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Caused by an extra human chromosome 21 (HSA21), Down syndrome (DS)
is the most common genetic cause of cognitive impairment and early onset of
aging. DS individuals usually manifest neurological deficits with
neuropsychiatric disorders. Some of the overexpressed genes on HSA21 are
responsible for antioxidative events that support and maintain neurogenesis
and neuroplasticity. Dysregulation of these genes in DS individuals is likely to
cause chronic oxidative stress, which is associated with neuropathologies
seen in DS individuals. Repressor Element-1 Silencing Transcription factor
(REST), a key player in the neuronal epigenome, has been reported to be
dysregulated in the DS brain. Lithium, an FDA-approved drug for bipolar
disorder, recently had been re-purposed for its neuroprotective roles against
neurodegenerative diseases. Encouragingly, previous studies have proven the

ability of lithium to restore REST in aging neurons. However, the



neuroprotective role of lithium in targeting oxidative stress in DS is not
extensively investigated. Hence, this study aimed to investigate the
neuroprotective potential of lithium to restore nuclear REST and ameliorate
oxidative stress in DS in vitro model. In this study, 3 pairs of disomic wildtype
and trisomic DS-induced pluripotent stem cell (iPSC) lines were procured. The
iIPSCs were differentiated into neural stem cells (NSCs), and then into neurons.
Subsequently, immunocytochemistry (ICC) was performed at each
developmental stage to characterize the cells. Prior to lithium treatment, cell
viability assay was performed on eight different dosages of lithium (2.5, 5.0,
7.5, 10.0, 12.5, 15.0, 17.5 and 20.0 mM), to establish the range of safety
dosage of lithium treatment in neurons. The neurons were then treated with 10
mM of lithium for 24 hours. To evaluate the post-treatment effect, nuclear
REST expression in both control and DS untreated and lithium-treated neurons
were quantified via ImageJ software. The DCFDA intracellular reactive oxygen
species (ROS) assay was performed to measure the cellular ROS level in the
lithium-treated and stress-induced neurons. From the ICC results, it revealed
a successful characterization of cells in each development stage. Interestingly,
the nuclear REST expression level which was found to be significantly lower
in the trisomic DS neurons, has been successfully restored after being treated
with lithium. When challenged with hydrogen peroxide (H203), the DS neurons
exhibited significantly elevated ROS compared to the untreated ones,
demonstrating inherently heightened vulnerability of DS neurons towards
oxidative stress. In addition, upon H202 exposure, the lithium treatment has
successfully reduced the ROS levels in control neurons to near-baseline level,

proving that lithium can indeed combat oxidative stress. Collectively, these



findings showed a positive association between lithium treatment, REST
restoration and oxidative stress. It is indeed exciting to discover that the REST
dysregulation in DS neurons can be rescued via lithium treatment. Hence, this
study suggested that repurposing lithium could be an impactful contribution

towards the discovery of therapeutic strategies in DS neuropathologies.

Keywords: Down syndrome; iPSC-derived neurons; Lithium; Oxidative stress;
REST
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Disebabkan oleh tambahan kromosom 21 manusia (HSA21), Sindrom Down
(DS) adalah punca genetik paling umum bagi kelemahan kognitif dan
permulaan awal penuaan. Individu DS biasanya menunjukkan defisit neurologi
dengan gangguan neuropsikiatri. Sesetengah gen yang diekspres berlebihan
pada HSA21 bertanggungjawab untuk peristiwa antioksidatif yang menyokong
dan mengekalkan neurogenesis dan neuroplastisiti. Disregulasi gen-gen ini
dalam individu DS berkemungkinan menyebabkan tekanan oksidatif kronik
yang dikaitkan dengan neuropatologi yang dilihat pada individu DS. Faktor
Transkripsi Pembisuan Elemen Penindas-1 (REST), pemain utama dalam
epigenom neuron, dilaporkan mengalami disregulasi dalam otak DS. Litium,
sejenis ubat yang diluluskan oleh FDA untuk merawat bipolar, kini digunakan
semula untuk peranan perlindungan saraf terhadap penyakit degeneratif saraf.

Secara menggalakkan, kajian terdahulu telah membuktikan keupayaan litium



untuk memulihkan REST dalam neuron penuaan. Walau bagaimanapun,
sedikit atau tiada perhatian diberikan kepada peranan neuroprotektif litium
dalam mensasarkan tekanan oksidatif dalam DS. Oleh itu, kajian ini bertujuan
untuk mengkaji potensi neuroprotektif litium untuk memulihkan REST dan
mengurangkan tekanan oksidatif dalam modal in vitro DS. Dalam kajian ini, 3
pasang sel stem pluripoten teraruh (iPSC) disomik (sebagai kumpulan
terkawal) dan trisomik (sebagai kumpulan DS) telah diperolehi. iPSC dijadikan
sel stem neural (NSC), dan kemudian menjadi sel neuron. Seterusnya,
imunositokimia (ICC) dilakukan pada setiap peringkat perkembangan untuk
mencirikan sel-sel tersebut. Sebelum rawatan litium, ujian kebolehidupan sel
telah dijalankan pada lapan dos litium yang berbeza (2.5, 5.0, 7.5, 10.0, 12.5,
15.0, 17.5 dan 20.0 mM), untuk menentukan julat dos keselamatan rawatan
litium dalam sel neuron. Sel-sel neuron kemudiannya dirawat dengan 10 mM
litium selama 24 jam. Untuk menilai kesan pasca rawatan, ekspresi REST
nuklear dalam kedua-dua sel neuron kawalan dan DS yang tidak dirawat dan
dirawat dengan litium, dikuantifikasi melalui perisian ImageJ. Ujian spesies
oksigen reaktif (ROS) intrasel DCFDA dilakukan untuk mengukur tahap ROS
selular dalam sel neuron yang dirawat dengan litium dan diaruh tekanan
oksidatif. Daripada keputusan ICC, ia menunjukkan pencirian sel yang berjaya
pada setiap peringkat perkembangan sel. Secara mengejutkan, tahap
ekspresi REST nuklear yang didapati jauh lebih rendah dalam sel neuron DS
trisomik, telah berjaya dipulihkan selepas dirawat dengan litium. Apabila
dicabar dengan hidrogen peroksida (H202), sel neuron DS menunjukkan
peningkatan ROS yang ketara berbanding dengan yang tidak dirawat,

