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Abstract: Organoids are self-organized, three-dimensional structures derived from stem cells that
can mimic the structure and physiology of human organs. Patient-specific induced pluripotent stem
cells (iPSCs) and 3D organoid model systems allow cells to be analyzed in a controlled environment
to simulate the characteristics of a given disease by modeling the underlying pathophysiology. The
recent development of 3D cell models has offered the scientific community an exceptionally valuable
tool in the study of rare diseases, overcoming the limited availability of biological samples and
the limitations of animal models. This review provides an overview of iPSC models and genetic
engineering techniques used to develop organoids. In particular, some of the models applied to the
study of rare neuronal, muscular and skeletal diseases are described. Furthermore, the limitations
and potential of developing new therapeutic approaches are discussed.
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1. Introduction

Cell culture models are the most widely used in vitro techniques for basic research
under controlled physiological conditions and for identifying new therapeutic targets for
chronic or rare diseases. The availability of human cell models derived from patients with
rare genotypes/phenotypes is pivotal for interpreting the pathogenic mechanisms of rare
diseases. By studying cellular disease models, researchers may gain insights into how
diseases develop, identify new molecular targets for specific therapies and test potential
treatment approaches [1].

The main current strategies for studying the disease molecular mechanisms of the
diseases are in vivo animal models, such as mouse, zebrafish and fruit fly, primary and
secondary cell lines or/and engineered stem cells [2-6]. Although animal models can
be useful for recapitulating complex organ structures and microenvironments and for
studying organ function, species-specific differences hinder the translation of findings to
humans. Data obtained in animal studies are often not reproducible in clinical studies,
thus limiting the possibility of identifying therapeutic strategies. On the other hand, 2D
cellular models from patient-derived specific cells cannot reproduce complex architectural
structures or represent the interactions of the multicellular environment of the original
organ. In addition, the limited proliferative potential of primary cell cultures may limit the
type and number of feasible experiments [7-9]. Cell culture technology plays a crucial role
in modeling the pathology of rare diseases and developing precision treatments. Although
ideal, primary or patient-derived immortalized cells can be difficult to isolate or propagate
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indefinitely without avoiding immortalization, cell cycle deregulation and the risk that
induced pluripotent stem cells (iPSCs) may lose their original phenotype. [10].

Patient-specific 3D organoid modeling systems represent in vitro cell models that can
overcome some of these limitations. Organoids are three-dimensional structures derived
from stem cells that closely resemble the structural and functional characteristics of specific
organs or tissues of the body. These mini-organs are often created by growing stem cells
in a specialized environment mimicking the natural environment in which an organ or
tissue would normally develop [11]. Organoids can be created from different cell types,
including embryonic stem cells (ESCs), iPSCs and adult stem cells (ASCs). The culture
conditions employed can determine the specific cell types and structures formed within
the organoid [11].

Organoids have become a popular research tool in various fields, including devel-
opmental biology, regenerative medicine and disease modeling [12]. By replicating the
morphology and functions of organs where cells grow in vivo and mimicking microen-
vironments and cell-to-cell and extracellular matrix interactions, organoids can provide
insights into disease development and mechanisms, as well as serve as a platform for drug
screening and personalized medicine (Figure 1).
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Figure 1. Organoids and their research applications. (A) Induced pluripotent stem cell (iPSC)- and
adult stem cell (ASC)-derived organoids. (B) Application of organoids to basic research, investigation
of disease mechanisms, drug screening and regenerative medicine.

The aim of this review is to provide a general overview of the technical aspects of
organoid production with a focus on organoid models for rare neuronal, muscle and bone
diseases. Section 1 describes general iPSC models, biomedical applications and genetic
engineering techniques used to develop organoids, highlighting the differences, advantages
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and disadvantages of developing models based on iPSCs alone versus 3D organoid model
systems, including the relevance of quality controls.

To provide an update on the application of iPSC-derived in vitro organoid techniques
in the study of rare diseases, organoid models for rare neuronal, muscle and bone dis-
eases are described. Without intending to be a comprehensive review of the literature on
organoid disease models, the studies cited were selected on the basis of their heterogeneity,
without focusing on a single model, but paying attention to the diversity of methodological
approaches applied and results obtained. Finally, in Section 3, the main results derived
from the literature selected for this review are summarized and commented on.

1.1. General Strategies Used for Organoid Production

Cell modeling involves culturing and studying cells in a controlled environment to
mimic the characteristics of a particular tissue. This can be achieved by using various
techniques, including genetic engineering, culturing cells in organ-on-chip and microfluidic
technologies or introducing specific chemicals to induce disease-like conditions. Cur-
rently, organoids have been developed from various tissues and organs, including the
brain, liver, intestine, kidney, pancreas and lungs [13]. They represent a promising tool
for different fields of basic biological research, furthering our understanding of organ
architecture and function [14,15]. Moreover, organoids make it possible to deepen our
knowledge of embryonic development by studying cell—cell interactions and gene func-
tions. Furthermore, 3D cultures have been applied to the study of human embryonic
development and hematopoiesis through the study of the extra-embryonic lineage and
three germ layers [16,17]. Once cells have been successfully modeled, researchers can use
them to study disease mechanisms, identify potential drug targets and test the efficacy of
potential treatments [18].

Several methods are applied to generate organoids [7], which differ depending on the
tissue to be recapitulated [7]. Human brain organoids have been produced by pluripotent
stem cells tightly compacted to promote their aggregation into embryonal bodies and then
induced into neuroectodermal differentiation, embedded in an extracellular matrix and
allowed to develop spontaneously in a spinning bioreactor [19]. Otherwise, organoids
resembling organs of endodermic derivation, such as the lungs, intestine or stomach,
require careful timing and selection of growth factors to modulate signaling pathways
critical for proper organ development [7,20,21].

Taking these differences into account, however, it is possible to identify a general
three-step procedure applied in the protocols currently used to generate organoids
(Figure 2A) [7]. Starting with pluripotent stem cells (iPSCs or ESCs), the first step requires
differentiation toward a specific embryonic germ layer of interest (ectoderm, mesoderm
or endoderm) using selected factors that activate cell differentiation commitment, such
as WNT, BMP4 and activin A [7]. In the next step, the cells are differentiated into the
target tissue/organ by the addition of tissue-specific growth factors. Finally, the cells are
embedded in an ECM gel or aggregated in a 3D structure (using scaffold-forming external
biomaterials [22]) to expand [7]. If, instead, ASCs are used as the starting material, the
first step of germ-layer differentiation is not necessary, as this kind of stem cell already
possesses some degree of commitment (Figure 2B) [7].

