L))

Check for
updates

Clin Exp Pediatr Vol. 68, No. 4, 269-277, 2025
https.//doi.org/10.3345/cep.2024.01235

CE

Review article

Cerebral organoid research for pediatric patients with

neurological disorders

Jin Eun, MD, PhD*, Jung Eun Lee, PhD?, Seung Ho Yang, MD, PhD?

'Department of Neurosurgery, Eunpyeong St. Mary’s Hospital, College of Medicine, The Catholic University of Korea, Seoul, Korea; “Department of Neurosurgery,
St. Vincent's Hospital, College of Medicine, The Catholic University of Korea, Seoul, Korea

Cerebral organoids derived from human induced pluri
potent stem cells offer a groundbreaking foundation for the
analysis of pediatric neurological diseases. Unlike organoids
from other somatic systems, cerebral organoids present
unique challenges, such as the high sensitivity of neuronal
cells to environmental conditions and the complexity of
replicating brain-specific architectures. Cerebral organoids
replicate the human brain development and pathology,
enabling research on conditions such as microcephaly, Rett
syndrome, autism spectrum disorders, and brain tumors.
This review explores the utility of cerebral organoids for
modeling diseases and testing therapeutic interventions.
Despite current limitations such as variability and lack
of vascularization, recent technological advancements
have improved the reliability and application of such
interventions. Cerebral organoids provide valuable insight
into the mechanisms underlying complex neural disorders
and hold promise as novel treatment strategies for pediatric
neurological diseases.
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Key message

Cerebral organoids obtained from human induced pluri
potent stem cells are transforming the study of pediatric
neurological diseases by providing more accurate models of
human brain development and pathology. These advance-
ments have improved pathology modeling and the potential
for novel therapeutic approaches despite existing challenges
such as reproducibility and vascularization.

Background of cerebral organoid development

Achieving the proper diagnosis and treatment of pedi-

atric diseases requires in-depth knowledge of physiolo-
gical and pathological processes. Animal and cell culture
models played crucial roles in this study. Mouse models are
widely used for convenience and their chemical, molecular,
cellular, and anatomical similarities to humans.) Many
human diseases affect differentiated cell types, including
neurons and somatic cells, which are challenging to
sample, culture, and sustain. Even when primary cell lines
are generated from tissues, obtaining significant results is
often hindered by issues related to replicability, dedifferen-
tiation, and variability caused by the culture conditions. In
2006, Takahashi and Yamanaka? first demonstrated that
murine skin cells can be transformed into embryonic stem
(ES)-like cells through the introduction and expression
of specific genes using a viral transfection vector. This
breakthrough has been validated by several research
groups, who confirmed the reprogramming of skin cells
into ES-like cells or induced pluripotent stem cells (iPSCs),
requiring only 4 genes (OCT3/4, SOX2, KLF4, and C-MYC).2?
In fact, iPSCs have become a leading basic research tool
in cancer, neurological diseases, human development,
and various other fields. Neurological disorders arise
from defects in various nervous system cell types such
as neurons, astrocytes, and glial cells, all of which can be
generated using current iPSC differentiation protocols.
Progress in tissue engineering may enable the creation of
organoid models that replicate the intricate cell networks
of the brain, spinal cord, and peripheral nervous system.
Amyotrophic lateral sclerosis (ALS)? is characterized
by the progressive degeneration of the upper and lower
motor neurons in the brain and spinal cord. Motor
neurons derived from iPSCs from patients with ALS
successfully mimic the ALS phenotype. Spinal muscular
atrophy (SMA),> an autosomal recessive disorder affect
ing the voluntary skeletal muscles, is among the first
genetic disorders successfully modeled using iPSCs,%”
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replicating the effects of SMA on neuromuscular junc-
tions. Psychiatric disorders such as schizophrenia and
bipolar disorder have also been studied using iPSCs.
Schizophrenia is a complex debilitating psychiatric dis-
order that typically manifests as psychosis during early
adulthood. The causes of schizophrenia are multifaceted
and involve genetic predisposition and environmental
factors. Schizophrenia affects high-level neurobehavioral
functions, and its complex genetic influences have com-
plicated the development of valid animal models. Neurons
derived from iPSCs of patients with schizophrenia have
provided insight into its pathogenesis by identifying
genetic risk factors and altered signaling pathways.®”