menunjukkan kerentanan sel neuron DS yang sememangnya tinggi terhadap



tekanan oksidatif. Tambahan pula, selepas pendedahan H202, rawatan litium
telah berjaya menurunkan tahap ROS dalam sel neuron disomik ke tahap
hampir garis dasar, memberikan bukti konsep bahawa litium sememangnya
boleh melawan tekanan oksidatif. Secara keseluruhannya, penemuan ini
menunjukkan hubungan positif antara litum, pemulihan REST dan tekanan
oksidatif. Penemuan yang menarik menunjukkan bahawa disregulasi REST
dalam sel neuron DS boleh dipulihkan melalui penggunaan litium. Oleh itu,
kajian ini mencadangkan bahawa penggunaan semula littum boleh memberi
sumbangan berimpak ke arah penemuan strategi terapeutik dalam

neuropatologi DS.

Kata kunci: Litium; Neuron daripada sel induk terimbas pluripoten; REST,;
Sindrom Down; Tekanan oksidatif
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CHAPTER 1

INTRODUCTION

1.1 Background

Down Syndrome (DS) is a common genetic disorder resulting from an extra
copy of chromosome 21. According to the National Congenital Anomaly and
Rare Disease Registration Service (NCARDRS) Congenital Anomaly Official
Statistics Report in 2020, the live birth prevalence of DS in England was one
in 873 live births (NHS England Digital, 2022). In Malaysia, the prevalence of
giving birth to a DS baby was 1 in 860 to 1 in 981 (Shabri, 2019). Individuals
with DS typically manifest various comorbidities affecting multiple body
systems. It is widely recognized as the most common genetic cause of
intellectual disability and early onset of aging (Rachidi & Lopes, 2007; Santoro
etal., 2021). The pathogenesis of DS phenotypic features can be attributed to
the gene dosage imbalance resulting from the triplicated chromosome 21
(Gardiner, 2004). The overexpression of genes on chromosome 21 directly or
indirectly influences the expression of genes mapped to different
chromosomes. Some of these genes are associated with oxidative stress in
DS (Izzo et al.,, 2018). Consequently, chronic oxidative stress events are
strongly linked to neurodevelopmental disorders and early neurodegenerative

symptoms observed in DS individuals (Valenti et al., 2018).



Repressor Element-1 Silencing Transcription factor (REST) is a transcription
repressor that is a key initiator of epigenetic neuronal gene-expression
modification. It plays a crucial role in neural development, function, survival,
and stress-resilience (Lam et al., 2023). In a healthy aging brain, REST is
upregulated and consolidated within the nucleus to protect aging neurons from
various stressors, a process that was found to be aberrant in Alzheimer's
disease (Lu et al., 2014). Previous studies reported reduced REST expression
in DS models (Bahn et al., 2002; Canzonetta et al., 2008; Lepagnol-Bestel et
al., 2009; Lim et al., 2024). However, the relationship between REST levels

and its protective function in DS remains unclear.

Encouragingly, the DS brain phenotype can potentially be rescued through
pharmacological approaches (Stagni et al., 2015). Lithium, the first-line
therapeutic agent for treating bipolar disorders and major depression, has
recently gained attention for its neuroprotective roles against neuropsychiatric
and neurodegenerative diseases (Puglisi-Allegra et al., 2021; Quiroz et al.,
2010). A previous study demonstrated that lithium chloride successfully
induced the activation of REST in aging brain neurons (Lu et al., 2014).
However, little attention has been given to the neuroprotective role of lithium
in targeting oxidative stress in DS, which leads to neuronal impairments.
Therefore, an in-depth understanding of the neuroprotective role of lithium in
DS is needed as fundamental research towards rescuing the defective

homeostatic mechanisms in DS.



1.2 Hypothesis

An optimum dosage of lithium can restore nuclear REST expression and

ameliorate oxidative stress in trisomic Down syndrome iPSC-derived neurons.

1.3 Objectives

In general, this study aims to investigate the neuroprotective role of lithium-
mediated REST restoration in ameliorating oxidative stress in trisomic DS

iPSC-derived neurons.

Apart from that, there are three specific objectives in this study:

1. To establish and characterize the disomic and trisomic neurons derived
from DS induced pluripotent stem cells (iPSC).

2. Toinvestigate the restoration of nuclear REST expression levels mediated
by an effective lithium dosage, in DS IPSC-derived neurons.

3. To investigate the rescue effect of lithium to reduce reactive oxygen

species (ROS) levels in DS iPSC-derived neurons.



CHAPTER 2

LITERATURE REVIEW

2.1 Down Syndrome (DS)

Named after John Langdon Down in 1866, Down syndrome (DS) is the most
common genetic cause of intellectual disability. AlImost all DS individuals suffer
from intellectual disability to some extent that it appears to be the major clinical
manifestation of DS (Noble, 1998). According to the Malaysia Ministry of
Health, the prevalence of giving birth to DS baby in Malaysia was 1 in 860 to
1 in 981 (Shabri, 2019). With increasing societal awareness, individuals with
DS in Malaysia can look forward for better educational opportunities, medical
guidance and improved quality of life in the future. DS is a common form of
chromosomal abnormality that affects nearly all systems in the body (Patterson
& Costa, 2005). The association of DS with the chromosome 21 (HSA21) was
established by Dr. Jerome Lejeune in Paris in 1959, where he observed that
DS is caused by a partial or full third copy of chromosome 21. Hence, DS is
also well known as Trisomy 21 and it is the most prevalent chromosomal
abnormality or the most frequently occurring live-born aneuploidy in humans

(Akhtar & Bokhari, 2023).

There are three distinct types of DS, each characterized by specific
chromosomal anomalies. Distinguishing between these types based solely on

chromosomal analysis for accurate diagnosis (Shin et al., 2010; Whitbourne,



2024). The first type is Trisomy 21, which accounts for approximately 95% of
DS cases. Each cell in the body possesses three copies of HSA21 instead of
the typical two copies in this type. The second type is translocation DS which
is less common, affecting about 3% of individuals with DS. Translocation DS
arises when an additional part or an entire extra HSA21 is present, but instead
of being separate, it is attached or translocated to a different chromosome.
The third type which is mosaic DS, is observed in around 2% of DS individuals.
In this type, some cells contain three copies of HSA21, while other cells
maintain the typical two copies. Individuals with mosaic DS may exhibit fewer
characteristics of the condition due to the presence of some cells with normal

chromosome count (Shin et al., 2010; Whitbourne, 2024).