Two-dimensional iPSC cultures and iPSC-derived organoids are in vitro cellular mod-
els currently used in biomedical research. The advantages and disadvantages of using
the two models are summarized in Figure 3. Simple iPSC monolayer cultures offer a cost-
effective and easily manageable way to model a disease using patient cells [9]. Moreover,
they can be used as an economical and quick way to assess the effectiveness and adverse
effects of drug candidates [23]. Two-dimensional cultures are a good model for epithelial
tissues that better mimic the cell-matrix interaction in vivo [24,25]. For non-epithelial tis-
sues, 2D iPSC cultures present some limitations due to a lack of cell-to-cell and cell-to-ECM
interactions [6,9,26]. Three-dimensional iPSC-derived organoids, instead, offer the possi-
bility of studying cells in a more natural environment where cell-to-cell and cell-to-ECM
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interactions are present and the overall system architecture resembles that present in human
organ/tissues [6,7,9,26]. Nevertheless, current human organoid models have limitations.
Indeed, they are expensive to generate and maintain, require long maturation periods
and lack proper vascularization, resulting in the necrosis and apoptosis of some cells [9].
Finally, organoids tend to show a large degree of variation from batch to batch, limiting the
reproducibility of the technique [9,27,28].
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Figure 2. Steps in organoid generation. (A) Three-step generation of organoids from induced
pluripotent stem cells (iPSCs) and embryonic stem cells (ESCs). (B) General protocol for generation
of adult stem cell (ASC)-derived organoids.
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Figure 3. Advantages and disadvantages of iPSC cell cultures and iPSC-derived organoid models.
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1.2. Biomedical Applications

Organoids generated either from iPSCs or tissue biopsies of patients containing ASCs may
be applied in clinical research for modeling infectious, hereditary and tumor diseases [29].

In the study of infectious diseases, the application of organoids sheds light on viral
pathogenesis from virus infection to replication, mimicking virus-host interactions. Re-
cent studies have highlighted the potential application of liver organoids for Hepatitis E
virus infection (HEV), as this model system, unlike 2D cell cultures, maintains the polarity
and homeostasis necessary for viral infection and reproduction, supporting their inno-
vative use in discovering new anti-HEV drugs [30]. An organoid model was also useful
in clarifying the interaction between human parasite microorganisms and epithelium tar-
gets, revealing important consequent transcriptomic changes relating to the life cycle of
Cryptosporidium [31]. Moreover, neural organoids allowed for the identification of potential
therapeutic compounds to treat Zika virus (ZIKV) infection [7,32,33].

A 3D culture has been applied to study human embryonic development and
hematopoiesis through the study of the extra-embryonic lineage and three germ layers [16].
Furthermore, human retinal organoids and their single-cell RNA-seq analysis highlighted,
in great detail, the development of the retina [17].

Organoids isolated from tissues from patients may also be suitable for biobanking
as a resource for genotype/phenotype correlation analyses, the study of rare mutations
causing diseases, the correction of genetic defects and regenerative medicine, leading to
the development of future precision medicine applications. In addition, recent genome
editing technologies applied to organoids allow for the study of some defects in a controlled
microenvironment, confirming the valuable use of these systems for basic research and
therapeutic development [34].

Human organoids have also been developed from several different cancer cells, iso-
lated from both primary tumors and metastasis. Many genetic analyses have revealed
that these “tumoroids” highly conserve their genomic landscape, making them a suit-
able source to investigate genotype—phenotype correlations and perform drug screening,
confirming the importance of organoids in terms of biobanking and the subsequent devel-
opment of precision medicine [35]. Gut organoid models are among the most developed
and have been intensively described in recent reviews [36-39]. Colon organoids repre-
sent useful applications for the identification of potential drug targets in the treatment
of genetic disorders. For instance, human colonic organoids have been developed as a
phenotypic screening tool for drug selection in therapeutic interventions for cystic fibrosis
(CF). Intestinal epithelium organoids have been a valuable tool to monitor chloride-channel
function using forskolin-induced swelling assays, allowing for the selection of efficacious
treatments for patients with rare CFTR mutations [40]. The development of human brain
organoids is also contributing to shed new light on neuronal diseases and screening to
design personalized therapies, such as for Autism Spectrum Disorders and Alzheimer’s
and Parkinson’s diseases [41].

1.3. Cutting-Edge Technologies for Genetic Modifications of iPSCs and Organoids

The development of iPSCs and their differentiation through the formation of organoids
that morphologically and physiologically resemble human tissues already represent signifi-
cant progress, as described above. However, in some experimental settings, further genetic
modification of iPSCs and organoids may be required before downstream applications
to address basic biological and biomedical questions [42]. Advances in genome editing
technologies make it possible to precisely edit specific genes in iPSCs, modifying them to
express or induce specific characteristics. The editing of iPSCs may be necessary to induce
differentiation towards specific cell types, modify genetic defects or modulate specific
pathways. This section will provide an overview of the available state-of-the-art editing
approaches and their applications in iPSCs and organoids.

To introduce gene-editing components into iPSCs and organoids, several approaches
exist, depending on the properties of the target cells, the size of the DNA fragment and the
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required duration of gene expression [13]. For example, the use of retroviral or lentiviral
vectors may be considered if the modified gene does not exceed 8 kb and needs to be
stably integrated into the host genome of non-actively replicating cells. On the other hand,
adenoviruses allow episomal expression in target cells and permit the insertion of large
DNA fragments (>8 kb) in non-dividing cells such as brain cells/organoids [43—-46]. Other
non-viral methods, such as electroporation or the lipofection of naked DNA, are available,
but it must be considered that transgene expression is transient and lipofection may affect
cell survival.

Developing zinc finger nucleases (ZFNs) by assembling zinc finger DNA-binding
domains with the cleavage domain of the restriction endonuclease FokI represents one of
the first successes in the construction of programmable artificial endonucleases. The search
for other endonucleases that can be more easily reprogrammed continued, leading to the
identification of a family of transcription activator-like effector (TALE) proteins in plant
pathogens. Their modular structure for DNA recognition can be used to construct ad hoc
TALE nucleases (TALENSs) by appropriately reassembling TALE domains, similar to what
has been described for zinc finger domains.

A huge step forward in genome editing was made with the discovery of CRISPR/Cas9,
a natural system used by several prokaryotes for adaptive molecular immunity against
bacteriophage infections. Its mechanism was subsequently modified and engineered for
use in eukaryotic cells to allow for the cutting or editing of specific DNA sequences in a
target cell. Specifically, the CRISPR/Cas9 system consists of two components, the Cas9
endonuclease and a single-guided RNA (sgRNA or gRNA), which directs the Cas9 nuclease
to a specific sequence, where it introduces a double-strand break (DSB). After cleavage by
the Cas9 nuclease, double-strand breaks can be repaired either by homology-directed repair
(HDR), a precise and high-fidelity repair system, or by non-homologous end joining (NHE]J),
in which the blunt ends are bound together. Repair by HDR, through recombination with a
suitably supplied homologous DNA sequence, allows researchers to introduce sequence-
specific changes in the target gene, while repair by NHE] alters the reading frame and thus
the translation of the target gene.

In general, mutagenesis can take place either in a tissue that serves as a source of adult
stem cells or in isolated cells used to generate organoids; the second option is preferable as
it is more efficient and less costly. Over the years, attempts have been made to genetically
modify different types of ASC-derived organoids, as described in detail by others [13,42].
Schwank et al., Matano et al. and Kavasaki et al. are just some of the researchers showing
that CRISPR /Cas9 could be applied in gastrointestinal tract organoids for gene knock-out or
mutation repair [47-49]. CRISPR/Cas9 was also used on liver organoids in a study in which
a retroviral vector was used to deliver modified genes [35]. Furthermore, Dekkers and
colleagues showed that by using CRISPR/Cas9 editing in mammary epithelial organoids,
it is possible to model clonal evolution in breast cancer development [50]. Further efforts
have been made to induce gene editing in brain organoids to decipher disease mechanisms
and development, as reported more specifically in the following sections dedicated to
rare neurological disorders and cancers. CRISPR/Cas9-mediated gene editing is usually
conducted on brain organoid founder cells, i.e., ESCs and iPSCs [45,51-55].