Notably, specific phenotypic markers such as reduced
neuronal connectivity and glutamate expression were
reversed in iPSC models of schizophrenia following
treatment with antipsychotic drugs.!” Additionally, an
iPSC model of bipolar disorder demonstrated altered
neurogenesis and neuroplasticity, a phenotype that was
restored by pharmacological intervention.” Findings
from iPSC models of bipolar disorder may be instrumen-
tal in the development of new and optimization of exist
ing treatment options. Rett syndrome, a severe neuro-
developmental condition resulting from mutations in the
MECP2 gene, has also been studied using iPSCs. Neurons
derived from iPSCs of patients with Rett syndrome
showed phenotypic differences, including smaller size,
fewer synapses, and abnormal signaling, compared to
controls. Pharmacological treatments correct synaptic
abnormalities and highlight a potential developmental
window for therapeutic interventions.”?

Advancing brain research through cerebral
organoids

Building on advancements in iPSC technology, further

progress has been made in replicating brain architec-
ture. Although organoids represent a more recent break:
through in this field, spheroids and rosettes have been
crucial, particularly in cancer and neuroscience research.
The key distinctions between organoids and spheroids
lie in the more advanced level of self-organization ob-
served in organoids and their reliance on matrix-like
substances, such as Matrigel or collagen, for their forma-
tion.” Spherical cancer models, or spheroids, act as inter-
mediates between in vitro cultures of immortalized
cancer cells and tumors found in vivo. Spheroids are spon-
taneously aggregated 3-dimensional (3D) cell clusters that
mimic the tumor microenvironment and are useful for
evaluating the efficacy and toxicity of anticancer drugs.!®)

Human cerebral organoids have provided valuable in-
sight into the early stages of neurodevelopment and dis-
ease progression and enable the ability to manipulate
these processes in vitro (Fig. 1). A notable example of the
application of this technology is the link between cir
culating Zika virus (ZIKV) and the rise in microcephaly
cases in Brazil>" By exposing human iPSC-derived
brain organoids to a specific Brazilian ZIKV strain from
an infected patient, researchers can illustrate how the
virus targets neural progenitor cells through uniquely ex:
pressed membrane receptors.® ZIKV infection in neural
progenitor cells leads to cell death and cortical plate defects
by reducing certain populations of cortical neurons in
various layers of the organoid and mouse brain. This
organoid model was subsequently used to demonstrate
that previously approved medications can prevent infec-
tion or inhibit ZIKV replication by blocking its vertical
transmission.”'® Additionally, organoids can be cultured
for several months or even years, affecting their cellular
composition and developmental stages.

One key characteristic of the human brain is the de-
velopment of the outer subventricular zone, which con-
tains many outer radial glial progenitor cells that influence
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Fig. 1. Reprogramming of iPSCs and differentiation into cerebral organoids. Peripheral blood (3 mL) is collected
and processed to isolate PBMCs. The isolated PBMCs are reprogrammed to generate iPSCs using appropriate
reprogramming factors (OCT4, SOX2, KLF4, and c-MYC). Next, the iPSCs are cultured under specific conditions to
form embryoid bodies, 3-dimensional aggregates that differentiate into various cell types. The embryoid bodies
are further differentiated into cerebral organoids, 3-dimensional brain-like structures that model human brain
development and function. PSC, induced pluripotent stem cell; iPSC, induced PSC; PBMCs, peripheral blood

mononuclear cells.

the size and complexity of the human cortical surface.
This structure is scarce in the mouse brain, making it an
important aspect of organoid research.”” By introducing
variations in the differentiation process, cerebral orga-
noids can generate different types of brain cells, such as
those found in the cortex, cerebellum, and thalamus.2%2
Various methods have been used to create brain organoids
using Clustered Regularly Interspaced Short Palindromic
Repeats/Cas9 (CRISPR/Cas9) technology, a prominent
gene-editing method. This technique enables the mani-
pulation of specific genes to model defective tissues using
iPSCs or embryonic stem cells.”>?Y The patch-clamp
method, which involves connecting electrodes to form
an electrical circuit, has facilitated the understanding
and application of the electrophysiological behavior of
organoids.?? This method is particularly useful when
combined with light-activated proteins, such as opsins, to
create more precise brain organoids.”” Assembly, a notable
approach for the broader application of 3D structured
organoids, was introduced in 2017. Assembly combines 2
or more organoids to represent different organs or parts
of the brain, offering the advantage of longer survival
times.2®)

Cerebral organoids in pediatric disease research

Organoids are primarily used to model various genetic
diseases, starting with germline mutations. Research on
organoids has extended beyond infectious diseases to
include cancer-related and environmental factors (Table

1.