3 Types of Down syndrome

A 4 A A h 4

Trisomy 21 Translocation Mosaic DS
95% 3% 2%
212121 212114 212121 21 21
|
b |
Each cell in the body The extra chromosoome A mixture of cells with
possesses three copies 21 is translocated or normal (2 copies) and
of chromosome 21 attached to a different triplicated (3 copies)
chromosome chromosome 21

Figure 1: The three types of Down syndrome and their corresponding
chromosomal abnormalities.



2.1.1 Clinical Manifestations of DS

The additional HSA21 gives rise to several clinical manifestations and
pathologies in DS throughout the pre- and postnatal development (Dierssen et
al., 2009). Several typical physical features of a DS individual include reduced
muscle tone (hypotonia), shortened neck with excessive skin at the back,
flattened facial appearance, upward slanting eyes, short limbs, widened gap
between the first and second toes, and a single, deep line across the hand

palm (Bull et al., 2011; Kaneshiro, 2023).

In addition, individuals with DS are also presented with several clinical
manifestations that have significant impacts on their overall wellbeing and
quality of life. For instance, cardiovascular disease which is frequently being
described among DS individuals, is the predominant cause of their morbidity
and mortality. The most common cardiovascular condition is contributed by
congenital heart disease which can be found in almost 50% of DS individuals.
(Benhaourech et al., 2016; Dimopoulos et al., 2023). Other than cardiovascular
diseases, DS individuals also suffer from endocrinal abnormalities such as
dysregulated thyroid function, overweight, diabetes mellitus, vitamin D
deficiency, low bone mineral density, and dysregulated gonadal function

(Hetman & Barg, 2022; Metwalley & Farghaly, 2022).

Another common pathological condition seen in DS individuals is immune
dysregulation. In fact, DS happens to be the most well-known genetic cause

of immune defects (Bordon, 2023; Huggard et al., 2020). Previous studies



suggested that the immune system disturbances in DS might arise from the
heightened interferon responses or thymic disturbances. This is because the
genes encoding for majority of the interferon receptor subunits and the
autoimmune regulator transcription factors are located in the HSA21 (Bordon,
2023; Malle et al., 2023). Furthermore, it is also very common in individuals
with DS to have defects in the digestive system. Such gastrointestinal
symptoms include vomiting, diarrhea, constipation and abdominal discomfort.
Parents often face difficulties in feeding their DS children as well (Holmes,
2014; Ravel et al., 2020). Apart from the above-mentioned clinical
presentations, some other medical conditions being reported in DS individuals
include neurological deficits (Chen & Zuo, 2024; Hasina et al., 2022; Lopez-
Hidalgo et al.,, 2024), hematological complications (Santoro et al., 2016;
Triarico et al., 2022), obstructive sleep apnea (Li et al., 2024; Ong et al., 2024),
visual impairment (Martin-Perez et al., 2023; Wilton et al., 2021) and auditory

impairment (Yam et al., 2008).

2.1.2 Neurological Defects in DS

Since the culprit of DS originates from the triplication of HSA21, it is crucial to
investigate the functionality of the HSA21 genes to understand in-depth the
causes and mechanisms behind DS pathologies. As per findings of the Human
Genome Project (HGP), chromosome 21 was the second chromosome to be
fully sequenced following chromosome 22 (International Human Genome
Sequencing Consortium, 2001; 2004). By the year 2000, the sequencing of

HSA21 revealed 225 genes and 59 pseudogenes (Hattori et al., 2000).



Currently, 202 of the genes were classified as known genes and 23 of them as
predicted genes. Among the known genes, 44 are linked to DS disorders, and
35 out of these 44 DS-linked genes were associated with brain disorders in
DS. Notably, only 21 genes (10.40%) of HSA21 have been studied in human
brains with DS, indicating not all genes associated with brain disorders in DS

have been investigated in DS human brains yet (Hasina et al., 2022).

Concerning neurological deficits in DS, intellectual disability (ID) and early
onset of Alzheimer disease (AD) have gained much attention from researchers
recently. It is postulated that the intelligence quotient (IQ) is highly associated
with the total brain volume (McDaniel, 2005). In DS individuals whose IQ is
greatly reduced compared to those of the same age, there is evidence that
their brain volume is significantly reduced as well. In DS infants that were 2 to
6 months old, their brain weight is 1.2-fold lesser than those similar-aged
normal infants (Schmidt-Sidor et al., 1990). In DS children of 7 to 16 years old,
they had a 1.1-fold reduction in total intracranial volume compared to the
similar-aged normal children (Carducci et al., 2013). A recent study reported
that the defects in DS brain development started since gestation period, where
reduced cerebellar volume was noticed in the DS fetus since the 215t week of
gestation, while deviation in the cortical development was apparent in the third

trimester (Patkee et al., 2020).

Moreover, sulci and gyri which make up the brain folding, increase the brain
surface area and hence are believed to enhance the behavioural and

intellectual ability (Haines & Mihailoff, 2018; Stiles & Jernigan, 2010). In 5 to



24 years old DS individuals, there was a 1.1-fold increment in the cortical
thickness and 1.1-fold reduction in the brain total surface area when compared
to age-matched normal controls (Lee et al., 2016). Another study also reported
a 1.2-fold reduction in the DS superior temporal gyrus of DS 5 to 23 years old
individuals (Pinter et al., 2001). Collectively, these reports suggested that DS
individuals have smaller brains with fewer superficial sulci and gyri, which in
turn causes them to have a lissencephalic or smooth brain surface, eventually
resulting in overall cognitive and neurodevelopmental defects (Haines &

Mihailoff, 2018).