CRISPR/Cas9 is also widely used to study congenital nervous system malformations
such as microcephaly. Bendriem et al. used genome editing to knock out the gene Occludin
(OCLN) in mouse and human models. OCLN KO resulted in early neuronal differentiation
disorder, the slow self-renewal of progenitor cells and increased apoptosis in mice, whereas
the human neural progenitor cells were seriously affected [56-58]. Leigh syndrome (LS) is
another hereditary progressive neurodegenerative disease that leads to subacute necrotizing
encephalomyelitis [56,57]. Cell models of LS have been generated by using iPSCs from LS
patients with a mutation in the gene for surfeit locus protein 1 (SURF1) to produce brain
organoids. The combined approach of SURF1 gene editing by CRISPR-Cas9 and iPSCs
successfully restored a normal morphology in an organoid culture [57].
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Genome editing is still a growing research field, and new methodologies are being de-
veloped for organoids and iPSCs. Nonetheless, as shown by the studies reported in this sec-
tion, the combined application of CRISPR/Cas9 and organoid models may provide a techni-
cal platform for studying organ development, rare diseases and congenital malformations.

1.4. Quality Controls

Genetic manipulation in organoids requires further standardization in both the choice
of strategies to introduce the modified gene and the most suitable methodology for genome
editing [13]. An important aspect that needs further discussion is the design of proper
controls to verify that genetic manipulation occurs only in the target regions. CRISPR/Cas9
appears to be more precise and accurate than programmable endonucleases based on ZFN
or TALEN; however, the risk of “off-target” events that modify unwanted genome regions
is still present. Some quality controls are available to verify the absence of off-target effects.
One approach is to bioinformatically predict possible off-target regions and consequentially
sequence the region to verify the absence of undesired editing [59,60]. Another considerably
more expensive but accurate method is to use whole-genome sequencing to check for
alterations in a cellular genome.

Extensive quality controls are required to validate data from iPSC-derived organoids
due to donor genetic variability, laboratory techniques and cell differentiation differences.
The general standards for data quality derived from organoid studies are based on vali-
dating organoid composition and structure [12]. The constant monitoring of organoids’
structural and cellular characterization requires live organoid imaging, time-lapse imaging
of morphological changes and immunostaining [61-63]. Standardization on the dissocia-
tion, passage and cryopreservation of organoids is also required. Particular attention needs
to be dedicated to the control of long-term organoid cultures due to the development of
a necrotic core in static cell cultures, a loss of cells during culture medium changes and
a lack of oxygen and nutrients in the core of organoids [64,65]. Despite the refinement
of validation methods, the heterogeneity and reproducibility, both morphological and
functional, of the obtained 3D organoid systems remain the most critical aspects when
transferring the results to preclinical models.

2. Organoids and iPSC-Based Models for Rare Neurodegenerative, Neuromuscular and
Skeletal Diseases

Cellular models, such as iPSCs and 3D organoids, generated either from iPSCs or
from patient tissue biopsies, are valuable models for studying rare diseases, including the
role played by causal mutations in disease development and progression. Table 1 lists
representative rare neurodegenerative and neuromuscular diseases, skeletal disorders and
brain tumors for which iPSC/organoid models have been generated. These examples of
cellular model applications will be described in the following sections.

Table 1. iPSC/organoid models applied in studying rare neurodegenerative and neuromuscular
diseases, brain tumors and skeletal diseases.

Disease

Gene Cell Model Reference

NEURODEGENERATIVE/DISORDERS

Autosomal recessive primary

microcephaly (MCPH3)
OMIM #604804

CDK5RAP2 iPSC-derived cerebral organoids [19]

Miller-Dieker Syndrome (MDS
form of lissencephaly)
OMIM #247200

patient-derived iPSC cortical organoids;
patient-specific forebrain
organoids + CRISPR/Cas9
genome editing

; severe deletion of 17p13.3
involving LIS1 and
YWHAE genes

[45,52]
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Table 1. Cont.
Disease Gene Cell Model Reference
Leukoencephalopathy with vanishing
white matter 1-5 (VWM1-5) EIF2B1-5 iPSC-derived brain organoids with and 6]
OMIM #603896; #620312; #620313; without eIlF2B gene mutations
#620314; #620315
Huntington’s disease (HD) HTT iPSC-derived neurons and brain organoids, [67]
OMIM #143100 both carrying HTT mutations
Sporadic Creutzfeld—Jacob prion Sy .
disease (CJD) PRNP cerebral or;g:a}301crlisolr111$fected with [68]
OMIM# 123400 P
Patient-derived iPSC retinal organoids;
Retinitis pigmentosa (RP) iPSC-derived retinal pigment .
OMIM#268000 several genes epithelial cells [69-75]
+ CRISPR/Cas9 editing
Charcot-Marie-Toot 1A (CMT1A) . . . .
OMIM #118220 PMP22 Patient-derived iPSC PNS organoids [76]
Axonal Charcot-Marie-Tooth (CMT
type 2A1; 2E; 2F; and 2L) several genes iPSC-derived neurons from CMT2 patients (7]
OMIM #118210; #607684; v & + CRISPR/Cas9 editing
#606595; #608373
Frontotemporal dementia (FTD) with IPSC._ derived cgrebral organ01d§ from
- . . patients carrying MAPT mutations;
or without Parkinsonism MAPT . . . . . [78-80]
OMIM#600274 patient-derived iPSC lines with MAPT
mutations + CRISPR/Cas9 editing
NEUROMUSCULAR DISORDERS
Aiy()tirﬁp}x? tftfer}ritsiliosmral patient-derived iPSC cortical organoids
overiapping W ontotempo TARDBP (TDP43) iPSC-derived co-cultured neurons [81]
dementia (ALS/FTD) nd astrocvt
OMIM# 612069 and astrocytes
patient-derived iPSC
Amyotrophic lateral sclerosis (ALS) SOD1 sensorimotor organoids; [82,83]
OMIM #105400 ALS iPSCs with SOD1 mutations and T
primary myoblasts co-culture
patient-derived iPSC skeletal muscle
Duchenne muscular dystrophy (DMD) DMD organoids + CRISPR/Cas9 editing; [84]
OMIM #310200
3D co-culture
Limb-girdle muscular dystrophy type
R3 (LGMDR3) SGCA 3D co-culture [84]
OMIM# 608099
LAMIN A/C (LMNA)-related
muscular dystrophies LMNA 3D co-culture [84]
OMIM# 613205
Myt gravis (40 IS e s
OMIM #254200 & Jang
neuromuscular junctions
Idiopathic inflammatory myopathies - 3D myobundle [86]
SKELETAL DISORDERS
Juvenile osteochondritis . patient-derived iPSC lines, 187]
disseccans (JOCD) 3D chondrogenic modeling
Turner syndrome X chromosome patient-derived iPSC lines [88]
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Disease Gene Cell Model Reference
Hypochondrogenesis .
chondrogenesis type . . . ,
achondrog is type II COL2A1 cartilage produced from [89,90]
OMIM #200610 patient-derived iPSCs
OSteOgg‘&?&gggf;%Cta (©On COL1A1 patient-derived iPSC lines [91-93]
Cleidocranial dysplasia (CCD) patient-derived iPSC
OMIM # 119600 RUNX2 lines + CRISPR/Cas9 editing 541
BRAIN TUMORS
patient-derived glioblastoma organoids;