1. Microcephaly

Primary microcephaly is a neurodevelopmental disorder
characterized by a reduction in brain size accompanied by
neurological symptoms. Although studies using mouse
models have investigated its pathophysiology, they have
not successfully replicated the disease. Consequently,
research has shifted to the use of organoids to better
understand and study microcephaly. In patients with
primary microcephaly, mutations in the CDK5 regulatory
subunit-associated protein 2 (CDK5RAP2) gene have been
identified, resulting in loss of the CDK5RAP2 protein. To
investigate this, CDK5RAP2 mutations were induced in
the organoids by co-electroporation with the GFP and
CDK5RAP2 genes.?”) Following a study in 2014, scientists
continued to explore the roles of various genes in mi
crocephaly using organoids. Studies have demonstrated
that modifying genes, such as WDR6, NARSI, KATNB],
and PTEN, in organoids can induce microcephaly. These
findings indicate that mutations in or knockdown of these
genes result in phenotypes similar to those observed in
microcephaly.?33)

2. Other germline mutation studies

Sandhoff’s disease is a neurodegenerative disorder cha-
racterized by the progressive deterioration of neurons in
the brain and spinal cord. Studies using organoids have
elucidated a critical role of the HEXB gene in its patho-
genesis.’? Mutations in the LIS1 and YWHAE genes have
been identified as major contributing factors to Miller-
Dieker syndrome, exemplified by lissencephaly.?? Owing
to the failure of neural cells to migrate to their correct
positions within the brain, which results in abnormal
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Table 1. Essential findings of cerebral organoid research on pediatric neurological disorders

Topic Key findings Reference (yr)
Microcephaly The loss of CDK5RAP2 results in premature neural differentiation, reducing the population of progenitor cells. 26(2014)
Cilium disruption, along with the depletion of neural progenitor cell, was observed in WDR62 mutants. 27(2019)
NARS1 is essential for meeting protein synthesis demands and supporting the proliferation of radial glial cells during human brain ~ 28(2020)
development.

KATNB1 and nuclear mitotic apparatus protein define a common pathway for neurogenesis and neuronal migration by regulating ~ 29(2017)
microtubule organization at the centrosome and spindle pole.

Phosphatase and tension homolog is a dosage-sensitive gene that regulates human neurodevelopment, and that increased PTEN dosagein ~ 30(2021)
brain organoids results in microcephaly-like phenotypes.

Other germline mutation studies

Sandhoff Alterations in key cellular behaviors, including proliferation and neuronal differentiation, were identified, suggesting the potential to impact ~ 31(2018)
disease fetal brain development in patients with GM2 gangliosidosis.
Miller-Dieker The role of LIST and YWHAE in maintaining the cortical niche underscores the utility of organoid-based systems for modeling complex cell- ~ 32(2017)
syndrome cellinteractions in vitro.
Periventricular ~ Mutations in DCHS1 and FAT4, or the knockdown of their expression, lead to changes in neural progenitor cell morphology and resultin ~ 33(2019)
heterotopia defective neuronal migration dynamics in only a subset of neurons.
Infection research

ZIKVinfection ~ IKVBR crosses the placenta and causes microcephaly by targeting cortical progenitor cells, inducing cell death through apoptosis and ~ 15(2016)
autophagy, and impairing neurodevelopment.

Infection with the Zika virus disrupts cortical growth and folding. 34(2017)

COVID-19 Infection with SARS-CoV-2 damages the choroid plexus epithelium, leading to leakage across this crucial barrier, which normally regulatesthe  35(2020)
entry of pathogens, immune cells, and cytokines into the cerebrospinal fluid and the brain.