Any changes to the brain anatomical structure at the cellular level before birth
can mirror deviations in the gross anatomy of the foetal brain (Stiles &
Jernigan, 2010). Looking into the DS brain development at the cellular level, a
study conducted from the 14" week of gestation till birth, observed that the DS
population have fewer neurons and disrupted myelination in the cerebral
cortex and hippocampal regions (Kanaumi et al., 2013). The balance between
the population of astrocytes, oligodendrocytes, microglia and macrophages
were also disrupted throughout the prenatal development, which impaired the
proper neurogenesis process. This may be the root cause of cognitive

impairment in DS individuals (Kanaumi et al., 2013).

Apart from having impaired neurodevelopment which causes intellectual
disability, there is also a strong association between early onset of aging and
DS. Individuals with DS tend to develop symptoms of AD by the age of 40, and

the prevalence increased further in DS elderly over 65 years old (McCarron et



al., 2017; Wiseman et al., 2015). Moreover, it was reported that AD is the main
cause of fatality in >30% of the DS population (Hithersay et al., 2019; Landes
et al., 2020). DS individuals have a higher risk of developing AD because they
have an extra copy of chromosome 21, which contains the amyloid-beta
precursor protein (APP) gene responsible for causing AD. The overexpressed
APP gene in trisomy 21 is the main reason for several amyloid-beta (AB)
neuropathology seen in DS individuals. The defective AR will misfold into
amyloid plaques which eventually leads to AD progression (Nistor et al., 2007;
Tosh et al., 2021). Besides APP gene, other overexpressed genes located at
HSA21 contributing to AD progression in DS includes ETS2, SUMO3,
DYRK1A, and BACE2 (Gomez et al., 2020; Wiseman et al., 2015). There are
elevated levels of AB in DS individuals, Further study found that AR
accumulates mainly in the cells of DS neonates and children. However, as the
age increases, deposition of AR plagues can be found in the extracellular
environment. These diffused AB plaques are responsible for the
neuroinflammatory responses in DS brains (Aranha et al., 2022; Gensous et

al., 2020; Head et al., 2018).

2.1.3 Implications of Oxidative Stress in DS Neuropathology

Oxidative stress plays a critical role in brain development in DS individuals
(Buczynska et al., 2023). A comprehensive meta-analysis of 45 DS-related
gene expression studies revealed elevated expression of SOD1, which
encodes superoxide dismutase, an enzyme responsible for breaking down

superoxide radicals (lzzo et al., 2018). According to Buczynska et al. (2023),
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the overexpression of SOD1 eventually leads to excessive H202 production,
overwhelming the antioxidant enzymes catalase (CAT) and glutathione
peroxidase (GPx), resulting in cytosolic accumulation and reactive oxygen
species (ROS) formation in DS. Due to extensive exposure to oxidative stress
during the prenatal period, it is postulated that a decline in the compensatory
antioxidant capacity of cells may exacerbate oxidative-related comorbidities,

including cognitive phenotypes (Buczynska et al., 2023).

In addition to SOD1 overexpression, alterations in other components of the
endogenous antioxidant system contribute to ROS accumulation in DS. For
instance, reduced expression of peroxiredoxin 2 (PRDX2) in DS fetal brain
samples affects the redox state comparably to increased SOD1 expression
(Sanchez-Font et al., 2003). A study by Hamed et al. (2011) found that
glutathione S-transferase enzyme (GST) activity was reduced to 40.9% in the
DS group compared to controls, while glutathione (GSH) concentration
decreased to 60.6%. This relative GSH deficiency may increase vulnerability

to ROS-mediated diseases and tissue damage.

The impact of oxidative stress on DS brain development has been long
recognized. Busciglio & Yankner (1995) first showed that cortical neurons from
fetal DS brains exhibited 3 to 4-fold-increase in oxidative stress along with
increased lipid peroxidation, which eventually accelerated death in culture
compared to control neurons. The degeneration of DS neurons was prevented
by treatment with antioxidants. These findings provided initial conclusion that

DS neurons have a defectin ROS metabolism that causes neuronal apoptosis,
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which may contribute to mental retardation and AD in DS individuals. Lott et al.
(2006) also reported that individuals with DS display signs of premature brain
aging, including early Alzheimer's-like pathology, potentially linked to chronic

oxidative stress.

Oxidative stress also damages mitochondria, causing energy deficits in
neurons and exacerbating oxidative damage. Mitochondrial dysfunction in DS
is associated with increased oxidative stress, contributing to neuronal
impairment (Tan et al.,, 2023). Mitochondria rely heavily on oxidative
phosphorylation (OXPHOS) for energy production, involving four complexes
and ATP synthase within the mitochondrial membrane to synthesize ATP
(Kahlbrandt, 2015). Studies in DS have reported reductions in mitochondrial
complex | enzyme NADHs in the adult cerebellum (Krapfenbauer et al., 1999),
and significant decreases in mitochondrial complex | and ATP synthase in
aging cerebrum and DS mouse models (Bambrick & Fiskum, 2008; Valenti et
al., 2016). These findings align with recent research indicating dysregulation
of OXPHOS machinery proteins following overexpression of Dyrkla, a HSA21
gene potentially overexpressed in DS (Ortega et al., 2022). Given the impaired

OXPHOS observed in DS, disruptions in energy production are expected.

Understanding the role of oxidative stress in DS brain development has
prompted research into antioxidant therapies as potential interventions. For
example, Lockrow et al. (2009) demonstrated that long-term antioxidant
treatment in a DS mouse model improved cognitive function and reduced

oxidative damage in the brain, suggesting promising avenues for future
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therapeutic approaches. Furthermore, Parisotto et al. (2015) examined the
effects of vitamin E and C supplementation on oxidative stress in DS
individuals over 1.5 years. Results showed significant reduction in oxidative
stress markers [SOD, CAT, GPx, glutathione reductase (GR), gamma-
glutamyltransferase (GGT), myeloperoxidase (MPO) and thiobarbituric acid
reactive substances (TBARS)], with benefits persisting even after stopping
supplementation. While antioxidant enzymes decreased, GSH and vitamin E
levels increased, and lipid peroxidation reduced. The findings suggest
antioxidant supplementation may be beneficial for managing oxidative stress

in DS (Parisotto et al., 2015).