HRAS human-ESC-derived

Glioblastoma (GB) TP53 glioma + CRISPR/Cas9 editing; [51,95,96]

glioblastoma spheroid invasion of a brain
organoid (GLICO)
Medulloblastoma (MB) Otx2/c-MYC genetically engineered iPSC [97]
cerebellar organoids
Meningioma - patient-derived meningioma organoids [98-100]
Retinoblastoma RB1 human-ESC-derived and patient-derived [101-105]

retinal organoids + CRISPR/Cas9 editing

2.1. Modeling Rare Neurodegenerative Diseases and Tauopathies with iPSC-Derived Organoids

The nervous system is a highly complex structure composed mainly of neurons
and glial cells organized in a complex tissue architecture. Many characteristics, such as
morphological features and specific cell populations, particularly for the human brain, are
species-specific [106], thus limiting the information obtained from studies using classical
cell cultures and animal models. This began the quest for more complex and physiologically
relevant in vitro models that could to mimic the basic structure and cell content of the
human nervous system. Some of these complex organoid systems have been used to model
rare neurological diseases, as described below.

2.1.1. Autosomal Recessive Primary Microcephaly (MCPH3)

Cerebral organoids (COs), used to model several rare neurological diseases, are 3D
self-organizing cultures of cerebral brain tissue differentiated from pluripotent stem cells,
including iPSCs, which include different neural and neuronal subtypes spatially organized
in a manner similar to a developing human brain and closely recapitulating developmental
gene expression patterns [22,52]. Pioneering work on cerebral organoids began with the
human iPSC-derived cerebral organoid implemented by Lancaster et al. in 2013 [19]. This
model developed interdependent brain regions, including the cerebral cortex, which con-
tains progenitor populations that organize and produce mature cortical neuron subtypes.
Cerebral cortical areas in the organoid showed an organization similar to a developing hu-
man brain in the early stages, with the presence of a considerable population of outer radial
glial stem cells. Moreover, in this study, microcephaly patient-derived iPSCs and shRNA
were used to develop an organoid model for the investigation of the role of CDKS5 regulatory
subunit-associated protein 2 (CDK5RAP2). Microcephaly patient organoids demonstrated
premature neuronal differentiation, a defect that could explain the disease phenotype [19].

2.1.2. Miller-Dieker Syndrome (MDS)

Miller-Dieker syndrome (MDS) is the most severe form of lissencephaly, a genetic
neurological disorder associated with mental retardation and intractable epilepsy [45]. Clas-
sical lissencephaly is primarily due to heterozygous mutations or deletions of the LIS1 gene,
which encodes a protein that is part of the LIS1/NDEL1/14,3,3e complex and essential
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for dynein regulation and microtubule dynamics [107]. MDS is caused by a heterozy-
gous deletion of chromosome 17p13.3 involving two of these genes, LIS1 and the tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation protein epsilon (YWHAE)
coding for 14.3.3¢. This deletion leads to very severe malformations with neuronal dis-
organization during cortical development [52]. An analysis of forebrain-type organoids
derived from MDS-specific iPSCs revealed that a deficiency of the LIS1/NDEL1/14.3.3¢
complex leads to an impairment of cortical niche signaling, resulting in alterations in
N-cadherin/b-catenin signaling and a non-cell-autonomous expansion defect of ventricular
zone radial glia cells. These patient-derived organoids were indeed significantly smaller,
with an asymmetric cell division, alterations in microtubule organization and a disruption
of the cortical niche architecture. The CRISPR/Cas9 genome editing applied to repair
the two defective genes in MDS forebrain organoids contributed to analyzing the level of
malformations during cortical development following the insertion of the genes [52].

In another study, an iPSC-derived cerebral organoid model of early corticogenesis was
implemented to investigate the effects of MDS mutations on human progenitor subtypes
that control neuronal output and influence brain topology in the first trimester of cortical
development. Cerebral organoids derived from control and MDS iPSCs were analyzed us-
ing multiple approaches, including live-cell imaging, immunostaining and single-cell RNA
sequencing. The results show cell-type-specific defects of lissencephaly across neuroep-
ithelial cell expansion, abnormalities in neuronal migration and a mitotic defect of outer
radial glia progenitors, a cell type significant for human cortical development but largely
absent from lissencephalic rodents. Furthermore, the correction of the MDS causative
chromosomal deletion corrected the cell migration defect. These findings support the
hypothesis that outer radial glia dysfunction may be a feature of cortical malformations
associated with lissencephaly [45].

2.1.3. Leukoencephalopathy with Vanishing White Matter (VWM)

Leukoencephalopathy with vanishing white matter (VWM) is a rare autosomal reces-
sive disease characterized by variable neurologic features associated with white matter
lesions in brain imaging. This neurological disorder can be caused by mutations in any of
the EIF2B1-5 genes (VWM 1-5) which encode subunits of eukaryotic translation initiation
factor 2B (elF2B) [108]. Alterations in this factor influence embryonic brain development,
as demonstrated by the neuropathological characteristics of two fetuses carrying EIF2B5
gene mutations [109]. To investigate the pathophysiological mechanisms in the dynamic
process of VWM development, wild-type and elF2B mutant brain organoids were devel-
oped from iPSCs [66]. The mutant organoids showed a smaller size in the early stages,
with increased apoptosis due to the overactivation of the unfolded protein response. This
finding can explain the presence of microcephaly in patients with the congenital form of
VWM. The results of this study suggest that mutations in elF2B genes cause a delay in the
development of neural stem cells of the brain organoids, which in turn affects subsequent
glial cell development [66].

2.1.4. Huntington Disease (HD)

Both human iPSCs and brain telencephalic organoids have been developed to evaluate
the neuronal defects associated with Huntington’s disease (HD), a neurodegenerative
autosomal dominant disease with a late onset caused by a CAG expansion in the huntingtin
(HTT) gene. HD symptoms include debilitating chorea, cognitive impairment and psychi-
atric impairment and are mainly related to neuronal loss in the striatum and cortical areas.
Mutant HD organoids exhibit a high rate of immature cells and an abnormal acquisition
of mature neuronal markers [110]. Both 2D and 3D lines harboring mutant HTT mature
more slowly than lines unaffected by the disease or show altered gene expression in early
developmental stages in both striatal and cortical regions [67]. The morphological features
of the cells and the tissue organizational characteristics of 3D organoids, such as a disrupted
spatial cytoarchitecture, deficient cellular compartmentalization and similarities to the im-
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mature ventricular and subventricular zones seem to indicate that mutant HTT plays a
pivotal role in slowing fetal neurodevelopment [111]. Gene expression studies performed in
both 2D and 3D cultured systems carrying HD mutations have identified altered expression
of genes involved in sodium voltage-gated currents (SCN1A, SCN2A, SCN4B, SCn9A), neu-
ronal migration and differentiation (SOX11, GAP43, CELSR3) [67,110,112]. These findings
agree with research suggesting a critical role of HTT in neurogenesis and embryonic tissue
organization in early development. In addition, they may explain neurodevelopmental
disorders, along with the more specific neurodegenerative ones, shown by the juvenile
form of HD caused by the largest CAG expansions. [67,110].

