from the ICM isolated from the blastocyst stage embryos of patients with PCOS.
This study was originally published by PengFen Li et al. (2012) in 2012 and was
the first to establish the human ESC model of PCOS. Abnormal lipid metabolism
is one of the important characteristics of PCOS. Subsequently, studies have shown
that there are a large number of differentially expressed genes in adipocytes differ-
entiated from PCOS-hESCs and non-PCOS-hESCs (Wang et al., 2014b). Although
it is an hESC line from clinically discarded embryos of patients with PCOS, human
embryo resources are still scarce. However, it is impossible to establish ES cell lines
using assisted reproductive technology for every patient. Traditional treatment
methods are mostly adopted by patients with PCOS, and surgical treatment is rarely
used, so it is not easy to obtain embryo research resources for patients with PCOS.
The incidence of patients with PCOS is higher among patients with anovulatory
infertility, which means that these patients cannot establish their own ESClines,
so the universality is poor for studying the heterogeneity of patient etiology with
ESCs.

Another method to establish a PCOS disease model cell line is to use iPSC tech-
nology to obtain patient-specific iPSCs from patient-derived somatic cells in vitro.
There is no need to obtain a patient’s embryo, and it is only necessary to obtain a
patient’s somatic cells, which is convenient, inexpensive, and causes minimal in-
juries to the patient. Moreover, it is possible to build an iPSC line for each patient
with PCOS, which is more targeted for research on the pathological mechanism
and treatment. Some disease models of iPSC lines have been established (Peitz
et al., 2013; Folmes et al., 2013; Hoekstra et al., 2012; Raya et al., 2009).

In 2016, Sheng Yang’s research team (Yang et al., 2016) reprogrammed epithe-
lial cells isolated from the urine of patients with PCOS, obtained iPSCs derived from
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PCOS for the first time, and successfully constructed a PCOS-iPSC model of
abnormal lipid metabolism. The obtained PCOS-iPSCs can differentiate into normal
karyotype adipocytes. PCOS-iPSCs have a stronger ability to consume glucose dur-
ing the differentiation and development of adipocytes in vitro compared with non-
PCOS-iPSCs. It is known that the induced differentiation of adipocytes is of great
significance for the study of lipid metabolism and obesity (Cuaranta-Monroy
et al., 2014; Clynes, 2014).

Recently, the research team of Yang Yu (Min et al., 2018, 2019) performed
reprogramming experiments on skin fibroblasts by lentiviral transfection to establish
iPSC lines derived from patients with PCOS. Through the comprehensive transcrip-
tion profile analysis of the RNA chip, some genes of PCOS-iPSCs were upregulated,
while those related to cell communication, glucose transport and intake were down-
regulated compared with the control non-PCOS-iPSCs. These upregulated genes are
mainly related to the tricarboxylic acid cycle, the metabolic process of the respira-
tory electron transfer chain, glycogen breakdown, and mitochondrial activity.
Interestingly, the mitochondrial respiratory capacity and glycolytic function of
PCOS-iPSCs decreased, but mitochondrial copy number and biogenesis increased.
The research team also found that PCOS-iPSCs treated with metformin downregu-
lated and restored some genes related to glucose metabolism. In addition, NSCs
differentiated from PCOS-iPSCs showed decreased mitochondrial respiratory ca-
pacity. Overall, the research team used the PCOS-iPSC disease model to reveal
the pathological characteristics of neuroendocrine abnormalities and mitochondrial
respiratory dysfunction in PCOS.

In addition, the establishment of the PCOS-iPSC model can provide a practical
cell research platform for the previously reported epigenetic modifications related to
PCOS for verifying and discovering more PCOS-related epigenetic modifications.
Since PCOS-iPSCs can be differentiated in vitro, this research material can also
explore the changes in certain genes with genetic modification during differentiation
into specific cell types. Therefore, it can better explore the pathogenic mechanism of
PCOS in the field of epigenetic modification and provide a stronger scientific basis
for the development of PCOS, making early diagnosis of PCOS and personalized
treatment possible. Eventually, the environment and the controllable factors in life-
style can be blocked in a targeted manner to effectively reduce the occurrence of
PCOS.

The establishment of PCOS-iPSCs means that the disease gene phenotype of pa-
tients with PCOS can be maintained in vitro, making research more convenient, and
increasingly more pathogenic mechanisms of PCOS will be gradually revealed. The
PCOS-iPSC model is helpful in the screening and development of more targeted
therapeutic drugs that can then better serve the clinical treatment of PCOS. Taking
advantage of the characteristics of iPSCs for VIP establishment in patients, we can
try to introduce cell therapy into the treatment of PCOS (Fig. 6.2). It is believed that
the widespread application of the PCOS-iPSC disease model will bring new insights
into the clinical treatment of PCOS.
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Abstract
The eyes are tools that extract visual information from the surrounding environ-
ment. Acting like a digital camera, we use them daily to capture and convert light
stimuli into images. This activity is highly regulated and is the direct responsibility
of the numerous cell types of the retina. Strikingly, loss of any one of these retinal
cells, whether a result of genetic complications or traumatic injury, culminates in
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blindness. Therefore, it is understandable why diseases affecting the eyes are
extremely debilitating and studied worldwide. With the advent of stem cell
biology, scientists are now able to design retinal disease-specific models that
recapitulate patient clinical phenotypes. In this review, we summarize some of the
recent advances in modeling of inherited retinal dystrophies (IRDs) using patient-
derived induced pluripotent stem cells (pd-iPSCs). Methods have been developed
to direct the differentiation of iPSC into bonafide retinal cells in both two-
dimensional adherent cultures and three-dimensional organoid systems. This
novel approach to studying IRDs such as retinitis pigmentosa, leber congenital
amaurosis, choroideremia, Bests disease, and Stargardt maculopathy has yielded
valuable insights into the molecular and cellular basis of these currently untreatable
maladies.

Keywords: Embryonic stem cells (ES); In vitro disease modeling; Induced pluripotent stem cells

(iPSC); Inherited retinal dystrophy (IRD); Reprogramming; Retina; Retinal organoids; RPE; Stem

cell biology; Three-dimensional culture.

Introduction
Retina: architecture and function
The mammalian retina is an intricate system that continues to fascinate researchers
worldwide. Long ago scientists discovered the beautiful architectural layering of
retinal circuitry (Cajal et al., 1894). This natural artistry is apparent through
several studies depicting retina-specific cellular morphologies and live functional
processing (Hoon et al., 2014; Gray et al., 2006; Yin et al., 2014; Ethan et al.,
2017). The signal input/output processes throughout the eye, and the speed at
which image processing occurs exemplify the degree of difference between pri-
mate retina and lower order organisms (Demb and Singer, 2015; Lobier et al.,
2013).The neural circuitry in the retinadpositioned and tuned to transfer light-
stimulated electrical information to the braindis superbly tight, sequential, and hi-
erarchal (Demb and Singer, 2015). It is estimated that the neurome of the retina
alone is composed of w100 cell types including four types of rod and cone pho-
toreceptors, 70 types of interneurons (bipolar, amacrine and horizontal), and 30
types of retinal ganglion cells (Fig. 7.1, Joshua and Richard, 2015).

Each cell type is confined to a specific layer within the retina, separated by den-
dritic rich fibril sections, this layering helps maintain synaptic connections be-
tween retinal ganglion and amacrine cells (inner plexiform) or photoreceptors
and bipolar/horizontal cell populations (outer plexiform) (Demb and Singer,
2015; Joshua and Richard, 2015). The processing of visual information begins
within the rod and cone photoreceptors, situated in the outer-nuclear layer, these
light-sensitive pigment containing cells initiate the conversion of light energy to
membrane potential changes which trigger synaptic release, commencing an elec-
tric cascade of events (Arshavsky and Burns, 2014). Photoreceptor synaptic pro-
cesses end in the outer-plexiform where contact and subsequent synaptic
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transmission is modulated by rod- and cone-specific bipolar cells and sent forth to
the retinal ganglion cells which form into the optic nerve and direct information to
the brain (Peichl, 2005; Masland, 2001; Singh and Tyagi, 2018).

Retinal degeneration: inherited retinal dystrophy
Charles Darwin called the eye “an organ . of exquisite perfection,” and this is
perhaps reflected in the exquisite interconnectedness of the retina. However,
loss of cellular interactions in eye disease makes visual function less than perfect,
and we lack therapies for many ocular conditions. Mutations affecting genes active
in the eye can cause terminal blindness; indeed, a third of all known human
diseases and syndromes are estimated to be eye related with the count continuing
to grow (Pang, 2016). The inheritance of eye diseases can be monogenic or digenic
and can follow Mendelian principles. Collectively referred to as inherited retinal
dystrophies (IRDs), IRDs include a wide array of mutations and disease sequelae.
To date there are >300 genes mapped to eye diseases with numerous causative
mutations identified (Morrison et al., 1997). IRD mutations can affect
different cells within the retina, and because of the interconnections between cells,
many result in blindness. For example, mutations that are detrimental to RPE func-
tion, such as those in BEST, lead to a loss of support of photoreceptors, and

FIGURE 7.1 Schematic representation of the eye and retina.

The cell types of the retina include: retinal pigment epithelium (RPE), rod and cone

photoreceptors; horizontal, bipolar, and amacrine cells; Müller glia and retinal ganglion

cells. These cells and dendrites are restricted to specific layers such as the outer nuclear

layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL), and inner plexiform

layer (IPL). The retinal ganglion cells form into the optic nerve which direct electrical

information to the brain for visual processing.
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ultimate blindness. Many IRDs are linked directly to mutations that affect photo-
receptor function or survival, and lead to retinitis pigmentosa (RP), the most com-
mon IRD (see below).

Current IRD treatment options are scant. While advances in stem cell biology
have led to clinical trials for cellular therapeutics, induced pluripotent stem cells
may also prove useful to model retinal disease in-vitro. This promising area of
research has the potential to uncover unknown pathogenic mechanisms and test
candidate therapeutics for the treatment of eye disease.

Stem cells
Embryonic and induced pluripotent stem cells
Stem cells are undecided, nonspecific cells that possess the capability to turn into
specific cell types of an organism (Ramalho-santos and Willenbring, 2007; Pedro
and Nance, 2011; Zakrewski et al., 2019). The totipotent fertilized zygote develops
into an organism through a cascade of events that trigger germ layerespecific dif-
ferentiation during embryogenesis (Christopher and Martin, 2018; Thomson et al.,
1998). Pluripotent embryonic stem cells (ESCs), derived from the inner cell mass
of five-day-old blastocysts, are capable of infinite division, an associated benefit of
their elevated telomerase activity and high nuclear to cytoplasmic ratio (Thomson
et al., 1998; Hiyama and Hiyama, 2007; Amit et al., 2000). ESCs have been shown
to not only circumvent senescence through multiple passages but also simulta-
neously retain the ability to differentiate into virtually all cell types of the body
(Thomson et al., 1998; Amit et al., 2000). Furthermore, Thomson et al. have iso-
lated and cultured numerous ESC lines that maintain these requirements both in-
vitro and in-vivo (Amit et al., 2000). The ethical considerations haunting ESC
use and isolation have sparked an interest and exploration into different methods
of obtaining pluripotent populations of cells (Martin, 1981; Wert and Mummery,
2003; King and Perrin, 2014). Breakthrough work of Yamanaka and colleagues
demonstrated that expression of four transcription factors [octamer-binding
transcription factor 4 (Oct4), sex-determining region Y box 2 (Sox2), cell cycle en-
try and proliferation regulator (c-Myc), and gut-enriched Krüppel-like factor
(Klf4)] can reprogram murine somatic cells into a pluripotent state (Takahashi
and Yamanaka, 2006; Huang et al., 2019). Expression of these embryonically
active master transcription factors in differentiated somatic cells (which lack their
expression) results in induced pluripotent stem cells (iPSCs) (Takahashi and
Yamanaka, 2006). This discovery was soon extended to human cells in 2007 by
Yamanaka et al., and independently by Thomson and colleagues, who demon-
strated reprogramming via a different cocktail of transcription factors (Oct4,
Sox2, Lin28, and Nanog) (Takahashi et al., 2007; Junying et al., 2007).

Methods of obtaining induced pluripotent stem cell
iPSC reprogramming technology has developed rapidly during the past decade.
Traditional reprogramming used retro or lentiviral methods to introduce the
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Yamanaka/Thompson factors, or any combination of; however, increasing evidence
has made clear the propensity of these methods in introducing random genetic inser-
tions risking mutagenesis (Huang et al., 2019). Newer reprogramming methods use
nonintegrating vectors such as adeno-associated and Sendai viruses or piggyBac
transposons (Lowry and Plath, 2008; Fusaki et al., 2009; Knut et al., 2013). Of these,
Sendai virus is frequently employed due to its high reprogramming efficiency and
incapability of entering the nucleus (Huang et al., 2019). Reprogramming has
been demonstrated using a variety of somatic cells, including dermal fibroblasts,
peripheral mononuclear blood cells, epithelial cells shed in urine, keratinocytes,
and several others, There are no concrete rules in selecting somatic cell source
nor preferred starting material, although recent studies have implicated cell identity
and its role in reprogramming efficiency and differentiation capability, selection is
still at the discretion of the user, often based on availability and simplicity in pro-
cessing operations (Marchetto et al., 2009; Hu et al., 2010).

Disease modeling
Clinical assessment of inherited retinal dystrophies
IRD assessment begins with a visit to a medical professional where clinical measure-
ments are completed, cataloging retinal phenotypes and generating patient-specific
profiles. Traditional retinal diagnostic tests include visual field evaluation, fundo-
scopic examination, optical coherence tomography (OCT), fundus autofluorescence,
dark adaptation, and electroretinography (ERG) (Briang, 2017). The phenotypic
summaries from several tests are compared to known disease references and a clin-
ical diagnosis is formulated (Lori and Daiger, 1996). Because complications exist,
particularly with respect to systemic diseases and genetic heterogeneity, this method
of diagnosis is rarely proficient in providing an exact answer for further follow-up
and treatment (Briang, 2017). To remedy this, several clinical laboratories utilize
next generation sequencing to further conclude hereditary disorders (Moyra,
2017). There are polymerase chain reactionebased, single or multigene panels for
candidate retinal dystrophy genes that are frequently employed by clinicians to
assess a wide array of conditions (Briang, 2017; Hartman et al., 2019).

Inherited retinal dystrophy research using patient tissue or animal
models
Studying IRDs in a research lab setting requires either patient samples, a costly
and complicated endeavor, or separate animal models that recapitulate patient
phenotypes, often rodents for simplicity and cost metrics (Shobi et al., 2015).
Obtaining patient retinal tissue typically includes generating and maintaining strict
institutional review board approvals, signed and maintained specific ethical
considerations and informed consent (Monica et al., 2010). In the context of
the eye, it is particularly difficult to obtain live samples from patient retinas.
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First, there are complications in the surgical collection of retina-specific samples,
isolating retinal biopsies is no simple feat (John and Chi-Chao, 2007). Second, pa-
tients are already under the stress of deteriorating vision, and further agitation may
worsen the issue, leading to abrupt terminal loss of vision. Lastly, culturing in-
vivoederived tissues is difficult on a long-term basis (Seung and Hiroshi, 1988;
Fronk and Vargis, 2016). Postmortem tissues, while useful in characterizing the
end stage impact of a disease, are difficult to culture and do not represent the
gradual degenerative phases of several retinal disorders (Luisa et al., 2013; Henry
et al., 2004; Christine, 2005). In addition, animal models with IRDs do not usually
capture the full spectrum of human phenotypes (Picaud et al., 1996). For example,
rodents and lower order organisms do not contain a macula and thus lack this cone-
rich central region that is often impacted by IRD mutations, such as those that un-
derlie Stargardt’s disease (Moshiri et al., 2019).

A limited understanding of the pathogenesis of IRDs has hampered the develop-
ment of therapies. Recent studies suggest that patient-derived iPSC (pd-iPSC) may
bridge the gap between clinical observations and preclinical models. pd-iPSC
harboring IRD mutations are capable of differentiating into ocular cell types,
thereby providing an alternative method of assessing pathognomonic phenotypes
and permitting molecular and cellular analyses (Fig. 7.2, West et al., 2019;

FIGURE 7.2 Schematic representation of stem cellederived retinal models.

Patients are diagnosed with an inherited retinal dystrophy (IRD). Patient-derived induced

pluripotent stem cells (pd-iPSC) are generated by reprogramming somatic cells such as

skin fibroblasts, peripheral mononuclear blood cells, or urine cells through application of

episomal, nonintegrating vectors expressing Yamanaka factors. pd-iPSC are

differentiated into three-dimensional retinal organoids (ROs), adherent retinal pigment

epithelium (RPE), and photoreceptors.
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Karl et al., 2014; Ana et al., 2018; Castro et al., 2019). Furthermore, pd-iPSCs pro-
vide an avenue for study of disease progression throughout development (Kang and
Ding, 2011). In the following section, we will summarize some of the methods used
to generate specific retinal cells implicated in retinal diseases through in-vitro stem
cell differentiation.

Pluripotent stem cell differentiation into retinal cell types
Retinal pigment epithelium
The RPE forms a cuboidal monolayer near the back of the retina. Responsible for
transport of nutrients and water from the choroid, RPE maintains the health of adja-
cent, interdigitated photoreceptors (Strauss, 2005). During embryonic development,
invagination of the optic cup forms two distinct cellular layers, one destined to
mature into the RPE and the other into the neural retina (Heavner and Pevny,
2012; Mototsugu et al., 2011). In-vitro differentiation protocols harness an under-
standing of RPE embryonic development by mimicking in-vivo developmental
cues in two-dimensional cultures (Hiroshi et al., 2001; Masatoshi et al., 2004; Irina
et al., 2004; Bucholz et al., 2009). Several groups have shown that application of
insulin growth factor (IGF), noggin, dickkopf-related protein 1 (Dkk1), activin A,
and CHRI9902 to stem cell populations can effectively drive differentiation into
an RPE fate with high efficiency (Bucholz et al., 2009; Maria et al., 2009; David
et al., 2013; Lyndsay et al., 2015; Parul et al., 2017).

Neural retina: organoid systems
Sasai et al. have demonstrated the capability of in-vitro stem cell populations to form
three-dimensional organoid systems that contain nearly all cells types of the retina
(Mototsugu et al., 2011; Nakano et al., 2012). Traditional differentiation protocols
utilize an adherent system in culturing and differentiating stem cells; however, these
systems do not recapitulate in-vivo development, and the cells produced are usually
at an immature state (Fumitaka et al., 2008, 2009). The retina forms through com-
plex interactions, not only as a result of regulation of gene expression but also
mechanosensitive responses (Fumitaka et al., 2009; Alina et al., 2016; Deepak
et al., 2006; Jason et al., 2009). Many groups have since adopted an organoid-
based system to study the development and function of the neural retina (Zhong
et al., 2014; Capowski et al., 2019; Fligor et al., 2018). While there are several
iterations of differentiation protocols, most loosely follow a similar timeline. This
involves culture of undifferentiated stem cells in suspension, using low attachment
conditions, which trigger aggregate formation of cells, so called embryoid bodies
(Joshua and Serup, 2017). Next, these embryoid bodies are allowed to adhere to
extracellular matrix surfaces, where they are pulsed with numerous supplements
such as B27, N2, and bone morphogenetic protein 4 (BMP4). Areas rich in
neural epithelial markers begin to form throughout the surface (Zhong et al.,
2014; Capowski et al., 2019). These areas are harvested via microdissection, and ag-
gregates are subsequently cultured in suspension for an extended period, upwards of
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250 days. After extended culture, retinal organoids (ROs) resembling “golden
cheerios” are observed, which contain layers of retinal cells, including light respon-
sive photoreceptors (Zhong et al., 2014; Capowski et al., 2019; Wen-Li et al., 2018).

Neural retina: photoreceptors
To further our understanding of rods and cone photoreceptors, several groups have
developed protocols that include differentiating pluripotent stem cells into retinal
progenitor states and subsequently into photoreceptors (Fumitaka et al., 2008;
Hanako et al., 2005; Xing et al., 2002; Shufend et al., 2015). Whereas the three-
dimensional system provides mechanical cues that help formulate the outer and in-
ner layering of the retina, two-dimensional photoreceptor differentiation protocols
do not (Shufend et al., 2015). Nonetheless, Bernier et al. have shown that concurrent
inhibition of BMP, TGFb, and WNT promote stem cell differentiation into cone-
specific photoreceptors with an w60%e80% efficiency. Through a combination
of IGF and COCO, stem cell populations can be driven into a cone-specific state
where differentiated cells could degrade cGMP upon exposure to light and self-
organize into a sheet with inner and outer-segment formation (Shufend et al.,
2015). Takahashi et al. demonstrate in-vitro generation of photoreceptors from hu-
man and monkey ES cells. Through serum free, define culture conditions, devoid of
animal-derived substances, ES cells can be coaxed into photoreceptor lineages with
a relative efficiency ofw25%e35%. It is clear that directly differentiating photore-
ceptors in-vitro is difficult; however, obtaining a pure population of photoreceptors
will drastically evolve the therapeutic range of treatments available to treat retinal
dystrophies (Fumitaka et al., 2008).

Induced pluripotent stem cell disease models of inherited
retinal dystrophies
Herein we hope to summarize some current disease models of IRDs that utilize
patient-derived induced pluripotent stem cells. We will limit IRD review to single
monogenic causative mutations that are inherited in an autosomal dominant (aD),
autosomal recessive (aR), or x-linked (xL) pattern. We will consider stem celle
derived models that (1) utilize clinically diagnosed IRD patient-derived somatic cells,
(2) reprogrammed into a pluripotent state generating iPSCs, and (3) subsequently
differentiated pluripotent populations into suspected afflicted retinal cells types.

Retinitis pigmentosa
Perhaps one of the most recognized and common IRD, RP, affects between 1 and
3500 individuals world-wide, including simple, syndromic, and systemic forms of
the disease (Stephen et al., 2008). The disease primarily affects rod photoreceptors
and in late stages impacts cones and other retinal cell types (Stefano et al., 2011).
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RP patients may experience issues with night vision due to loss of rods, loss of cen-
tral vision and visual acuity (VA) due to cone death and in late stage cases complete
blindness (Stephen et al., 2008). The complexity of the disease is apparent by the
wide array of causative mutations and inheritance patterns. There are aD, aR, and
xL forms of the disease, each with unique and in some cases overlapping impacted
genes. Current estimates conclude >60 known mutations (https://sph.uth.edu/
RETNET/sum-dis.htm#A-genes). The most common causes of adRP are mutations in
genes encoding rhodopsin (RHO) and precursor messenger ribonucleic acid (mRNA)
splicing factors PRPF6, PRPF8, PRPF31, with the latter estimated to cause w10%
of all dominant RP cases (Stephen et al., 2014). Other RP-affected genes are
involved in multiple retinal functions including the phototransduction cascade,
cilium processing and trafficking, ion transport, phagocytosis, and outer-segment
renewal and structure. iPSC modeling of RP may provide clues as to the biomole-
cular impact of a mutation.

Lako et al. reprogrammed PRPF31 null iPSC from patient skin fibroblasts and
generated photoreceptors and RPE. Patient-derived iPSC-RPE showed increased
secretion of pigment epithelium-derived factor and vascular endothelial growth
factor, two cytokines critically involved in maintaining retinal health. Furthermore,
patient iPSC-RPE had reduced transepithelial resistance, structural abnormalities,
and defective phagocytosis of outer segments. To characterize PRPF31 mutations
in photoreceptors, ROs were examined. Patient-derived photoreceptors display
morphological issues and an increase in apoptotic nuclei. Intriguingly, both RPE
and photoreceptors display abnormal cilia, where PRPF31-mutated lines show
decreased cilia length and incidence (Adriana et al., 2018). It remains unclear
how a mutation in a splicing factor can give rise to these defects, however, this is
but one study that demonstrates a mechanistic approach and a model system that uti-
lizes patient-derived stem cells. Alternatively, Foltz et al. demonstrate that loss of
PRPF8 does not impact RPE function, starkly opposed to murine models showing
impaired phagocytosis, shedding light on the need to recapitulate retinal diseases
in human models (Michael et al., 2014; Foltz et al., 2018).

Several groups have also discovered ciliopathic findings in RP-iPSC-RO and RPE
with mutations in different genes (Brydon et al., 2019). Mutations in USH2A are
known to cause aR-RP, commonly referred to as Usher’s syndrome, but the pathogenic
mechanisms are not well characterized. Chen et al. differentiated RO and RPE from
patient-derived USH2A-iPSC. They demonstrated that early stage USH2A-RO
exhibit abnormal cell morphologies, less laminin expression, improper protein local-
ization, and differential transcriptional profiles. USH2A-iPSC-RPE also contained
less RPE65, loss of melanin, improper ZO-1 localization, and display atrophic ten-
dencies during culture (Guo et al., 2019). But not all USH2A mutations cause devel-
opmental defects. Stone et al. generated USH2A-RO and observed proper
development of photoreceptor precursor cells but found exonification of intron 40
which presumably lead to elevated protein expression of GRP78 and GRP94, two pro-
teins involved in the unfolded protein response and ER stress (Budd et al., 2013).
Recently, Jin et al. questioned the pathogenicity of late-onset RP by generating
PED6B-RO. PED6B encodes for the beta subunit of rod cGMP-phosphodiesterase
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type 6, a protein critical in cGMP hydrolysis. PED6B-RO display diseased phenotypes
in late stage organogenesis, abnormal photoreceptor morphology and location, and
overall difficulty hydrolyzing cGMP. Furthermore, cGMPmetabolic genes were upre-
gulated in PED6B-RO suggesting impaired photoreceptor function (Table 7.1,
Gao et al., 2020; Sanjurjo-Soriano et al., 2020; Schwarz et al., 2017; Jin et al.,
2012; Yoshida et al., 2014; Ramsden et al., 2017; Megaw et al., 2017).

Leber congenital amaurosis
Leber congenital amaurosis (LCA) is a rare severe congenital monogenic IRD that
manifests as early childhood blindness. With an estimated prevalence of 2 in
100,000 new-born infants, LCA is clinically diagnosed through combination of
nystagmus, fundus changes, severe vision loss, and impaired or absent electrical ac-
tivity of the retina observed through rod/cone responsive ERG. Additionally, infant
patients tend to forcibly attempt stimulating vision by habitually rubbing eyes
with knuckles or fingers, a response known as Franceschetti oculo-digital sign
(Thompson et al., 2018; Koenekoop, 2004). There are at least 25 known causative mu-
tations that result in LCA. Mutations in centrosomal protein of 290 kDa (CEP290),
crumbs homolog 1 (CRB1), retinal guanylyl cyclase 1 (GUCY2D), and retinal pigment
epithelium-specific factor 65 kDa (RPE65) represent the main body of mutations
causing the disease (Koenekoop, 2004; Sharola et al., 2000). However, in roughly a
third of patients with LCA the genetic causes are unknown (Chacon-camacho and
Zenteno, 2015). The disease is typically inherited as an autosomal recessive trait
although there are cases of aD inheritance. For example, mutations in cone-rod ho-
meobox CRX can result in either aD or aR LCA (Robert et al., 2015).

Several of the implicated genes play a significant role in photoreceptor formation
and function (Thompson et al., 2018; Koenekoop, 2004; Maria et al., 2018). Due to
the congenital nature of the disease, early photoreceptor death and dysfunction are
observed in LCA patients. The exact biochemical and molecular cause of this
dysfunction is still unknown. With pd-iPSC, several groups have started to piece
together model systems that recapitulate embryonic development of LCA patients
with the goal of understanding what biochemical signaling is impaired and whether
these issues can be remedied. Mutations in CEP290 are thought to cause issues in
photoreceptor development and function. Cheetham et al. explored these hypotheses
by generating iPSC from patients with mutations in CEP290, c.2991 þ 1665A > G,
and differentiating them into ROs and RPE. CEP290-LCA-RPE display no differ-
ences in RPE polarity and gene expression with no comparable difference in
cilia-related proteins, Arl13B and pericentrin. Conversely, CEP290-LCA-RO had
no detectable pericentrin, an essential component of the cilium, nor expression of
CEP290 transcript. This suggests splicing defects are isolated to specific cells, in
this case, photoreceptors, which may explain the lack of RPE phenotypes (David
et al., 2016). Furthermore, aberrant splicing can be restored using antisense oligonu-
cleotides (AONs). Since then, numerous groups have identified CEP290-associated
ciliogenesis complications in LCA patient-derived RPE and RO (Hiroko et al., 2017;
Kalyan et al., 2018). These data have led to the initiation of a clinical trial
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Table 7.1 Retinitis pigmentosa stem cellederived models.