2.2 Repressor Element-1 Silencing Transcription (REST)

During the process of brain development, neural progenitor cells need to
progress through multiple crucial phases to become fully functional mature
neurons eventually (Alberts et al., 2002). Concurrently, it is vital to have a
neuroprotective mechanism in place to shield the neurons from different
stressors. This protective function is facilitated by a zinc finger repressor
referred to as repressor element-1 silencing transcription factor (REST) or
neuron-restrictive silencing factor (NRSF), which is integral to this entire
process (Lam et al., 2023). Given that REST expression is significantly
downregulated in DS in vivo models (Lepagnol-Bestel et al., 2009; Lim et al.,
2024), understanding its neuroprotective role and potential therapeutic

implications makes it a compelling target for the current study.
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2.2.1 REST and its Cofactors

REST itself does not solely accomplish the regulation exerted by REST over
the neurogenic lineage program, it relies on the recruitment of a series of
corepressors and the involvement of several regulatory factors. The complete
protein structure of REST consists of three primary functional domains: at the
N-terminal and C-terminal respectively, there are two repressor domains at
each side, and near the N-terminal, there is a DNA binding domain housing a
cluster of eight zinc fingers (Chong et al., 1995; Tapia-Ramirez et al., 1997).
Interaction between REST and its RE-1 binding site prompts the repressor
domains to recruit corepressors and epigenetic regulatory factors, leading to a

cascade of transcriptional inhibitory processes mediated by REST.

When REST binds specifically to its binding site, the N-terminal repressor
domain recruits the corepressor mSin3A, creating a platform for histone
deacetylase (HDAC) binding. Consequently, localized histone deacetylation at
the promoter region induces nucleosome compaction, inhibiting the
transcriptional activation machinery and resulting in transcriptional repression
(Grimes et al., 2000; Naruse et al., 1999). Conversely, the C-terminal
repressor domain recruits another corepressor, COREST, which attracts
regulatory factors crucial for the transcriptional epigenetic modification
process. These cofactors include HDAC, methyl-CpG binding proteins
(MeCP2), histone methyltransferase G9A, lysine-specific histone demethylase
1A (LSD1), carboxy-terminal binding protein 1 (CTBP1), and the ATP-

dependent chromatin-remodeling enzyme brahma-related gene 1 (BRG1), all
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of which stabilize the REST-RE1 interaction. This complex of epigenetic
regulatory cofactors is crucial to ensure a proper function of REST
transcriptional regulation (Ballas et al., 2001; Mari'a et al.,, 1999). The

complete protein structure of REST is illustrated in Figure 2.

Sin3A
N-terminal . > B Y C-terminal
repressor DNA binding repressor
domain domain domain

Figure 2: The complete protein structure of REST. The complete protein structure
of REST consists of three primary functional domains: N-terminal and C-terminal
repressor domains, and a DNA binding domain near the N-terminal that houses a
cluster of eight zinc fingers. The N- and C-terminal repressor domains recruit
cofactors to form a complex of epigenetic regulatory cofactors (Mampay & Sheridan,
2019).

2.2.2 Nuclear Localization of REST

As a transcription factor, REST's presence in the nucleus is crucial for its role
in regulating transcription. Initially, researchers identified a nuclear localization
sequence (NLS) in REST C-terminal and proposed that this sequence is
responsible for REST nuclear trafficking and binding to its site (Chong et al.,
1995; Grimes et al., 2000). Surprisingly, even a truncated splice variant of
REST, known as REST4, can still be transported into the nucleus. Further
exploration indicates that signals for nuclear trafficking may lie within zinc
fingers 2 to 5 (Shimojo et al., 2001). Another variant, REST1, which has only
four zinc fingers, is found predominantly in the cytosol, suggesting that the NLS

for nuclear targeting is located within zinc finger 5 of REST (Shimojo, 2006).
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Moreover, the group of researchers investigated further and discovered the
REST/NRSF-Interacting LIM Domain Protein (RILP) that refreshed our
understanding on the mechanism of REST's nuclear trafficking. RILP,
positioned at the outer nuclear membrane, acts as a receptor for nuclear
translocation for both REST and REST4, with specific motifs essential for its
function. The interaction between REST and RILP facilitates nuclear
translocation of REST, while mutations in RILP motifs lead to the cytosolic

localization of REST (Shimojo & Hersh, 2003, 2006).

Nuclear translocation of REST is essential for its neuroprotective function in
the brain. Whenever there is a stress event in a healthy aging brain, REST will
be triggered to translocate into the nucleus to exert neuroprotection by
repressing genes that promote cell death and inducing stress response genes.
However, in the diseased aging neurons, REST localization is dysregulated
resulting in impaired neuroprotection (Lam et al., 2023). Comparing
Alzheimer’s and Parkinson’s disease brains to healthy aging brains reveals a
lack of nuclear REST, indicating a loss of neuroprotection and stress resilience
(Kawamura et al., 2019; Lu et al., 2014; Mampay et al., 2021; Meyer et al.,
2019). Conversely, aging brains affected by Huntington's disease exhibit
abundant nuclear REST due to mutant huntingtin proteins in the cytoplasm
unable to sequester REST, leading to an over-repression of neuronal genes
like brain-derived neurotrophic factors (BDNF) and constraining

neuroprotection (Zuccato et al., 2003).
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In a healthy adult brain, REST exhibits neuroprotective functions through
insulin-like growth factor- and protein kinase C-mediated regulation of p-opioid
receptor expression, thereby promoting neuronal survival during stress and
injury (Bedini et al. 2008, 2010). Whereas in healthy aging brains, REST levels
increase in the prefrontal cortex and hippocampus, upregulating stress
response genes while downregulating cell death genes (Lu et al., 2014). Study
by Lu and colleagues showed that REST knockout in SH-SY5Y cells led to in
dysregulation of FOXO1 (a transcription factor known for its role in oxidative
stress resistance) followed by increased ROS and oxidative DNA damage.
When the condition was reversed, REST overexpression had reduced
neuronal death and enhanced nuclear localization, highlighting its crucial role
in protecting against oxidative damage and maintaining cognitive function

during aging (Lu et al. 2014).