Chromosomal abnormalities
Down syndrome Establish a direct link between the dysregulation of the DSCAM/PAK1 pathway and developmental brain defects associated with Down 37 (2021)

syndrome.
DiGeorge The calcium deficit, linked to changes in resting membrane potential and abnormal inactivation of voltage-gated calcium channels, was ~ 38(2020)
syndrome reproduced by heterozygous loss of DGCR8, while its overexpression rescued these excitability and calcium defects.
Neurofibroma-  Identify a causative gene within the neurofibromatosis type 1 total gene deletion locus that is responsible for neuronal abnormalitiesin -~ 39(2021)
tosis type 1 human induced pluripotent stem cell-derived forebrain cerebral organoids and autism in children with NF1.

Mosaicdisease  After culture in astrocyte-conditioned medium from tuberous sclerosis complex, neurons exhibited an altered synaptic balance, with an ~ 40(2021)
increased percentage of VGAT+ synapses.

Organoids derived from induced pluripotent stem cells of individuals with Rett syndrome exhibited highly abnormal, epileptiform-like 41 (2021)
activity, along with transcriptomic differences revealed by single-cell analyses.
RAB39b mutation enhances PI3K-AKT-mTOR activity and disrupts cortical neurogenesis, resulting in macrocephaly and autistic-like ~ 42(2020)
behaviors.
Autism spectrum RAB39b mutation enhances PI3K-AKT-mTOR activity and disrupts cortical neurogenesis, resulting in macrocephaly and autistic-like ~ 42(2020)
disorder behaviors.
Single-cell RNA sequencing revealed a significant reduction in G1/S transition gene expression and alterations in WNT-B-catenin signaling in ~ 43(2023)
proband NPCs, highlighting a novel role for AUTS2 in human cortical development.
Loss of ACTL6B is a significant cause of recessive ASD, with impaired neuron-specific chromatin repression suggested as a potential ~ 44(2020)
mechanism.

Identify specific developmental abnormalities in different cell types caused by haploinsufficiency in 3 ASD risk genes-SUV420H1 (KMT5B),  45(2022)
ARID1B, and CHD8-using single-cell RNA sequencing of over 745,000 cells and proteomic analysis of organoids to find common

phenotypes.
The overexpression of the transcription factor FOXG1 leads to an overproduction of GABAergic neurons. 46(2015)
Brain tumor Patient-derived organoids mimicked the stemness, proliferation, and tumor-stromal composition of their original tumor samples. They also 53 (2022)
retained the cytoarchitectural, mutational, and metabolic characteristics of the parental tumors.
The protocols for generating cerebellum and forebrain organoids from hiPSCs. 49(2023)
Brain organoids cocultured with brain tumors best recapitulate the characteristics of those tumors. 50(2023)
EGFRVIII mutation induces astrogenesis and massive cell proliferation in a model of human brain development. 51(2021)
MEOX2 acts as an oncogenic transcriptional regulator in glioblastoma. 52(2022)
Treatment with Tazemetostat, an EZH2-specific inhibitor, reduces Otx2/c-MYC tumorigenesis in both ex vivo cultures and human cerebellar 54 (2020)
organoids.
How the loss of SMARCB1 may interact with neural development during the process of ATRT tumorigenesis. 55(2020)
Epilepsy hPSC technology offers a unique opportunity to model genetic epilepsies. 56 (2020)
Heterozygous disruption of STXBP1 leads to a specific impairment in synaptic transmission, which may contribute to the severe neurological ~ 57(2016)
disease.
Others Used human 3D brain-region-specific organoids to investigate the effects of oxygen deprivation on corticogenesis. 58(2019)
Methadone halted the growth of human 3D brain cortical organoids in a dose-dependent manner and induced organoid disintegration after 59 (2019)
prolonged exposure.

Valproic acid exposure in human forebrain organoids altered the expression of genes involved in neural development, synaptic transmission, ~ 60(2022)
oxytocin signaling, and calcium and potassium signaling pathways, all of which have been implicated in autism spectrum disorder.

Human cerebral organoids replicate the primary pathological changes of traumatic brain injury, including metabolic alterations associated 61 (2021)
with neuronal damage, neuronal loss, and astrogliosis.