Inherited
retinal
dystrophy Mutation(s)

Initial cell
source

Reprogramming
method

Studied
system(s) Observation(s) Publication

aR-RP:
Usher
syndrome

USH2A c.2276G > T
USH2A e.2299delG

Skin
fibroblasts

Sendai virus iPSC RP-iPSC mutations in
USH2A can be rescued by
CRISPR/Cas9 genome
editing

Sanjurjo-Soriano
et al. (2020)

aD-RP PRPF31
c.1115_1125del11
c.522_527 þ 10del

Skin
fibroblasts

Sendai virus RPE, RO RP-RPE and
photoreceptors have
structural and functional
abnormalities including
ciliogenesis complications

Adriana et al.
(2018)

aD-RP PRPF31
c.1115_1125del11

Skin
fibroblasts

Sendai virus RPE RP-RPE display functional
issues in phagocytosis.
Rescue of POS binding by
AAV-PRPF31

Brydon et al.
(2019)

xL-RP RP2
C.519C > T

Skin
fibroblasts

Integration-free
episomal vectors

RO Reduced Kif7 at cilia tips in
RP-RO

Schwarz et al.
(2017)

aD-RP:
Usher
syndrome

USH2A c.8559-
2A > G
c.9127_9129delTCC

Urine cells Sendai virus RPE, RO RP-RO and RP-RPE display
defects in morphology and
gene expression

Guo et al. (2019)

aD-RP PRPF8 c.6901 C > T Skin
fibroblasts

Integration-free
episomal vectors

RPE RP-RPE do not display
abnormal phenotypes

Foltz et al. (2018)

aR-RP:
Usher
syndrome

USH2A Arg4192His
ABCA4 Thrl428Met

Skin
fibroblasts

Sendai virus Retinal neurons Normal phenotype of retinal
cells in-vitro and
transplantation suggesting
retinal degeneration
postdevelopment

Budd et al.
(2013)
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Table 7.1 Retinitis pigmentosa stem cellederived models.dcont’d

Inherited
retinal
dystrophy Mutation(s)

Initial cell
source

Reprogramming
method

Studied
system(s) Observation(s) Publication

RP RP1 c.2161_2
l62insC, PRPH2
c.946T > G RHO
c.562G > A
RP9 c.401>T

Skin
fibroblasts

Retrovirus-
mediated
transfection with
Oct3/4, Sox2, Klf4,
and c-Myc

Photoreceptors RP9 involved in oxidative
stress pathways, RHO
mutations associated with
ER stress in patient-derived
photoreceptors

Jin et al. (2012)

aD-RP RHO E181K Skin
fibroblasts

Retrovirus-
mediated
transfection with
Oct3/4, Sox2, Klf4,
and c-Myc

Photoreceptors Decreased survival of
E181K RP rods correlates
with increased ER stress
and apoptotic markers

Yoshida et al.
(2014)

RP MERTK c.61þ1G > A
C.1951C > T

Skin
fibroblasts

Retrovirus-
mediated
transfection with
Sox2, Oct3/4, Klf4,
L-Myc, and Lin28

RPE Loss of MERTK in RP-RPE
results in incapability of
phagocytosing outer
segments. Treatment with
translational readthrough
drugs restore expression of
MERTK and junction

Ramsden et al.
(2017)

RP RHO c.562G > A Skin
fibroblasts

Sendai virus RPE,
photoreceptors

RP-RO rods display ER
stress and gradual
degeneration in vitro

Jin et al. (2012)

xL-RP RPGR c.689-692del4 Skin
fibroblasts

Integration-free
episomal vectors

RO RPGR functions with actin
severing protein gelsolin.
Gelsolin regulates
disassembly of cilium in
photoreceptors

Megaw et al.
(2017)

aR-RP PED6B c.694G > A Primary
peripheral
blood
mononuclear
cells

Integration-free
episomal vectors

RO RP-RO have impaired
cGMP hydrolysis, assessed
by ELISA

Gao et al. (2020)

aD, autosomal dominant; aR, autosomal recessive; iPSC, induced pluripotent stem cell; RHO, rhodopsin; RO, retinal organoid; RPE, retinal pigment epithelium; xL,
x-linked.
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(NCT03140969) conducted by ProQr Therapeutics (Cideciyan et al., 2019). Wjin-
holds et al. demonstrate CRB1-associated LCA-RO lacking CRB1 result in issues
with outer limiting membrane development and photoreceptor structure and location
(Quinn et al., 2019). Pattnaik et al. consider the impact of potassium inwardly recti-
fying channel subfamily j member 13 (KCNJ13) mutations on LCA patient-derived
RPE functionality. KCNJ13 encodes for Kir7.1, a tetrameric inward potassium ion
channel exclusively located in the RPE of the retina. Lack of Kir7.1 in LCA-RPE
results in issues with phagosome degradation and impaired rubidium ion (Rbþ) cur-
rents, and introduction of Kir7.1 through gene augmentation restored LCA-RPE
Rb þ current activity (Table 7.2, Shahi et al., 2019; Li et al., 2019).

Choroideremia
Choroideremia (CHM) is a rare x-linked recessive retinal dystrophy that impacts
roughly 1 in 50,000 patients. The disease clinically presents itself through early
loss of night vision, which gradually progresses to severe peripheral vision impair-
ment around the fourth decade of life (Vasiliki et al., 2013; Brambati et al., 2019).
Late stage patients exhibit gradual shortening of inner and outer-segments, reduced
thickness of outer nuclear layer, and depigmentation of RPE, typically culminating
in areas of distinct chorioretinal atrophy (Vasiliki et al., 2013). CHM is caused by
mutations in Rab escort protein I (REP-1), a ubiquitously expressed protein that
manages fusion of unprenylated Rab proteins to associated binding partners and
intracellular trafficking (Miguel et al., 1992; Jacobson et al., 2006; Preising and
Ayuso, 2004). There are >280 known causative mutations that result in CHM phe-
notypes with frameshifts and nonsense mutations representing w70% of cases
(Brambati et al., 2019; Razek and Choroideremia, 2012). Using an iPSC approach,
Kalatzis et al. demonstrated an under-prenylation of rab proteins in CHM-derived
RPE (Nicolas et al., 2014). CHM-RPE lack REP1, but prenylation functions can
be restored using AAV2/5-CAG-CHM. Similarly, Mills et al. observed lack of pre-
nylation in CHM-RPE in addition to defects in phagocytic activity, phagolysosomal
activation, and reduced Rab27a substrate prenylation (Duong et al., 2018, Table 7.3).

Bestrophinopathy (best disease)
Bestrophinopathies are a group of diseases that are caused by mutations in Bestro-
phin and result in retinal degeneration (Tingting et al., 2015). All four human paral-
ogs of Bestrophin encode and function as calcium-activated anion channels. There is
evidence that demonstrates Bestrophin 2 (BEST2) mediates bicarbonate transport in
colonic goblet cells, sweat glands, and nonpigmented epithelium (Kuai et al., 2010;
Cui et al., 2012; Youwen et al., 2010; Golubinskaya et al., 2015). Bestrophin 3
(BEST3) has been shown to play role in cellular protective services including: endo-
plasmic reticulum stress, oxidative stress, and inflammation (Wing-Kee et al., 2012;
Lei et al., 2013; Wei et al., 2014; Adiv et al., 2018). Bestrophin 1 (BEST1) is primar-
ily expressed in RPE, an integral membrane protein, BEST1 functions as both an ion
channel and regulator of intracellular calcium. There are >200 causative mutations
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Table 7.2 Leber congenital amaurosis stem cellederived models.

Inherited
retinal
dystrophy Mutation(s)

Initial cell
source

Reprogramming
method

Studied
system(s) Observation(s) Publication

LCA CEP 290
c.2991 þ 1665A > G

Skin
fibroblasts

Nonintegrating
episomal vectors:
Oct4, Sox2. Klf4,
myc and shRNA to
p53

RPE, RO CEP290 was not detected at the
connecting cilia, treatment with
antisense morpholino (CEP290-
M0) restored ciliogenesis in
photoreceptors and RPE

David et al.
(2016)

LCA CRB1 c.3122T > C
c.l892A > G
c.2843G > A

Skin
fibroblasts

Lentiviral vectors RO CRB2 precedes CRB1 expression.
CRB1 and CRB2 are located in
photoreceptors and müller glia.
Loss of CRB1 results in outer
limiting membrane issues

Quinn et al.
(2019)

LCA RPE65 c.200T > G
c.430T > C

Urine Nonintegrating
episomal vectors

RPE, RO LCA-RPE express lower levels of
RPE65 but otherwise were similar
to control RPE.

Li et al. (2019)

LCA KCNJ13 c. 158G > A Skin
fibroblasts

Lentiviral vectors RPE LCA-RPE lack Kir7.1. LCA 16-RPE
membranes were depolarized and
had difficulty phagocytosing POS

Shahi et al.
(2019)

LCA-type
10

CEP290
c.2991 þ 1665A > G

Skin
fibroblasts

Nonintegrating
episomal vectors

RO LCA-RO exhibit reduced levels of
CEP290 mRNA. QR-110 antisense
oligonucleotide restored wildtype
CEP290 mRNA

Kalyan et al.
(2018)

LCA CEP 290
c.5668G > T
c.1655A > G

Skin
fibroblasts

Sendai virus RO LCA-RO display immature
photoreceptor cilia.

Hiroko et al.
(2017)

LCA, leber congenital amaurosis; mRNA, messenger ribonucleic acid; RO, retinal organoid; RPE, retinal pigment epithelium.
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Table 7.3 Choroideremia stem cellederived models.

Inherited
retinal
dystrophy Mutation(s)

Initial cell
source

Reprogramming
method

Studied
system(s) Observation(s) Publication

Choroideremia CHM Skin
fibroblasts

Lentiviral vectors RPE CHM-RPE lack REP1
resulting in under-
prenylation of rabs.
AAV2/5- CHM restores
biochemical phenotype

Nicolas et al.
(2014)

Choroideremia CHM
c.1327_1328delAT
exon 2e4 del
Arg555STOP

Primary
peripheral
blood
mononuclear
cells

Sendai virus RPE CHM-RPE have reduced
phagocytic activity and
impaired intracellular
trafficking and vesicular
transport. AAV7m8-CHM
can restore RPE function

Duong et al.
(2018)

CHM, choroideremia; RPE, retinal pigment epithelium.
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in BEST1 that are associated with retinal degenerations. These collective bestrophi-
nopathies are clinically classified as: Best vitelliform macular dystrophy (BVMD),
adult-onset vitelliform macular dystrophy, autosomal recessive bestrophinopathy,
and autosomal dominant vitreoretinochoroidopathy (Marmorstein et al., 2000).
The most common form of the disease is BVMD, commonly referred to as Best dis-
ease, and presents itself through multiple stages with primary expression limited to
the RPE (Adiv et al., 2018; Nachtigal et al., 2020). Patients initially display subtle
abnormalities in RPE subsequently evolving into well-defined vitelliform lesions
which worsen as the disease progresses. Patients tend to undergo an atrophic stage
where choroidal neovascularization occurs and further formation of macular holes
while concurrently experiencing a gradual loss of vision (Adiv et al., 2018). There
are no current treatment options available for Best disease.

Several studies are underway utilizing patient-derived stem cells and the RPE
generated (Table 7.4). Patient-derived Best diseased RPE provide an excellent
tool to study and characterize pathogenic mechanisms. Weber et al. assessed
Best1 diseased derived RPE harboring Best1 specific mutations and confirmed is-
sues with anion transport and ER-associated degradation (Nachtigal et al., 2020).
Gamm et al. observed buildup of autophagic material during long term photore-
ceptor outer segment feeding of Best1-RPE, suggesting complications in RPE degra-
dation machinery. Additionally, Best1-RPE display stimulated calcium differences
when compared to wildtype RPE and elevated oxidative stress (Ruchira et al.,
2013). Several groups have arrived at similar conclusions: loss of Best1 in RPE re-
sults in Ca2þ-activated Cl-channel impairment (Li et al., 2017; Changyi et al., 2019;
Cordes et al., 2020; Adiv et al., 2015). Interestingly this function can be rescued by
restoring proper Best1 levels through viral-mediated supplementation, a promising
gene therapy approach (Changyi et al., 2019; Lin et al., 2019).

Stargardt maculopathy
Stargardt maculopathy (STGD1) is a common autosomal recessive inherited macu-
lar dystrophy that is caused by mutations in ATP-binding cassette subfamily A mem-
ber 4 (ABCA4). The disease roughly impacts 1 in 10,000 patients with >900 known
causative mutations. ABCA4 is involved in active transport of retinoids across cell
membranes. Lack of ABCA4 results in buildup of lipofuscin and toxic by-products
in the RPE and photoreceptors, eventually causing abnormal cellular activity and
cell death (Rahman et al., 2019; Kaoru et al., 2015; Rupert et al., 2016). Patients
experience progressive bilateral central vision loss resulting in foveal sparing,
distinct macular atrophy, and RPE abnormalities, including widespread buildup of
lipofuscin in RPEdso called retinal flecks (Rahman et al., 2019). Because of the
heterogeneity and wide array of disease-causing variants, patients exhibit varying
degrees of the disease (Kaoru et al., 2015; Gerald et al., 1999). Typically, STGD1
patients experience mild reduced central vision with variable VA; however, because
of macular involvement, VA tends to decrease as the patient progresses through life.
The onset of the disease also directly affects disease severity, for example, early
onset STGD1 results in greater vision loss (Preena et al., 2017). Albert et al. gener-
ated photoreceptor progenitors (PPs) from Stargardt patient iPSC (Table 7.5).
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Table 7.4 Bestrophinopathies (BESTI) stem cellederived models.

Inherited
retinal
dystrophy Mutation(s)

Initial cell
source

Reprogramming
method

Studied
system(s) Observation(s) Publication

BD-
ADVIRC
BD-ARB

16 patient unique
mutations

Skin
fibroblasts

Nonintegrating
episomal vectors

RPE Impaired BEST1-mediated anion
transport in ARB-RPE. ADVIRC-RPE
display increased anion permeability

Nachtigal
et al. (2020)

BD-
ADVIRC

D302A Skin
fibroblasts

Sendai virus RPE ADVIRC-RPE display reduced Cavl.3
channel activity

Cordes et al.
(2020)

BD-
ADVIRC

Patient 1: A146K Patient
2: N296H

Skin
fibroblasts

Lentiviral vectors RPE ADVIRC-RPE display impaired
phagosome degradation, calcium
responses, oxidative stress, and
endoplasmic reticulum calcium
storage capabilities.

Ruchira et al.
(2013)

BD-
ADVIRC

Patient 1: A10T Patient 2:
R218H Patient 3: L234P
Patient 4: A243T Patient 5:
Q293K Patient 6: D302A

Skin
fibroblasts

Sendai virus RPE ADVIRC-RPE display impaired Ca2þ-
dependent CI channels. AAV-BEST1
restores function

Changyi et al.
(2019)

BD-
ADVIRC

Patient 1: P274R Patient
2: I201T

Skin
fibroblasts

Sendai virus RPE BEST1 critically involved with Ca2þ-
dependent CI current. Function can be
restored by Baculoviral-BEST1

Li et al.
(2017)

BD-
ADVIRC

Dental
pulp

Retrovirus-
mediated
transduction with
Oct3/4. Sox2. and
Klf4

RPE ADVIRC-RPE display reduced
phagocytic capabilities and ZO-1
expression. Curcumin upregulated
BEST1 and ZO-1 genes in ADVIRC
eRPE

Lin et al.
(2019)

BD-
ADVIRC

R141H
c.1098_1100þ7del

Skin
fibroblasts

RPE ADVIRC-RPE display altered Ca2þ-
dependent CI channel activity

Adiv et al.
(2015)

ADVIRC, autosomal dominant vitreoretinochoroidopathy; ARB, autosomal recessive bestrophinopathy; RPE, retinal pigment epithelium.
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Table 7.5 Stargardt (STGDI) maculopathy stem cellederived models.

Inherited
retinal
dystrophy Mutation(s)

Initial cell
source

Reprogramming
method

Studied
system(s) Observation(s) Publication

STGD1 ABCA4 c.5461-10T- > C Skin
fibroblasts

Lentiviral vectors Photoreceptor
progenitors
(PPs)

STGD1-PP ABCA4
mRNA, messenger
ribonucleic acid (mRNA)
lack exon 40 due to
improper splicing

Riccardo
et al. (2016)
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STDG1-PP frequently resulted in exon 39 and/or exon 40 skipping resulting in trun-
cated ABCA4. The authors suggest ABCA4 function may be impaired due to
improper splicing, but further evidence must be provided to sufficiently defend
this proposed mechanism of action (Riccardo et al., 2016).

Conclusion and caveats
iPSC disease models are proving useful in identifying and studying pathognomonic
mechanisms of several IRDs. Although IRD-iPSC research is promising, there are
complications and common pitfalls that should be addressed (Camille et al.,
2015). Natural and mutational genetic heterogeneity is a difficult barrier to over-
come when designing an appropriate study. How does one control for patient to pa-
tient genetic variability? These issues can be addressed using deep sequencing
technologies, gender and age matched control groups. Indeed, an increasing number
of studies have incorporated properly matched control cell lines that appropriately
allow for statistical comparisons. Furthermore, research groups have started to
consider protocol heterogeneity when generating retinal cells. For example,
Gamm et al. assessed the reproducibility of ROs during development. The authors
surmise that ROs should be characterized during specific stages rather than days
in culture, a preventative measure to ensure results are conclusive and not due to
RO-RO variability (Capowski et al., 2019). Despite this restriction, patient-
derived ROs are increasingly becoming “star players” in the effort to characterize
difficult to study IRDs. The “miniature eye in a dish” can effectively reflect a nearly
intact retina and allow for functional studies, such as monitoring electrophysiolog-
ical activities in response to stimuli. Furthermore, ROs can be used to study potential
therapies such as gene augmentation, small molecules, and biologics (Castro et al.,
2019). One can envision a future where researchers employ even more complex
patient-derived iPSC ocular tissue constructs such as retinal organoids with RPE,
RPE-choroid, or RO_RPE_choroid models. We believe that this future is not only
possible but very likely to become the gold standard.
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Abstract
Hereditary spastic paraplegias (HSPs), a heterogeneous group of neurological
disorders, are caused by axonal degeneration involving the long corticospinal tract
which leads to the progressive spasticity and weakness of lower limbs. Over 80
different gene loci associated with HSP have been identified. Studying various HSP
proteins reveals several common cellular themes in these debilitating diseases
including vesicular trafficking, organelle shaping and morphogenesis, lipid/choles-
terol metabolism, and endolysosomal and autophagic dysfunction. Though animal
and cell models have been developed to study HSP, it remains a challenge to obtain
patient-specific cortical neurons that are specifically affected and impaired in HSP.
Recently, the discovery of induced pluripotent stem cells (iPSCs) provides a
promising tool in neurological disease modeling due to their ability of self-renewal
and capability of differentiation into various cell types. HSP patient iPSC-derived
cortical projection neurons offer a unique source for HSP modeling to understand
the molecular and cellular mechanisms, reveal neuronal pathological phenotypes,
and test potential drugs. Here, we will introduce HSP and different common cellular
themes, summarize in vitro HSP models using human pluripotent stem cells, and
discuss the current challenges and future directions of HSP iPSC modeling.

Keywords: Axonal degeneration; Axonal transport; Cellular theme; Cortical projection neurons;

Endolysosomal and autophagic dysfunction; Endoplasmic reticulum; Hereditary spastic paraplegias;

In vitro modeling; iPSC; Lipid and cholesterol metabolism; Mitochondrial trafficking; Molecular

genetics; Organelle morphogenesis; Organelle shaping; Vesicular transport.

Introduction
Hereditary spastic paraplegias (HSPs) are a large and heterogeneous group of
inherited neurological disorders characterized by the prominent spasticity and pro-
gressive weakness of lower limbs (Blackstone et al., 2011; Crosby and Proukakis,
2002; Fink, 2006). Around two to five per 100,000 individuals worldwide are expected
to be affected by HSPs based on the available data (Coutinho et al., 2013; Ruano et al.,
2014; Shribman et al., 2019). Since the report of the first HSP gene, SPAST (Hazan
et al., 1999), over 80 genetic loci that are associated with HSP have been identified.
Different subtypes of HSP have a wide range of onset ages from early childhood to
70 years. HSPs are clinically diverse and are classified as “pure” forms that have
spastic paraplegia as main symptom and “complicated” forms that have additional
neurological abnormity such as ataxia, cognitive decline, peripheral neuropathy, and
epilepsy. Based on the inheritance, HSPs are divided into autosomal dominant
(AD), autosomal recessive (AR) subtypes, X-linked recessive, and sporadic cases
(Blackstone, 2018; Shribman et al., 2019). Pathologically, the mutations of HSP genes
cause axonal degeneration of cortical motor neurons that disrupts the signal transmis-
sion from these neurons to lower motor neurons and thenmuscles, leading to spasticity
and weakness of low limb muscles. Currently, most treatments aim to alleviate symp-
toms, and there remains a lack of effective treatment to directly target axonal degen-
eration to slow, stop, and reverse this degeneration.
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How human cortical motor neuron axons degenerate and why certain axons are
specifically affected in HSP remain largely unclear. Animal models are common
tools to elucidate molecular and cellular mechanisms underlying diseases. In HSP,
animal models with HSP subtype-specific gene mutations are developed to model
HSP and decipher the cause-effect relationship of gene mutations and the patholog-
ical phenotypes of various HSP subtypes. Various HSP animal models have been
developed, including Drosophila, zebrafish, and mouse (Babin et al., 2014; Fassier
et al., 2013; Wang and O’Kane, 2008). For example, SPG15 mice model with
Zfyve26 knockout show axonal degeneration and progressive loss of cortical motor
neurons, as well as characteristic spastic paraplegia. Moreover, the elevated lyso-
somal enzymes are consistent with disruption of lysosomal compartment, implying
the role of lysosome defects in SPG15 (Khundadze et al., 2013). In addition to
animal models, cell lines and fibroblast cells derived from patients have been
used to study the effects of perturbed HSP proteins. Different cellular themes
have been reported to be associated with different HSP subtypes, including defects
in organelles membrane remodeling and morphogenesis, disturbed axonal vesicular
trafficking, imbalanced lipid/sterol homeostasis, and impaired endolysosomal sys-
tem (Blackstone, 2018). Notably, it has been shown that cortical motor neurons in
humans have differential functions compared to those in animals (Genc et al.,
2019), bringing up the importance to use human neurons as additional models for
neurological disorders. However, it remains a big challenge to obtain large quantities
of patient-specific neurons to study the pathological changes in human neurons and
to screen for therapeutic drugs, which partially contribute to the lack of effective
treatment to slow, stop, or reverse axonal degeneration in HSP.

With the development of induced pluripotent stem cell (iPSC) technology
(Takahashi et al., 2007; Yu et al., 2007), these stem cells have provided a unique
source to generate different human neuronal subtypes to study various neurological
diseases. Patient-specific iPSCmodels provide insights into understanding the cellular
and molecular mechanisms, the underlying genetic factors, and the pathological phe-
notypes in HSP (Denton et al., 2016; Orack et al., 2015). Since the conditions for
generating iPSCs and maintaining the self-renew of these cells are well-established,
patient-specific iPSCs provide researchers an unlimited self-renewing cell source
for differentiating into disease-relevant target neural cells, such as motor neurons in
HSPs. More importantly, iPSCs maintain patient-specific genetic information and
iPSC-derived neurons provide more precise patient models for high-throughput ther-
apeutic screening. In this chapter, the applications of iPSCs in modeling HSP will be
summarized, including cellular pathogenic themes in HSP, modeling different HSP
subtypes using iPSCs, and the challenges and future directions.

Cellular pathogenic themes in hereditary spastic paraplegia
Understanding pathogenic mechanisms by which axons degenerate in HSP is
one key to developing therapeutics for these debilitating diseases. As a highly
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heterogeneous group of neurological disorders, HSPs present various cellular
themes in different HSP types. Diverse molecular pathways causing cellular patho-
genesis and neuronal degeneration are reported to be associated with different HSP
proteins. An important unsolved question is how these functional diverse HSP pro-
teins result in cortical axon degeneration and similar clinical symptoms. Several
common cellular themes in HSP are discovered and highlighted the basic develop-
ment and maintenance of neurons, such as vesicular trafficking, organelle shaping
and morphogenesis, lipid/cholesterol metabolism, and endolysosomal and autopha-
gic dysfunction (Fig. 8.1).

Membrane modeling and shaping
The impaired membrane modeling and shaping is a common cellular theme underly-
ing HSPs. Several HSP proteins are strongly associated with the defects of organelles
shaping and morphogenesis, such as endoplasmic reticulum (ER) and mitochondria.

FIGURE 8.1 Schematic of common cellular themes affected in hereditary spastic paraplegia

(HSPs).

The schematic figure shows major cellular themes affected in different HSP subtypes.

Though different proteins are affected in different subtypes of HSP, HSP proteins can be

clustered into several common cellular themes based on their functions, including

lysosome and autophagy, lipid/cholesterol metabolism, transport, endoplasmic reticulum

(ER) morphogenesis, microtubule dynamics, and mitochondria-associated pathways.

AP5, adaptor related protein complex 5; ARL6IP1, ADP riboszylation factor like GTPase 6

interacting protein 1; CYP7B1, Cytochrome P450 family 7 subfamily B member 1;

HSP60, heat shock protein 60; KIF1A and KIF5A, Kinesin family member 1A and

member 5A; PNPLA6, patatin-like phospholipase domain containing 6; RAB3GAP2,

RAB3 GTPase activating non-catalytic protein subunit 2; REEP1, receptor expression-

enhancing protein 1; REEP2, receptor expression-enhancing protein 2; REEP5, receptor

expression-enhancing protein 5; TECPR2, Tectonin beta-propeller repeat containing 2.
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The mutation of atlastin-1 (ATL1, SPG3A), receptor expression-enhancing protein 1
(REEP1, SPG31), reticulon 2 (RTN2, SPG12), ADP ribozylation factor-like GTPase
6 interacting protein 1 (ARL6IP1, SPG61), RAB3 GTPase activating noncatalytic
protein subunit 2 (RAB3GAP2, SPG69), and receptor expression-enhancing protein 2
(REEP2, SPG72) induced the impairment in ER morphogenesis, and several HSP
proteins are associated with mitochondria, such as paraplegin (SPG7) and heat shock
protein 60 (HSP60, SPG13) (Blackstone, 2018). In North America and Northern
Europe, the mutations in genes encoding membrane modeling and shaping account
up to 60% of HSP cases (Blackstone et al., 2011).

As a highly conserved continuous membrane system, the ER is an interconnected
network of cylindrical tubules and cisternal sheets and extends throughout to the
whole cell, including axons, dendrites, and soma in neurons (Shibata et al., 2006).
In mature axons, most of the ER appears as smooth ER, which plays an important
role in calcium homeostasis and signaling, local lipid synthesis, and communica-
tions with other organelles (Tidhar and Futerman, 2013; Vance, 2015; Yalcin
et al., 2017). Meanwhile, the ER regulates various cellular functions through tightly
contacting with other important organelles, such as ER-mitochondria, ER-lysosome,
ER-lipid droplets (Phillips and Voeltz, 2016). A number of HSP proteins have been
implicated in the regulation of ER morphogenesis and functions (Hu et al., 2011;
Zhang and Hu, 2016). For example, SPG31 (REEP1), SPG72 (REEP2), and
SPG12 (RTN 2) are directly associated with the defects in ER morphogenesis and
function. These REEP/DP1/yop1 family and reticulon proteins are fundamental
classes of proteins critical for peripheral ER tubules and sheets (Voeltz et al.,
2006). The characteristic feature of reticulons and REEP proteins is that they share
two long hydrophobic stretches separated by a hydrophilic sequence. The hydropho-
bic stretches preferentially reside in the ER membrane as a hairpin loop, which is
strongly associated with generating and stabilizing the membrane curvature at ER
tubules and sheet edges (Collins, 2006; Hu et al., 2008; Shibata et al., 2010; Voeltz
et al., 2006). Another important ER morphogenesis regulator, atlastin GTPase
family (atlastin 1-3) contain a hairpin membrane domain and mediate the ER tubular
membrane fusion (Ulengin et al., 2015). Atlastin-1 is predominantly distributed
in the vesicular tubular complexes and cis-Golgi cisternae in the brain, while
atlastin-2 and atlastin-3 that are closely related to atlastin-1 are enriched in other tis-
sues (Rismanchi et al., 2008). SPG3A is an AD HSP caused by the mutations of
atlastin-1. The ER-shaping atlastin-1 cooperate with another protein, the lunapark,
to fuse the ER tubular and maintain the ER network, which is stabilized by reticulons
(Wang et al., 2016). Atlastin-1 mutant results in disturbed ER reticularization by
disrupting the formation of three-way junctions in ER (Rismanchi et al., 2008).
The ER morphology is also regulated by microtubules, such as one of the microtu-
bules severing ATPase, spastin (SPG4). REEP1 and atlastin-1 interact with spastin to
coordinate ER shaping and microtubule dynamics, suggesting the interplay of these
processes in the pathogenesis of HSP (Park et al., 2010).