2.2.3 Role of REST in the Developing Brain

The expression of REST is closely associated with the different stages of
neuronal cell development. Within the central nervous system, REST is
notably present in undifferentiated neural stem cells (NSCs) and differentiated
non-neuronal cell types but not in mature neurons (Chong et al., 1995; Mori et
al., 1992; Schoenherr & Anderson, 1995). Recent research highlights
heightened REST expression during embryonic brain development, with its
regulation mediated by corticotropin-releasing hormone receptor 1 (CRHR1)-
induced cAMP-response element binding protein (CREB) activity (Kwon et al.,

2023). This suggests that REST may uphold NSC stemness through the
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repression of neuronal genes. Indeed, protein expression analyses of cortical
progenitors and neurons support an inverse correlation between REST and
TUJ1, a marker for differentiated neurons (Ballas et al., 2005). Conversely,
REST expression is elevated in both developing hippocampal progenitors and
mature neurons (Sun et al., 2005), indicating varied functions of REST across

neural developmental stages and neuronal populations.

Downregulating REST is imperative for proper neuronal development. As a
suppressor of neuronal differentiation, REST must be inactivated or silenced
to facilitate the differentiation process. NeuroD2 protein, part of the neurogenic
program, plays a pivotal role in REST inactivation during neuronal
differentiation. NeuroD2 activates the transcription repressor Zfhx1a, which in
turn suppresses REST, initiating neuronal differentiation (Ravanpay et al.,
2010). Introducing REST into differentiating neurons significantly increases
axon guidance errors in commissural neurons (Paquette et al., 2000) and
disrupts neuronal differentiation in the hippocampus (Ravanpay et al., 2010).
Upregulated REST expression in neural progenitor cells (NPC) results in

disrupted radial migration during neurogenesis (Mandel et al., 2011).

Despite its role in prompting neuronal differentiation, REST is also crucial for
promoting the self-renewal and pluripotency of NPCs. Deleting REST from
E12.5 NPCs reduces the number and size of neurospheres compared to
control NPCs (Covey et al., 2012). Premature elimination of REST from NPCs
leads to catastrophic DNA damage during the S-phase of the mitosis cycle,

causing premature cell cycle exit—a phenomenon termed precocious neuronal
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differentiation. This condition is marked by abnormal chromosome division, cell
apoptosis, and a depleted progenitor pool (Nechiporuk et al., 2016). Mice
lacking REST exhibit smaller brains, reduced cortical thickness, and
hippocampal size, along with disorganized cell arrangement in the subgranular
zone and spinal defects, underscoring the importance of REST in postnatal
development (Kim et al., 2015; Wang et al., 2021). Thus, REST remains crucial
during neurogenesis to safeguard genomic integrity until the terminal stages
of neuronal differentiation. In summary, downregulation of REST is vital to
initiate neuronal differentiation while maintaining minimal levels of REST is
essential for neuronal integrity and survival. Hence, regulating REST
expression levels is critical for achieving an optimal balance between neural

progenitor proliferation and differentiation.

The regulation of REST during neurogenesis is controlled by two main
pathways. The first pathway determines whether REST is stabilized or
degraded: CTDSP1 stabilizes REST in stem cells to maintain self-renewal,
while ERK phosphorylation and Pinl activation trigger REST degradation to
promote neuronal differentiation (Burkholder et al. 2018; Nesti et al. 2014). The
second pathway involves the INSM1-RCOR1/2 complex, where its absence
leads to REST upregulation and causes severe brain developmental defects,
characterized by excessive neural progenitors and reduced mature neurons
(Monaghan et al. 2017). MicroRNAs, including miR-26, miR-124, and miR-9
families, provide additional regulation of REST during neuronal differentiation

(Birtele et al. 2019; Sauer et al. 2021). Understanding these regulatory
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mechanisms offers potential therapeutic targets for REST modulation in brain

development.

2.2.4 Implications of REST Dysregulation in DS Neuropathology

Since DS is a medical condition mainly evident through neurodevelopmental
defects, it would be interesting to find out the association between DS
neuropathology and REST. The first discovery of REST dysregulation in DS
was initially identified by Bahn et al., who noted a significant decrease in REST
and its spliced variants in DS NPCs. These cells, when differentiated into
neurons, displayed heightened apoptosis and exhibited abnormal morphology
such as shortened and convoluted neurites, along with excessive side
branching (Bahn et al., 2002). Similarly, two DS mouse models, Tcl and
Ts1Cje, showed reduced REST expression (Canzonetta et al., 2008).
However, in the embryonic 152F7 DS mouse model, REST was upregulated
compared to wildtype mice, whereas in postnatal mice, it was downregulated
(Lepagnol-Bestel et al., 2009). The expression of REST across different DS
models appears inconsistent in these studies. A recent study by Lim and
colleagues who conducted a comprehensive spatiotemporal profiling of REST
in the Ts1Cje DS mouse model, reported significantly reduced REST
expression in both DS cultured neurospheres and adult DS mice brains. This
study also reported REST nuclear mislocalization in the DS model for the first

time (Lim et al., 2024).

20



The dysregulation of REST in DS arises from imbalance expression of the dual
specificity tyrosine phosphorylation regulated kinase 1A (DYRK1A) gene
located on HSA21 (Canzonetta et al., 2008; Lepagnol-Bestel et al., 2009).
DYRK1A interacts with a SWI/SNF complex recruited by REST. This
interaction appears to be tightly regulated because both over-activation and
inhibiting Dyrkla lead to persistent suppression of Rest in all DS adult mice
models. Notably, this phenomenon was absent in DS embryonic samples,
suggesting a connection between chromatin status (expected to differ between
embryonic and adult mice) and Rest expression (Lepagnol-Bestel et al., 2009).
Another study by Lu et al. (2011) proposed a negative feedback loop between
DYRK1A and REST: REST activates DYRK1A by binding to its promoter, while
an imbalance in DYRK1A dosage deactivates REST by promoting its
ubiquitination and subsequent degradation. This close relationship between

DYRK1A and REST is crucial for nervous system development (Lu et al., 2011).

2.3  Lithium

Being approved by the United States Food and Drug Administration (FDA) in
1970, lithium serves as the first line drug for bipolar or manic diseases (Ruffalo,
2017). Despite maintaining as the gold standard drug for bipolar disorders, the
administration of lithium has been gradually reduced for the past few years due
to its potential side effects such as nausea, diarrhea, weight gain and tremor
(Nall, 2024). Once committed to the lithium prescription, the patient's serum
markers need to be monitored to ensure safe therapeutic doses (Baldessarini

et al., 2019; Tondo et al., 2019). Apart from its application in treating
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neuropsychiatric diseases, lithium has also been proven for its positive

therapeutic effects towards neurodegenerative diseases such as AD and PD.