2.1.5. Creutzfeldt-Jakob Disease (C]D)

Cerebral organoids have been proposed as valuable models for investigating human
prion diseases and their subtypes. These 3D models can be infected with different subtypes
of Creutzfeldt-Jakob disease (CJD) prions, which in humans cause different manifestations
of the disease, maintaining the original subtype characteristics of the infecting prions.
Mouse models expressing human prion proteins inoculated either with cerebral organoids
that had been infected with two CJD subtypes (MV1 and MV2) or with the original human
brain material present similar disease characteristics, demonstrating that this in vitro model
can faithfully reproduce different subtypes of prion disease [68,113].

2.1.6. Retinitis Pigmentosa (RP)

Retinitis pigmentosa (RP) is a group of heterogeneous inherited retinal degenerative
diseases characterized by the irreversible loss of photoreceptor cells, resulting in early-onset
progressive visual field defects and irreversible blindness. Several different genes can be in-
volved in RP development, leading to retina-specific phenotypes [69-71]. Retinal organoids
(RO) and retinal pigment epithelium (RPE) cells were derived from the iPSCs of patients
carrying different RP gene mutations, providing information about their pathogenesis and
allowing for disease modeling, a comparison of the disease mechanisms and drug testing
on the different genetic forms of RP. Patient-specific organoids have been differentiated
from iPSCs derived from RP patients with different mutations in the following genes:
the retinitis pigmentosa GTPase regulator (RPGR) gene, the most common cause of this
disease; the beta subunit of the rod cGMP-phosphodiesterase type 6 (PDE6B) gene [69];
the usherin (USH2A) gene, one of the most common causes of non-syndromic RP [70];
the RHO gene [74]; and the pre-mRNA processing factor 31 (PRPF31) gene, which causes
one of the most common forms of dominant RP [75]. Each one of these models presents
important morphological and functional changes mimicking the typical human phenotype
of the respective RP form, also allowing the different gene mutations to be associated with
significant defects in photoreceptors in terms of morphology, localization, transcriptional
profiling and electrophysiological activity.

Significant efforts are directed toward developing new therapeutic strategies, imple-
menting RO-based cell therapy and providing patient-derived ROs for gene therapy, thus
promoting the development of personalized medicine [71]. The CRISPR-Cas9-mediated
correction of the RPGR mutation restored gene expression and rescued the photoreceptor’s
structure and electrophysiological properties [72,73]. Treatment with PR3, a small molecule
targeted to Nuclear Receptor Subfamily 2 Group E Member 3 (NR2E3), attenuates the
increased Rhodopsin (RHO) expression and partially rescues the altered RHO trafficking
in an iPSC-derived retinal organoid implemented from a patient with a copy number
variation in the RHO gene [74]. The defective RPE phenotype and photoreceptor cell death
in RO linked to the presence of a PRPF31 mutation can be prevented by PRPF31 gene
supplementation using the CRISPR/Cas9 strategy. The restoration of PRPF31 expression
can reverse the photoreceptor’s defective phenotypes and rescue the mutation-induced
photoreceptor cell death, paving the way for a potential AAV-mediated gene therapy for
the treatment of PRPF31-related RP [75].
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2.1.7. Charcot-Marie-Tooth (CMT) Disease

Charcot-Marie-Tooth (CMT) disease is an inherited neuropathy that is clinically het-
erogeneous and associated with mutations in a wide spectrum of genes that mainly affect
the peripheral nervous system (PNS) [114]. According to the primary deficit site, CMT is
classified into demyelinating (CMT1) forms, affecting Schwann cells, and axonal (CMT2)
forms, occurring in neuronal axons. CMT1A is caused by a tandem duplication on chro-
mosome 17p11.2-p.12 containing the Peripheral Myelin Protein 22 (PMP22) gene, which
specifically affects the myelination of peripheral nerves [114]. The increased level of PMP22
expression derived from this tandem duplication disturbs the myelination process. A
complex organoid culture modeling the cell content and basic structure of the human
PNS was developed by Van Lent and colleagues [76] from patient-derived CMT1A iPSCs.
This organoid system, composed of multiple self-organizing and interacting cell types,
including myelinating Schwann cells, recapitulates many of the early disease hallmarks.
The downregulation of PMP22 expression using short-hairpin RNAs or a combination
of drugs was able to ameliorate myelin defects in CMT1A organoids, which also sup-
ports the role of PMP22 expression inhibitors as a promising therapeutic approach for this
disorder. This study paves the way for the use of iPSC-derived organoids containing myeli-
nating Schwann cells to potentially study other demyelinating neuropathies of the PNS,
such as Guillain—Barré syndrome, chronic inflammatory demyelinating polyneuropathy
or schwannomatosis. Moreover, Van Lent et al. hypothesize that organoids infected with
Mycobacterium leprae, which is the cause of leprosy, can be used to investigate the invasion
of these bacteria in Schwann cells [76]. Van Lent and colleagues have also generated a
patient-derived iPSC model to identify common traits of axonal degeneration shared by
different subtypes of Charcot-Marie-Tooth Type 2 (CMT2) [77]. This study compared the
cellular phenotypes of iPSC-derived neurons from patients affected by different CMT2
subtypes, covering the most frequent CMT2-causing genes, and healthy controls. Further-
more, it was demonstrated that the developed iPSC-derived neurons are true hallmarks
of CMT2A since the CRISPR/Cas9 correction of the pathogenic Mitofusin 2 MFN2-R94Q
patient iPSC line prevents the characteristic disease phenotypes. CMT2-derived motor neu-
rons showed neuritic network deficits with extracellular electrophysiological alterations, as
well as progressive deficits in mitochondrial and lysosomal trafficking. A common mito-
chondrial dysfunction in CMT2-derived motor neurons, with abnormalities in morphology,
expression pattern and oxidative phosphorylation, was observed across the different CMT2
subtypes. Moreover, the inhibition of a dual leucine zipper kinase partially ameliorates the
mitochondrial dysfunction in the CMT2A and CMT2E subtypes [77].

2.1.8. Frontotemporal Dementia (FTD)

Human iPSC-derived brain organoids, being a valuable model to study 3D multicel-
lular interaction occurring in cortical tissue [115-118], have been successfully applied to
study genetic mutations in frontotemporal dementia [80]. An advanced model of human
cortical organoids has been developed for studying the early molecular steps that occur
in the preclinical phase of amyotrophic lateral sclerosis overlapping with frontotemporal
dementia (ALS/FTD), an untreatable neurodegenerative disease characterized by rapid
cognitive decline and paralysis [119]. The researchers exploited brain organoid slicing meth-
ods that improve the viability of the cell composition in the growing cultures. Specifically,
they cultured human cortical organoids from iPSCs derived from patients, carrying the
hexanucleotide repeat expansion mutation COORF72, and demonstrated, using hundreds of
organoid slices, specific transcriptional, proteostasis and DNA repair alterations in astroglia
and neurons.