Mitochondrial abnormality is another common hallmark for HSP. SPG13 is an
AD form of pure HSP and is caused by the mutations in mitochondria-residing
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protein, chaperonin 60/heat shock protein 60 (Hansen et al., 2002). SPG7 is another
mitochondria-mediated HSP (Casari et al., 1998). SPG7 gene encodes paraplegin, a
subunit of an ATPase associated with diverse cellular activities (AAA) protein in
the inner mitochondrial membrane. The mutations of SPG7 cause mitochondrial
OXPHOS defects (Casari et al., 1998). A new HSP protein, ATPase family AAA-
domain containing protein 3A (ATAD3A) is found to cause HSP by affecting the
dynamics of mitochondrial network (Cooper et al., 2017). Two AR types of HSP,
SPG15 and SPG48 are caused by perturbed spastizin and adaptor-related protein com-
plex 5 subunit zeta 1 (AP5Z1) proteins that are involved in the endolysosomal system-
associated complex. Interestingly, impaired mitochondrial dynamics and morphology
were observed in SPG15 and SPG48 neurons, and mediated the axonal deficits of
these neurons (Denton et al., 2018). These suggest that defects in dynamics of mito-
chondrial networks and functions contribute to the degeneration in HSP and targeting
the abnormal mitochondrial dynamics provides a strategy to rescue HSP.

Vesicular transport along axons
Vesicular transport is a cellular activity for the movement of proteins, organelles,
synaptic vesicles proteins, and lipids between different membrane-bound compart-
ments in the cell. Effective transport of organelles and proteins along the long axons
ensure neurons normally perform function and produce functional junctions with the
target cells (Cai and Sheng, 2009). The axonal transport of subcellular cargos is clas-
sified into fast and slow transport with two moving directions, anterograde (from cell
body to axonal terminal) and retrograde (from axonal terminal to cell body).
Impaired axonal vesicular transport is implicated in the axonopathy of cortical motor
neurons, and increased axonal swellings caused by accumulation of transported car-
gos due to impaired transport, is a characteristic pathological changes observed in
multiple types of HSP (Kumar et al., 2015; Tarrade et al., 2006). Some HSP types
are associated with the machinery of axonal transport, such as SPG10 and SPG30
that are caused by mutations of kinesin family member 5A (KIF5A) and kinesin
family member 1A (KIF1A), respectively (Xia et al., 2003). Kinesin family are
important motor proteins that regulate anterograde axonal transport of cargos in
neurons (Cai and Sheng, 2009). In the Drosophila models with mutations in KIF5
ortholog Khc, organelles were accumulated in axonal swellings of neurons (Hurd
and Saxton, 1996). In some HSP subtypes, abnormal mitochondrial transport along
axon was observed in degenerated neurons. The percentage of motile mitochondria
and motile events per mitochondrion decreased in SPG3A and SPG4 iPSCs-derived
cortical neurons (Denton et al., 2018; Zhu et al., 2014). In spartin (SPG20) mutated
cells, spartin lost its mitochondrial localization and interaction with microtubules,
leading to defective mitochondrial trafficking (Lu et al., 2006).

Synaptophysin is a major membrane protein in the transmitter-containing vesi-
cles in neurons. The intracellular synaptophysin transport is found to be impaired
in HSP neurons, including SPG4 mutant cells and SPG11 neurons (Leo et al.,
2017; Perez-Branguli et al., 2014). SPG11 patients-derived neurons were cultured
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in microfluid system and were found to have the decreased neurite complexity
(Perez-Branguli et al., 2014). The spatacsin protein was found to be colocalized
with vesicle markers presenting in synaptosomes. The axonal anterograde synapto-
physin trafficking was reduced in SPG11 patient-derived forebrain neurons and
spatacsin-silenced mouse cortical neurons, indicating impaired axonal transport is
caused by the loss of spatacsin function (Perez-Branguli et al., 2014). Although
the phenomenon of impaired axonal transport is widely observed in HSP neurons,
detailed pathogenic mechanisms for axonal transport deficit and subsequent
neuronal degeneration remain largely unknown.

Impairment in lipid/sterol metabolism
Lipid/sterol homeostasis plays an important role in regulating the cellular structure,
cell signaling, and their contribution to the energy supply (Tracey et al., 2018). The
abnormal lipid/sterol metabolism has been observed in various neurological diseases
(Valenza et al., 2015; van der Kant et al., 2019). Emerging data indicate that defects
in lipid/sterol metabolism appear another common cellular theme contributing to the
degeneration of neurons in HSP (Klemm et al., 2013; Renvoise et al., 2012; Schule
et al., 2010). Lipids have different classes, and alterations of all major lipid classes
have been found to be implicated in the pathology of HSP, including synthesis and
trafficking of cholesterol, phospholipid synthesis and degradation, sphingolipid
metabolism, and fatty acid metabolism (Darios et al., 2020). Several HSP subtypes
are directly caused by the mutations in lipid metabolismeassociated proteins, such
as CYP7B1 (SPG5), patatin-like phospholipase domain containing 6 (PNPLA6,
SPG39) (Song et al., 2013; Tsaousidou et al., 2008). Other HSP subtypes associated
with lipid/sterol metabolism could be resulted from the damaged cellular organelles,
such as ER, endolysosomal system, and mitochondria (Tesson et al., 2012).

Coinciding with the key role of ER in lipid/sterol metabolism, recent studies on
ER-associated HSP reported defects in lipid droplets and lipid metabolism in SPG4,
SPG3A, and SPG31 (Klemm et al., 2013; Papadopoulos et al., 2015; Renvoise et al.,
2016). In SPG4, spastin M1 isoform is found to be translocated from the ER to pre-
and mature lipid droplets and regulates the number and size of lipid droplets; down-
regulation of spastin using RNA interference reduced the fat stored in lipid droplets,
implying the critical role of spastin in regulating lipid metabolism (Papadopoulos
et al., 2015). In SPG3A, atlastin-1 is shown to have a conserved role in regulating
lipid droplet size and numbers. The downregulation of atlastin-1 results in a reduc-
tion of lipid droplet sizes and triglycerides, and an increase of LD number in
Drosophila fat bodies (Klemm et al., 2013). The most direct link between lipid de-
fects and HSP comes from a recent study which observed lipid dystrophy and
reduced numbers of lipid droplets in Reep1�/� mouse brain (Renvoise et al.,
2016). In addition, SPG54, an early onset HSP subtype, is caused by mutations in
DDHD2 gene encoding DDHD2 that functions as lipases in vitro. Deletion of
DDHD2 caused the elevation of triacylglycerols in the central nervous system
and the accumulations of lipid droplets in neurons (Inloes et al., 2014, 2018).
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Therefore, emerging evidence suggests that lipids are critical for neural physiology,
and further investigation is needed to elucidate what kinds of lipids are altered in the
neurons and how lipid dysfunctions cause neurodegeneration in HSP.

Endolysosomal and autophagic dysfunction
Endolysosomal and autophagic pathways play important roles in maintaining
cellular homeostasis by degrading plasma membrane components, extracellular
macromolecules, intracellular macromolecules, and cellular fragments (van
Weering and Scheper, 2019). The endolysosomal system mainly processes extra-
cellular cargos when extracellular components enter cell, while the autophagic
system mostly processes intracellular components. Lysosomes, an organelle con-
taining hydrolytic enzymes, are critical for both pathways (Xu and Ren, 2015).
Endolysosomes are the fusion product of endosome and lysosome, while auto-
phagosomes are double-membraned vesicles that are formed during autophagy
and then fused with lysosomes for degradation (Huotari and Helenius, 2011;
Shibutani and Yoshimori, 2014). Dysfunction of lysosomes leads to incomplete
degradation of stored components and accumulation of metabolic waste prod-
ucts, which is detrimental to neurons by causing high metabolic pressure, leading
to aging and neurological diseases (Levine and Kroemer, 2008; Luo and Qin,
2019).

Endolysosomal and autophagic dysfunctions in neurons have been reported in
various HSP subtypes in recent years, such as SPG11, SPG15, and SPG48 (Chang
et al., 2014; Vantaggiato et al., 2013, 2019). SPG11, SPG15, and SPG48 are AR
HSP caused by mutations in SPG11, ZFYVE26, and AP5Z1 genes, which encode
spatacsin, spastizin, and AP5Z1, respectively. Spastizin and spatacsin form a com-
plex with AP5 and involve in the trafficking of endolysosomal compartments (Hirst
et al., 2013). Loss of spastizin and spatacsin function depletes the production of new
lysosomes by inhibiting autophagic lysosome reformation (Chang et al., 2014).
Moreover, spastizin also acts at the intersection between endocytosis and autophagy
to influence their fusion in patients’ fibroblast cells, and lysosomal failure together
with damaged autophagy were found in spastizin knockout mice (Vantaggiato et al.,
2019; Varga et al., 2015). In SPG48 patients with different AP5Z1 mutations, accu-
mulation of aberrant multilamellar storage components were observed in their fibro-
blast cells, indicating abnormal lysosomal degradation ability (Hirst et al., 2016). In
an SPG48 mouse model, loss of AP5Z1 function led to a block of autophagic flux
and accumulation of waste in elder mice neurons, further supporting the autophagic
defects in the pathogenesis of SPG48 (Khundadze et al., 2019). In addition to these
forms of HSP, impaired lysosomal degradation is also observed in SPG49. Loss of
Tectonin beta-propeller repeat containing 2 (TECPR2, SPG49) led to reduced
number of autophagosomes and the delivery of autophagosomes to lysosomes for
degradation (Oz-Levi et al., 2012). Together, these studies imply the endolysosomal
and autophagic dysfunction in HSP (Fig. 8.1), providing potential targets for thera-
peutic interventions.
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Modeling different types of hereditary spastic paraplegia
using induced pluripotent stem cells
Patient-specific iPSCs that have the ability to generate different types of neurons are
used to model various neurological diseases, including HSP. Modeling HSP diseases
in the dish using patient-specific iPSCs recapitulates the disease phenotypes of
human motor neurons and further can be used to reveal the cellular themes and
molecular pathways underlying different HSP subtypes. Importantly, the HSP models
using iPSCs-derived neurons provide a unique platform for high-throughput drug
screening of small molecule libraries to rescue axonal degeneration by targeting the
specific defects of various cellular themes in different HSP subtypes. In this part,
we will review recent different iPSC-based HSP models in revealing neuronal pheno-
types and cellular themes and in testing the potential therapeutics for HSP.

Autosomal dominant hereditary spastic paraplegia
SPG4
SPG4 is the most common type of HSP accounting for up to 40%e67% of AD HSP
cases (Kim et al., 2014). SPG4 is caused by mutations in the SPAST gene, which
encodes a microtubule-severing protein, spastin. Spastin has two main isoforms in
human: a full-length isoform, M1 (616 amino acids in length) and a slightly shorter
isoform, M87 (530 amino acids). Comparing to M1, M87 lacks 86 amino acids on its
N-terminal, which mediates the interaction with several HSP proteins located in ER,
including atlastin-1, REEP-1, and reticulons (Park et al., 2010; Sanderson et al.,
2006). Moreover, M87 isoform exhibits ubiquitous distribution, whereas M1 mainly
distributed in adult spinal cord, where the nerve degeneration of corticospinal tract is
occurred in SPG4 (Solowska et al., 2008). Though these data suggest that M1 may
be a key mediator of the neuronal degeneration in SPG4, the roles of M1 and M87
spastin in neuronal development and motor function remain largely unknown.
Knockdown of each isoform can cause different pathological phenotypes of motor
neurons and defects in locomotion (Jardin et al., 2018), suggesting that both
isoforms are involved in SPG4. Both M1 and M87 proteins have the microtubule
binding and severing domains, and have shown the ability to severe microtubules.
Moreover, spastin as a microtubule protein interacts with a complex for cargo degra-
dation protein, endosomal sorting complex required for transport (ESCRT) to modu-
late the endosomal tubulation. Loss of spastin results in the defects of endosome
tubulation and changes receptor sorting via endosomal tubular recycling compart-
ments (Summerville et al., 2016), suggesting that multiple pathways are implicated
in the pathogenesis of SPG4.

Since 2014, iPSC-based SPG4 models have been successfully established
(Table 8.1) by reprogramming human skin fibroblast cells derived from SPG4
patients (Denton et al., 2014; Hauser et al., 2016a; Havlicek et al., 2014; Rehbach
et al., 2019; Wali et al., 2020). The SPG4 iPSC-derived telencephalic glutamatergic
neurons displayed increased axonal swellings and reduced axonal transport of
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Table 8.1 Summary of generated induced pluripotent stem cells for hereditary spastic paraplegia modeling.

Inheritance
characteristic

Hereditary
spastic
paraplegia
type

Protein
name Phenotypes

Cellular
themes

Tested drug or
targets in induced
pluripotent stem
cellebased
hereditary spastic
paraplegia
models References

Autosomal
dominant (AD)

SPG3A Atlastin-1 Reduced axonal
outgrowth, altered
mitochondrial motility

Endoplasmic
reticulum (ER)
morphogenesis

A microtubule-
destabilizing drug,
vinblastine

Zhu et al.
(2014)

AD SPG4 Spastin Significant increase in
axonal swellings,
decreased neurite length,
drastically enlarged
growth cones,
characterized the SPAST
mutation, accumulations
of mitochondria in axons,
and decreased
mitochondrial transport

Vesicular
transport along
axons

Vinblastine, locked
nucleic acid-anti-
miR-33a, latrunculin
B and GW3965

Denton et al.
(2014), Hauser
et al. (2016b),
Nakazeki et al.
(2019),
Rehbach et al.
(2019)

AD SPG4 Spastin Decreased M1 and M87
isoforms in SPG4
neurononal cells,
decreased complexity of
SPG4 neurites,
imbalanced axonal
transport with less
retrograde transport,
increased neurite
swellings, abnormal
microtubules

Microtubules,
vesicular
transport along
axons

Overexpression of
M1 or M87 spastin
isoforms rescued
the defects in SPG4
neurons

Havlicek et al.
(2014)
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AD SPG4 Spastin The failure of interaction
between spastin and the
endosomal sorting
complex required for
transport (ESCRT) protein
IST1 at ER-endosome
contacts caused the
defects in sorting of
mannose 6-phosphate
receptor, disrupted
lysosomal enzyme
trafficking, and abnormal
lysosomal morphology.

Endolysosomal
dysfunction

Allison et al.
(2017)

AD SPG4 Spastin Reduced stabilized
microtubules, decreased
peroxisome number and
transport, increased axon
swellings, more sensitive
to the oxidative stress

Vesicle transport
along axons

Tubulin-binding
drugs epothilone D
and noscapine

Wali et al.
(2020)

AD ATAD3A ATPase family
AAA-domain
containing
protein 3A

Altered dynamics of the
mitochondrial network
and increased lysosomes

Mitochondrial
dynamics

Cooper et al.
(2017)

Autosomal
recessive (AR)

SPG5 CYP7B1 Generation and
characterization of
induced pluripotent stem
cells (iPSCs) from SPG5
patient’s fibroblasts;
elevated levels of
oxysterols, a significant
reduction in total neurite
length as well as
branching points

Cholesterol
metabolism

Hoflinger et al.
(2016), Schols
et al. (2017)

Continued
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Table 8.1 Summary of generated induced pluripotent stem cells for hereditary spastic paraplegia modeling.dcont’d

Inheritance
characteristic

Hereditary
spastic
paraplegia
type

Protein
name Phenotypes

Cellular
themes

Tested drug or
targets in induced
pluripotent stem
cellebased
hereditary spastic
paraplegia
models References

AR SPG11 Spatacsin Reduced proliferation and
neurogenesis in SPG11-
cortical neural progenitor
cells (NPCs); widespread
transcriptional alterations
in neurodevelopmental
pathways, including cell-
cycle, neurogenesis,
cortical development
pathways, and
autophagic deficits;
impaired GSK3b-
signaling pathway

Autophagy GSK3 inhibitor,
CHIR99021

Mishra et al.
(2016)

AR SPG11 Spatacsin Two-dimensional:
Shorter and less complex
neurites, increased cell
death; Three-
dimensional: An
increased rate of
asymmetric divisions of
SPG11 neural progenitor
cells, smaller cerebral
organoids with larger
ventricles as well as
thinner germinal wall

Lysosomal
autophagy,
neural
progenitor
defects

Tideglusib Perez-Branguli
et al. (2019),
Pozner et al.
(2018)

AR SPG11 Spatacsin Accumulation of
gangliosides, increased
neuronal death, and
inhibited lysosome
membrane recycling

Lysosomal
dysfunction

Boutry et al.
(2018)
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AR SPG15 Spastizin Reduced axonal
outgrowth, decreased
mitochondrial density,
increased axonal
swellings, mitochondrial
dysfunction, and
increased apoptosis

Impaired
mitochondrial
dynamics;
lysosome
autophagy

Mdivi-1 and Drp-1
shRNA

Denton et al.
(2018)

AR SPG47 AP-4B1 Generation and
characterization of iPSCs;
reduced neurite
outgrowth and
branching, reduced
autophagy marker, LC-3II

Vesicles
transport and
autophagy

Teinert et al.
(2019), Behne
et al. (2020)

AR SPG48 AP5Z1 Reduced axonal
outgrowth, decreased
mitochondrial density,
increased axonal
swellings, mitochondrial
dysfunction, and
increased apoptosis

Impaired
mitochodniral
dynamics;
autophagy

Mdivi-1 and Drp-1
shRNA

Denton et al.
(2018)

AR SPG57 Tropomyosin
receptor
kinase fused
gene (TFG)

Impaired secretory
protein trafficking and
elevated ER stress in
transduced iPSC-derived
cells. The TFG mutation
results in a defect in axon
fasciculation and in
L1CAM accumulation at
the surface of axons in
iPSCs-derived neurons

Vesicle transport
from ER to Golgi
apparatus

Slosarek et al.
(2018)

AR SPG76 Calpain-1 Generation and
characterization of iPSCs
from SPG76 patient’s
fibroblasts.

Synaptic
plasticity

Lu et al. (2019)
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mitochondria (Denton et al., 2014), recapitulating disease-specific phenotypes.
Forebrain neurons derived from spastin knockdown human embryonic stem cells
also exhibit the similar axonal swellings, suggesting the cause-effect relationship
between the axonal defects and loss of spastin function. These genetic modified
human pluripotent stem cells (hPSCs) offer additional human models to study
HSP. The accumulated axonal swelling can be rescued by a one day treatment of
a microtubule-destabilizing drug (Denton et al., 2014), suggesting the usefulness
of these neurons for screening therapeutic agents in the future. Using SPG4
patients-specific neurons, researchers showed that M1 and M87 spastin isoforms
were decreased in SPG4 neuronal cells. The complexity of neurites and retrograde
axonal transport were significantly reduced in SPG4 neurons. Interestingly, the
axonal degeneration including decreased neurite length, branching and numbers,
as well as increased axonal swellings can be rescued by overexpression of M1 or
M87 spastin isoforms, implying the role of both isoforms in SPG4 (Havlicek
et al., 2014). Importantly, the impaired axonal outgrowth and swellings have been
shown to be cell-typeespecific. SPG4 cortical neurons, but not GABAergic forebrain
neurons, exhibited axonal defects that were rescued by a liver X receptor agonist,
GW3965 (Rehbach et al., 2019). Interestingly, spastin was also found to be interacted
with the ESCRT protein IST1 at ER-endosome contacts to drive endosomal tubule
fission. The mutation of SPG4 caused the increased percentage of neurons with large
lysosomes and the enrichment of lysosomes in axonal swellings of SPG4 iPSCs-
derived neuronal cells (Allison et al., 2017). Patient iPSC-derived neuron axons
have been shown to be vulnerable to oxidative stress, which is mediated by impaired
axonal transport (Wali et al., 2020). In another study, Nakazeki et al. found that SPAST
can be directly regulated by microRNA (miR)-33. Downregulation of miR-33a, the
major form of miR-33 in SPG4 iPSCs-derived cortical neurons can ameliorate the
pathological phenotypes, reduced neurite length (Nakazeki et al., 2019).

SPG3A
As an AD HSP type, SPG3A accounts for approximately 10%e15% of all AD HSP
cases and is the most common early onset form of HSP (Fink et al., 1996). SPG3A is
caused by mutations in the ATL1 (14q22.1) gene encoding atlatin-1, which is neces-
sary for the formation of ER three-way junctions (Zhou et al., 2019). Currently, over
60 different ATL1 gene mutations were described, including missense, small dele-
tion, small insertion, splice site mutations, and whole exon deletions (Zhao and
Liu, 2017). Atlastin-1 protein is a member of the dynamin-related GTPase super-
family. Atlastin-1, a 558 amino acid 64-kDa protein, is composed of three domains,
a GTPase domain at N-terminus, a middle domain serving an unknown function, and
two transmembrane domains at C-terminus (Zhu et al., 2003). It is highly enriched in
the brain, especially in the lamina V pyramidal neurons (i.e., cortical motor neu-
rons), the neuron type that is affected in SPG3A patients (Zhu et al., 2003).
Atlastin-1 predominantly distributes in the cis-Golgi and ER tubular network and
is required for Golgi and ER morphogenesis (Hu et al., 2009; Rismanchi et al.,
2008; Zhu et al., 2003). Mutations in atlastin-1 with reduced GTPase activity
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impaired ER networks in soma and dendrite branch points (Liu et al., 2019).
Perturbed atlastin-1 also caused the substantial upregulation of the bone morphoge-
netic protein (BMP) signaling pathway through disrupting the BMP receptor
trafficking (Fassier et al., 2010; Zhao and Hedera, 2013). In addition to impaired
ER and BMP pathways, a recent study reveals the conservative role of atlastin-1
in regulating the size of lipid droplets, implying aberrant lipid metabolism in
SPG3A (Klemm et al., 2013). However, how these pathogenic mechanisms interact
with each other and result in axonal degeneration of cortical neurons in SPG3A
await further investigation.

Using the episomal method, we successfully generated the first SPG3A iPSC
lines (Table 8.1) in collaboration with Dr. Craig Blackstone (Zhu et al., 2003). These
iPSCs were generated from a young girl’s skin fibroblasts who has p.Pro342Ser mu-
tations in atlastin-1, and were then differentiated into telencephalic glutamatergic
neurons (Fig. 8.2). These patient iPSC-derived cortical projections neurons (PNs)
exhibited reduced axonal length and branching. This is coinciding with a previous
study that the reduction of atlastin-1 in rat cortical neurons caused the significant
decrease of axonal length (Zhu et al., 2003). Interestingly, treatment of SPG3A neu-
rons with microtubule-targeting drugs including vinblastine can partially rescue
axonal outgrowth deficit, implying aberrant microtubules in SPG3A (Zhu et al.,
2014). The protective effect of vinblastine is consistent with a previous study in
which the abnormal neuromuscular junction of atlastin-1 mutant flies was partially
reversed by the vinblastine (Lee et al., 2009). A significant advantage of iPSC-based
model is that these cells provide a system to examine axonal and neuronal functions
in live human neurons. By combining mitochondrial labeling and live cell imaging,
we examined fast axonal transport of mitochondria and revealed a significant reduc-
tion in the percentage of motile mitochondria and the number of motile mitochon-
drial events (Fig. 8.2), confirming axonal transport defects in SPG3A neurons in live
cultures. Since impaired axonal transport occurs at early stages of disease progres-
sion, this pathological change offers a target for early intervention to rescue axonal
degeneration.

Autosomal recessive hereditary spastic paraplegia
SPG5
SPG5, an AR type of HSP, is caused by mutations in CYP7B1 encoding the oxysterol
7-a-hydroxylase which is involved in degrading cholesterol into primary bile acids
(Nan et al., 2019; Stiles et al., 2009). The degradation of cholesterol has two
pathways, one is the “classic pathway,” in which the degradation is initiated via
7a-hydroxylation of cholesterol by CYP7A1. The other pathway is the “acid
pathway” during which cholesterols are first oxidized to 25-hydroxycholesterol
(25-OHC) and 27-hydroxycholesterol (27-OHC), and then these oxysterols
(25-OHC and 27-OHC) were 7a-hydroxylated by CYP7B1 (Tsaousidou et al.,
2008). Due to the loss function of CYP7B1, 25-OHC, 27-OHC, and 3b-hydroxy-
5-cholestenoic acid (3b-HCA, oxidized product of 27-OHC) have been shown to
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FIGURE 8.2 Modeling SPG3A with patient-specific induced pluripotent stem cells (iPSCs).

(A) Schematic procedure of cortical projection neuron (PN, glutamatergic neuron)

differentiation from human pluripotent stem cells (hPSCs). NE, neuroepithelial cells. (B)

Sequencing confirmed the presence of a heterozygous p.Pro342Ser mutation in SPG3A

iPSC-derived neural cells. (C) Both control and SPG3A iPSCs efficiently generated Tbr1þ

glutamatergic neurons. Bars: 50 mm. (D) Representative time versus position

kymographs showing mitochondrial transport in control and SPG3A axons. Bars: 10 mm.

Quantification revealed reduced motile mitochondria (E) and motile event (F) in SPG3A

cortical PNs.

(BeF) are adapted from our previous publication by Oxford University Press Zhu, P.P., Denton, K.R., Pierson,

T.M., Li, X.J., Blackstone, C., 2014. Pharmacologic rescue of axon growth defects in a human iPSC model of

hereditary spastic paraplegia SPG3A. Hum. Mol. Genet. 23, 5638e5648.
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be accumulated in the plasma and cerebrospinal fluid of SPG5 patients (Bjorkhem
et al., 2010; Schule et al., 2010).

SPG5 iPSCs lines were generated from several patient’s skin fibroblasts,
including one patient with a homozygous mutation p.Y275X in CYP7B1 and one
patient carrying a homozygous mutation R486C in CYP7B1 (Hauser et al.,
2016b; Hoflinger et al., 2016). The oxysterol concentrations in SPG5 are investi-
gated using the SPG5 iPSC-derived neurons, and increased oxysterols (25-OHC,
27-OHC, and 3b-HCA) were confirmed in these neurons. Moreover, the impaired
metabolic activity is correlated with the viability of SPG5 iPSC-derived cortical neu-
rons, implying the role of lipid dysfunction in SPG5 (Schols et al., 2017).
Cholesterol-lowering drugs, simvastatin, ezetimibe, chenodeoxycholic acid, ator-
vastatin, and resveratrol are evaluated in the SPG5 patients and showed a dramatic
reduction of serum biomarker, oxysterols, although some patients had no tolerance
to some drugs because of the side effects (Marelli et al., 2018; Mignarri et al., 2015;
Schols et al., 2017). Further studies are needed to evaluate clinical outcomes, neuro-
logical function, side effects, and long-term effects. Recently, the administration of
CYP7B1 mRNA in SPG5 mouse model was proved to be safe and led to a significant
degradation of oxysterols in liver, serum, and brain (Hauser et al., 2019). With the
help of iPSCs-derived neurons as a unique tool for the drug screening and evalua-
tion, more effective strategies including drug or molecular manipulation can be
screened and tested using these patient iPSC-derived cells.

SPG11, SPG15, and SPG48
SPG11 and SPG15 are the most common AR forms of HSP, accounting for w25%
of the AR HSP. Both forms present with cognitive impairment, dementia, ataxia,
thinning of the corpus callosum, and lower limb spasticity (Hanein et al., 2008; Ste-
vanin et al., 2007). SPG11 and SPG15 proteins, spatacsin and spastizin, are direct
binding partners, interacting with endosome-relative small GTP-binding proteins
RAB5A and RAB11 in endocytes and autophages to regulate cellular recycling sys-
tem (Hirst et al., 2013; Murmu et al., 2011). These two proteins can also bind to the
AP5, the subunits of which are mutated in the complex SPG48 patients (Hirst et al.,
2013). SPG48 patients exhibit similar clinic symptoms as SPG11 and SPG15, and all
three forms can have early onset Parkinsonism which has shown improvement
following dopaminergic therapy (Guidubaldi et al., 2011; Schicks et al., 2011).
Studies on these HSP proteins suggest that endolysosomal and autophagic dysfunc-
tions are one characteristic pathogenic change and a major player in the pathogen-
esis of HSP (Vantaggiato et al., 2013, 2019). In addition, loss of spatacsin has been
shown to alter lipid clearance in lysosomes, damage lysosomal recycling ability and
then impair cholesterol trafficking and calcium levels maintenance (Boutry et al.,
2018, 2019; Branchu et al., 2017). These data suggest the interaction of endolysoso-
mal dysfunction and other pathogenic mechanisms, though further studies are
needed to elucidate the detailed mechanisms of axonal degeneration in these HSPs.