2.3.1 Neuroprotective Potential of Lithium

In the past 30 years, emerging research evidence has demonstrated the
neuroprotective potential of lithium from both preclinical and clinical aspects.
In preclinical studies, it was reported that the presence of lithium has greatly
reduced tau phosphorylation in neuronal cell culture (Hong et al., 1997;
Mufoz-Montafio et al., 1997; Tajes et al., 2008) and also facilitates amyloid-
beta clearance in AD transgenic mice brains (Pan et al., 2018; Zhang et al.,
2011), in which both are the key pathological hallmarks of AD. Interestingly,
chronic low dose lithium treatment in AD transgenic mice have shown positive
outcomes in the mice behavioural studies such as improvement in spatial
learning and memory capabilities (Liu et al., 2020; Pan et al., 2018). In addition,
an earlier study discovered that when lithium was treated together in the
presence of another drug known as rosiglitazone, the AD transgenic mice
showed improved spatial memory, reduced amyloid-beta plagues, and also
reduced activation of astrocytes and microglia. It was suggested that the
positive neuroprotective outcomes of both drugs are possible due to the
activation of the Wnt signaling pathway (Toledo & Inestrosa, 2010). Apart from
AD, lithium was also found to be potentially useful against post-traumatic
memory impairments. In a traumatic brain injury (TBI)-induced mouse model,
lithium treatment tends to attenuate the TBI-induced amyloid-beta load and

subsequently improves spatial memory (Yu et al., 2012).
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Lithium treatment is not only effective against AD, but its therapeutic potential
has also been tested in PD. In human SH-SY5Y cells induced with MPP (1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine, PD inducer), lithium is able to
exert neuroprotection towards the cells by inhibiting caspase-3 activation and
thus preventing cell death (King et al., 2001). Another study also reported
similar findings whereby chronic lithium treatment in PD transgenic mice not
only prevented PD-induced alpha-synuclein aggregation in several brain
regions of the mice, but also protected the neuron cells against oxidative
stress-induced neurodegeneration (Kim et al., 2011). In more recent findings,
the positive rescue effect of lithium against PD has extended to: (1) modulating
PD-induced impaired autophagy by acting on the metabotropic glutamate
receptors-5 (MGIuR5) (Puglisi-Allegra et al., 2023); (2) regulating the miRNA-
mediated alpha-synuclein methylation which further reduces alpha-synuclein
aggregates in PD mice brains (Zhao et al., 2019); and (3) promoting the neural
stem cells proliferation and differentiation towards dopaminergic neurons in
PD mice brains, which overall improves neuronal function and cognitive

behaviours in the PD transgenic mice (Qi et al., 2017).

Putting aside preclinical studies, the neuroprotective potential of lithium was
also investigated in several clinical studies involving human subjects. In bipolar
patients administered with chronic lithium treatment, the risk of developing AD-
associated dementia is relatively lower compared to those bipolar patients
without lithium exposure (Nunes et al., 2007; Terao et al., 2006). Furthermore,
when AD patients were given a microdose (300 ug) of lithium once daily for 15

months, the treated patients showed consistency in the mini-mental state
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examination test performance, as compared to those untreated patients whose
performance was lower. This study suggested that providing lithium treatment
in microdose can prevent cognitive loss in neurodegenerative diseases

(Andrade Nunes et al., 2013).

A very common pathology seen in nearly all brain disorders is inflammation.
Hence, a drug must be able to modulate the inflammatory responses. A
previous study has shown the potency of lithium for its anti-inflammatory effect.
In rat primary glia cells induced with lipopolysaccharide (LPS), pre-treatment
with 10 mM of lithium for 6 and 24 hours has significantly reduced the
expression of pro-inflammatory markers nitrogen oxide (NO), tumor necrosis
factor-alpha (TNF-a), interleukin 1 beta (IL-B) and prostaglandin E2 (PGE-2)
(Nahman et al., 2012). Moreover, a recent study elaborated on the anti-
inflammatory properties of lithium chloride (LiCl) in LPS-induced retinal neuron
injury, whereby six weeks of LiCl treatment has prevented microglial activation
by regulating the PI3K/Akt/NF-kB pathway, showcasing its neuroprotective
effects (Wu et al., 2023). In fact, lithium is capable of increasing the expression
of brain-derived neurotrophic factor (BDNF) and vascular endothelial growth
factor (VEGF), further supports its neuroprotective potential (Guo et al., 2009;
Tunca et al., 2014; Yasuda et al., 2009). Whereas in cultured neurospheres
derived from iPSCs, 7 days of treatment with 1 mg/mL of LiCl led to
enhancement in the neurospheres formation and sizes, increased cell

proliferation and reduced apoptotic cells (Tafreshi et al., 2015).
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2.3.2 Application of Lithium to Ameliorate Oxidative Stress

Across past studies exploring lithium's therapeutic potential, researchers also
uncovered its ability to rescue oxidative stress. Lithium treatment in both
bipolar patients and normal controls showed a reduction in the superoxide
dismutase/catalase (SOD/CAT) ratio (Khairova et al., 2012; Machado-Vieira et
al.,, 2007). Besides, six weeks of lithium administration also resulted in
significantly increased serum levels of glutathione peroxidase and
malondialdehyde in the treated bipolar patients compared to normal controls
(Wang et al., 2019). Whereas in human SH-SY5Y cells, the lithium-treated
cells displayed reduced ROS production with increased anti-apoptotic markers
and reduced pro-apoptotic markers, indicating higher resilience in the cells

towards oxidative damage (Alural et al., 2015; Nciri et al., 2013).

Interestingly, it was discovered that the anti-oxidative and anti-apoptotic
properties of lithium are modulated through two mechanisms: (1) activation of
the nuclear factor erythroid 2—related factor 2 (NRF2) and (2) inhibition of the
microRNA 34a (Alural et al., 2015). Collectively, these reports reflect lithium
as a potential neuroprotective therapeutic approach targeting oxidative stress.
However, to date, the application of lithium in ameliorating oxidative stress in

DS has not yet been discovered.
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2.3.3 Application of Lithium in DS Studies

While it's widely understood that there is no specific treatment or cure for DS
itself, individuals with DS may require medication to manage associated
medical conditions. To date, efforts have been made to focus on addressing
cognitive deficits in DS individuals. Lithium, known for its neuroprotective

properties, is a promising candidate for this purpose.