An iPSC-derived 3D co-culture model consisting of mature-like neurons and astrocytes
was used to study the pathology of a TAR DNA-binding protein (TDP-43) in ALS and FTID.
In this model, the depletion of granulin (GRN) expression mimics the features of the TDP-
43 proteinopathy, represented by an extranuclear accumulation of hyperphosphorylated
TDP-43 and an altered splicing of Stathmin 2 (STMNZ2), a protein involved in neuronal
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survival [81]. FTD is included in the spectrum of neurodegenerative tauopathies [120]. The
impact of different mutations in the MAPT gene encoding for the Tau protein was studied
in cerebral organoids derived from patients with FTD, demonstrating significant differences
in the expression of several genes, including the ceramide synthetase genes CERS4, CERS5
and CERS6, and PINI, TBK1, FUS and ELAV4 [78,121]. In particular, using human cerebral
organoids, it was shown that the MAPTp.V3337M mutation induces Tau phosphorylation,
glutaminergic dysfunction and a loss of glutamatergic neurons [78]. Furthermore, in
organoid astrocytes carrying the Tau V337M and R406W mutations, the upregulation of
several genes involved in the cholesterol biosynthesis pathway, including HMGCR, ACAT?2,
STARD4, LDLR and SREB2, was found [79]. Dissociated organoids were used to study the
genotype—phenotype relationship using iPSCs from patients carrying the MAPTp.R406W
mutation. In this model, patient-derived neurons showed morphological and functional
abnormalities that were rescued by microtubule stabilization [122]. Furthermore, the role
of p25/Cdk5 in frontotemporal dementia was demonstrated by patient-derived iPSCs
carrying the Tau P301L mutation and generating P301L:Ap35KI isogenic iPSC lines using
CRISPR/Cas9 genome editing. Cerebral organoids from isogenic iPSCs demonstrate the
crucial role of p25/Cdk5 in mediating Tau-associated pathology [123].

2.2. hiPSCs, Organoids and Novel Platforms for Neuromuscular Disorder Modeling

Skeletal muscle is a peculiar tissue characterized by an elaborate architecture of multi-
nucleate contractile myofibers together with motor neurons, endothelial and immune cells,
perivascular and connective tissue and muscle stem cells (MuSCs) [124]. The maintenance
of this complex environment ensures the normal function, homeostasis and regeneration of
muscle tissue [124]. The gold standard for studying skeletal muscle dynamics in health and
disease has long been represented by well-established 2D cell cultures and animal models,
mostly mice. Despite their undeniable utility, their use is limited by inherent issues that
cannot be overcome.

Thanks to extraordinary advances in knowledge and technology, promising new mod-
els for various skeletal muscle diseases have been developed in recent years. From iPSCs to
organoids and organ-on-a-chip, several strategies are emerging to investigate neuromus-
cular disorders [125]. Human iPSCs can be obtained from different somatic cell sources,
including fibroblasts, peripheral blood mononuclear cells and myoblasts [126]. Different
protocols [124,127,128] are now available to induce iPSC-derived myogenic progenitor cells
in vitro through the transgenic overexpression of key myogenic transcription factors or
directly using cocktails of signaling molecules and growth/inhibition factors [124,125].
These iPSCs can be a powerful 2D culture platform alone or in co-culture with inflamma-
tory, neuronal and endothelial cells [125,129-131]. Even more innovatively, iPSCs represent
the starting material for building 3D engineered skeletal muscle tissue using natural-
or synthetic-scaffold-based models, 3D bioprinting technology or organ-on-a-chip plat-
forms [125,129-131]. The great potential of these tools lies in the possibility of achieving
endless proliferative capacity and controllable differentiation from patients” iPSCs up to
the production of functional artificial muscles. They may recapitulate the complex mus-
cle tissue architecture and microenvironment, as well as molecular, biomechanical and
electrophysiological dynamics.

Human iPSC-derived muscle fibers have recently been utilized in monolayer cul-
tures to model several skeletal muscle disorders, such as facioscapulohumeral dystro-
phy (FSHD) [132,133], Duchenne muscular dystrophy (DMD) [134-137], limb—girdle mus-
cular dystrophies (LGMDs) [93,138-140], myotonic dystrophy type 1 (DM1) [141,142],
LAMIN A/C (LMNA)-related muscular dystrophies [143], infantile Pompe disease [144,145],
McArdle disease [146], carnitine palmitoyltransferase II (CPT II) deficiency [147] and
nemaline myopathy [148], allowing for a good replication of the main disease-related
pathological features.

A scaffold-based 3D approach has recently been applied to model genetic muscle
diseases. Human iPSCs from patients with different types of muscular dystrophies, in-
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cluding Duchenne muscular dystrophy (DMD), limb-girdle muscular dystrophy type R3
(LGMDR3) and LMNA-related muscular dystrophies, were used to successfully generate
artificial muscles that recapitulate the contractile deficit of DMD associated with a reduced
expression of fast myosin isoforms in DMD mutant iPSC-derived muscle tissue and the
main pathological hallmarks of laminopathies in LMNA engineered muscle tissue [84,149].
This scaffold-based model has also been used by Chen et al. 2021 [86] to generate a bioengi-
neered 3D skeletal muscle system called “myobundle” to study inflammation in muscle
tissue. In this work, the myobundle displayed all the key features of functional skeletal
muscle, including electrically or chemically induced twitch and tetanic contractions and
robust calcium transients. An IFN-y treatment mimicking chronic inflammation induced
myobundle wasting and weakness through the upregulation of the JAK/STAT signal-
ing pathway [86]. By combining the INF-y treatment with exercise-mimicking electrical
stimulation or with FDA-approved JAK/STAT inhibitors, the engineered human skele-
tal muscle showed the ability to counteract inflammation on its own, preventing muscle
atrophy by inhibiting the JAK/STAT pathway, suggesting that this tool can also be used
for drug screening [86]. Altogether, this model lays the foundation for the study of thera-
peutic strategies and molecular mechanisms of acquired myopathies, such as idiopathic
inflammatory myopathies (IIMs), a heterogeneous group of autoimmune diseases charac-
terized by muscle weakness and inflammation whose pathogenetic mechanisms are still
poorly understood [86].