Winner’s group have successfully established SPG11 patient-specific iPSC lines
(Table 8.1) by reprogramming fibroblasts of two SPG11 patients with compound
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heterozygous mutations of spatacsin (Perez-Branguli et al., 2014). Spatacsin is
expressed in iPSC-derived neurons as well as in mouse cortical neurons, which is
enriched in axons and dendrites. Reduced neurite length and complexity were found
in these SPG11 neurons with abnormal spatacsin function compared with control
iPSC-derived neurons. These SPG11 neurons have significant reduction of synaptic
vesicle trafficking in anterograde direction, leading to impaired axonal transport.
One possible mechanism of axonal defects in SPG11 is abnormal cell-cycle regula-
tion indicated by the decreased proliferation ability of neural progenitor cells (Mis-
hra et al., 2016). Using three-dimensional (3D) organoids culture, it has been further
revealed that high portion of neural progenitors undergo asymmetric divisions there-
after resulting in premature neurogenesis (Perez-Branguli et al., 2019). Dysregula-
tion of GSK3b/b-Catenin pathway in SPG11 neural precursors was the major
reason for the significant reduction of neural cell population in both monolayer
and organoids culture systems. Moreover, regulating GSK3 pathway by tideglusib,
an FDA-approved GSK3 inhibitor, could rescue the decreased proliferation of
SPG11 neural precursors, implying the GSK3b/b-Catenin dysregulation in SPG11
(Mishra et al., 2016; Perez-Branguli et al., 2019; Pozner et al., 2018).

Recently, SPG15 and SPG48 iPSCs cell lines were successfully established from
patients’ dermal fibroblasts and then differentiated into telencephalic glutamatergic
neurons (i.e., cortical PNs), major cell types affected in HSP, in Li’s group (Denton
et al., 2018). Disease-relevant axonal defects including reduced neurite outgrowth
and increased axonal swellings were observed in SPG15 and SPG48 cortical PNs.
Notably, the axonal outgrowth deficit is also present in midbrain dopaminergic neu-
rons (the cell type affected and responsible for the Parkinsonism in SPG15 and
SPG48) but not in spinal neurons (cell types not affected in HSP), recapitulating
the cell-typeespecific defects. Further investigations of SPG15 and SPG48 iPSC-
derived cortical PNs showed altered mitochondrial morphology together with a
reduced mitochondrial membrane potential, revealing mitochondrial dysfunction in
these neurons (Denton et al., 2018). Mitochondria are highly dynamic organelles un-
dergoing continuous fission and fusion to maintain normal morphology and function.
Interestingly, inhibition of a mitochondrial fission mediator, dynamin-related protein
(Drp1), both pharmacologically (using DRP1 inhibitor mdivi-1) and genetically (using
lentiviruses containing Drp1 shRNA) could mitigate abnormal mitochondrial
morphology and rescue axonal outgrowth deficit in SPG15 and SPG48 neurons (Den-
ton et al., 2018). These data suggest that impaired mitochondrial dynamics underlie
axonal defects in these HSPs, bringing up the importance to study interactions of mul-
tiple pathogenic processes to identify new targets for rescuing axonal degeneration in
the future. In addition, given that pluripotent stem cells have the ability to generate
different neuronal subtypes, these patient-specific iPSCs provide unique sources to
generate various neuron types to study why certain type(s) of neurons are specifically
affected. This is a fundamental unanswered question in neurodegenerative diseases.

Other types of hereditary spastic paraplegia
Human iPSCs for some other HSP subtypes were successfully established from the pa-
tients (Table 8.1), allowing researchers to study the HSP using these stem cellsederived
neurons (Behne et al., 2020; Lu et al., 2019; Teinert et al., 2019; Wang et al., 2020).
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Behne et al. established six iPSC lines from HSP patients with deficiency of the adaptor
protein complex 4 (AP-4, for SPG47). Neurite outgrowth and branching of these SPG47
iPSCs-derived cortical neurons were reduced. AP-4 subunit levels are reduced and the
autophagy protein, autophagy related 9A (ATG9A) was accumulated in the trans-Golgi
network in SPG47 iPSC-derived cortical neurons (Behne et al., 2020). A recent study
identified a dominantly inherited heterozygous mutation in ATAD3A, and this mutation
was maintained in the corresponding iPSC-derived neurons (Cooper et al., 2017). In
addition, iPSC lines were generated from patients with mutations in tropomyosin recep-
tor kinase fused gene (TFG, SPG57) and calpain-1 (CAPN1, SPG76), providing new
tools to study various types of HSP (Lu et al., 2019; Slosarek et al., 2018).

Challenges and future directions
Since the discovery of iPSC technology, patient-specific iPSCs have been successfully
established from different subtypes of HSP patients, providing valuable systems to
study pathogenic mechanisms and explore treatments for these debilitating diseases.
Though the recapitulation of disease-relevant phenotypes has been observed in
iPSC-derived neurons in vitro, challenges remain including the heterogeneity and
functional maturation of these iPSC-derived neurons, the recapitulation of synaptic
and circuitry defects, the interplay of multiple pathogenic pathways, and the identifi-
cation of therapeutic agents using these models.

Heterogeneity and functional maturation of induced pluripotent
stem cellederived neurons
The direct differentiation and enrichment of neuronal subtype holds the key to apply
these cells for neurodegenerative diseases in which certain type of neurons specif-
ically degenerate. By applying morphogens that are critical for particular type of
neurons, various neuronal subtypes have been specified from hPSCs (Chamberlain
et al., 2008; Tao and Zhang, 2016). The generation of regional progenitors is highly
efficient (e.g., over 90% spinal progenitors) and subsequently, particular type of neu-
rons can be efficiently generated (Li et al., 2008, 2009). In addition to the target type
of neurons, neural progenitors and other neuron types may also be present given that
morphogens specify different types of neurons based on the gradient concentration
of these morphogens (Briscoe and Ericson, 2001; Jessell, 2000). Another reason for
generating a heterogeneous population of neurons is that neural progenitors can give
rise to different type of neural cells based on timing (Toma et al., 2016). Therefore,
to enrich neurons, compound E, a g-secretase inhibitor is used to force cell-cycle
exit from the progenitor stage, resulting in a synchronized postmitotic neuronal pop-
ulation (Du et al., 2015; Yang et al., 2008). Another common strategy for enrichment
is to sort the particular neuron type using fluorescence activated cell sorting or
magnetic sorting based on the expression of surface marker or the reporter (Arias-
Fuenzalida et al., 2017; Paik et al., 2018; Toli et al., 2015).
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It has been shown that iPSC-derived neurons resemble fetal neurons in some as-
pects, bringing up the question about the functional maturation of these cells. Electro-
physiological analyses recorded repetitive action potential and synaptic current of
hPSC-derived neurons (Bardy et al., 2016; Li et al., 2005; Liu et al., 2013), suggesting
the functionality of hPSC-derived neurons. Moreover, neurons at long-term culture
exhibit more mature properties, partially due to the generation of glial cells that pro-
mote the synaptic maturations of neurons in long-term cultures. Recently, different
types of astroglial cells have been successfully generated from hPSCs (Krencik and
Zhang, 2011; Li et al., 2018; Tchieu et al., 2019), allowing the co-culturing of glial
cells with neurons to further improve their functionality. Though cells can be cultured
months even a couple years in cultures, how to maintain the optimal survival and func-
tion for long-term cultures remains a challenge. One alternative is to transplant the
iPSC-derived neural cells into animal (e.g., mouse brain) to examine their long-
term changes, which also provides a unique system to study the maturation and disease
phenotypes of iPSC-derived neurons in an in vivo environment.

Recapitulation of synaptic and circuitry defects
A major challenge in modeling human neurological diseases using iPSCs is to reca-
pitulate synaptic and circuitry defects in cultures. The current iPSC-based HSP
models are mainly the two-dimensional cultures of iPSCs-derived cortical neurons.
One approach to increase synaptic connectivity is to build 3D models (Brown et al.,
2018). In 2013, the establishment of 3D cerebral organoids by combining the 3D
culture and bioreactor led to the successful model of microcephaly, a disease char-
acterized by impaired cortical development (Lancaster et al., 2013). Studies also
showed that the 3D model of Alzheimer’s disease can mimic characteristic disease
phenotypes comparing to regular two-dimensional model (Choi et al., 2016). For
HSP models, 3D cerebral organoids derived from SPG11 iPSCs were smaller with
larger ventricles and thinner germinal wall compared to those from control iPSCs
(Perez-Branguli et al., 2019). Though the variation between organoids is a major
concern, recent studies used enriched progenitors and showed the generation of
more consistent brain organoids from iPSCs (Velasco et al., 2019). Furthermore,
by combining with bioengineering technology, it is possible to culture different
3D organoids to build co-culture models. This is particularly useful for studying
the interaction between different types of cells, for example, the synaptic connec-
tions between cortical motor neurons and their targets, spinal motor neurons. There-
fore, 3D organoids models, especially combining with bioengineering and gene
editing technology, will provide valuable paradigms to illustrate pathogenic mech-
anisms underlying various HSP subtypes.

Interplay of multiple pathogenic mechanisms
Given that more than 80 genetic loci are associated with HSP, an intriguing question
is how the mutations of functional divergent HSP genes result in similar symptoms
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in HSP. Emerging evidence identified several common pathological themes in HSP
involving ER morphogenesis, membrane trafficking, vesicle transport, lipid and ste-
rol metabolism, and autophagic and lysosomal defects as we described in the above
sections. Multiple subcellular organelles such as ER, lysosome, microtubule, endo-
some, and mitochondria are affected in these processes (Blackstone, 2018; Black-
stone et al., 2011; Crosby and Proukakis, 2002; Fink, 2006). Interestingly, these
pathogenic processes can interact with each other, leading to axonal and neuronal
degeneration. For example, abnormal ER morphogenesis results in lipid dysfunction
since ER is the factory of lipid metabolism (Eastman et al., 2009; Falk et al., 2014;
Klemm et al., 2013). Mitochondrial and lipid defects are also observed in recessive
forms of HSP caused by autophagic and lysosome defects (e.g., SPG11, SPG15, and
SPG48) (Boutry et al., 2019; Branchu et al., 2017; Denton et al., 2018). These find-
ings not only imply multiple pathological changes in the pathogenesis of HSP, but
also highlight the importance to dissect the interplay between these themes to iden-
tify common and critical therapeutic targets for HSP.

Identification of therapeutic approaches
An important application of iPSC-derived neurons is the utilization of these
patient-derived nerve cells for drug screening to identify therapeutic agents. It
has been shown that human cells may have very different responses to drugs
compared to other species, and less than 10% of candidate drugs have been shown
to be clinically effective during clinical trials (Kola and Landis, 2004). Using
iPSC-based models of HSP, studies have tested some compounds including
vinblastine, Midvi-1, CHIR99021, and tideglusib (Denton et al., 2016, 2018; Mis-
hra et al., 2016; Pozner et al., 2018). As an example, microtubule-targeting drugs
showed protective effects in rescuing axonal defects in SPG3A and SPG4 iPSC-
derived neurons (Denton et al., 2014; Zhu et al., 2014). These studies provide
proof-of-concept evidence of using iPSC-derived neurons to test drugs. To
improve the throughput, reporter lines that target critical biochemical or functional
phenotypes can be established using CRISPR/cas9-mediated gene targeting. In
addition to high-throughput report lines, high-content screening platforms provide
a unique system to examine morphological phenotypes for identifying therapeutic
drugs (Rehbach et al., 2019).

Though iPSC-derived neurons offer a unique source for cell therapy, there are
challenges in applying these cells for replacing the degenerate nerve cells in HSP
patients. After transplantation, a large number of neural cells especially postmitotic
neurons could die, and it is important to promote the survival of nerves cells after
transplantation by optimizing the conditions and stages of transplanted cells (Perrier
and Studer, 2003; Stoddard-Bennett and Reijo Pera, 2019; Zhang et al., 2008).
Another major challenge is the integration of transplanted cells into the host cir-
cuitry. HSPs are characterized by the degeneration of cortical motor neurons that
project long axons and connect with their targets, lower motor neurons in spinal
cord. Better understanding the mechanisms underlying the axonal projection of
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grafted neurons and the integration of these neurons into the circuitry will be
valuable for the development of therapies to rescue axonal defects in HSP and other
diseases involving axonopathy.
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Abstract
SmitheMagenis syndrome (SMS) is a genetic neurodevelopmental disease char-
acterized by neurological, psychiatric, anatomical, and motor symptoms. The dis-
ease is caused by deletions on chromosome 17p11.2, which may lead to the loss of
up to 95 genes, depending on the length of the chromosomal rearrangement. One of
these genes is retinoic acid-induced 1 (RAI1). Evidence that loss of RAI1 is
responsible for several clinical manifestations of SMS came with the identification
of patients carrying point mutations in this gene and presenting a phenotype
overlapping with SMS. Rather, disease severity and some clinical presentations are
associated with loss of genes other than RAI1. SMS patients are typically hetero-
zygous for the mutation (RAI1 mutations and chromosomal deletions), indicating
that loss of one functional allele of RAI1 is sufficient to cause disease. Interestingly,
duplications of the same chromosomal region cause another neurodevelopmental
disease with similar clinical manifestations, thus indicating that RAI1 (and possibly
other genes nearby) are dosage-sensitive genes. RAI1 is a polyglutamine- and
polyserine-containing factor induced by retinoic acid and with nuclear localization.
However, its function in physiological conditions and how its haploinsufficiency
causes SMS is not known. Here, we will review several aspects related to SMS, from
diagnosis to clinical presentation. Moreover, we analyze in detail what is known
about the RAI1 isoforms, expression pattern, native function, and the impact of
different types of mutations (deletions, frameshift mutations that generate prema-
ture stop codons, and missense mutations that result in the production of the full-
length protein). Finally, we review the animal and cell models available to date,
focusing on those based on the immortalized pluripotent technology. These patient-
derived cells allow replicate in a dish an otherwise irreproducible condition, which
takes into account the genetic variability of patients and that may then complement
mechanistic studies performed in mouse models of SMS.

Keywords: Brain abnormalities; Chromosome 17; Cognitive impairment; Copy number variation

(CNV); Haploinsufficiency; Induced pluripotent stem cell (iPSC); Melatonin; Neural stem cells;

Neurodevelopmental disease; Neuropsychiatric disease; PotockieLupski syndrome (PTLS); Retinoic

acid-induced 1 (RAI1); Self-injury; Sleep disorder; SmitheMagenis syndrome (SMS).

Introduction
SmitheMagenis syndrome (SMS) is a complex congenital anomaly/mental retarda-
tion syndrome with physical and neurobehavioural symptoms. SMS is a rare disease,
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which affects fewer than 200,000 people worldwide, with an incidence at birth
ranging between 1:15,000 and 1:25,000. The majority (about 90%) of SMS patients
carries a w3.7 Mb interstitial deletion of chromosome 17p11.2, spanning about 95
genes, including retinoic acid-induced 1 (RAI1). A limited number of patients (about
10%) have missense, insertion, deletion, and nonsense mutations in the RAI1 gene,
leading to frameshifts and generation of premature stop codons that result in the for-
mation of truncated RAI1. All of the RAI1 gene mutations known to date are local-
ized within exon 3, which codes for about 95% of RAI1 (Smith et al., 2005; Falco
et al., 2017). Most mutations are de novo mutations, with no correlation to specific
racial or ethnic groups. Although this genetic condition was described for the first
time around 40 years ago by the geneticist Ann C. M. Smith and the pediatrician/
geneticist R. Ellen Magenis, approximately only 500 research and review papers
on SMS have been published to date, which can be divided into three main groups
according to the approach undertaken and the topics covered. Two of the groups ac-
count for the vast majority of the publications. The first group focuses on the genetic
causes of the disease and the characterization of the genes included in the deletions,
while the second one is represented by clinical articles describing the morphological
and behavioral characteristics of the patients. A third and smaller group of publica-
tions regards mechanistic aspects explored in in vitro models and genetically modi-
fied mice with haploinsufficiency and RAI1 gene knockout. In this chapter, we will
review the literature related to SMS, focusing on the following aspects: (1) the ge-
netics of SMS and the genetic tests available for diagnosing the disease; (2) its clin-
ical presentation and the therapies and drugs currently used to alleviate symptoms;
(3) the RAI1 gene and its protein products; (4) the recent development of SMS
patient-derived model systems based on the use of induced pluripotent stem cells
(iPSCs) and mice for the purpose of carrying out in-depth studies on the molecular
mechanisms underpinning this disorder. Novel lines of research on disease patho-
genesis combined with preclinical studies may lead to the development of strategies
for improving symptoms, with the final goal of identifying new targets for therapy
development.

The genetics of SmitheMagenis syndrome
SMS (MIM 182290) is linked to a 3.9 Mb deletion in the 17p11.2 chromosomal
band, which encompasses 95 genes, including the RAI1 gene (MIM 607642):
del(17)(p11.2). In this region, which represents an unstable genomic segment prone
to chromosomal rearrangements, such as microdeletions and/or microduplications,
three complex and highly homologous low copy repeats (LCRs) have been mapped,
with a sequence identity of about 98%, that flank or lie within the deleted region,
termed “distal” (w176 kb), “middle,” and “proximal” (w256 kb) SMS repeats
(SMS-REPs), respectively (Chen et al., 1997; Bi et al., 2003). This genomic archi-
tecture indicates that the primary cause of the SMS deletion is a nonallelic homol-
ogous recombination (NAHR) between similar LCRs, which gives rise to two
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reciprocal products: a microdeletion associated with SMS, and a microduplication
associated with a distinct genomic disorder, namely PotockieLupski Syndrome
(MIM 610883) (Fig. 9.1). Indeed, NAHR is an ectopic recombination event between
paralogous LCRs (DP-LCR), leading to recurrent genomic deletions and reciprocal
duplications/inversions (Stankiewicz and Lupski, 2002; Dittwald et al., 2013). In
particular, the directly oriented distal and proximal SMS-REPs share four homolo-
gous segments (sequence blocks A, B, C, and D), with a total size of w170 kb,
which are involved in the recurrent NAHR occurring on this chromosomal segment
(Bi et al., 2003). The remaining w20% of deletions can be larger or smaller, with a
minimum deletion region of approximately 650 kb (Stankiewicz and Lupski, 2002;
Slager et al., 2003; Schoumans et al., 2005). These deletions are likely the result of
homologous recombination events between the middle and distal SMS-REPS and
other LCRs mapping within this region. On the other hand, about 8% of atypical
SMS deletions originate from a nonhomologous end joining (NHEJ) event, a phe-
nomenon implicated in double-strand break repair during DNA replication, which
generates rearrangements of unique size and with unique breakpoints (Shaw and
Lupski, 2005).

Although a limited number of SMS patients carry mutations in the RAI1 gene,
the phenotypic similarity between these patients and those carrying the deletion
has allowed researchers to establish that RAI1 loss of function is responsible for
several aspects of SMS symptoms. Mutations in this gene were first described in
2003, when frameshift mutations leading to the production of truncated protein
products were found in blood samples taken from three individuals with a clinical
diagnosis of SMS, but who were not carrying deletions. These were then sequenced
for a series of genes localized within the SMS del(17)(p11.2) critical interval (Slager
et al., 2003). Thereafter, at least 30 distinct mutations in RAI1 were linked to SMS,
most of which are frameshifts, while a few are missense mutations. It has been pre-
dicted that most RAI1 mutations are likely to hamper gene expression and alter
normal protein structure/function, ultimately leading to RAI1 haploinsufficiency
(Bi et al., 2004; Girirajan, 2005; Truong et al., 2010; Vilboux et al., 2011; Dubourg
et al., 2014; Acquaviva et al., 2017).

The genetics of SMS highlights that SMS is associated with a haploinsufficiency
of the dosage-sensitive RAI1 gene. Many neurodevelopmental and neurobehavioral
profiles are observed in both RAI1-mutated patients and SMS-deleted subjects,
whereas multiorgan impairments are typical only of the latter (Girirajan et al.,
2006). Therefore, the more complex phenotypes associated with the 17p11.2 dele-
tions may be ascribed to the contribution of the genes mapping to this genomic re-
gion. In some of these cases, the deletion could unmask recessive mutations in the
remaining allele, leading to phenotypic expression of other diseases (Girirajan et al.,
2006; Edelman et al., 2007). In particular, mutations inMYO15A, causative of a non-
syndromic deafness form (DFNB3;OMIM #600316), have been detected in SMS pa-
tients showing sensorineural hearing loss (Liburd et al., 2001). Moreover, a second
hit mutation of the wild type allele of FLCN has been related to renal tumors, which
are occasionally found in SMS patients (Dardour et al., 2016). Short stature is among
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FIGURE 9.1

Generation of deletion rearrangement by nonallelic homologous recombination (NAHR)

and nonhomologous end joining (NHEJ). The substrates and products of recombination

are shown. NAHR (left), utilizes two nonallelic LCRs (A and B) as substrates for

recombination. The LCRs are depicted as blue rectangles, due to high homology, but are

different shades of blue, signifying the few cis-morphisms, or paralogous sequence

variants, that distinguish them. LCRs A and B, oriented in the same direction (shown by

arrows), misalign, and subsequent homologous recombination results in a deletion with a

single recombinant LCR, shown as a two-tone blue rectangle. Restriction enzyme

consensus sequences (cut sites) are depicted as vertical lines on either side of the

recombinant LCR, with deletion of the consensus sequence between the two substrate

LCRs. Digestion using this enzyme results in the isolation of a recombination-specific

junction fragment, shown below. NHEJ (right), utilizes two nonhomologous sequences

[red rectangle (A) and green oval (B)] as substrates for recombination. The two

sequences are joined via NHEJ, with deletion of the intervening fragment. Additional

bases (NN.NN) are added at the deletion junction.

Adapted from Shaw, C.J., Lupski, J.R., 2004. Implications of human genome architecture for rearrangement-

based disorders: the genomic basis of disease. Hum. Mol. Genet. 13 Spec No 1:R57-64. https://doi.org/10.

1093/hmg/ddh073. PMID: 14764619.
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the distinctive and more recurrent clinical characteristics restricted to patients car-
rying the deletion, and it has been suggested that the region included between
SREBF1 and SHMT1 genes includes at least one dosage-sensitive gene responsible
for this clinical feature (Falco et al., 2017; Edelman et al., 2007).

Diagnostic test
Although extensive efforts have been put into the development of effective tests for
early diagnosis of SMS, this goal has not yet been reached. Larger deletions
(>5e10 Mb) can be occasionally detected by a routine G-banded standard karyo-
type analysis. Another preliminary diagnostic analysis, which has been widely
used for testing probands with clinical features of SMS, is fluorescent in situ hybrid-
ization analysis, which uses a nucleotide probe, spanning the RAI1 locus, to detect
17p11.2 deletions encompassing the critical region on metaphases from peripheral
blood (Fig. 9.2A; Vlangos et al., 2005). This kind of diagnostic approach can high-
light potential complex familial chromosome rearrangements leading to
del(17)(p11.2), although these are rare in the case of SMS deletions (Gamba
et al., 2011). More recently, microarray platforms have been developed to perform
a genome-wide microdeletion/microduplication [copy number variation (CNV)]
analysis, known as chromosome microarray analysis (CMA), used to detect the
17p11.2 deletion and simultaneously determine the exact size and location of break-
points (Miller et al., 2010; Fig. 9.2B and C). This is currently the test that is recom-
mended first for all clinical conditions characterized by neurodevelopmental
disorders and/or congenital defects and/or dysmorphisms (Martin et al., 2006).
This genome-wide approach can also distinguish different CNVs associated with
SMS-like phenotypes, other than del(17)(p11.2). In the case of a negative result
from CMA, a sequence analysis of RAI1 gene, in particular of exon 3, can be per-
formed (Bi et al., 2004; Girirajan, 2005; Truong et al., 2010; Vilboux et al., 2011;
Dubourg et al., 2014; Acquaviva et al., 2017). This analysis can be carried out by
Sanger sequencing technique or by next generation sequencing, especially when
RAI1 is introduced in multigene panels, allowing patients with milder clinical phe-
notypes to be diagnosed with SMS as well.

Clinical presentation of SmitheMagenis syndrome
Disease onset, diagnosis, and symptomatology
SMS newborns are generally born at term and display normal growth up to the first
month, followed by a period of decelerated weight gain that typically ensues with
associated feeding difficulties and gastroesophageal reflux (Smith et al., 2005; Falco
et al., 2017). At 18 months of age, a marked failure to thrive becomes evident. How-
ever, SMS will typically not be suspected until several of the behavioral and sleep
abnormalities that are unique to this condition become more apparent with age (Mar-
tin et al., 2006). Unfortunately, this failure/delay in diagnosis at birth or in early in-
fancy puts off essential therapies for preventing the onset of further problems, in
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particular, neuropsychological symptoms. Even later, this neurodevelopmental dis-
order is underdiagnosed, as it is often confused with other pathologies, such as
Down, Angelman, and Prader Willi syndromes, which display similar dysmor-
phisms or behavioral patterns. Moreover, the presence of speech delay as well as re-
petitive and obsessive behavior often lead physicians to diagnose autism spectrum
disorder in comorbidity with SMS, which implicates that RAI1 can be considered
a candidate gene for susceptibility to nonsyndromic autism spectrum disorder
(Burns et al., 2010). It is thus extremely important to take into account autistic spec-
trum disorder in differential diagnosis of SMS (Wilde et al., 2013; Wilde and Oliver,
2017).

FIGURE 9.2

Fluorescent in situ hybridization (FISH) with an SmitheMagenis syndrome (SMS) locus-

specific probe including RAI1 showing the (A) absence of the red signal on one

chromosome 17 (arrow); a green-labeled probe mapping to the subtelomeric region

17p13.3 was used as a control; (B) and (C).

The genetics of SmitheMagenis syndrome 223



Clinical differences in symptoms among patients may be influenced by the ge-
netic variations mentioned above. The heterogeneity of clinical presentation reflects
the genetic complexity of the disease, which can result from either different types of
mutations in the RAI1 gene, e.g., frameshift versus point mutations, or deletions of
chromosome 17p11.2, leading to a spectrum of symptoms whose severity correlates
with the length of the chromosomal deletion. Cognitive impairment and aberrant so-
matic features, such as short stature, hearing loss, and congenital heart defects, are
less severe and have a lower incidence in patients with RAI1 variants (Shayota and
Elsea, 2019), while SMS patients carrying smaller deletions exhibit flattened heads,
dental and eye irregularities, head banging, and hyperactive behavior (Girirajan
et al., 2006). On the other hand, extensive 17p11.2 deletions have greater effects
on phenotypic appearance, and their length is highly correlated to the extent of mul-
tiorgan involvement, indicating that genes other than RAI1 are also implicated in the
pleiotropic manifestations of such SMS patients and in the severity of phenotype
(Falco et al., 2017; Truong et al., 2010; Girirajan et al., 2006; Dardour et al.,
2016; Huang et al., 2016). Almost all SMS patients, however, show behavioral
and neurodevelopmental impairments, such as intellectual disability, auto- and het-
eroaggressivity, and alterations in the sleep-awake cycle, independently of the ge-
netic disease etiology in affected individuals (Falco et al., 2017). This is most
likely due to the fact that the RAI1 gene plays, in all cases, a pivotal role in disease
pathogenesis.

Brain structural abnormalities
Brain magnetic resonance imaging of SMS patients has revealed several structural
abnormalities. Patients present with a pronounced enlargement of the cisterna
magna, often accompanied by the agenesis of cerebellum. Some patients may either
experience epileptic seizures or show electroencephalographic signs of epilepsy
without clinical correlation. Maya et al. (2014) detected a significant decrease in
gray matter with bilateral perfusion into the insula and lenticular nucleus, without
any pathological sign in white matter structure. A deletion of the 17p11.2 region
associated with bilateral periventricular nodular heterotopia has been described in
two SMS individuals (Capra et al., 2014) Table 9.1.

Behavioral, neurodevelopmental, and cognitive aspects
Children affected by SMS show severe behavioral and cognitive impairments, with a
devastating effect on the quality of life Table 9.1. The behavioral phenotype of SMS
includes maladaptive/self-injurious, aggressive, stereotypic, and food-seeking be-
haviors (Shayota and Elsea, 2019). Auto- and heteroaggressiveness are present in
97% of diagnosed cases, which become evident only after 18 months of age,
becoming more severe as the patient matures. Prior to this age, newborns carrying
this disorder, according to Gropman and collaborators (Wolters et al., 2009) sleep
more hours than average, are generally calm, are quite sociable and have an age-
adequate disposition. The earliest clinical symptoms are hypotonia and certain
feeding difficulties, which are visible at birth, and only later do they show a
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Table 9.1 SmitheMagenis clinical findings.