ZIKV, Zika virus; COVID-19, coronavirus disease 2019; SARS-CoV-2, sudden acute respiratory syndrome coronavirus 2; VGAT+, vesicular y-aminobutyric acid (GABA)
transporter; NF1, neurofibromatosis type 1; NPCs, neural progenitor cells; ASD, autism spectrum disorder; 3D, 3-dimensional; GABAergic, gamma-aminobutyric acid-
ergic; hiPSCs, human induced pluripotent stem cells; ATRT, atypical teratoid rhabdoid tumor; hPSC, human pluripotent stem cells.
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localization around the ventricles, periventricular he-
terotopia has been linked to mutations or knockdowns
in the DCHSI or FAT1 genes as demonstrated by research
using organoid models.*®

3. Infection research

Research on microcephaly conducted at approximately
the same time as studies of ZIKV infection revealed that
the latter encountered during the early stages of organoid
development triggers apoptosis. This study also identified
how ZIKV infection impedes organoid growth, leading
to microcephaly.!®*¥ During the coronavirus disease
2019 pandemic, organoid models have been employed to
study the effects of sudden acute respiratory syndrome
coronavirus 2 on the brain and provide clear insight into
its effects on neural cells.?>39

4. Chromosomal abnormalities

Dysregulation of the DSCAM/PAKI pathway significant:
ly affects Down syndrome, which results from trisomy of
chromosome 2137 In DiGeorge syndrome, which is caused
by a 22ql1.2 deletion, organoid studies revealed a calcium
deficit that affects calcium channels.?® Neurofibromatosis
type 1 is associated with a 17ql1.2 microdeletion, and or-
ganoid studies have confirmed that this leads to impaired
expression of cytokine receptor-like factor 3and disrupted
RhoA signaling.?

5. Mosaic diseases

Mosaic diseases are characterized by the presence of
different genetic mutations in various cell types within
the same individual. Organoid models have also been
used to study these diseases and provide valuable insight
into their underlying mechanisms. For tuberous sclerosis
complex (TSC), studies investigating the role of TSC
astrocytes, organoid models were employed. This study
revealed that TSC significantly affects astrocyte function
in the brain.*® While some studies using iPSCs to treat
Rett syndrome, others utilized organoids. One study
demonstrated abnormal electrical activity in organoids,
highlighting their potential contribution to epilepsy re-
search.*) Organoid research initially focused extensively
on microcephaly. However, a subsequent study explored
macrocephaly using organoids and revealed that the
RAB39b-PI3BK-mTOR pathway plays a significant role in
macrocephaly.*?

6. Autism spectrum disorder

Autism spectrum disorder (ASD) is a condition influ-
enced by early developmental processes; its pathogenesis
remains complex and is not fully explained by a single
mechanism. Organoids have been used extensively to

study ASD, including studies using iPSCs derived from
patients with autism. Studies have also examined orga-
noids with single gene mutations. Organoid studies iden-
tified a key interaction between RAB39b and PI3K com-
ponents to accelerate mammalian target of rapamycin
signaling, which alters cortical neurogenesis and can
cause symptoms such as macrocephaly and ASD.*? Con-
versely, variations in the AUT2 gene can cause symp-
toms resembling ASD and microcephaly.?¥ Independent
of its association with macrocephaly or microcephaly,
organoid research revealed that ACTL6B protein defi-
ciencies can cause recessive forms of ASD.? Genetic muta-
tions associated with ASD have also been analyzed, with
studies showing that organoids derived from patients
with ASD overproduce gamma-aminobutyric acid-ergic
(GABAergic) inhibitory neurons in idiopathic cases and
an association between FOXGI expression and symptom
severity.449