One of the most interesting applications of the organ-on-a-chip technology is the
generation of neuromuscular junctions (NM]Js). An NM]J, the synaptic connection between
a motor nerve and a muscle, is a complex and specialized structure formed by muscle cells,
motor neurons (MNs) and Schwann cells [150]. In recent years, human NM]J organoids
have been created to achieve the effective innervation of engineered skeletal muscle by co-
culturing muscle fibers derived from primary human myoblasts or from iPSCs along with
ESC-derived motor neurons using a scaffold-based approach [150,151] or 3D bioprinting
technology [7,152]. These models lead to the formation of functional NMJs showing electri-
cal excitability and muscle contractility. An artificial NMJ structure capable of modeling
Myasthenia gravis (MG), a rare antibody-mediated autoimmune disease that targets the
neuromuscular junction and specifically the postsynaptic muscle end-plate components,
was further implemented [85]. In Faustino Martins et al.’s paper, human PSC-derived
neuromesodermal progenitors (NMPs) were used to generate a complex, self-organizing
neuromuscular organoid containing NMJs supported by terminal Schwann cells and fully
functional with muscle contractility, spontaneous calcium oscillations and electrical ac-
tivities including synchronized neuronal firing. The platform was treated with purified
IgG from the sera of MG patients showing a severe impairment of muscle contraction
and NM]J integrity, which are the main features of this disease [85]. Bioengineered NMJs
generated using a microfluidic device to cultivate 3D myobundles and iPSC-derived MNs
from a patient with sporadic Amyotrophic Lateral Sclerosis (ALS) allowed for the disease
modeling of an ALS motor unit [151]. The microphysiological 3D ALS motor unit model
showed reduced MN viability and muscle contraction strength by optical stimulation and
also demonstrated its potential as a drug screening platform, having been tested with ALS
drugs administered through an endothelial cell barrier [151]. A complex human sensori-
motor organoid containing motor and sensory neurons, astrocytes, microglia, vessels and
skeletal muscle fibers was generated from iPSCs obtained from healthy individuals and
patients with both familial and sporadic forms of ALS [82]. After 6 weeks of culture, the
established sensorimotor organoid formed functional NM]Js that resulted in reduced muscle
contractions in the ALS-derived organoid model, suggesting a possible NM] dysfunction
in ALS patient-specific iPSCs [82]. A simple but effective and reproducible organoid model
for ALS was also established using a scaffold-based technique to form physiologically
functional NM]Js by co-culturing 3D human skeletal muscle tissues from primary myoblasts
together with human iPSC-derived MNs harboring ALS-linked SOD1 mutations. The
bioengineered ALS-derived NM]Js showed reduced contractions compared to the NM]Js
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from healthy controls, confirming that the 3D neuromuscular cell culture system is suitable
for ALS and NMJ disease studies [83].

All these recent studies highlight the great potential of bioengineered tissues to inves-
tigate rare diseases with human platforms, maintaining structural and microenvironment
complexity combined with the ease of performing high-throughput experiments, genome
editing and drug testing. The field is still largely unexplored and needs improvements
in terms of reproducibility, but its potential will be further exploited by technological
advancements, from organ biofabrication and drug screening platforms to biosensors and
monitoring techniques to be integrated in future organ-on-a-chip systems [129,153-155].

2.3. iPSCs and Organoids for Modeling Bone Disorders
2.3.1. Bone and Cartilage Organoid Models

Bone and cartilage, the primary components of the skeletal system, represent special-
ized forms of connective tissue [156]. Bone is a dynamic organ, and its ability to adapt and
change over time is facilitated through the process of bone remodeling. This process is
orchestrated by two key types of cells: osteoblasts, which have bone-forming functions
and mature into osteocytes, and osteoclasts, responsible for bone resorption [157]. This
temporally and spatially synchronized process is intricately regulated by mechanical and
chemical stimuli, which trigger various signaling pathways. As a result, replicating this
microenvironment in vitro proves to be a challenging task. While 2D cultures are valuable
for assessing bone cell functionality, they fall short in elucidating the molecular pathways
governing the interplay among bone cells and their interaction with the bone matrix. [158].

Thus, 3D cell aggregates obtained from stem cells have enabled a better understanding
of bone mechanisms [159,160]. However, although it has been relatively straightforward
to create organoids from cells derived from the brain or liver, the development of bone
organoids presents a significant challenge. Bone comprises diverse cell types situated
within a unique extracellular matrix (ECM) characterized by a dynamic composition of
collagen and minerals. Consequently, organoids generated from mesenchymal stem cells
(MSCs) can be regarded as a valuable research model for investigating bone diseases and
the identification of potential therapeutic targets [161]. A 3D co-culture of osteoblasts and
osteocytes has been generated from the differentiation of stromal cells derived from human
bone marrow [162]. This system can be regarded as a three-dimensional in vitro model for
studying osteogenesis under both physiological and pathological conditions, as well as
for assessing the impact of molecules that affect bone. Nevertheless, mesenchymal stem
cells (MSCs) also exhibit certain drawbacks, such as replicative senescence [163], which
constrains the potential for obtaining a substantial number of cells.

iPSCs, which can be produced from various adult somatic cell types, allow isogenic
disease to be modeled and have been shown to have a high capacity to form cell aggre-
gates [164,165]. Moreover, it is important to note that the generation of bone or cartilage
organoids requires not only stem cells but also a matrix scaffold. Nevertheless, using
various techniques, certain bone organoid models have been successfully created [166]. For
instance, using human iPSCs, an organoid that replicates the bone marrow (referred to as
BMO) was developed, comprising hematopoietic, mesenchymal and vascular cells [167].
Furthermore, to investigate interactions between cartilage and bone, O’Connor and col-
leagues generated an osteochondral organoid using mouse iPSCs by inducing the expres-
sion of pluripotency factors through an inducible lentiviral vector [168].

2.3.2. Bone and Cartilage Disorders Modeling

The implementation of iPSC-based technology is behind the generation of disease
models used to study pathogenetic processes or to identify therapeutic and/or diagnostic
targets in the field of skeletal disorders. To elucidate the etiology of juvenile osteochondritis
dissecans (JOCDs), a pediatric disease predisposing to early osteoarthritis, Salazar-Noratto
conducted a study using iPSCs obtained from JOCDs and control patients [87]. Specifically,
iPSCs were obtained from skin biopsies, and mesenchymal stromal cells derived from
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iPSCs were subsequently differentiated. These cells were analyzed to assess the impact of
endoplasmic reticulum stress on chondrogenic and endochondral ossification processes [87].
The researchers further noted that the JOCD cells exhibited a diminished chondrogenic
response and impaired endochondral ossification when compared to the control cells. This
observation implies an increased susceptibility to stress in JOCD cells. This model can also
be considered useful for identifying therapeutic targets in JOCD patients. By using iPSCs
obtained from a patient diagnosed with Turner syndrome and with an associated health
follow-up, Cui and colleagues observed heightened osteoclastogenesis in the patient’s
cells [88]. These findings indicate that the skeletal impairment in Turner syndrome may be
attributed to an alteration in the bone resorption process.

In cartilage derived from iPSCs carrying the heterozygous COL2A1p.G1113C mutation,
associated with hypochondrogenesis, the collagen I levels in the extracellular matrix (ECM)
were diminished as a result of collagen misfolding at the cellular level [89,90]. The collagen
fibrils in the ECM were also disorganized, like those found in human patients and mice
with mutations in the Col2al gene [169,170].

The use of iPSCs could also support studies for the identification of therapeutic targets
and/or for drug screening for Osteogenesis Imperfecta (OI), a group of skeletal tissue
disorders characterized by bone fragility. When iPSCs carrying the perinatally lethal OI
COL1A1p.W1312C mutation were differentiated into chondrocytic and osteoblastic lin-
eages, a notable decrease in collagen I staining within the extracellular matrix (ECM) was
observed. This reduction resembled the staining pattern observed in patient-derived fibrob-
lasts [89,91,92]. Kim et al. derived KSCBi006-A iPSCs from peripheral blood mononuclear
cells of a patient diagnosed with OI type I through the Sendai virus delivery method. These
iPSCs retained the original mutation (COL1A1c.3162delT) and exhibited the capacity to
differentiate into all three germ layers [93]. This model, therefore, represents a useful
platform for studying OI and for drug screening.