SmitheMagenis syndrome clinical findings

Behavioral aspects

Maladaptive behaviors Attention seeking, impulsivity, aggression, disobedience,
frequent outbursts, hyperactivity, and attention deficits

Self-injurious behaviors Wrist biting, skin picking, head banging, insertion of objects
into bodily orifices, pulling out of nails, and insensitivity to
pain

Sleepewake cycle
disfunction

Difficulty falling asleep, diminished rapid eye movement
sleep, reduced total sleep and shortened sleep cycles, and
early morning awakenings

Stereotypical behaviors Self-hugging with excitement, autistic-like behaviors,
spasmodic upper body squeeze, bruxism, and mouthing of
objects

Eating disorders Feeding difficulties, early onset obesity, impaired satiety, and
hypercholesterolemia

Neurological and cognitive aspects

Central nervous system
aspects

Enlarged ventricles, decreased gray matter in the insula and
lenticular nucleus, malformed brain stem, and
underdeveloped cerebellar vermis

Motor aspects Hyporeflexia, sensory integration problems, infantile
hypotonia, and delay fine motor skills

Cognitive aspects Delayed speech, mild to moderate intellectual disability, and
short-term memory impairment

Developmental anomalies

Craniofacial features Brachycephaly, midface hypoplasia, micrognathia,
prognathism, and tented upper lip

Skeletal and hearing
system impairment

Short stature, brachydactyly, vertebral anomalies, and
scoliosis
Hearing loss, deep hoarse voice, and chronic ear infections

Dermatological impacts Dermatofibromas, skin lesions that are secondary to self-
injury, and acral pachydermia

Congenital defects

Cardiological defects Cardiovascular defects (ventricular septal defect (VSD), atrial
septal defect (ASD), tetralogy of Fallot), anomalous
pulmonary venous return, and tricuspid and mitral valve
stenoses or regurgitation

Kidney abnormalities Enlarged and ectopic kidneys, renal and urologic anomalies,
hydroureters, hypertrophic kidney, and ureterovesicular
obstruction

Hand development Brachydactyly, fifth finger clinodactyly and syndactyly, and
fetal finger pads

Dental irregularities Tooth root dilacerations, tooth agenesis, and taurodontism

Adapted from Chen, L., Mullegama, S. V., Alaimo, J. T., Elsea, S. H., 2015. Smith-Magenis syndrome
and its circadian influence on development, behavior, and obesitye own experience. Dev. Period Med.
19, 149e156. We extensively modified the table so it is not adaped from Chen et al.
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nonstable gait and, in many cases, hyporeflexia (Smith et al., 2005; Falco et al.,
2017; Dardour et al., 2016; Hildenbrand and Smith, 2012). Consequently, SMS
patients are diagnosed with a neurodevelopmental disorder only when stereotypical
behaviors, episodes of aggressiveness and motor-cognitive impairment become
more evident (Laje et al., 2010; Huisman et al., 2018). Martin et al. (2006) also asso-
ciated disinhibition with the onset of aggressive behavior. The behavioral dysfunc-
tion and stereotypic behaviors in these patients include marked distractibility, as
well as repetitive actions, such as body rocking, spinning/twirling, nail-yanking,
inserting objects into their mouths and other body orifices, teeth grinding, compul-
sive finger-licking and page flipping, (“lick-and-flip”) and “self-hugging,” an action
they tend to perform when pleased (Laje et al., 2010; Huisman et al., 2018). Com-
parison between patients affected by SMS and patients showing an idiopathic autism
spectrum disorder revealed that the tendency to engage into impulsive, aggressive
and/or destructive behavior, including property destruction, seems to have a higher
frequency in SMS patients (Shayota and Elsea, 2019).

The prevalence of behavioral difficulties in subjects with large deletions, who
show more severe intellectual disability and limited mobility (Girirajan et al.,
2006), is generally lower than in patients with smaller deletions and in patients
with RAI1 mutations. In a comparative study between 15 SMS patients and 15
age- and sex-matched control subjects, it was found that a high level of cognitive
function was inversely correlated with the severity of self-injurious behavior (Osório
et al., 2012). This kind of behavior may result from a sense of frustration, due to their
lack of communication skills, or to an attention-seeking attitude, whereas aggressive
behavior directed toward others is generally more affected by external contingencies
(attention, escape, and access to food) (Wilde et al., 2013; Laje et al., 2010; Huisman
et al., 2018; Gnanavel, 2014). Moreover, several patients exhibit symptoms of pe-
ripheral neuropathy, such as low tendon reflexes and a decreased sensitivity to
pain, two clinical characteristics that may have an impact on the severity of behav-
ioral issues, especially those associated with aggressiveness, due to their signifi-
cantly higher pain threshold. Because SMS patients have decreased sensitivity to
pain, severe medical conditions may be undiagnosed, thus exacerbating behavioral
disturbances (Poisson et al., 2015). Maladaptive behaviors typically worsen in ado-
lescents and adults (Shayota and Elsea, 2019), declining significantly however
among aging adults, even without specific management strategies (Nag and Nær-
land, 2020).

Intellective disability tends to vary from moderate to severe. The attention prob-
lems and hyperactive behavior of these children do not affect their capacity to inte-
grate information. There is an overt delay in language skills, with greater impact on
expressive language than on receptive language, which in turn is more impacted than
mathematical reasoning and calculations skills. However, although patients
suffering from SMS may show skills in specific fields, such as computer use, and
present with extremely high attention to detail and long-term memory, these patients
may not be self-sufficient and may need assistance at school and at home. No age-
related cognitive decline has been reported to date (Wilde and Oliver, 2017).
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The therapeutic approach for the behavioral/intellective disabilities typical of
these patients should focus on improving communication skills and on identifying
and treating attention deficit/hyperactivity, aggressiveness, and anxiety. The
complexity of all these aspects requires a multidisciplinary team, including geneti-
cists, psychiatrists, neuropaediatricians/neurologists, somnologists, developmental
and behavioral paediatricians, and speech and language therapists (Smith et al.,
2005; Falco et al., 2017; Wilde et al., 2013; Wilde and Oliver, 2017). The use of psy-
chotropic medication is often required as well for the management of inattention and
hyperactivity, although no single regimen has yet shown consistent and long-term
efficacy in SMS patients.

Sleepwake cycle dysfunction
Sleep disorder is one of the most prominent symptoms of SMS and is present in 88%
of patients carrying either RAI1 mutations or chromosomal deletions Table 9.1. Pa-
tients show difficulty falling asleep, frequent nocturnal awakenings, reduced or ab-
sent rapid eye movement sleep, early sleep offset, and daytime sleepiness with a
need for daytime naps (Nag and Nærland, 2020). The etiology of this phenomenon
is still unclear. The observation that SMS individuals have elevated melatonin con-
centration in the daytime, in contrast to very low excretion at night, suggested that
melatonin secretion might undergo an inversion process in SMS patients. However,
some patients display normal melatonin secretion, despite suffering from sleep dis-
turbances (Chik et al., 2010). This dysfunction could stem from various causes,
ranging from an impairment in melanopsin-based photoreception, to a deficit in
rod function, to a more highly activated circadian response to light. RAI1 deregula-
tion may also play a role in circadian regulation, without, however, having a signif-
icant impact on melatonin secretion (Barboni et al., 2018). If this were the case,
inverted melatonin secretion may be secondary to a deregulated molecular circadian
network, thus influencing sleep patterns.

Because sleep deprivation has a huge impact on patients’ quality of life, clini-
cians tend to treat it via exogenous administration of melatonin supplement. How-
ever, after repeated doses, tolerance to this substance is frequently reported
(Dosier et al., 2017; Van Thillo et al., 2010; Carpizo et al., 2006). Another therapeu-
tic approach is melatonin supplementation combined with a beta-receptor antago-
nist. Beta-blockers are given in the morning to halt the abnormal secretion of
melatonin occurring at daytime, in combination with a melatonin supplement
administered at night to regularize the sleep cycle. This strategy has been shown
to be effective in improving patients’ quality of life.

Eating disorders, auxologic and nutritional issues
SMS patients have significant pathological food-related behaviors. Interestingly, 90%
of SMS individuals exhibit truncal obesity after 10 years of age, or reach the 90th
percentile for weight prior to or during adolescence, which persists throughout their
life, although newborns initially eat adequately and do not have weight issues (Burns
et al., 2010; Chen et al., 2015; Alaimo et al., 2015; Alaimo et al., 2014) Table 9.1.
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In SMS patients, there is an increased prevalence of hypercholesterolemia and hyper-
phagia. Despite the prevalence of compulsive behavior in individuals with SMS, their
obesity is not always concurrent with compulsive eating. However, food-related
obsessive-compulsive disorder analogous to the hyperphagia typically observed in
Prader Willi patients is very common among SMS patients (Alaimo et al., 2015). A
highly inclusive therapeutic approach, targeting different aspects of disease manifes-
tations, from circadian rhythm to development, metabolism and behavior, as proposed
by Chen and collaborators, is now generally approved by the medical community. An
integrated treatment of all dysfunctions characterizing the clinical profile of SMS pa-
tients, using an individualized itinerary, may contribute to attenuate symptoms, pre-
vent or slow progression, and improve the quality of life for patients and their
relatives (Vilboux et al., 2011).

Craniofacial features, skeletal and hearing system impairment
A distinctive facies is common to both 17p11.2-deleted and RAI1-mutated patients,
thus implying that RAI1 is involved in craniofacial development Table 9.1. SMS
children have a bulging forehead, short midface and a broad, squared facial struc-
ture, characterized by brachycephaly and microcephaly, low or posteriorly rotated
ears, frontal bossing, and a depressed nasal bridge. In addition, they generally
have fair-colored hair, a hoarse voice, vocal cord nodules, synophrys, upslanting
palpebral fissures, epicanthal folds, and hypertelorism (Huang et al., 2018). SMS
can also be accompanied by abnormalities affecting the skeletal system. Scoliosis
has an incidence of 30% in SMS, which is significantly higher (2%) with respect
to the general population. Its etiopathogenesis is still unclear, although a link be-
tween retinoic acid (RA) and spine morphogenesis has been implicated (Spilsbury
and Mohanty, 2003; Li et al., 2015). The craniofacial dysmorphology may provoke
both conductive and neurosensorial alterations in the auditory system, leading to
hearing loss, which represents a frequent, yet generally mild, clinical feature of
SMS patients (Elsea and Girirajan, 2008; Smith et al., 1998). This clinical symptom
results from alterations in the eustachian tube and shallow nasopharynx (Bi et al.,
2003; Girirajan et al., 2006; Gamba et al., 2011; Huisman et al., 2018; Di Cicco
et al., 2001; Brendal et al., 2017; Smith et al., 1986; Allanson et al., 1999). SMS pa-
tients show recurrence of otitis media and suffer from hyperacusis, a phenomenon
also observed in patients with autistic spectrum disorder (Rubenstein et al., 1996).
It is interesting to notice that 37,5% of patients carrying the RAI1 mutation experi-
ence hearing loss in one or both ears, while the frequency rises to 74,4% in patients
carrying 17p11.2 microdeletions, suggesting that RAI1 is involved in the formation
of the organ of Corti, while the high frequency of hearing loss, associated with the
deletion, could be caused by haploinsufficiency of other genes (Falco et al., 2017;
Brendal et al., 2017), such as MYO15A and DFNB3, whose loss causes nonsyn-
dromic deafness (Zhang et al., 2019). Hearing evaluations and initiation of lan-
guage/speech therapy and assistive communication should be undertaken as early
as possible (Shayota and Elsea, 2019; Poisson et al., 2015).
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Dermatological symptoms
Many patients are characterized by skin lesions that are secondary to self-injury,
such as skin abrasions, bites, bruises and/or dystrophic lesions Table 9.1. Dermato-
fibromas are frequent in older patients. Xerosis is present in the vast majority of pa-
tients, in association with extensive keratosis pilaris. Acral pachydermia, fissured
plantar keratoderma, eyelash trichomegaly, heavy brows, and folliculitis on the
back are also common. Dry skin is more frequent among SMS patients with chro-
mosomal deletions than in those with RAI1 mutations, suggesting that the genes
involved in the deletion might play a regulatory role in normal skin hydration (Gué-
rin-Moreau et al., 2015).

Congenital defects
Cardiological defects have an estimated frequency of 37% and include atrial septal
defects, ventricular septal defects, tetralogy of Fallot, anomalous pulmonary venous
return, tricuspid and mitral valve stenoses or regurgitation, mitral valve prolapse,
subvalvular aortic stenosis, and supravalvular pulmonary stenosis (Myers and Chall-
man, 2004) Table 9.1.

Kidney abnormalities (renal dysplasia, ureterovesicular obstruction, hydrour-
eters, hypertrophic kidney with malposition, ectasia of the renal pelvis, and vesi-
coureteral reflux) are found in 20% of patients Table 9.1. It is possible that loss of
one or more genes in the 17p11.2 region affects the process that initiates ureteric
bud formation and metanephric blastema differentiation, which ultimately leads to
normal nephron development (Dardour et al., 2016). Renal and urologic anomalies
have been reported in patients with atypically small deletions, but not in those with
RAI1 mutations, suggesting that loss of RAI1 is not responsible for this phenotype.
Concerning hand development, SMS patients have inward bending fingers often
affected by brachydactyly, fifth finger clinodactyly, and syndactyly. Fetal finger
pads may be present as well. Some patients present with dental irregularities: tooth
root dilacerations, tooth agenesis, and taurodontism, a phenomenon leading to a
massive development of the pulp chamber, jeopardizing root formation (Tomona
et al., 2006). Some patients display hypogammaglobulinemia, due to a de novo
3.8-Mb deletion (breakpoints, chr17: 16,660,721-20,417,975), sometimes resulting
in haploinsufficiency for transmembrane activator and CAML interactor. A number
of SMS individuals with heterozygous 17p.11.2 deletions develop pneumonia and
gastroenteritis, but not autoimmune, allergic, or malignant diseases.

Retinoic acid-induced 1: from gene to protein
The Retinoic acid-induced 1 gene
Mouse RAI1 gene was identified in a molecular screening performed to map the
genes whose expression is induced during neuronal differentiation in response to
RA treatment (Imai et al., 1994, 1995). RA treatment resulted in a marked and sus-
tained expression of a clone, namely GT1, which was then named RAI1. RA is the
bioactive metabolite of vitamin A (Zieger and Schubert, 2017). Normally, binding of
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RA to the retinoic acid receptor (RAR) leads to a conformational change, which re-
sults in the dissociation from transcription co-repressors and the recruitment of co-
activators, leading to the formation of functional complexes that bind to the RA
response elements on the RAI1 promoter. The human RAI1 gene shares 80% homol-
ogy with the mouse gene, indicating that RAI1 is highly conserved throughout
mammalian evolution (Toulouse et al., 2003). The human RAI1 gene spans over
120 Kb within chromosome 17p11.2 and is composed of 6 exons (Fig. 9.3).

The RAI1 gene primary transcript consists of an w8.5-Kb mRNAwith a long 30
untranslated region. The translation start site is localized in exon 3, which codes for
most of the protein. There are four RAI1 isoforms produced by alternative splicing
of the main mRNA transcript (Fig. 9.3) (UniProtKB/Swiss-Prot ID: Q7Z5J4-1,
Q7Z5J4-2, Q7Z5J4-3, Q7Z5J4-4). Isoform 1 corresponds to the full-length protein
(1906 amino acids), with a predicted molecular weight of 203 kDa, and an effective
molecular weight in SDS-PAGE of more than 250 kDa, possibly due to posttransla-
tional modifications (PTMs). Isoform 2 (1862 amino acids) is very similar to isoform
1, whereas isoform 3 (1640 amino acids) lacks part of the carboxy-terminal domain
(residues 1641e1906). Isoform 4 (966 amino acids) is the shortest isoform, contain-
ing only the first half of RAI1 protein (residues 1e967) (Carmona-Mora and Walz,
2010).

Rai1 expression and subcellular localization
The RAI1 primary transcript has been detected in all tissues, with higher expression
in the heart and brain. In one study, transcript levels were shown to increase during
development, peaking around the first week of age, to then slightly decline and
remain higher in adulthood compared to developmental stages (Klionsky et al.,
2016). Protein expression analysis performed in mice and humans showed that
RAI1 is widely expressed in many tissues, at particularly high levels in neuronal tis-
sues during the early stages of neurodevelopment, where it may have a crucial role in
cognitive and motor skills (Huang et al., 2016; Toulouse et al., 2003; Bi et al., 2005;
Potocki et al., 2007; Fragoso et al., 2015). In mouse embryos, RAI1 was expressed in
craniofacial components at 10.5 days postconception (dpc), acquiring a more wide-
spread expression around 12.5 dpc in epithelial cells of olfactory pit and nasal pro-
cess, endoderm of branchial arches, apical ectoderm ridge, gut, and thyroid
primordium. At the postnatal age, high levels of expression of RAI1 were detected
in hippocampus (CA1, CA2, CA3, and dentate gyrus) and cerebellum. RAI1 is also
expressed in the striatum, cortex, nucleus accumbens, ependyma, and choroid
plexus. Interestingly, RAI1 is enriched in postmitotic neurons (Huang et al.,
2016). In peripheral tissues, RAI1 is expressed in the thymus, lung bronchioles, kid-
ney tubules and genital organs, such as testis, epididymis, and ovaries. In postmor-
tem human brains, RAI1 was highly expressed in hippocampal neurons and in the
occipital cortex neurons, but not in glia (Fragoso et al., 2015). In the cerebellum,
the second region of highest expression, RAI1 was detected in Purkinje cells, but
not granule cells. There were also differences in RAI1 expression within different
neuronal populations. At the subcellular level, RAI1 mainly localizes to the nucleus
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FIGURE 9.3

Retinoic acid-induced 1 gene structure and protein isoforms.
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and cytoplasm (Fragoso et al., 2015). It has been hypothesized that nuclear RAI1
regulates gene expression, whereas peripheral (dendritic/axonal) RAI1 functions
are unexplored. Comparative analyses of the expression of all RAI1 isoforms with
predicted different subcellular localizations may provide information on the nuclear
and peripheral RAI1 functions in neurons and nonneuronal cells.

Correlation between structure and function
Although no tertiary structure is available for RAI1, many annotations of structural
and functional properties of the protein have been deduced from its primary struc-
ture, utilizing sequential and structural similarities for identification. Human RAI1
amino acidic sequence analysis revealed the presence of two main functional do-
mains: the amino-terminal domain (NTD, amino acids 1e1034), and the carboxy-
terminal domain (CTD, amino acids 1035e1906) (Bi et al., 2004; Darvekar et al.,
2012; Fig. 9.5). Within the NTD, RAI1 has a polymorphic microsatellite exonic
(CAG)n tandem repeat encoding a polyglutamine (polyQ) tract (amino acids
278e291 for a polyQ tract of 14 residues) (Fig. 9.4, highlighted in yellow).

In the normal population, RAI1 CAG repeat ranges from 10 to 16 triplets, with an
average length of 10e15 repeats (Seranski et al., 2001). A patient with a CAG repeat
length of 18 triplets was reported to have severe symptoms (Bi et al., 2006). The
number of polymorphic CAG repeats at the N-terminus of the RAI1 was associated
with phenotype severity and neuroleptic response in schizophrenic patients (Joober
et al., 1999). Neuroleptic responders presented shorter repeats compared with non-
responders, supporting a role for RAI1 in neurodevelopment disorders other than
SMS. In addition, in the analysis of 173 nonoverlapping CNV regions, RAI1 was
identified as the most significant gene for susceptibility to nonsyndromic autism
spectrum disorders (van der Zwaag et al., 2009). Although the function of CAG tan-
dem repeats is not known, it is likely to mediate protein-protein interactions. There
are several proteins containing polyQ tracts expressed in the nucleus and cytosol.
Several of these proteins are involved in the regulation of gene expression. Impor-
tantly, the expansion of CAG tandem repeats in nine unrelated genes is responsible
for a subfamily of neurodegenerative diseases, namely polyQ diseases (Pennuto and
Sambataro, 2010). In most polyQ diseases, there is a fine correlation between the
size of the CAG repeat and the onset and progression of disease, with subjects car-
rying longer repeats showing an earlier onset and a faster progression to death
compared to those carrying shorter repeats, although these factors also appear to
be affected by genetic modifiers. The length of the CAG tract of RAI1 has been
shown to significantly and positively correlate with age at the onset of SCA2 disease,
providing a genetic link between RAI1 dysfunction and SCA2 pathogenesis (Hayes,
2000).

Within the NTD, in addition to the polyQ-encoding microsatellite CAG repeat,
RAI1 has two proline-rich motifs (amino acids 124PQPPPPQPQPLP135 and
174QQPPPPQQP182, where P is proline), which resemble those present in the
NTD of huntingtin, and that have been implicated in HD pathogenesis and neurode-
generative processes (Fig. 9.4 boxed). These motifs lie within a large portion of the
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NTD that is rich in glutamine, proline, and serine, which resemble those found in
hydroxyproline-rich glycoproteins (HRGPs) expressed in plants. RAI1 has a steroid
hormone binding motif (874LCELL878, consensus sequence LxxLL, where L is
leucine, C cysteine, E glutamate, and x any amino acid), whose role is unknown
(Fig. 9.4, circled) (Heery et al., 1997). RAI1 has two polyserine (polyS) tracts,
one located in the NTD (amino acids 339e361) and the other in the CTD (amino
acids 1628e1641) (Fig. 9.4 double underlined). Moreover, there is another serine-
rich region encompassing amino acids 1243e1249. Interestingly, polyS tracts are
also present in atrophin-1. Microsatellite repeats, which are abundant in the genomes
of all organisms, are unstable and subject to recombination (shrinkage and expan-
sions). PolyQ and polyP stretches are predominantly found in proteins that regulate
transcription, i.e., transcription factors and co-factors (Gerber et al., 1994). Impor-
tantly, the capacity for transactivation of general transcription factors is influenced
by the length of these repeats: the longer the repeats, the stronger the transactivation,

FIGURE 9.4

RAI1 structure. Underlined: Nuclear localization signal (NLS) (1160e1176)

(1223e1239); Double underlined: polySer; Dashed underlined: PHD (zinc finger-like

plant homeodomain) domain; Circled: Steroid hormone binding domain; Boxed: Proline-

rich domains.
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with the polyQ size of 10 to 30 repeats and polyP of 10 repeats having the highest
activity. PolyQ and polyP repeats were shown to affect transactivation, whereas the
role of polyS tracts is less obvious, as the latter did not modify transactivation in an
in vitro transcriptional assay (Atanesyan et al., 2012).

FIGURE 9.5

Induced pluripotent stem cells (iPSCs) line production workflow in cells obtained from the

biopsy of a SmitheMagenis patient, carrying the novel mutation NM_030665.3:

c.1194delC. SmitheMagenis syndrome (SMS) fibroblasts were reprogrammed into

iPSCs, using nonintegrative episomal vectors containing the reprogramming factors

OCT4, SOX2, L-MYC, KLF4, LIN28, and shp53. Clones showing embryonic stem (ES)-like

morphology, flat and uniform, were characterized. Pluripotency capacity of the SMS

iPSCs was tested by differentiating the iPSC both in vitro through embryoid bodies assay

and in vivo through a teratoma assay. All three germ layers: ectodermal, mesodermal, and

endodermal, were present in the teratoma, as demonstrated by immune-histochemical

analysis. SMS iPSCs were successfully differentiated into human induced neural stem cell

(hiNSC) and then differentiated into hiNSC-derived neural population, composed of

neurons and astrocytes.
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In the CTD, RAI1 has two bipartite nuclear localization signals (NLSs) spanning
amino acids 1160e1177 and 1223e1240 (numbered according to UNIPROT entry)
(Fig. 9.4, underlined), and a zinc finger-like plant homeodomain (PHD)/domain
spanning amino acids 1825e1903 (Fig. 9.4 dashed line) (Bi et al., 2006). The canon-
ical PHD domain, formed by Cys4-His-Cys3 motif, is present in hundreds of nuclear
proteins involved in chromatin remodeling and gene expression regulation (Aasland,
1995). Its sequence is homologous to that of the Trithorax family of nuclear proteins
(Bi et al., 2006) and to the PHDmotif of the transcriptional co-activator stromelysin-
1 PDGF-responsive element-binding protein (SPBP), also known as transcriptional
co-factor 20 (TCF20) (Darvekar et al., 2013). Another homologous domain in RAI1
and TCF20 is a nucleosome-binding domain (Darvekar et al., 2012).

Very little is known about PTMs of RAI1. The fact that the NTD region is rich in
glutamine, proline, and serine residues suggests that RAI1 may undergo proline hy-
droxylation, glycosylation, and cross-linking, similar to other proteins with analo-
gous domains, such as huntingtin and HRGPs (Kieliszewski and Lamport, 1994).
It is very likely that RAI1 is phosphorylated by several cellular kinases. RAI1 has
several serine residues followed by a proline residue (SP sites) that may be modified
by cyclin-dependent kinases. Moreover, RAI1 has three consensus sites composed
of RXRXXS/T (where R is arginine and T threonine), which are recognized by pro-
tein kinase A and protein kinase B. The higher effective molecular weight of RAI1 in
SDS-PAGE suggests that the protein undergoes different PTMs, which most likely
depend on cell context.

Rai1 function
What is the native function of RAI1? RAI1 structure, subcellular localization, and
proteineprotein interaction pattern suggest that RAI1 acts a regulator of gene tran-
scription. RAI1 can regulate transcription through chromatin remodeling by inter-
acting with chromatin remodelers as well as with components of the basic
transcriptional machinery. Its PHD motif is probably important for performing a
role as “histone reader” (Aasland, 1995). RAI1 does not have a canonical
DNA-binding domain. Rather, RAI1 binds to nucleosomes and works as a co-
factor of transcription (Darvekar et al., 2012, 2013). A genome-wide gene expres-
sion study performed on nonneuronal cells by silencing RAI1 expression, to mimic
its haploinsufficiency, showed that the top dysregulated (activated and repressed)
genes are involved in neuronal survival, differentiation, and growth, neurobehaviou-
ral functions, circadian activity, cell cycle regulation, lipid and glucose metabolism,
neural crest migration and development of derivative cartilage. Dysregulated expres-
sion of these genes may underlie important clinical presentations of SMS, such as
sleep disorder (Williams et al., 2012), facial dysmorphism (Girirajan, 2005), while
downregulation of brain-derived neurotrophic factor may explain abnormalities in
feeding behavior and obesity in the absence of signs of metabolic syndrome (Burns
et al., 2010; Han, 2016). Interestingly, all RAI1-regulated genes are associated not
only with the symptoms of SMS patients but also with those of other developmental
disorders, such as Down syndrome, PradereWilli syndrome, and fragile X
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syndrome, suggesting RAI1 involvement in these pathological conditions as well.
Consistent with this idea, the most down-regulated gene upon RAI1 silencing was
survival of motor neuron 1 (SMN1), whose deletion causes spinal muscular atrophy
(SMA) (Kolb, 2011), raising an intriguing question as to whether RAI1 is implicated
in the regulation of expression of the SMN1 gene with key functions in the motor
system and peripheral tissues as well as in the pathogenesis of SMA.