7. Brain tumor

Advancements in molecular specificity owing to DNA
methylation have been highly encouraging for elucidat
ing central nervous system tumor biology. This progress
led to the identification of genetic alterations affecting
tumors, such as gliomas, medulloblastomas, and ependy-
momas.*®*) Based on these insights, organoid research
has been extensively applied in tumor studies. Recent
developments include the creation of organoids for medul-
loblastomas and high-grade gliomas using methods such
as transplantation into immunodeficient mice to establish
more stable and prolonged research environments.*® Vari-
ous approaches have been employed, including the use of
organoids derived from normal brain cells, cells directly
obtained from patients with glioma, and genetic modi-
fication of human pluripotent stem cells during organoid
development.*? For instance, studies of epidermal growth
factor receptor (EGFR) mutations, particularly EGFR variant
type Il commonly found in glioblastoma multiforme, have
demonstrated that temozolomide can induce cell death
in organoids.”® Moreover, organoid research confirmed
that mesenchyme homeobox 2 acts as an oncogenic
transcriptional regulator in glioblastoma multiforme.>
Additionally, organoids have achieved an 87% reproduction
rate for low-grade gliomas, which are notably challenging
to characterize compared with high-grade gliomas.*? In
the context of medulloblastoma, organoid studies have
revealed that Otx2 and c-MYC act as inducers and that the
EZH2 inhibitor tazemetostat reduces tumorigenesis.*® In
addition, organoid studies revealed that atypical teratoid
rhabdoid tumors, which are associated with SMARCBI in-
activation, disrupt neuronal differentiation by impeding
maturation.>®
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8. Epilepsy

Similar to the expansion of Rett syndrome research
in epilepsy studies, organoids have been used in epile-
psy research. Epilepsy is both characterized by variable
responses to medications and genetically influenced. Or
ganoids have been employed in epilepsy research because
of their ability to recreate GABAergic and glutamatergic
neurons, thus providing valuable insight into the disease.
%) For STXBPl-related epileptic encephalopathy, organoid
studies revealed that neurodegeneration in this encepha-
lopathy is associated with reduced SYNTAXINI expression.
The emergence of STXBPI-null human endothelial stem
cells (hESC) lines leads to severe neurodegeneration.>®

9. Others

Organoids have been utilized in various research fields
beyond genetic influences. Research has advanced our
understanding of the effects of organoids on human
primary cortical tissue and improved strategies for en-
hancing treatment efficacy for premature infants.**>" Ad-
ditionally, organoids are instrumental in studying brain
development under the influence of toxic substances,
such as methadone and valproic acid.’®* Furthermore,
organoid-based research has provided valuable insights
into traumatic and foundational information on neuronal
damage and loss.*”

Perspective

Despite their current limitations, organoid research is
advancing rapidly and has demonstrated the potential
for application across a wide range of fields. One of the
main drawbacks of organoids is their variability even
when experiments are conducted under the same condi-
tions, which limits their reproducibility. Research is
underway to address this issue by stabilizing organoid
cultures, optimizing specific growth conditions, and de-
veloping standardized protocols for reproducibility.®?
With the stabilization of culture conditions, human brain
organoids have achieved up to 95% cellular differentiation,
which is comparable to brain development.®? Efforts to
standardize the organoid experimental environment are
ongoing, including the use of polycopolymers to create
microfilament-engineered cerebral organoids that form
the neuroectoderm® and bioreactors with spinning
techniques to maintain stable cultures for over a year.®¥

Another critical issue with organoids is their inability
to generate vasculature, which is essential for providing
adequate nutrients for further growth. Currently, or-
ganoids lack sufficient vascular structures, and efforts are
ongoing to address this limitation.®® Recent studies have

demonstrated the successful creation of human mouse
blood vessels using human umbilical vein endothelial
cells (human endothelial stem cells or human induced
pluripotent stem cells) in organoids with effective func-
tion for more than 200 days.®® Methods have been de-
veloped to create and fuse separate brain and blood vessel
organoids, enabling the formation of brain-blood barrier-
like structures.®”

Additionally, engineering organoids to express human
E26 transformation-specific transcription variant 2 has
facilitated the development of perfused blood vessels in
vivo.%® These technological advancements have enhanced
the reliability and accuracy of organoid research and play
a crucial role in disease modeling and drug development.
The continued development of new technologies and
methodologies is expected to expand the application of
organoid research in pediatric patients with neurological
illnesses.

Conclusion

Organoid research is emerging as a valuable tool to
overcome the limitations of traditional studies, particul-
arly in the field of pediatric neurological disorders. By
employing organoids to model a range of conditions, in-
cluding microcephaly, genetic disorders, epilepsy, and
brain tumors, significant insights into the pathophysiology
of these diseases have been obtained. Recent technological
advancements have enabled precise and repeatable ex:
periments. Organoid research is expected to deepen our
understanding of pediatric neurological disorders and
contribute to the development of novel therapeutic ap-
proaches.
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