Beyond its utility as a research tool for studying diseases, patient-specific iPSC tech-
nology also offers potential for employing restored iPSCs in therapeutic interventions. To
this end, Saito et al. generated iPSCs from the primary human oral fibroblasts of patients
with cleidocranial dysplasia (CCD), a dominantly inherited skeletal disorder [94]. These
CCD iPSCs were generated using retroviral vectors (OCT3/4, SOX2, KLF4 and ¢-MYC) or
a Sendai virus SeVdp vector (KOSM302L), and by applying the CRISPR/Cas9 system, the
authors corrected the mutations in the CCD iPSCs [94]. As a result, osteoblasts derived
from edited CCD iPSCs and transplanted into rat cranial bone defects exhibited the ability
to stimulate bone regeneration, thereby showing the potential therapeutic applications of
reprogrammed iPSCs. This last finding suggests that iPSC-based technology is also an
innovative tool in regenerative medicine for bone and cartilage disorders.

In conclusion, the ability to reproduce skeletal disease phenotypes in vitro using
iPSC-based models promises to improve studies describing the molecular mechanisms of
alterations, enabling the identification of therapeutic and diagnostic tools.

2.4. Organoids Models for Brain Tumors

Malignant brain tumors are a heterogeneous group of histologically diverse tumors
with poor prognosis and high morbidity and mortality rates [171,172]. Patient-derived
iPSCs and brain organoids have been employed in cancer research as well as in the field of
brain tumors, including glioblastoma, medulloblastoma and meningioma.

In 2016, Hubert and colleagues succeeded in producing the first glioblastoma 3D
organoid culture system, starting directly from patient glioblastoma cells [95]. The authors
managed to produce a complex cellular model that housed populations of both stem
and non-stem glioblastoma cells, thus recapitulating the complexity present in the donor
patient [95]. Instead, Ogawa et al. used CRISPR/Cas9 to model glioma formation in the
human ESC cell line H9 by inducing the homologous recombination of an HRasp.G12V-
IRES-tdTomato construct into a TP53 locus [51]. Using this approach, it was possible to
introduce the activated oncogene HRasp.G12V while simultaneously disrupting the tumor
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suppressor gene TP53 [51]. The generated organoids displayed tumorigenic and invasive
potential in vivo when transplanted into the hippocampus of immunodeficient mice [51].
Recently, a novel approach for generating glioblastoma organoids has arisen. Da Silva et al.
developed a protocol in which a patient-derived glioblastoma spheroid was allowed to
come into contact with and invade a healthy human cerebral organoid [96]. This model has
the advantage of recapitulating the tumor microenvironment in a more accurate way, as
glioblastoma cells become embedded in healthy brain tissue [96,173].

A few years later, the first 3D cellular model for group 3 medulloblastoma was
produced via the overexpression of the Otx2 and c-MYC genes in human cerebellar
organoids [97]. When transplanted into nude mice, the human cerebellar organoids dis-
played tumorigenic ability and significantly reduced mouse survival [97].

Finally, in recent years, two research groups have independently developed protocols
for generating meningiomas organoids [99,100]. While Chan and colleagues produced
organoids starting from malignant meningioma cell lines (IOMM-Lee and HKBMM), Ya-
mazaki’s approach started directly from patients” tumors obtained via surgical resection.
When comparing the tumor organoid with the patients’ original sample, the histologi-
cal features and molecular profiles were consistent with those observed in the parental
tumors [99,100]. A third patient-derived meningioma organoid model was established
to characterize the mechanism underlying the malignancy of high-grade meningiomas.
This model fully retains the aggressiveness and the brain invasiveness after an ortho-
topic transplantation of the unique initiating cell subpopulation and was also used to
identify the synthetic compound SRT1720 as a potential agent for systemic treatment and
radiation sensitization [158].

Retinoblastoma (Rb) is a rare pediatric cancer of the developing retina in which can-
cerous cells can sometimes grow along the optic nerve and reach the brain via the optic
nerve [174]. Several retinal organoid models have been developed, starting both from
human embryonic stem cells and patient-derived iPSCs with germline mutations in the RB
transcriptional corepressor 1 (RB1) gene. CRISPR/Cas9 gene editing allowed for the intro-
duction of the desired second RB1 mutation in models obtained from RB1 heterozygous
cells or for the full knockout of the RB1 gene. These studies have allowed for an investiga-
tion of Rb tumorigenesis, disease modeling, cancer progression and drug testing [101-105].
Retinoblastomas formed from retinal organoids showed high similarity with human cancer
and could induce Rb when transplanted into the eyes of immunocompromised mice [103].
When co-cultured with human Rb cells, iPSC-derived retinal organoids resulted in a dis-
organization of the retinal histoarchitecture in a manner consistent with metastasis and
invasion, thus providing a useful ex vivo model system for assessing Rb tumor progression
and personalized medicine approaches [175]. These models were also used to test drugs
commonly used to treat Rb and screen new ones. For instance, the high-throughput screen-
ing of a 133-drug panel resulted in the identification of sutinib, which is FDA-approved
for treating renal carcinoma and imatinib-refractory gastrointestinal stromal tumors, as a
possible Rb treatment [176].

Overall, in recent years, the development of organoid models to recapitulate brain
tumor complexity has received increased attention. Both patient-derived and genetically
engineered organoids/iPSCs have displayed phenotypes resembling the clinical behavior
of a tumor. Further research is needed to establish these 3D cellular models in other CNS
tumors, as well as in other district cancers.

3. Conclusions and Future Perspective

Understanding intracellular pathways and alterations in cellular interactions is a
challenging obstacle in the study of rare diseases. Not only does the limited number of
specimens contribute to the difficulty of the research, but there is also a lack of experimental
models that can recapitulate the complex architecture of the tissues involved. In this review,
which is not intended to be exhaustive due to the large number of recently developed
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organoid models, we have chosen to focus on 3D cellular models applied to the study of
rare diseases involving neuronal, neuromuscular and skeletal tissues.

The technical approach and potential of the application of 3D cultures derived from
human iPSCs in the investigation of cell biology and rare human diseases have been
highlighted by the results obtained in the studies commented on in this review. From
the analyses of these models, we can categorize the contribution of disease research into
the following main areas of interest: (a) alterations in differentiation processes due to the
contribution of different cell types (such as MDS and VWR diseases); (b) the characterization
of disease subtypes (such as CJD); (c) alterations in the expression of gene clusters involved
in cross-cellular pathways (such as HD); (d) potential new therapeutic targets (such as RP,
CMT, FTD and IIM diseases); (e) the recapitulation of tissue structural alterations (such as
DM) and drug screening (such as OI).

In the near future, it will be possible to foresee the expansion of applications of cel-
lular models based on human iPSC-derived organoids in genetic studies of rare diseases.
Establishing cell models based on a patient’s genetic background may allow for a deeper
understanding of disease onset and progression mechanisms. Stem-cell-based organoids
may contribute as an efficient in vitro model to analyzing genotype/phenotype correlations
at the molecular level, as corroborated by the efficacy of genome editing technologies. The
expectations for the future are high, but several limitations of organoids must be mentioned,
including their lack of a vascular system, limited differentiation and altered cellular inter-
actions. Standardizing the cell matrix components for 3D cell cultured architectures and
carrying out a rigorous validation of cell type differentiation will help achieve consistent
and reproducible data to be shared by the scientific community and contribute to novel
approaches in gene targeting therapies.
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