Recently, an in-depth analysis of gene expression was carried out in knock-in
mice expressing Flag/Myc-tagged RAI1 (Huang et al., 2016). Chromatin-
immunoprecipitation analysis followed by deep-sequencing (Chip-seq) revealed
that RAI1 is present in the following genomic regions: CpG islands, 50-UTR, active
promoters (in proximity of transcription start sites) and enhancers. Bioinformatics
analysis showed that the RAI1 binding sites were similar to those recognized by a
zinc-finger transcription factor, ZNF711, implicated in X-linked mental retardation
(Tarpey et al., 2009), further suggesting a common and overlapping pathogenetic
pathway in SMS and X-linked mental retardation. RNA-seq was then performed
in mice with tissue-specific (cortex, striatum, and hypothalamus) RAI1 haploinsuf-
ficiency or knockout to further investigate how RAI1 regulates transcription across
developmental stages (Huang et al., 2016). RNA-seq data obtained from the cortex,
striatum, and hypothalamus of 3-, 8-, and 12-week-old mice showed that loss of
RAI1 alters the expression of several genes. RAI1 ablation led to transcriptional dys-
regulation of genes involved in cell adhesion, such as cadherins and protocadherins,
which are involved in tissue morphogenesis, formation of neuronal circuits, modu-
lation of synaptic transmission, and the generation of specific synaptic connections
in adults. Other dysregulated genes, such as ALCAM, SLITRK1, SLITRK3,
SLITRK6, DMD, CNTN4, TBR1, EPHA7, and others, are involved in neuronal
development and neurotransmitter signaling. Particularly interesting are HTR2A
and HTR2C, which code for metabotropic G-protein coupled receptor for 5-
hydroxytryptamine (serotonin). HTR2C plays a role in the regulation of appetite,
eating behavior and responses to anxiogenic stimuli and stress, all of which are
key clinical aspects of SMS. Moreover, RAI1 loss of function altered the expression
of genes encoding metal/ion binding proteins, including MCTP1, essential for the
stabilization of normal baseline neurotransmitter release and induction and long-
term maintenance of presynaptic homeostatic plasticity, and SLC8A1, which con-
tributes to the regulation of cytoplasmic Ca2þ levels and Ca2þ-dependent cellular
processes. After binding acetylcholine, the AChR undergoes a conformation change
that leads to the opening of an ion-conducting channel across the plasma membrane.
Interestingly, RAI1 also regulates genes involved in obesity, such as POMC, in chro-
matin remodeling, such as SIRT2, in genome-wide de novo methylation, such as
DNMT3A, and in maintenance of myelin structure, such as MAG and PLP1. These
genes were all upregulated in RAI1 knockout mice.
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Model systems of SmitheMagenis syndrome
Animal models of SmitheMagenis syndrome
The first SMS mouse model carrying the deletion of the mouse chromosome region
(32 to 34 cM of chromosome 11) syntenic to the SMS critical genomic interval
(chromosome 17p11.2) was generated in 2003 (Walz et al., 2003). Heterozygous
mice showed craniofacial abnormalities, seizures and abnormal EEGs, obesity,
and reduced male fertility. The deletion was lethal in the homozygous state. In
2005, Bi and colleagues generated a RAI1 null allele (RAI1þ/�) in mice by insert-
ing a lacZ reporter gene encoding b-galactosidase into the RAI1 gene (Bi et al.,
2005). These mice showed obesity and craniofacial abnormalities, indicating that
RAI1 haploinsufficiency recapitulates these features of SMS. Almost all homozy-
gous null mice (RAI1�/�) were embryonic lethal, and the few surviving mice
showed severe postnatal growth retardation, craniofacial and skeletal abnormalities,
motor dysfunction and learning impairments. In 2014, Alaimo and colleagues bred
RAI1þ/� mice with different congenic backgrounds to generate a mixed back-
ground, an approach that is used to make the phenotype slightly milder and extend
mouse survival for phenotypic characterization (Alaimo et al., 2014) SMS modeling
mice were more sensitive to high-fat and high-carbohydrate diets, notably in the
absence of glucose insensitivity and insulin resistance. These findings support the
idea that a low-calorie diet may have therapeutic potential to delay obesity and
ameliorate some aspects of disease. In 2016, Huang and colleagues generated
knock-in mice expressing FLAG and Myc peptides fused to the carboxy-terminus
of endogenous RAI1 (Huang et al., 2016). Using this approach, RAI1 function can
be investigated by taking advantage of the presence of Flag/Myc tags, which allows
researchers to purify the protein for further characterization of the proteineprotein
interaction map and for other biochemical and molecular biology analyses, all per-
formed in the absence of overexpression, which is a key point for dosage-sensitive
genes, such as RAI1. Conditional deletion of RAI1 in the nervous system triggered
several SMS-like symptoms, including deficits in body weight homeostasis, motor
skills, and associative learning and memory, suggesting that loss of RAI1 function
in the central nervous system in mice is sufficient to recapitulate these disease man-
ifestations. Moreover, knockout of RAI1 in GABAergic inhibitory neurons, as well
as in cortical and hippocampal excitatory neurons and glia, showed that loss of RAI1
from specific cell populations recapitulated SMS-like phenotypes (motor function,
learning, and food intake), suggesting that RAI1 has specific roles in certain cell
types. Overall, the development of animal models for the conditional ablation of
RAI1 has provided a means to establish what phenotypes derive from RAI1 loss
of function in SMS, and for a better fundamental understanding of RAI1 function
in the central nervous system, and possibly in peripheral tissues as well, throughout
development and adulthood.
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Cellular models: SmitheMagenis syndrome patient-derived primary cell
lines
RAI1 is a dosage-sensitive gene, thus overexpression and haploinsufficiency of this
protein are equally deleterious. Two studies were published in 2010 and 2018, using
cell lines to overexpress the various regions of RAI1 in order to determine its local-
ization in the nucleus and comprehend its function as transcription factor (Carmona-
Mora et al., 2010; Abad et al., 2018). However, to investigate disease mechanisms
more thoroughly, it is also important to develop cell models reproducing the disease
pathophysiology in the absence of overexpression/downregulation of the RAI1 pro-
tein. Another approach that has been taken, which we have also chosen to adopt in
our laboratories, is the use of primary fibroblast cells obtained from the skin biopsies
of SMS patients. Using these cells, Williams et al. (2012) demonstrated that tran-
scriptional regulation of the molecular clock genes is disrupted, indicating a dereg-
ulation of the circadian cycle, which is one of the main symptoms present in SMS
patients. Based on these findings, which suggest that RAI1 plays an important
role in maintaining circadian rhythmicity, reflecting clinical symptomatology,
studies on cellular behavior are now being carried out on SMS fibroblast lines, which
may allow us to delineate the pathways with which circadian rhythms impact devel-
opment, sleep, and behavior. We are conducting proteomic, transcriptomic, and
metabolomic analyses on primary fibroblasts obtained from two SMS patients,
respectively, carrying a single nucleotide deletion and a deletion of 65 genes on
chromosome 17. The use of primary fibroblasts derived from patients may ulti-
mately help to clarify the deregulated molecular mechanisms underlying disease
pathogenesis, and may thus pave the way to identification of novel therapeutic tar-
gets for SMS.

Induced pluripotent stem cells for modeling SmitheMagenis syndrome
Considering the neurological symptoms of SMS patients, it is critical to carry out
studies on the cellular phenotypes relevant for the disease, i.e., neural cells, derived
from patients. iPSC lines can be generated by reprogramming somatic cells and can
be differentiated into any cell type, including neurons and glial cells, offering an op-
portunity to study the disease in cells from the precise genetic background of the pa-
tient. Moreover, they have a unique capacity for tracking the neurodevelopmental
profile of patient cell differentiation. Proteomic, transcriptomic, and functional an-
alyses on iPSCs can give us valuable insight into both causes and consequences of
the disease.

Studying complex disorders, such as SMS, using patient-derived iPSCs has two
significant advantages: (1) working with iPSC lines generated from numerous SMS
patients allows us to investigate disease mechanisms in a system that reflects the var-
iable penetrance and expressivity typical of the patients’ symptomatology; (2) study-
ing individual cell lines, each with a distinct genetic background in which the
disease has developed, allows us to observe the deregulated mechanisms common
to the disease despite phenotypic variability.
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Today, iPSCs are being used in studies on almost all known diseases. However,
despite the recent boom in iPSCs production, currently very little experimentation
on producing iPS specifically for SMS has been reported. Recently, we generated
iPSCs from an SMS patient with a single mutation in RAI1 gene, thus demonstrating
that iPSCs carrying such a mutation can be produced, have all of the characteristics
of pluripotency and produce embryoid bodies in vitro and teratoma in vivo (Fig. 9.5;
Altieri et al., 2018). In the future, iPSCs will be used more and more frequently in
studies on SMS, as further research on this disease and on studying strategies for
improving its symptoms is urgently needed, with the final objective of identifying
a specific mechanism and therefore a therapy.

Organoids and neurospheres
Neurospheres can be obtained from SMS patient-derived iPSCs, which differentiate
spontaneously into three neural lineages: astrocytes, oligodendrocytes, and neurons
(Rosati et al., in preparation). These three cell lines display synchronous, mutually
beneficial growth and interaction, without external stimuli, such as the utilization of
inducer molecules. Observation of the pathological neural phenotype in in vitro cells
will allow us to perform biomolecular, biochemical, and immunocytochemical ana-
lyses, whose results will be associated with the clinical phenotypes. These cells will
be used to study impairments in the nervous system, considering that the main prob-
lematics of these patients involve severe behavioral and cognitive disruption
(Fig. 9.5).

Concluding remarks
The underlying molecular and cellular pathological processes of SMS are still
obscure or only partially understood, thus highlighting that an enormous amount
of research needs to be carried out in order to fully comprehend the pathogenesis
of SMS and to develop new and effective therapeutic strategies for SMS patients.
Investigation of RAI1 function in cell and animal models suggests that RAI1 regu-
lates gene expression. However, several questions remain to be addressed: Is RAI1
function regulated by neuronal activity? Is regulation of gene expression the only
native function of the protein? Is RAI1 involved in other neuronal-specific functions,
such as synaptic function, axonal transport, and others? An analysis of RAI1 subcel-
lular localization and function in different types of neurons, such as hippocampal,
cortical, striatal, and hypothalamic neurons, may provide information on protein
function, which could lead to a better understanding of the pleiotropic clinical pre-
sentation of SMS patients. Another important aspect that has not yet been explored is
the role of different RAI1 isoforms in a physiological context. Moreover, very little
is known on how the mutations leading to the generation of truncated RAI1, lacking
the NLSs and CTD, cause disease. Mutations of RAI1 that localize in the NTD and
result in the generation of premature stop codons may lead to disease through at least
two main mechanisms. Transcripts with premature stop codons are usually unstable
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and have a short half-life, due to degradation through a process known as nonsense-
mediated decay (Cheng and Maquat, 1993). On the other hand, if the transcript with
a premature stop codon is translated, even at very low level, it may lead to the pro-
duction of truncated proteins lacking the NLSs and CTD, which localize to the
cytosol, thus acquiring new functions, for example, becoming transcriptional repres-
sors and sequestering the other proteins into the cytoplasm (Carmona-Mora and
Walz, 2010). Moreover, RAI1 point mutations may result in the production of pro-
teins that localize to the nucleus, where they may affect proteineprotein interactions
and target gene regulation. Further analysis of disease mechanisms may ultimately
lead to the development of a therapy for this incurable disease. Because RAI1
dysfunction is implicated in schizophrenia and autism spectrum disorder, it is
possible that any advancement toward a therapy for SMS may have an important
impact in the field of neurodevelopmental disorders.

We are grateful to the families of SMS patients in Italy and all over the world for
supporting and for their interest in our research. We apologize with those authors
whose work was not cited for space limitations.
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Abstract
Arrhythmias are a critical health burden, responsible for a significant proportion of
sudden cardiac death. They arise from inherited or acquired abnormalities in cardiac
ion channels or their associated regulatory proteins functioning within cardiomyocytes.
In opposite with the classical in vitro models, human induced pluripotent stem
cellsederived cardiomyocytes (hiPSC-CMs) offer a patient-specific model that re-
capitulates disease phenotype and mirrors the reaction to pharmacotherapy. Thus far,
the hiPSC-CMs model has genuinely improved our knowledge concerning both, the
pathogenicity of genetic variants in inherited arrhythmias and the toxicity of some
factors implicated in acquired forms of arrhythmia. Besides, as these cells preserve
patient genetic background, they enable the customization of therapies and open
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thereby the door for personalized medicine. In this chapter, we will outline studies that
leveraged the hiPSC-CMs model to explore the mechanism underlying inherited or
acquired arrhythmic phenotypes and will point out its sustained limits.

Keywords: Acquired arrhythmias; Action potential; Atrial fibrillation; Brugada syndrome;

Catecholaminergic polymorphic ventricular tachycardia (CPVT); ECG; hiPSC-CMs; Inherited

arrhythmias; Ion channel; Ion current; Long QT; Maturation; Short QT; Sudden cardiac death;

Torsade de pointe.

Introduction
The coordination between different functions of the heart is intimately linked to the
proper regulation of its dynamic electrical activity mediated by hundreds of ion
channels. Changes in the expression or function of these ion channels can engender
arrhythmias potentially leading to sudden cardiac death (SCD). According to the
World Health Organization, cardiovascular disease is the most common cause of
death (17.9 million deaths [31%]) worldwide and SCD, mainly triggered by arrhyth-
mias, is considered as a substantial contributor to this number. This has fueled
considerable interest among researchers to elucidate the pathomechanisms underly-
ing cardiac arrhythmias and propose pharmacological strategies for either preven-
tion or treatment. Several models intending to recapitulate the human disease
phenotype have been proposed. A summarized comparison between currently avail-
able in vitro models is presented in Fig. 10.1.

Over the past years, small animals such as genetically modified mice have been
employed to investigate human arrhythmic diseases. These models have provided
a testbed for pharmacology and become an inexorable step for preclinical drug
approval. Nevertheless, considerable species differences reside between human
and animal cardiomyocytes, including differences in beating rates, expression of
key ion channels, and Caþþ cycling (Clauss et al., 2019). Therefore, human ar-
rhythmias cannot be completely recapitulated with the use of transgenic animal
models. On the other hand, in vitro cellular models have helped us understand
the genotype-phenotype correlation. Indeed, the overexpression of mutant ion
channel genes in heterologous cell expression systems has facilitated the charac-
terization of mutation repercussions on individual ion channel functions (Makiel-
ski Jonathan et al., 2003; Song and Shou, 2012). While immortalized cells exhibit
human origin, they lack the actual cardiac cellular context. Occasionally, primary
cardiomyocytes isolated from the human heart have been used to investigate path-
ophysiological mechanisms underlying some human arrhythmias (Nguyen et al.,
2017; Jost et al., 2005). Despite their physiological relevance, the use of isolated
cardiomyocytes is restricted owing to ethical barriers and technical challenges
concerning their limited availability and limited maintenance in cell culture. A
landmark discovery of 1998 was the isolation of human embryonic stem cells
(hESCs) from the blastocyst inner cell mass that are donned with self-renewal
and pluripotency properties. Following the first derivation of cardiomyocytes
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from hESCs (Kehat et al., 2001), hESC- cardiomyocytes (CMs) have been sub-
jected to several cell-level analyses to investigate their electrophysiological, mo-
lecular, pharmacological, and contractile properties. While these cells rise above
interspecies differences, the ethical limitations have impeded their applications.
Following hESC-CMs, another breakthrough was the reprogramming of somatic
cells, obtained using minimally invasive protocols into an embryonic-like state
called induced pluripotent stem cells (hiPSCs) (Takahashi et al., 2007). In addition
to the beneficial properties of hESC-CMs, human induced pluripotent stem cellse
derived cardiomyocytes (hiPSC-CMs) offer the advantage of being patient-
specific. HiPSC-CMs have genuinely metamorphosed our knowledge concerning
human arrhythmias. Since their first derivation in 2009 (Zhang et al., 2009),
there has been a remarkable increase in the use of hiPSC-CM models to study
human arrhythmia (Fig. 10.2). In this chapter, we will highlight the major findings
from studies that have modeled inherited and acquired arrhythmias using
hiPSC-CMs. We will describe the inherent limitations, overview accomplishments
directed to circumvent these limits and discuss future expectations toward preci-
sion medicine.

FIGURE 10.1 Comparison of in vitro model used to study arrhythmia.

Major advantages and inconvenient of the five commonly used cells to study arrhythmia in

a dish are outlined. The table shows that human induced pluripotent stem cellsederived

cardiomyocytes (hiPSC-CMs) are more advantageous than the other in vitro models for

investigating arrhythmia in humans. RMP, resting membrane potential.
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The use of human induced pluripotent stem cellsederived
cardiomyocytes to investigate inherited arrhythmias
Patients with inherited arrhythmias may present with different clinical profiles
ranging from developing no or minor symptoms to major symptoms such as loss
of consciousness and SCD. Despite the plethora of knowledge and the major ad-
vances in genetic screening to define causal mutations associated with inherited ar-
rhythmias, yet the translation of their subsequent biological outcomes into effective
clinical approaches along with the definition of the genotype-phenotype causal rela-
tionship remains limited. The list of candidate genetic variants is continuously
expanding, posing more challenges such as overlap syndromes (same variant
causing multiple syndromes) and variant with uncertain significance (VUS) (Ver-
mersch et al., 2020). Hence, patient-specific hiPSC-CMs coupled with genome edit-
ing strategies such as clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 have offered a reliable platform to model inherited diseases, eval-
uate the pathogenicity of genetic variants, develop drugs, and personalize medicine
(Vermersch et al., 2020). A concise overview of the main inherited channelopathies
modeled using hiPSC-CMs is depicted below, listed in Table 10.1, and displayed in
Fig. 10.3.

Long QT syndrome
The long QT syndrome (LQTS) is a cardiac repolarization disorder characterized by the
prolongation of the QT interval that may degenerate into ventricular tachyarrhythmias,
notably torsade de Pointes (TdP), eventually leading to SCD. At the cellular level, this
defective ventricular repolarization disorder arises from the prolongation of the action

FIGURE 10.2 Number of published and cited articles where the human induced pluripotent

stem cellsederived cardiomyocytes (hiPSC-CMs) model was used to study cardiac

arrhythmias since their first derivation in 2009 and over the last 10 years.

Data were extracted from web of science with search terms: iPSC, cardiomyocytes, and arrhythmia. Data from the

year 2020 were excluded from the search.
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Table 10.1 List of major studies of inherited arrhythmic diseases accomplished using the human induced pluripotent
stem cellsederived cardiomyocytes model.

Inherited
disease Gene Mutation Hallmark common findings References

LQT1 KCNQ1 R190Q (heterozygous) Prolongation of the repolarization phase,
Decreased IKs

Moretti et al. (2010)

P631 fs/33l Egashira et al. (2012)

G589D, splicing mutation in intron 7
(IVS7-28A > G)

Kiviaho et al. (2015)

Exon 7 deletion Ma et al. (2015)

M437V Sogo et al. (2016)

G589D Kuusela et al. (2016)

G589D, splicing mutation in intron 7
(IVS7-2A > G)

Kuusela et al. (2017)

A341V Takaki et al. (2019)

A344Aspl Yoshinaga et al. (2019)

LQT2 KCNH2 A561T Prolongation of the repolarization phase,
Decreased IKr

Matsa et al. (2011)

A614V Itzhaki et al. (2011)

R176W Lahti et al. (2012)

N996I Bellin et al. (2013)

A422T Spencer et al. (2014)

A561V Mehta et al. (2014)

N996I Sala et al. (2019)

Splicing mutation in intron 9 (IVS9-
28A/G)

Mura et al. (2017)

S428X, R366X, A561V, splicing
mutation in intron 9 (IVS9-28A/G)

Metha et al. (2018)

R752W Chai et al. (2018)

T983I Garg et al. (2018)

A422T, G601S Yoshinaga et al. (2019)

TBX20 R311C Caballero et al. (2017)

Continued
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Table 10.1 List of major studies of inherited arrhythmic diseases accomplished using the human induced pluripotent stem cells

ederived cardiomyocytes model.dcont’d

Inherited
disease Gene Mutation Hallmark common findings References

LQT3 SCN5A V1763M Prolongation of the repolarization phase
Increased late INa

Ma et al. (2013)

V240M, R535Q Fatima et al. (2013)

N406K Spencer et al. (2014)

R6144H Malan et al. (2016)

R1193Q Kroncke et al. (2019)

LQT7 KCNJ2 R67W, R218W, R218Q Repolarization phase not prolonged
Ca2þ impairment delayed after
depolarization (DAD)

Kuroda et al. (2017)

LQT8 CACNA1C G406R Prolongation of the repolarization phase
Ca2þ impairment

Yazawa et al. (2011)

N639T Chavali et al. (2019)

LQT14 CALM1 F142L Prolongation of the repolarization phase
Ca2þ impairment

Rocchetti et al. (2017)

LQT15 CALM2 D132H, D132V Prolongation of the repolarization phase,
Ca2þ impairment

Pipilas et al. (2016)

D130G Limpitikul et al. (2017)

N98S Yamamoto et al. (2017)

SQTS KCNH2 N588K Shortening of the repolarization phase,
Increased IKr

El-Battrawy et al. (2018a)

Shinnawi et al. (2019)

Zhao et al. (2019)

T618I Guo et al. (2019)

AF UNKNOWN Ectopic beating Alterations of If and ICaL
DADs

Benzoni et al. (2019)

CPVT RyR2 F243I Ca2þ impairment Fatima et al. (2011)

S406L Jung et al. (2011)

P2328S Kujala et al. (2012)

M4109R Itzhaki et al. (2012)

E2311N Di Pasquale et al. (2013)
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Exon 3 deletion, P2328S, T2538R,
L4115F, Q4201R, V4653F

Penttinen et al. (2015)

R420Q Novak et al. (2015)

L3741P Preininger et al. (2016)

F2483I Wei et al. (2018)

D3638A Increased DADs with isoproterenol Acimovic et al. (2018)

Exon 3 deletion, L4115F Pölönen et al. (2020)

I4587V Sasaki et al. (2016)

P2328S Paavola et al. (2016)

R4651I Park et al. (2019)

CASQ2 D307H Novak et al. (2012)

Novak et al. (2015)

Maizels et al. (2017)

Premature stop codon Lodola et al. (2016)

CPVT/
LQTS

TECRL R196Q, splicing mutation
(c.331þ1G > A)

Prolongation of the repolarization phase
Ca2þ impairment DADs

Devalla et al. (2016)

BrS Unknown Unknown No change Veerman et al. (2016)

Miller et al. (2017)

SCN5A A735V Decreased INa de la Roche et al. (2019)

R620H, R811H Increased arrhythmogenesis,
decreased INa

Liang et al. (2016)

R367H Selga et al. (2018)

SCN1B L210P, P213T El-Battrawy et al. (2019b)

SCN10A R1268Q, R1250Q El-Battrawy et al. (2019a)

RRAD R211H Prolongation of the repolarization phase,
decreased INa early after depolarization

Belbachir et al. (2019)

BrS/LQT3 SCN5A 1795insD Prolongation of the repolarization phase,
Increased late INa, decreased peak INa

Davis et al. (2012)

E1784K Okata et al. (2016)
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potential duration (APD) in ventricular cardiomyocytes. It is also associated with the
high propensity of arrhythmias, typically early after depolarization, which are believed
to be the origin of the life-threatening arrhythmias, TdP (Gan-Xin et al., 2001). To date,
mutations in 16 genes have been linked to congenital LQTS; however, 20% of instances
are still genetically unresolved (Neira et al., 2019). Mutations in these genes implicate
either loss of function (LOF) in repolarizing currents or gain of function (GOF) in depo-
larizing currents (Barsheshet et al., 2013). Three major LQTS subtypes (LQT1, LQT2,
and LQT3) account for about 90% of mutation-positive patients. LOF mutations in
KCNQ1 that generate IKs in LQT1 are the most common form of inherited LQTS
and account for 35% of cases. The second most common LQTS accounting for 30%
cases is LQT2 that arises from LOF in KCNH2, generating IKr. Increased late sodium
current (INa,L) generated by SCN5A is linked to LQT3, which accounts for 10% of all
cases. The rest of the genes related to inherited LQTS encode either ion channel sub-
units (KCNE1,KCNJ5,KCNE2, and SCN4B) or proteins that regulate ion channel func-
tions (SNT1, ANKB, AKAP9, CAV3, CALM1, and CALM2) (Bezzina Connie et al.,
2015). The recent advances in genetic tools have unveiled different variants of these
genes. However, it is difficult to establish the causal relationship between each variant

FIGURE 10.3 The reflection of inherited arrhythmia clinical phenotype (ECG) in human induced

pluripotent stem cellsederived cardiomyocytes (hiPSC-CMs) electrical activity.

Long QT syndrome characterized by a prolongation of the QT interval in ECG is

recapitulated in corresponding hiPSC-CMs which present a prolongation of the APD due

to reduced repolarizing currents or increased depolarizing currents. In contrast,

hiPSC-CMs derived from patients harboring an LOF mutation in depolarizing currents or

gain of function (GOF) mutation in repolarizing currents exhibits a decrease in APD. This

recapitulates the short QT interval in corresponding patient ECG. As for BrS, to date, the

major cellular phenotype reported in hiPSC-CMs from the diagnosed patients is a

decrease in INa. This is in favor with the repolarization theory of the BrS mechanism,

which suggests a late activation of the RVOTas a cause for the elevation of the STsegment

and the negative T wave in patients ECG. In hiPSC-CMs from CPVT patients presenting

polymorphic tachycardia after the administration of b-agonist, abnormal transient

calcium is detected and causes DADs and triggered activity following b-activation. APD,

action potential duration; BrS, Brugada syndrome; CPVT, catecholaminergic polymorphic

ventricular tachycardia; DADs, Delayed after depolarization; INa, sodium current.
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and LQTS owing to interindividual genome heterogeneity and variable penetrance,
resulting in a rise in the number of VUS without any evidence of pathogenicity (Wu
Joseph et al., 2019). Since the first iPSC-CM model of LQTS in 2010 (Moretti
et al., 010), multiple studies have demonstrated the reliability of hiPSC-CMs in reca-
pitulating the cardinal cellular features of the disease, i.e., prolonged repolarization
phase and high propensity of spontaneous and triggered arrhythmias (Table 10.1).
Interestingly, hiPSC-CMs coupled with the CRISPR technique can be used to identify
pathogenic VUS. This rationale was adopted in a study on a novel VUS (T983I) in the
KCNH2 gene in LQTS patients. Selective correction of this VUS in hiPSC-CMs of
LQTS patient resulted in the normalization of the abnormal electrical profile, whereas
the introduction of the same variant in control cells using the CRISPR technique
induced the LQTS phenotype (Garg et al., 2018). Thus, the causative role of VUS
in LQT induction can be corroborated with such strategies regardless of the genetic
background noise (Garg et al., 2018; Chavali et al., 2019). Moreover, high throughput
techniques can accelerate the classification of VUS into potentially pathogenic vari-
ants (Yoshinaga et al., 2019). Mutation-specific drugs can similarly be examined,
offering an unprecedented opportunity for the development of more targeted therapy,
e.g., the use of lumacaftor for specifically rescuing the pathological phenotype of
LQT2 with a mutation affecting hERG channel trafficking (Mehta et al., 2018).
Finally, the comparison of hiPSC-CMs derived from LQTS-afflicted patients present-
ing different expressivity of the same mutation (different severity of the disease) may
shed light on the modulatory role of genetic modifiers (Matsa et al., 2011).

Short QT syndrome
The short QT syndrome (SQTS), first described in 2000, is a rare autosomal dominant
arrhythmic disease (Gussak et al., 2000) that predisposes patients to atrial and ventric-
ular tachyarrhythmia and increases the propensity of sudden cardiac arrest. In contrary
to the LQTS, the SQTS is characterized by an abnormal shortening of the QT interval
(<330 ms) in the ECG, reflective of accelerated ventricular repolarization (Campuzano
et al., 2019; Patel et al., 2010). The GOF mutations in repolarizing currents (KCNH2,
KCNQ1, and KCNJ2) and LOF mutations in depolarizing currents (CACNA1C,
CACNB2, CACNA2D, SLC4A3, and SCN5A) have been attributed to this disorder
(Campuzano et al., 2018). The first report elucidating the ability of hiPSC-CMs to reca-
pitulate the clinical phenotype of SQTS was provided by El-Battrawy et al. who
observed increased IKr along with shortened APD in hiPSC-CMs derived from
SQTS patients harboring the KCNH2eN588K mutation (Ibrahim et al., 2018). Consis-
tently, hiPSC-CMs from patients carrying a different GOFmutation ofKCNH2 (T618I)
showed a similar cellular phenotype that was rescued using quinidine (Guo et al.,
2019), the drug of choice against SQTS (El-Battrawy et al., 2018a). Other drugs
such as ivabradine, mexiletine, ajmaline (Zhao et al., 2019), BmKKx2 (Guo et al.,
2019), and disopyramide (Shinnawi et al., 2019) tested on SQTS-hiPSC-CMs could
also suppress the abnormal electric-phenotype in vitro, serving as alternative candidates
for the treatment and prevention of lethal tachyarrhythmias in SQTS-afflicted patients.
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Brugada syndrome
In 1992, Pedro and Josep Brugada described a complex disease as “right bundle
branch block, persistent ST-segment elevation, and SCD,” which was later termed
as “Brugada syndrome” (BrS) following its characterization (Miyazaki et al., 1996).
The diagnosis of BrS is carried out based on clinical history and ECG features, typi-
cally involving an ST elevation in the right-precordial leads V1eV3 that may occur
spontaneously or be induced by sodium blockers. BrS is frequently a silent disease
reported in a structurally normal heart. The occurrence of SCD, notably during rest
or at night, is the first manifestation of the disease in young patients in the fourth
decade of their life (Bezzina Connie et al., 2015; Romero et al., 2019). To date, path-
ogenic mutations in 23 different genes have been linked to BrS and the list continues
to grow (Wu et al., 2017). These mutations (over 300) predominantly implicate LOF
in SCN5A gene (w30% of instances) (Sieira and Brugada, 2016; Aiba, 2019). How-
ever, BrS susceptibility genes have been observed only in 30%e35% of clinically
diagnosed BrS, leaving w65% of patients without a known genetic cause (Brugada
et al., 2016; Sarquella-Brugada et al., 2016). Recent evidence suggests a polygenic
mode of inheritance of BrS, involving multiple genetic variants acting through
different pathways (Ingles et al., 2019; Bezzina et al., 2013). Aside from its genetic
heterogeneity and complexity, the pathophysiological mechanism (depolarization or
repolarization imbalance) underlying ST elevation in the ECG of BrS patients is still
unclear (Brugada et al., 2018). A major limit hampering our understanding of BrS is
the paucity of an appropriate model to recapitulate the disease phenotype. So far, the
best genetic models of BrS are Scn5a-KO mouse and pig carriers of the E558X
nonsense mutation. However, interspecies differences and interindividual genetic var-
iations confound the ability to translate these findings from animal models to humans
(Sendfeld et al., 2019). In contrast, patient-specific hiPSC-CMs carrying mutations in
SCN5A (de la Roche et al., 2019; Pérez-Hernández et al., 2018; Ma et al., 2018; Selga
et al., 2018; Liang et al., 2016; Okata et al., 2016; Davis et al., 2012) or genes affecting
its expression or functions (El-Battrawy et al., 2019a,b; Belbachir et al., 2019) pre-
sented reduction in peak INa, slower depolarization velocity, and exaggerated ajmaline
sensitivity, recapitulating the plausible proarrhythmic mechanism associated with BrS.
Aside from the use of cell lines modulated with SCN5A mutations, differences in so-
dium channel gating properties were unveiled for the first time in hiPSC-CMs derived
from a patient harboring the same mutation (de la Roche et al., 2019; Selga et al.,
2018). This observation is thought to be related to the presence of Nav1.5 regulatory
proteins in hiPSC-CMs but not in heterologous systems. Moreover, hiPSC-CMs
derived from patients carrying SCN5A-1795insD that led to an overlap of Brugada/
LQT3 syndrome could recapitulate both the reduction in BrS-associated peak INa
and the increase in LQT3-linked persistent INa (Davis et al., 2012). Overall, these find-
ings underscore the use of hiPSC-CMs to model diseases associated with dysfunc-
tional cardiac sodium channels. On the other hand, hiPSC-CMs derived from
patients lacking SCN5A or other BrS-related gene variants showed no remarkable
changes in INa, ICa,L, Ito, or AP characteristics (Veerman et al., 2016) and exhibited
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no modifications in the field potential following ajmaline application (Miller et al.,
2017). BrS is viewed as a problem that originates at the tissue level, in particular at
the right ventricular outflow tract (RVOT), which is the BrS favorite arrhythmogenic
site (Kofune et al., 2011). This has restricted BrS modeling at the cellular level. In this
direction, to gain insights into the molecular mechanism underlying BrS and hunt po-
tential therapeutic targets, more efforts should be concerted in tissue-modeling of BrS.

Catecholaminergic polymorphic ventricular tachycardia
Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a malignant,
inherited arrhythmia syndrome characterized with bidirectional ventricular tachycardia
induced by physical or emotional stress in young patients with a structurally normal
heart. This CPVT-specific ECG signature is rarely presented, and its diagnosis is chal-
lenging. While b-blockers are the first-line treatment for CPVT, they may be some-
times ineffective in preventing life-threatening arrhythmias (Hayashi et al., 2009;
Pflaumer et al., 2019). The most common mutations responsible for CPVTare located
in RyR2 (w60% of CPVT patients) and less frequently in CASQ2. As both genes
encode key factors of intracellular calcium handling, their mutations may result in
the abnormal release of calcium from the sarcoplasmic reticulum (SR) during diastole.
The consequences include delayed after depolarization (DAD), leading to triggered
activity and ventricular tachyarrhythmia (Bezzina Connie et al., 2015; Napolitano
et al., 2020). To date, several studies have used hiPSC-CMs to model CPVT in a
dish. Irregular transient calcium and increased incidence of DADs, which are exacer-
bated by b-agonist stimulation, are the typical features highlighted in hiPSC-CMs from
CPVT patients carrying RyR2 (Jung et al., 2012; Novak et al., 2012, 2015; Paavola
et al., 2016; Preininger et al., 2016; Sasaki et al., 2016; Acimovic et al., 2018; Kujala
et al., 2012; Itzhaki et al., 2012) or CASQ2mutation (Novak et al., 2015; Lodola et al.,
2016; Haron-Khun et al., 2017). Hence, the presence of a cellular phenotype associated
with CPVT allowed the use of hiPSC-CMs for drug screening (Jung et al., 2012;
Preininger et al., 2016; Itzhaki et al., 2012; Haron-Khun et al., 2017; Penttinen
et al., 2015; Pölönen et al., 2018, 2020). Interestingly, clinical observations validated
the findings on hiPSC-CMs where flecainide and dantrolene were both capable of
curing arrhythmia related to CPVT (Preininger et al., 2016; Penttinen et al., 2015).
Furthermore, in an overlap syndrome of CPVT and LQT, hiPSC-CMs carrier of the
TECRL homozygous mutation captured salient arrhythmic features of both diseases
which were suppressed by Flecainide (Devalla et al., 2016). In addition to drug testing,
CPVT hiPSC-derived cardiomyocytes were exploited to investigate the effectiveness
of gene therapy in abolishing arrhythmia. Viral vector-mediated transfer of CASQ2
into hiPSC-CMs from a patient carrying a CASQ2 LOF mutation rescued transient
calcium abnormalities and decreased the percentage of DADs (Lodola et al., 2016).
Moreover, overexpression of a potent Ca2þ/calmodulin-dependent protein kinase II
(CaMKII) inhibitory peptide in CPVT-hiPSC-CMs could reverse the arrhythmia
phenotype, confirming the findings from a CPVT mouse model in a human model
(Bezzerides Vassilios, 2019).
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Atrial fibrillation
Atrial fibrillation (AF) represents the most common sustained arrhythmia in clinics
(1% of worldwide population) especially in elderly people. The risk of AF is high
with comorbidities such as hypertension, diabetes, obesity, heart failure, cardiac my-
opathies, and channelopathies (Enriquez et al., 2016; Kalstø et al., 2019; Zulkifly
et al., 2018). Treatment for AF mainly comprises surgical ablation or nonselective
antiarrhythmic drugs, which are often associated with serious complications and
may be efficient only in a select number of patients. The presence of a heritable
component underlying AF, notably lone AF, has been recently reported in a rare subset
of familial instance; however, incomplete penetrance and the lack of adequate AF
model complicate the definition of the causal relationship (Kalstø et al., 2019). In
this regard, besides exploring a potential genetic implication, the advent of subtype-
specific patient-hiPSC-CMs differentiation strategies presents an unprecedented
opportunity to dig through AF physiopathology and screen for surrogate treatments.
Benzoni et al. were the first to use this approach to investigate the cellular mechanism
of a familial case of untreatable persistent AF. These authors reported higher beating
rates, enhanced If and ICa,L currents, and prolonged APD. Further, patient-derived
hiPSC-CMs were more prone to arrhythmia (i.e., DADs and ectopic beats) under
stressful conditions as compared to control cells. In conclusion, these findings suggest
the implication of If-mediated automaticity and prolonged APD that may trigger
dispersion in repolarization, in the initiation of AF (Benzoni et al., 2019). Hencefor-
ward, future studies employing hiPSC should be devoted to explore the genetic basis
and the mechanism behind AF and the development of efficient therapies.

Application of human induced pluripotent stem
cellsederived cardiomyocytes to investigate acquired
arrhythmias
Rhythm disturbances, aberrant conduction, and abnormal repolarization are most
commonly acquired rather than being inherited (Keating and Sanguinetti, 2001)
and can develop in patients with a predisposing genetic background. In the absence
of any variant of ion channel genes, arrhythmias appear as a consequence to struc-
tural heart diseases, hormone stimulation, infections, and most frequently the use
of medications. The development of arrhythmias following exposure to these ele-
ments is unpredictable and depends on unspecified genetic, epigenetic, and envi-
ronmental factors. This renders therapeutic strategies even more complicated
and stresses the need for sophisticated risk stratification tools and personalized pa-
tient care (Isbister and Semsarian, 2019). Since their development, hiPSC-CMs
have successfully served to recapitulate induced arrhythmia in vitro and acted as
a powerful test-tool to evaluate cardiotoxic reactions. In the following paragraphs,
we describe the major findings established using hiPSC-CMs with respect to
cardiac arrhythmia induced by infection, hormones, and drugs. Fig. 10.4 schemat-
ically explains the importance of hiPSC-CMs in modeling acquired arrhythmia.
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Infection-induced arrhythmia
Myocarditis is an inflammation of the heart muscle that can lead to heart failure and
SCD, especially in young individuals (Gaaloul et al., 2016). Viral infection is
considered as a major contributor to myocarditis. Viruses exploit the host transla-
tional machinery to enhance their replication. Viral factors or the host immune
response can prompt cardiac electrophysiological and structural remodeling, and in-
crease the propensity of life-threatening arrhythmias (Tse et al., 2016). HiPSC-CMs
confer a key tool to model these arrhythmias and examine potential effective treat-
ments. A good example of this statement is the study of coxsackievirus-induced
myocarditis using hiPSC-CMs (Sharma et al., 2014). Coxsackievirus uses a receptor
expressed by cardiomyocytes for invasion. Once inside the host cell, the viral pro-
tease targets an intracellular structural protein called dystrophin and disrupts the

FIGURE 10.4 Human induced pluripotent stem cellsederived cardiomyocytes (hiPSC-CMs)

offer an unprecedented opportunity to unveil, study, and treat acquired arrhythmia.

Some individuals are more prone to develop arrhythmia upon their exposure to risk factors

such as cardiovascular and noncardiovascular diseases, unhealthy lifestyle, drugs,

hormones disequilibrium, and infections. Deriving hiPSC-CMs from these individuals

allow the identification of the risk factor and support thereby preventive care. It confers

also a platform to study the mechanism underlying the induction of arrhythmia. Finally, it

helps to assess and innovate personalized therapies that fit each individual needs.
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sarcolemma integrity, resulting in abnormal calcium transients, irregular beating,
and ultimately cessation of beating. Gene expression profiling of infected hiPSC-
CMs led to the development of an antiviral treatment regimen using interferon
b1 (Sharma et al., 2014). In line with these outcomes regarding hiPSC-CMs
efficiency to investigate viral-induced arrhythmias, Es-Salah-Lamoureux et al
unraveled the impact of a viral transactivator, Tat, generated by human immuno-
deficiency virus (HIV) on repolarizing currents, IKr and IKs, in control hiPSC-CMs.
AP was lengthened in hiPSC-CMs exposed to Tat (Es-Salah-Lamoureux et al.,
2016), consistent with the prolongation of QT interval (Moreno et al., 2013)
and a high risk of TdP in HIV patients (Kocheril et al., 1997). This observation
also explains the relatively high mortality rate (about 10%) observed with SCD
(Tseng et al., 2012). In the end, it is worth noting that the heart’s reaction to a virus
is patient-specific. Genetic predisposition is thought to be one of the factors
rendering some patients more susceptible to develop cardiac complications such
as arrhythmias following viral infection (Tse et al., 2016). This emphasizes the
use of patient hiPSC-CMs to decipher the specific mechanisms and tailor appro-
priate treatment.

Hormone-induced arrhythmia
Among healthy individuals, corrected QT interval is shorter in postpubertal men
than in women (Vicente et al., 2014). In addition to gender-related variations in
the expression of some ion channel genes (Gaborit et al., 2010), sex hormones are
thought to influence cardiac repolarization. A higher risk of LQT-related TdP and
SCD was reported in men with hypogonadism and in those on androgen blockers
(Salem et al., 2016). For instance, enzalutamide, an androgen receptor antagonist
used to treat men with prostate cancer, is associated with adverse effects of LQT
and SCD. Salem et al. explored the impact of acute and chronic exposure to enza-
lutamide on hiPSC-CMs and reported an increase in APD and cellular arrhythmias
after enzalutamide application regardless of the exposure period. Furthermore, this
drug was shown to reduce IKr and increase INa,L (Salem et al., 2019). In women,
repolarization is likely regulated by both estradiol and progesterone. While studies
have speculated a protective role of progesterone against LQT, consistent with that
of testosterone (Odening et al., 2012), conflicting results concerning the role of
estradiol in repolarization regulation have been noted (Salem et al., 2016; Odening
et al., 2012). A recent study on hiPSC-CMs cultured in conditions mimicking cate-
cholamine stress showed that estradiol prevented APD prolongation induced by
excessive isoprenaline (El-Battrawy et al., 2018b). In contrast, several studies con-
ducted in animal cardiomyocytes have revealed APD lengthening following estra-
diol addition (Cheng et al., 2012; Tanabe et al., 1999). Thus, the understanding of
the mechanism underpinning the effects of sex hormones on cardiac repolarization
and arrhythmia may reveal gender-related risks and pave a way for hormone-based
antiarrhythmic therapies. HiPSC-CMs serve as a suitable investigation platform for
this purpose.
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Drug-induced arrhythmia
Over the years, the pharmaceutical sector has tremendously suffered from the failure
of several drugs that could not surpass the preclinical tests outlined by the FDA
owing to safety concerns. Cardiovascular complications (8.5% rate) are considered
as the main causes of drug exclusion (Arrowsmith and Miller, 2013). Some drugs
with undetermined cardiotoxic effects have managed to escape the FDA evaluation.
Between 1953 and 2013, 462 drugs prescribed for cardiovascular or noncardiovas-
cular diseases were withdrawn from the market for toxicity reasons. Of these, 15%
of drugs were associated with cardiotoxic adverse effects (Onakpoya et al., 2016).
QT prolongation, a common side-effect on the heart, is a predominant form of fatal
acquired arrhythmia induced by many drugs (Antoniou et al., 2017). This raises
awareness about the reliability of models used in preclinical studies to identify
proarrhythmic risks. To face this dilemma, the Cardiac Safety Research Consortium
launched a “Comprehensive in vitro Proarrhythmia Assay” in 2014 as a new
paradigm to evaluate the risk of drug cardiotoxicity. The program integrated
hiPSC-CMs to verify and consolidate the results obtained from heterologous sys-
tems and in silico models. The list of drugs included antiarrhythmic, antidepressants,
antibiotics, and, intriguingly, anticancer medications (Colatsky et al., 2016). Cardio-
oncology, combining the first and the second most leading causes of death world-
wide, has emerged as a new field that intrigues many researchers (Kostakou et al.,
2019). Several studies have relied on hiPSC-CMs to (1) unmask potential proar-
rhythmic effects of anticancer drugs and (2) investigate the mechanism underlying
the influence of these treatments on heart electrophysiology (Gary et al., 2019; Hanf
et al., 2019). However, a looming challenge concerning anticancer drugs is the un-
avoidable lifetime treatment. HiPSC-CMs can help overcome this limit during drug
development by allowing investigation of long-term exposure (Sakamoto et al.,
2019) and presumably finding alternatives to deal with potentially adverse effects.

Another common challenge confronted while prescribing medications is that pa-
tients respond differently in terms of effects and side-effects. Genetic factors are sus-
pected to modulate an individual’s response to drugs. On this concern, besides offering
patient-specific prediction of drug cardiotoxicity in vitro, hiPSC-CMs enable effective
query of transcriptomic predisposition to develop adverse effects and/or variations
upon drug application (Knowles et al., 2018; Zhao and Zhang, 2017; Stillitano
et al., 2017). We have previously addressed the variable susceptibility to sotalol-
induced LQT using a panel of subject-specific hiPSC-CMs. Our library of hiPSC-
CMs faithfully recapitulated the drug sensitivity observed in the clinic. Moreover,
transcriptomic profiling uncovered five genetic modulators with potential implications
in predisposing the high sensitive group to arrhythmia following drug administration
(Stillitano et al., 2017). Such studies could solve the puzzling reason behind the unde-
sired side-effects of drugs in some groups of patients and may be promising for pre-
venting these effects by adjusting the expression of genetic modulators.

Taken together, the systemic inclusion of hiPSC-CMs into drug safety screening
protocol appears to be crucial to produce more effective drugs, save patients from
unwanted side-effects, ameliorate their life quality, and offer opportunities to tailor
personalized drug prescriptions.
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Limitations
Despite the tremendous effort to improve differentiation protocols, hiPSC-CMs are
reported to lack the structural, electrophysiological, and metabolic maturity of adult
cardiomyocytes. In fact, current differentiation strategies produce round small cells
that are similar to prenatal cardiomyocytes. In-depth comparative transcriptomic an-
alyses showed that derived hiPSC-CMs are arrested at embryonic developmental
stages (E8-E11). Although long-term culture improves their maturation, hiPSC-
CMs fail to gain at least the neonatal-like transcript levels (Zhou et al., 2017; Uosaki
et al., 2015). Furthermore, in terms of ion channel gene expression, hiPSC-CMs ex-
press low levels of KCNJ2 (Kodama et al., 2019) and the lack of IK1 results in the
switch in their resting membrane potential (RMP) to around �60 mV versus
�85 mV reported for adult ventricular cells (Scuderi and Butcher, 2017). In addition
to the higher RMP, high expression of HCN4, engendering If, enables hiPSC-CMs to
beat spontaneously, which is in contrast, the sole feature of pacemaker cells in adult-
hood (Scuderi and Butcher, 2017). Further, despite the normal expression of SCN5A
(Kodama et al., 2019), in more depolarized membranes, ICa,L takes over INa during
the depolarization phase that is substantially slower in immature cardiomyocytes
(Scuderi and Butcher, 2017). To circumvent this obstacle that hinders the modeling
of arrhythmic diseases, some studies opted in silico addition of IK1 via dynamic
patch clamp or KCNJ2 overexpression. These methods engender more hyperpolar-
ized RMP with values closer to those in adult cardiomyocytes and enhance sodium
channel participation in AP depolarization (Ma et al., 2018; Vaidyanathan et al.,
2016; Goversen et al., 2018; Li et al., 2017). Electrophysiological differences be-
tween adult cardiomyocytes and hiPSC-CMs are schematized in Fig. 10.5.

The structural machinery of hiPSC-CMs is also underdeveloped. In contrast to
their adult counterparts, these cells lack the regular ultrastructure and T-tubule
network, which affect RyR2/SERCA (responsible for Caþþ release/recapture) dis-
tribution. As a consequence, Ca2þ handling is slower and shows spatial inhomoge-
neous distribution in hiPSC-CMs as compared to that in adult cardiomyocytes with
SR stores (Hwang et al., 2015; Koivumäki et al., 2018). Further, the contribution of
sarcolemmal Ca2þ (ICa,L and INCX) is prominent in hiPSC-CMs, influences excitation-
contraction coupling, and renders these cells more susceptible to arrhythmic events
such as DADs, leading to misinterpretations while studying diseases with impaired
Ca2þ transients such as CPVT (Koivumäki et al., 2018). To address structural weak-
nesses and improve contractile performance, three-dimensional (3D) cardiac culture
protocols are increasingly employed. The aggregation of hiPSC-CMs into a tissue-
like structure is proven to promote cardiomyocyte maturation, enhance their sarco-
meric organization, and ameliorate their electrical performance (Correia et al.,
2018; Zhang et al., 2013; Lemoine et al., 2017). Studying cardiac arrhythmia in 3D
structures provides an insight into the electrophysiological characteristics of a multi-
cellular tissue model. For instance, conduction defects and reentry, the hallmark
arrhythmogenic features of SQTS and CPVT, were effectively recapitulated in a 3D
model of patient-derived hiPSC-CMs (Shinnawi et al., 2019; Park et al., 2019).
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Moreover, in addition to the single-cell characterization of LQT with hiPSC-CMs,
lethal TdP were also reproduced in 3D tissue models (Kawatou et al., 2017), high-
lighting the potential nodes for efficient pharmaceutical assays and therapeutic
interventions.

Another limitation related to the current hiPSC-CM technology is that the
resulting cardiomyocytes display a mix of cardiac subtypes with electrophysiolog-
ical consequences. Based on AP morphology, cardiomyocyte mixture can be catego-
rized into nodal-like, atrial-like, and ventricular-like cells (Kane and Terracciano,
2017). An obvious disadvantage of this heterogeneous combination is realized while
studying the phenotypes related to specific types of myocytes. So far, most classical
differentiation protocols mainly (up to 70%) produce a ventricular-like cellular pop-
ulation (Burridge et al., 2015). Approaches that aim to enrich a specific cell subtype

FIGURE 10.5 Comparison of action potentials of ventricular-like and atrial-like human induced

pluripotent stem cellsederived cardiomyocytes (hiPSC-CMs) versus action potentials of

adult cardiomyocytes.

Phases 0e4 are the fast depolarization, early repolarization, plateau phase, late

repolarization, and diastole, respectively. The major difference between adult and

hiPSC-derived cardiomyocytes resides in the presence of a prominent pacemaker current

(If) and the absence of inward rectifier potassium currents (IK1). The presence of If is

responsible for the spontaneous AP in hiPSC-CMs, while the absence of IK1 results in

more depolarized membrane potential in hiPSC-CMs. At higher resting membrane

potentials as compared to adult cardiomyocytes, less INa is activated during the

depolarization phase of hiPSC-CMs. In consequence, phase 0 is slower in both atrial-like

and ventricular-like hiPSC-CMs as compared to the adult counterparts. Besides, phase 1

is less prominent in hiPSC-CM notably in atrial-like hiPSC-CMs where the notch phase is

significantly abridged, due to reduced activation of Ito.
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have been developed. For example, atrial-subtype enrichment necessitates the addi-
tion of retinoic acid during differentiation (Cyganek et al., 2018; Lee et al., 2017;
Zhang et al., 2011). Other methods took into account lineage-specific transcription
factors that act at different stages of fetal cardiac development as well as overexpres-
sion or selection of specific transcription factor-positive cardiomyocytes, e.g.,
COUP-TFII as a reporter for atrial lineage (Schwach et al., 2017), SHOX2 specific
to nodal cells (Ionta et al., 2015), and IRX4 as a marker of ventricular progenitors
(Ban et al., 2015).

Researchers around the world have been grappling to minimize the above-
asserted limitations. Over the past decade, we have witnessed a plethora of methods
particularly focusing on improving hiPSC-CMmaturity which remains so far the ma-
jor given criticism. Such studies are of great interest. Besides endorsing the reliability
of hiPSC-CMs in disease modeling and drug screening, they broaden our knowledge
concerning the process of human cardiomyocyte development and functioning.

Conclusion and perspective
Despite inherent limitations and considering the to date research outcomes, hiPSC-
CMmodel remains more relevant to native human cardiomyocyte electrophysiology
and provides a more reliable representation of both acquired and inherited arrhyth-
mias than other in vitro models. The robust argument in favor of hiPSC-CMs is being
patient-specific. This lends solid support to the concept of personalized medicine.
Future projects can envisage incorporating an experimental assay using patient
iPSC-CMs in parallel to translational studies. This would facilitate the diagnosis
of the pathogenicity of different genetic variants in inherited arrhythmias or to calcu-
late the risk of developing acquired arrhythmia in the presence of the overriding
modulating player, which is the unique genetic background of each individual.
Moreover, assessing the effects of drugs on patient-specific hiPSC-CMs allows cus-
tomization of accurate prescriptions to fit patient’s response. Finally, concerted ef-
forts are now devoted to push the field of regenerative medicine by combining
hiPSC-CMs and genome editing approaches with an eye toward designing novel
therapeutic approaches, notably gene correction. To sum up, hiPSC-CMs have
been revolutionizing our knowledge regarding arrhythmia and hold great promises
for the invention of novel therapies as well as personalized and preventive medicine.
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Abstract
Progressive chronic kidney disease in both children and adults can result from
genetic disorders, often requiring dialysis and/or kidney transplantation for the
patient. For most of these diseases, no effective, targeted therapies are in clinical
use in part due to an incomplete molecular understanding of disease pathobiology.
Next generation, high-fidelity genomic sequencing has increased the detection of
variants of unknown significance in known and novel genes for patients with ge-
netic kidney disease. These variants require validation, which has traditionally
involved studying gene function in animal models and/or cell culture. Kidney
organoids represent in vitro models of human kidney tissue generated from
pluripotent stem cells, including induced pluripotent stem cells derived directly
from patients. Unlike any previous approach, this enables the three-dimensional
modeling of the affected organ including the effects of patient’s own genetic
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background. It also has the potential to personalize therapeutic screening providing
increased translational relevance to clinical care. This chapter appraises kidney
organoids as models of genetic kidney disease. We review existing applications of
kidney organoids to disease modeling and illustrate the capabilities and limitations
of this novel technology. We also highlight what is still required to develop clini-
cally relevant outcomes for kidney disease using kidney organoids.

Keywords: Cell culture; Ciliopathies; Differentiation; Disease modeling; Functional genomics;

Genetics; Induced pluripotent stem cells; Kidney disease; Kidney organoid; Polycystic kidney

disease; Stem cells; Steroid resistant nephrotic syndrome.

Introduction
Chronic kidney disease (CKD) refers to the gradual deterioration in kidney function
due to a variety of inherited or acquired disease processes. Genetic kidney diseases
contribute significantly to CKD burden, especially in children (Fletcher et al., 2013;
Mallett et al., 2014). In fulminant (Class 5) CKD, dialysis and transplantation may
extend patient survival but with high healthcare expenditure, poor health outcomes,
and quality of life (AIHW. Projections, 2014; Cass et al., 2010). For genetic renal
disease in particular, an incomplete understanding of disease pathobiology has led
to a paucity of disease-modifying treatments. Clinical translation of research into
genetic renal disease has been hampered by lack of in vitro, human, renal models.
Kidney organoids, differentiated from induced pluripotent stem cells (iPSCs), are
small, self-organizing, in vitro, miniature kidney tissues derived from stem cells,
which resemble the cell types and structure of the in vivo kidney (Little and Combes,
2019; Takasato et al., 2015). While great excitement surrounds the future potential
for organoid technology to culture organs for renal replacement therapy, disease
modeling for novel gene and drug discovery is more immediately realizable. In
this approach, primary cells from an individual patient can be reprogrammed into
iPSC, differentiated to kidney and tested against multiple candidate treatments in
an effort to determine the most appropriate individualized therapy. Kidney organoids
overcome the limitations posed by existing cellular and animal disease modeling
platforms, offering an in vitro, three-dimensional (3D), human kidney tissue which
can be regenerated from any patient’s primary cells. However, as immature, avas-
cular and somewhat variable microtissues, the study of kidney organoids brings
with it a new set of challenges.

Kidney organoids are accurate models of the developing
kidney
The human kidney is a remarkably complex organ containing over 25 different cell
types arranged into between 200,000 and 1.8 million functional units called neph-
rons (Hoy et al., 2003; Hughson et al., 2003). Each nephron filters the blood in
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the glomerulus and processes this filtrate within the renal tubule which is subdivided
into multiple segments with specified functions determined by transporter expres-
sion (Fig. 11.1). The appropriate development, anatomical distribution, and biolog-
ical function of cells within these nephrons is essential for the meticulous regulation
of serum biochemistry, acid-base balance, total body water content, excretion of
nitrogenous waste, and numerous hormonal responses.

Organoids are small, stem-cell derived, self-organizing, in vitro microtissues
composed of similar cell types in a tissue architecture reminiscent of the in vivo
organ (Lancaster and Knoblich, 2014). Protocols for the differentiation of many
human organoids from stem cells have been characterized including brain (10), heart
(11), liver (12), stomach and intestine (13, 14). While the first differentiation proto-
cols used embryonic stem cells, reprogrammed iPSCs (Takahashi et al., 2007) are
more readily available and make possible the regeneration of organoids from
patients with inherited diseases.

The common principle of these protocols has been to accurately reproduce the
signaling cues that would be experienced by a cell during the embryological devel-
opment of the in vivo organ, much of which has been learned from the study of
animals. The mammalian kidney is formed from the interaction of two distinct
embryological structures, the metanephric mesenchyme (MM) and the ureteric
bud (UB). Both derive from the intermediate mesoderm which arises from the

FIGURE 11.1

Schematic of a human nephron depicting glomerulus, proximal tubule, loop of Henle,

distal tubule, and collecting duct. The accompanying table describes the variety of

disease phenotypes associated with each segment, examples of segment-specific

diseases with their associated genes and published examples of functional genomic

research featuring organoids. (AD/ARPKD, autosomal dominant/recessive polycystic

kidney disease; ADTKD, autosomal dominant tubulointerstitial kidney disease; GFR,

glomerular filtration rate; NPHP-RC, nephronophthisis and related ciliopathies; SRNS,

teroid resistant nephrotic syndrome).
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posterior primitive streak following gastrulation (Little and McMahon, 2012). A
number of published protocols detail the directed differentiation of kidney organo-
ids, all following the principle of recapitulating the developmental signaling
cues seen during in vivo kidney development to arrive at very similar renal end
points (Takasato et al., 2014, 2015; Morizane et al., 2015; Taguchi et al., 2014;
Freedman et al., 2015). These protocols are discussed in detail in previous reviews
(Little and Combes, 2019; Little et al., 2017). As an example, our own protocol is
presented in Fig. 11.2A. In this protocol, Wnt agonist CHIR99021 mimics in vivo
conditions to pattern to MIXL1þ/Tþ posterior primitive streak. At this point, FGF9
is substituted for CHIR99021 to pattern to a balanced intermediate mesoderm
(LHX1þ/PAX2þ). Cells are dissociated and centrifuged to aggregates which are
transferred to a transwell air-liquid interface. Cultured over FGF9 for a further
five days before withdrawal of all growth factors, nephron structures spontane-
ously self-organize within these aggregates (Fig. 11.2A). Immunofluorescence
and single cell RNA sequencing of organoids has established the presence of
glomerular podocytes (NPHS1þ, NPHS2þ), proximal (LTLþ/HNF4Aþ) and distal
(ECADþ/GATA3þ) tubules, vascular (SOX17þ/CD31þ) and stromal (MEIS1þ)
components (Fig. 11.2BeG) alongside a variety of off-target cell types (Wu
et al., 2018; Combes et al., 2019b; Subramanian et al., 2019). Importantly, a
detailed transcriptional analysis of the robustness of the protocol has demonstrated
a high reproducibility between differentiation experiments (Subramanian et al.,
2019; Phipson et al., 2019).

Because of the cellular and architectural complexity of the kidney, genetic renal
diseases encompass a varied spectrum of disease phenotypes depending on the cell
type and nephron segment affected, as summarized in Fig. 11.1. In the below discus-
sion, we bisect inherited kidney diseases into those affecting the glomerulus and
those affecting the renal tubule.

Genetic diseases of the glomerulus
The most proximal segment of the nephron is the glomerulus, a collection of fenes-
trated capillaries wrapped in specialized visceral epithelial cells called podocytes. A
trilayer glomerular filtration barrier (GFB) consists of the podocytes, glomerular
endothelium, and a collagen-based glomerular basement membrane (GBM) formed
between them. In the healthy state, the GFB permits the filtration of water, electro-
lytes, and small molecules (for example, glucose, urea, bicarbonate) but prevents the
filtration of larger molecules (for example, proteins) by exerting both size and charge
selectivity.

The most common inherited glomerular disease phenotype is proteinuria which
in severe cases is called steroid resistant nephrotic syndrome (SRNS). SRNS is the
second most common cause of progressive CKD in children (Fletcher et al., 2013;
NAPRTCS, 2014). In their healthy state podocytes form intercellular foot processes,
bridged by a network of proteins called the slit diaphragm (Noone et al., 2018;
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FIGURE 11.2

(A) Example of kidney organoid differentiation protocol. Induced pluripotent stem cells

(iPSCs) are sequentially exposed to Wnt agonist CHIR99021 and FGF9 to pattern

posterior primitive streak and intermediate mesoderm, respectively. Each individual iSPC

clone requires optimization of the duration of each treatment. Cells are dissociated and

reaggregated by centrifugation. Cell pellets are on cultured on transwells over FGF9 for a
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Fissell and Miner, 2018). In SRNS, this structure is lost along with the size and
charge selectivity of the GFB, allowing negatively charged, high molecular weight
proteins to be filtered into the urine. The majority of gene mutations associated with
SRNS has been linked to the regulation of the slit diaphragm and regulation of cyto-
skeletal dynamics within podocytes (Lovric et al., 2016).

Kidney organoids for the study of glomerular disease
A number of reports have examined the role of organoids in modeling inherited dis-
eases of the glomerulus. The first examined organoids differentiated from podoca-
lyxin (PODXL) knockout hPSC (Freedman, 2015). Glomeruli in PODXL
knockout organoids demonstrated a diffuse and punctate immunofluorescent expres-
sion of SYNPO and ZO-1 compared to a more polarized, linear expression in control
organoids (Freedman et al., 2015). This finding was restricted to the glomerular
segment, consistent the association of PODXL variants with SRNS (Kang et al.,
2017; Barua et al., 2014).

Two groups, including our own, have examined glomeruli within organoids
differentiated from the iPSC of patients with congenital nephrotic syndrome due
to variants in NPHS1, which encodes the critical slit diaphragm protein NEPHRIN

=
further five days before withdrawal of all growth factors. Structures are observed to self-

organize within threeefive days of aggregate culture. (Scale 500 mm) (B) Immunofluorescent

image of organoid demonstrating contiguous expression of all four major nephron segments

including glomeruli (NPHS1þ), proximal tubule (LTLþ), distal tubule (ECADþ/GATA3-), and
putative collecting duct (ECADþ/GATA3þ). (C) Glomeruli sieved from dissociated organoids

express a variety of glomerular specific markers including NPHS1, NEPH1, and PODXL. (D)

Proximal tubules within organoids express HNF4A, LRP2 (MEGALIN), and bind LTL. (E) Loop

of Henle (LoH) and distal convoluted tubule (DCT) expresses SLC12A1 and ECAD. (F) SOX17

reported demonstrating vascular progenitors wrapping around NPHS1þ glomeruli. (G)

MEIS1/2/3þ stroma between NPHS1þ glomeruli. (H) Sieved glomeruli from organoids

derived from iPSC of a patient with congenital nephrotic syndrome due to variants in NPHS1

demonstrate reduced immunofluorescent expression of NPHS1/NEPHRIN and NPHS2/

PODOCIN compared to control glomeruli. (I) Distal tubular cilia within tubules of organoids

derived from iPSC of a patient with compound heterozygote IFT140 demonstrate short, club-

shaped cilia (ARL13B) with accumulation of IFT cargo (IFT88) at the tip. This phenotype is

rescued to wild type by CRISPR-mediated correction of one of the variants.

(AeH), Adapted from Hale, L.J., Howden, S.E., Phipson, B., Lonsdale, A., Er, P.X., Ghobrial, I., et al., 2018. 3D

organoid-derived human glomeruli for personalised podocyte disease modelling and drug screening. Nat.

Commun. 9 (1), 5167. Scale 20 mm. Adapted from Forbes, T.A., Howden, S.E., Lawlor, K., Phipson, B.,

Maksimovic, J., Hale, L., et al., 2018. Patient-iPSC-derived kidney organoids show functional validation of a

ciliopathic renal phenotype and reveal underlying pathogenetic mechanisms. Am. J. Hum. Genet. 102

(5),816e831. Scale 1 mm. Image credits: Jessica Vanslambrouck, Sean Wilson, Siebe Spijker, Lorna Hale,

Shahnaz Khan.
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(Hale et al., 2018; Tanigawa et al., 2018). Both studies demonstrated loss of NEPH-
RIN expression by immunofluorescence of patient glomeruli (Hale et al., 2018;
Tanigawa et al., 2018). Our report used nonisogenic iPSC organoids as a control
and also documented reduced immunofluorescent expression of PODOCIN and
CD2AP in isolated glomeruli (Fig. 11.2I) (Hale et al., 2018). Tanigawa et al.
(2018) utilized an isogenic, CRISPR gene-corrected control and demonstrated resto-
ration of NEPHRIN expression and the widening of gaps (implying restoration of a
slit diaphragm) between foot processes on transmission electron microscopy (EM)
of organoids transplanted into mice.

Together, these reports substantiate a role for kidney organoids in modeling ge-
netic glomerular disease. In this regard, a clear benefit of organoids as glomerular
disease models lies in the ability to culture podocytes in three dimensions. In
other cell types, 3D culture has increased cell survival and permitted physiological
cellecell and celleECM interactions more faithful to the in vivo circumstance
(Pampaloni et al., 2007; Ghosh et al., 2005; Duval et al., 2017). Our own transcrip-
tional analysis of glomeruli isolated from kidney organoids demonstrated increased
expression of key podocyte genes in a 3D culture compared to conditionally immor-
talized podocytes or two-dimensional (2D) podocytes extruding from 3D organoid
glomeruli (Hale et al., 2018). This work also demonstrated improved maturation
of ECM within 3D glomeruli, with evidence of collagen and laminin switching
(Hale et al., 2018).

The absence of a bona fide glomerular vasculature, however, remains a limitation
of the glomerular disease model. While a vascular progenitor population is present
in organoids (Fig. 11.2F) (Wu et al., 2018; Combes et al., 2019b; Subramanian et al.,
2019), these cells rarely penetrate glomeruli sufficiently to allow the development of
a mature GBM which requires a matrix contribution from both endothelial cells and
podocytes in the in vivo context (Chew and Lennon, 2018). This currently impedes
the modeling of Alport syndrome, which arises due to pathological variants in Type
IV collagens critical to the GBM.

One well-demonstrated strategy of increasing the interaction between endothe-
lium and podocytes within organoids is murine subrenal capsular transplantation
(Tanigawa et al., 2018; Sharmin et al., 2016; van den Berg et al., 2018). Invading
host vasculature matured organoid vessels which then penetrate podocyte clusters
and establish a more representative GFB with improved foot process morphology
(Tanigawa et al., 2018; van den Berg et al., 2018). Evidence of tubular flow also sug-
gested active glomerular filtration which in turn improved tubular epithelial
morphology (van den Berg et al., 2018). These improvements in morphology and
maturity, however, currently come at the expense of key distinct advantages of
in vitro organoid culture: throughput speed and scale. As a result, significant efforts
to vascularize organoids in vitro are underway. In a specialized microfluidic culture
device, kidney organoids exposed to fluid flow sheer stress increased the vasculature
and the transcriptional maturity of the organoid (Homan et al., 2019). The addition
of vascular endothelial growth factor (VEGF) to cultures increased the amount of
vasculature but reduced their proximity to the epithelial structures, concluding
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that relying on the endogenous VEGF production from organoid glomeruli was more
ideal (Homan et al., 2019). Indeed this endogenous organoid VEGF production has
appeared sufficient to induce convincing glomerular vascularization in the context of
murine transplantation (van den Berg et al., 2018). While glomerular vasculature
was observed by EM in the sheer stress model, the development of a GFB remained
primitive and no convincing evidence of perfusability was demonstrated (Homan
et al., 2019). An array of complex bioengineering vascularization techniques,
including sacrificial inks and microfluidic chips, are approaching this challenge
(Grebenyuk and Ranga, 2019). Engineering an endothelium-podocyte interaction
will remain a critical hurdle for the field to overcome in the modeling of inherited
glomerular disease.

Inherited diseases of the renal tubule
Inherited tubular disease is phenotypically far more heterogenous than glomerular
disease. Pathogenic variants in segment-specific ion and water transporters within
the tubule give rise to a group of disorders called tubulopathies which manifest inap-
propriate wasting or retention of salts and/or free water. In the proximal convoluted
tubule (PCT), a dense apical brush border performs an extensive reabsorption of
glucose, phosphate, bicarbonate, low molecular weight proteins, and other electro-
lytes (Curthoys and Moe, 2014). Inherited PCT disease can produce a specific defect
in reabsorption, such as renal glycosuria [OMIM 233100] due to dominant variants
in glucose transporter gene SLC5A2. Alternatively, global PTC failure (also known
as renal Fanconi syndrome) can result from metabolic or storage disorders of the
proximal tubule, such as nephropathic cystinosis [OMIM 219800] (recessive vari-
ants in CTNS) where cystine crystals accumulate in the proximal tubule, affecting
a global reabsorptive failure.

The filtrate then passes through the ascending and descending loop of Henle
which together establishs a medullary concentration gradient while also contributing
to water and salt reabsorption. Finally the distal convoluted tubule (DCT) performs
the fine tuning of salt, water, and acid-base balance. The DCT communicates the
concentration of the urinary filtrate (a surrogate for total body hydration) to the
juxtaglomerular apparatus which, via the renin-angiotensin-aldosterone hormonal
axis, controls salt and water reabsorption in the DCT and collecting duct (CD).
Beyond the proximal tubule, inherited disease phenotypes manifest with the gain
or loss of function of the gene product affected, often a membrane ion or water trans-
porter. For example, pathogenic variants in AQP2 or the vasopressin receptor
AVPR2, which control water reabsorption in the CD, lead to excessive urine produc-
tion and life-threatening dehydration without free access to drinking water, called
nephrogenic diabetes insipidus [OMIM 125800; 304800].

Ciliopathies represent a broad group of disorders characterized by variable cystic
and fibrotic change within the renal tubulointerstitium causing an insidious progres-
sion of CKD. As the name suggests gene products implicated in ciliopathies are
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localized to the primary cilium and centrosome (Braun and Hildebrandt, 2017). This
group includes autosomal dominant polycystic kidney disease (ADPKD; PKD1,
PKD2, and GANAB) and autosomal recessive polycystic kidney disease (ARPKD;
PKHD1), which present with overwhelming cystic dilation of renal tubules obliter-
ating normal functioning kidney disease. In contrast, the ciliopathies also include
nephronophthisis and related ciliopathies (NPHP-RC) which has over 60 described
autosomal recessive genotypes and presents with tubular atrophy, tubular basement
membrane abnormalities, and variables renal cysts (Braun and Hildebrandt, 2017).
Autosomal dominant tubulointerstitital kidney disease (ADTKD), previously called
medullary cystic kidney disease, is caused by variants in UMOD, REN, and MUC1
and also presents with primary, progressive interstitial fibrosis, tubular atrophy, and
variable medullary cyst development (Eckardt et al., 2015).

Kidney organoids and the study of tubular disease
ADPKD is the most common genetic cause of CKD and is predominantly caused by
heterozygous mutations in PKD1 or PKD2 (Mallett et al., 2014; NAPRTCS, 2014).
Multifocal renal cysts are believed to arise from a homozygous epithelial lineage
following a “second hit” somatic mutation in the wild-type allele (Tan et al.,
2018). Using CRISPR-Cas9 gene-editing, Freedman et al. derived homozygous
knockout PKD1�/� knockout iPSC lines and demonstrated in vitro cystogenesis
in kidney organoids (Freedman et al., 2015). Large, LTLþ/ECADþ epithelial,
ballooning cystic structures arose from 6% of PKD1�/� organoid tubules, compared
to 0% of control cultures (Freedman et al., 2015). Transferring these organoids to
suspension culture increased the efficiency of cystogenesis from both PKD1�/�

and PKD2�/� knockout lines (Cruz et al., 2017). Cysts were noted to be hyperpro-
liferative by immunofluorescence for phosphohistone H3 compared to controls.
Microarray analysis of cystic compared to noncystic tissue suggesting increased
MYC and mTOR activity in the cystic epithelium (Cruz et al., 2017). Most recently
this group screened eight factors thought to modulate the “cell to microenviron-
ment” interaction in 96 well plates, in an impressive demonstration of the potential
for compound screening using kidney organoid tissues (Czerniecki et al., 2018). In
this work, treatment with a nonmuscle myosin II B (NMIIB) inhibitor, blebbistatin,
increased cyst swelling establishing a hypothesis of NMIIB activators as potential
novel therapy for ADPKD-PKD1 (Czerniecki et al., 2018; Helms et al., 2019).
The use of CRISPR/Cas9 engineered PKD1�/� and PKD2�/� homozygous iPSC,
however, may not specifically illustrate the constitutional genotype of ADPKD pa-
tients and these findings are yet to be validated using patient iPSC.

A recent report modeled ARPKD with patient iPSC-derived kidney organoids,
demonstrating striking differential whole-organoid swelling compared to both
isogenic and unrelated controls following extended exposure to forskolin,
which was rescued by pretreating with thapsigargin (sarcoendoplasmic reticulum
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Ca2-ATPase inhibitor) or CFTR inhibitor 172 (Low et al., 2019). While this study
advocates feasibility for disease modeling of ARPKD using kidney organoids, the
presence of a bona fide CD segment is not demonstrated in this model and cyst
swelling in this report commenced in the proximal tubule (Low et al., 2019). While
transient, self-limited proximal tubule dilation has been reported in knockout mouse
models(51) and one human fetal kidney report (prior to the discovery of PKHD1 as
the associated gene) (Nakanishi et al., 2000), in vivo ARPKD cystogenesis has been
reproducibly isolated to the CDs (Fischer et al., 2009; Faraggiana et al., 1985; Verani
et al., 1989; Holthofer et al., 1990). Some controversy arises as to whether a true CD
is represented within the nephrons of kidney organoids. SIX2 lineage tracing
suggests that GATA3þ epithelial cells do not derive from a SIX2þ MM precursor
(Howden et al., 2019), and both principal and intercalated cells are identified within
organoids on EM following murine transplantation (van den Berg et al., 2018). How-
ever, the organoid morphology of these ECADþ/GATA3þ segments is not reminis-
cent of dichotomous UB branching seen in vivo and single cell RNA sequencing of
mouse kidney suggests that many markers traditionally used to identify ureteric
epithelium (such as Apq2, Krt8, Krt18, and even Hoxb7) are expressed in the distal
tubule and connecting segment and hence derived from the MM and not the UB
(Combes et al., 2019a). Some elaborate protocols for the culture of isolated ureteric
epithelium have been published (Mae et al., 2018; Taguchi and Nishinakamura,
2017), which may prove more relevant to the modeling of ARPKD.

Our group have modeled NPHP-RC, using iPSC-derived organoids from a
patient with Mainzer Saldino syndrome due to compound heterozygous variants
in IFT140, which produces a gene product essential for maintenance of the primary
cilium (Forbes et al., 2018). Gene-corrected and matched, isogenic iPSC were
derived from patient fibroblasts using combined reprogramming and CRISPR/
Cas9 techniques (Forbes et al., 2018; Howden et al., 2015). Tubules from patient
organoids demonstrated shortened, club-shaped primary cilia (Fig. 11.2I) (Forbes
et al., 2018). This morphology was consistent with prior animal and cellular models
and was rescued to a long, straight, wild-type morphology following gene-correction
(Forbes et al., 2018). Differential gene expression analysis of sorted epithelial cell
fractions from patient and gene-corrected organoids identified differences in cell po-
larity, cell junction, and axonemal dynein motor assembly (Forbes et al., 2018). Sin-
gle epithelial cells sorted from patient organoids were less able to form polarized
cysts in matrigel culture compared to gene-corrected control (Forbes et al., 2018).
No gross morphological differences between patient and control organoids were
evident, and differential gene expression analysis required adjustment to remove
genes recognized to be highly variable between differentiation experiments, usually
due to differences in nephron segmentation (Phipson et al., 2019).

An impressive, recent demonstration of the strength of the patient-derived orga-
noid platform in novel drug discovery involved the modeling of ADTKD-MUC1
(Dvela-Levitt et al., 2019). This disease is exclusively caused by frameshift variants
in themucin 1 (MUC1) gene, and the mutant protein accumulates in the endoplasmic
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reticulum (ER) of the DCTs, activating the unfolded protein response (Dvela-Levitt
et al., 2019; Kirby et al., 2013). Using an antibody specific for the mutant protein,
this group validated the immunofluorescent clearance of the protein from the ER
following treatment with a novel candidate compound on organoids derived from
the iPSC of multiple patients (Dvela-Levitt et al., 2019). This novel therapeutic dis-
covery was reported with much greater impact as a result of a demonstrated utility in
a regenerated patient-derived human kidney tubule.

The pathogenic mechanism underlying the renal fibrosis commonly seen in
epithelial dysfunction in vivo is poorly understood, and the ability for kidney orga-
noids to adequately model this is unclear. Furthermore, single cell RNA
sequencing analysis of kidney organoids has established that they contain a vari-
able component of off-target stromal cell types (Wu et al., 2018; Combes et al.,
2019b; Subramanian et al., 2019). Characterization, optimization, and reproduc-
ibility of the stromal component of primary kidney and organoids will be critical
before any research can be performed examining “fibrosis” of the organoids as a
readout of disease.

Interestingly, ADPKD and ADTKD are adult onset diseases, challenging initial
presumptions that organoids may be limited to the modeling of pediatric disease.
This hypothesis was built on the observation that whole-organoid transcriptional
profiling most closely correlates to trimester one to two human fetal kidney (6)
and maturation arrests with the withdrawal of growth factors (Phipson et al.,
2019). Rather, it would appear that the prerequisite for modeling a genetic disease
in organoids is the adequate expression of the gene of interest within the organoid.
This poses a challenge for modeling diseases caused by mutations in specific trans-
porter genes, most of which demonstrate low expression both in developing kidneys
and current organoid protocols.

In the primary report of a scaled up organoid bioreactor protocol that utilized
knockout serum replacement in place of FGF9 for intermediate mesoderm
patterning, Przepiorski et al. (2018) engineered HNF1B�/� knockout iPSC and
compared their differentiation to the parental isogenic control iPSC clone in an
attempt to model renal cysts and diabetes syndrome. They document downregulation
of key HNF1B transcriptional target genes as well as failure of the proximal
and distal tubular segments to develop within the organoids, consistent with human
phenotype and mouse models of the disease (Przepiorski et al., 2018). A separate
article from the same group establishes an additive repurposed role for the mTOR
inhibitor Everolimus to the existing standard of care in cysteamine in the treatment
of lysosomal storage disease nephropathic cystinosis (Hollywood et al., 2020).
Organoids from both CRISPR/Cas9-engineered CTNS knockout iPSC and
patient-derived iPSC demonstrated recognized pathologies of (i) enlarged lyso-
somes accumulating cystine and cysteine and (ii) reduced cellular basal macroau-
tophagy (Hollywood et al., 2020). While cysteamine effectively resolved the
former, Everolimus was demonstrated to rescue the latter (Hollywood et al., 2020).
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Strengths and limitations of kidney organoids as models of
inherited kidney disease compared to existing animal and
two-dimensional cell culture platforms
While organoids offer solutions to many of the limitations of traditional functional
genomic models such as animal models and 2D cell culture, they have their own fal-
libilities and perform an adjunctive role in functional genomic research. These dif-
ferences are summarized in Table 11.1 and discussed in detail below.

Skin fibroblasts represent an easily obtainable and expandable surrogate cell type
for other less obtainable primary tissues for functional genomic interrogation. How-
ever, increasing knowledge of differential tissue specific isoform splicing and pro-
tein function between cell types challenges this practice. For example, there has
been a long held assumption that primary cilia (an almost ubiquitous cellular organ-
elle) maintained the same structure and function in all cell types (Wheatley, 1995).
Challenging this dogma, a mutant Tctn1 (a ciliary transition zone protein) mouse
model demonstrated abnormal cilia number and morphology at the embryonic
node and neural tube but undisturbed ciliogenesis in the limb bud and perineural
mesenchyme (Garcia-Gonzalo et al., 2011). In another example, CEP290 patients
with an isolated ophthalmic phenotype demonstrated ciliogenesis defects in iPSC-
differentiated optic cups but not in fibroblasts, while in patients with CEP290 Jou-
bert syndrome, both tissues were affected (Shimada et al., 2017). In a further
example, RNA analysis of an NPHP3 variant of unknown significance identified
splicing abnormalities in human urine derived renal epithelial cells that were not
evident in RNA derived from a peripheral blood sample (Molinari et al., 2018). In
all these examples, examination of the tissue of interest proved advantageous to
the more easily accessible surrogate cell type. This advocates that renal disease
should be studied in a renal cell type and demonstrating an advantage of kidney
organoid culture.

However, 3D, in vitro tissue culture is not without its disadvantages. 2D cell
culture is straightforward, cheap, fast, and highly reproducible. In contrast, the
isolation of a purified single cell type from a multicellular organoid for molecular
interrogation requires extended dissociation and technically complex protocols.
This limits the number of conditions that can be simultaneously researched and in-
troduces technical artifact and variation arising during dissociation and purification.

Mouse models have been a pillar of functional genomic research for decades
and generally provided phenotypes reflecting those of human disease for a given
orthologous genotype (Hofmeister et al., 2017). However numerous differences
exist between the two species. Human kidneys are multipapillate and develop
over 30 weeks with nephrogenesis ceasing at approximately 36 weeks, whereas
mouse kidneys are unipapillate, develop over one week and nephrogenesis ceases
during the first postpartum week of life (Little, 2015; Hartman et al., 2007;
Hinchliffe et al., 1991). The observation of human cortical nephrons inserting
into other nephrons away from the ureteric tree, a process called arcading, has
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Table 11.1 Characteristics of kidney organoids compared to other functional genomic models.

Kidney organoids Animal models
Immortalized renal
cells

Patient primary
fibroblasts

Dimensionality Three-dimensional (3D) multicellular tissue;
Improved cellecell and cellematrix interaction

Two-dimensional unicellular culture or simple 3D
unicellular structures (epithelial cysts)

Experimentation/
Analysis

Complex Straightforward

Phenotype Patient-specific,
renal tissue

Renal and extrarenal Renal epithelial cellular Nonrenal, nonepithelial,
patient-specific

Maturity Immature Mature e e

Species Human Animal Generally animal Human

Throughput Moderateehigh Low High High

Environment In vitro
Avascular
No urinary drainage

In vivo
Physiological developmental
environment

In vitro
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not been reported in murine renal development (Zhai et al., 2006). Transcriptional
differences in kidney development highlight examples where translation between
the species may also be limited (Lindstrom et al., 2018a,b,c). In the developing
mouse kidney, Six2 expression is critical to maintain the cap mesenchyme while
Six1 is downregulated whereas in human, the two genes appear to demonstrate a
functional redundancy and dominant variants in both SIX1 and SIX2 are associated
with congenital abnormalities of the kidney and urinary tract (CAKUT) (O’Brien
et al., 2016; Combes et al., 2018; Weber et al., 2008; Faguer et al., 2012; Hwang
et al., 2014). Many attempts to model ARPKD in mice have failed to recapitulate
an early onset polycystic kidney disease, rather an early onset liver disease and var-
iably penetrant polycystic kidney disease manifesting around threeesix months
(Woollard et al., 2007; Bakeberg et al., 2011; Moser et al., 2005; Williams
et al., 2008). In another example of phenotype discrepancy, dominant variants in
HNF1B are a common cause of a CAKUT in humans (87e89), but mice only
develop disease in the context of homozygote deletions (Desgrange et al., 2017;
Massa et al., 2013). These observed discrepancies in kidney development, anat-
omy, transcriptional profiling, and genetic disease expression impede the transla-
tion of findings in mouse models to human disease and illustrate the capacity for
human cellular models to contribute.

In spite of the difficulties extrapolating findings between species, animal models
offer many other benefits that organoids cannot fulfill. Firstly, murine disease
modeling allows interrogation of nonrenal phenotype in syndromic monogenic dis-
ease. Furthermore, mice are capable of modeling nonrenal diseases that extrinsically
damage the kidneys, such as thrombotic microangiopathies or primary hyperoxalu-
ria. Because the genes responsible for these diseases are not expressed by the kidney,
they cannot be modeled within kidney organoids. Organoids exhibit subtle technical
variation in differentiation end-point including degree of off-target cell populations
and nephron patterning, between individual experiments (25), while a naturally
developed animal kidney will reliably arrive at the same end-point within a given
developmental timeframe. Kidney organoids lack the fidelity to portray some
inherited phenotypes, for example, CAKUT which describes a broad array of
dysplastic anomalies with a poor genetic understanding. Finally, animal models
achieve a greater degree of maturity than current organoid protocols can provide
allowing for a broader repertoire of candidate genes.

Functional genomic inquiry within iPSC-derived tissues can use one of two ap-
proaches: reprogramming of patient iPSC or gene-editing of desired genetic vari-
ants into wild-type iPSC. In both cases, an isogenic control iPSC creates an
experimental comparison whereby the patient variant is an isolated variable
(Fig. 11.3) (Tanigawa et al., 2018; Low et al., 2019; Forbes et al., 2018; Howden
et al., 2015; Dvela-Levitt et al., 2019). Reprogramming patient iPSC theoretically
allows for the investigation of genetic modifiers that may alter the phenotypic
expression of an individual’s genotype. However, this requires a gene-edited
control iPSC clone to be engineered and differentiated for each patient studied.
In the situation where a studied candidate gene variant is proven not to be
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disease-associated, the opportunity to retrospectively identify the true pathogenic
variant remains with this approach, as expression of the correct gene is retained in
the model. In situations where multiple patient variants are to be examined, editing
those variants into a single wild-type iPSC clone allows more focused comparison
between variants and obviates the need to optimize protocols for multiple control
iPSC clones. In this circumstance, a representative iPSC clones must be generated
for each variant of interest. In summary, as a recapitulation of a 3D human tissue,
kidney organoids overcome many deficiencies of existing functional genomic
models but equally rely on those models to overcome their own limitations.
Thus, while organoids are likely to become an essential component of function in-
quiry into human genetic diseases, they are likely to compliment the role of mouse
and 2D-cellular models rather than replace them.

FIGURE 11.3

Illustration of the two approaches to induced pluripotent stem cell (iPSC)-based

modeling of patient-derived genomic variants. Depicted in green, the “knock-in”

approach involves editing a wild-type iPSC line [purple (gray in print version)] to carry a

genomic variant [yellow (light gray in print version)] derived from a patient with a

specific phenotype. The wild-type iPSC clone acts as an isogenic control for the

“knock-in” clone. This approach can be performed without patient material and more

easily facilitates the study of multiple variants. However, this knock-in approach account

for the potential contribution of gene polymorphisms extraneous to the variant of interest

which may alter the expression of disease or response to treatment. Therefore any

relevant findings need to be validated using true patient iPSC clones [red (dark gray in

print version)] and isogenic gene-corrected controls, both of which can be clonally

derived using combined gene-editing and reprogramming protocols (Forbes et al.,

2018; Howden et al., 2015, 2018). The demonstration of a differential phenotype or

treatment response within organoids differentiated from this iPSC clones can be more

confidently translated back to patient care or clinical trials.

Strengths and limitations of kidney organoids 289



Conclusions
Stem cellederived kidney organoids represent a novel functional genomic model,
clearly capable of expanding our knowledge of inherited glomerular and tubular kid-
ney diseases. Short term outcomes of kidney organoids research include novel gene
discoveries, patient-specific disease modeling, and clinical translation of novel ther-
apies. Current protocols, however, do not allow the modeling of all genetic kidney
diseases and thus organoids stand to complement existing functional genomic
models, rather than replace them. The diseases currently best suited to modeling
with kidney organoids are those where expression of the gene of interest is strong
within the organoid and a discrete immunofluorescent and/or morphological readout
of protein localization, structural tissue development, or cell function can be ob-
tained. As new differentiation and analysis techniques and bioengineering technol-
ogies are superimposed on existing kidney regeneration techniques, the breadth of
diseases able to be modeled and thus the clinical translation of discoveries is likely
to increase.
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