In a DS Ts65Dn transgenic mouse model, lithium treatment has been proven
to reduce the levels of brain metabolite myo-inositol which was initially
significantly increased in the DS mice model compared to control mice (Huang
et al., 2000). Using the same DS Ts65Dn mice model, lithium treatment was
used to investigate its efficacy against the impaired neurogenesis in DS mice
brains. Surprisingly, after being fed with the lithium-supplemented diet for one
month, the DS mice showed a drastic restoration in neuronal cell proliferation
in the subventricular zone (SVZ) of brain, evident through the quantification of
5-bromo-2-deoxyuridine-positive (BrdU+) cells in the SVZ (Bianchi et al., 2010).
Subsequently, the same group of scientists reported a lithium-mediated
improvement in the mice behavioural performance such as novel object
recognition tests, fear conditioning, and object location, alongside the restored
hippocampal cell population. They inferred that the lithium treatment has an
enhancement effect on the DS brain synaptic plasticity and memory
(Contestabile et al., 2013). Apart from that, it is also interesting to find that the
1-month chronic lithium treatment in Ts65Dn DS mice can rescue age-

dependent olfactory impairment. There was increased neurogenesis in the
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olfactory bulb followed by restored olfactory performance (Guidi et al., 2017).
These findings suggest enhancing cognitive and olfactory deficits in DS
individuals by restoring a functional neuronal cell population in the DS brains,

which can be achieved through lithium.

2.3.4 Lithium and REST

Given that lithium demonstrates high potential for neuroprotective properties,
we are eager to uncover the mechanism behind its actions and investigate its
association with REST transcriptional regulation in the central nervous system.
The first mechanism of action for lithium’s neuroprotective action is achieved
through the inhibition of glycogen synthase kinase-3 (GSK-3(3). Upon
suppressing GSK-3p activities, it has a direct regulatory effect on APP
processing, resulting in significantly reduced tau phosphorylation and amyloid-
beta plague formation, which eventually causes improvements in memory
deficits (Diniz et al., 2013; Engel et al., 2006; Noble et al., 2005). Apart from
GSK-3B, lithium also exerts inhibitory effects onto the inositol
monophosphatase (IMP) activity which in turn activates the autophagy process
thus enhancing the effective clearance of hyperphosphorylated tau protein and
amyloid-beta plagues in the brain (Li et al., 2010; Sarkar et al., 2005; Shimada

et al., 2012).

Following GSK-3p inhibition, previous studies reported that the Wnt signalling

pathway will be activated. Several modulatory effects of lithium have been

reported associated with the activation of Wnt/B-catenin signalling pathway
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(Junde et al., 2023; Liu et al., 2024; Xia et al., 2017). Moreover, it is noteworthy
that the lithium-mediated Wnt activation directly contributes to the induction of
REST, which plays a crucial role in brain development and its protective
mechanisms. An interesting study reported the Wnt signalling-induced REST
that leads to increased REST-RE1 site binding and augmented nuclear
translocation, through the lithium-mediated inhibition of GSK-3f (Lu et al.,

2014).

Apart from that, lithium-mediated REST upregulation was also reported in a
prion disease model, where lithium has restored nuclear REST expression and
protected the neuron cells against synaptic damage and neuronal death (Song
et al., 2017). Whereas in a recent study using bipolar disease (BD) cerebral
organoids, there was a significant reduction in the nuclear REST levels
accompanied with abnormal neural development in the organoids. Surprisingly,
two weeks of lithium treatment in the diseased organoids were able to rescue
the defective development seen in BD cerebral organoids. This study has once
again proven the neuronal impairment effect of REST dysregulation in a neuro-
related disease model, which can potentially be rescued by lithium (Meyer et

al., 2023).

2.4  Down Syndrome Models

To date, research on DS has primarily focused on experiments conducted with

rodents and cell models. However, introducing trisomy of human chromosome

21 into rodent models has proven to be quite challenging due to limitations in
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genetically modifying mouse chromosomes (Gupta et al., 2016). Additionally,
while primary neuron cells and embryonic stem cells (ESCs) have been
advantageous, their availability is restricted, and ethical concerns arise as
ESCs are typically obtained from discarded embryos from in vitro fertilization
procedures (Gough et al., 2020). To address these challenges, researchers
have turned to generating DS-induced pluripotent stem cells (iPSCs) from
somatic cells taken from individuals with DS. These iPSCs share similar
characteristics with ESCs in terms of their ability to differentiate into various
cell types and their capacity for self-renewal in laboratory settings (Gough et

al., 2020; Wang et al., 2023).

2.4.1 Various DS Rodent Models and the Limitations

Like many human diseases, mice have been extensively used as research
models. However, adequately modelling DS in mice presents greater
challenges compared to many other human conditions (Gupta et al., 2016;
Herault et al., 2017). Due to the fact that DS is a genetic condition spanning
approximately 35 megabases (Mb) of the HSA21q, areas of similarity between
HSA21q and the mouse genome include portions of 3 chromosomes:
approximately 28 Mb from the telomeric end of mouse chromosome (Mmu) 16,
a central segment of about 1.5 Mb from Mmul7, and another internal segment
of about 3 Mb from Mmul0 (Davisson et al., 2001). This has undoubtedly
created a huge challenge as it requires trisomy of all three 3 segments to

create a complete DS mouse model.
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Earlier attempts of creating DS mice models began with trisomy of Mmul6 and
these mice had several developmental deficits such as cardiovascular and
urinary tract anomalies. However, these mice usually exhibit very low survival
rates since birth, rendering it unfeasible to study this DS model beyond that
developmental stage (Gropp et al., 1975; Miyabara et al., 1982; Webb et al.,
1999). The Ts65Dn DS mouse model was created from trisomy of the 12-15
Mb regions of Mmul6, a segment that displays perfect conserved linkage with
HSA21 (Reeves et al., 1995). This model is known as the first viable postnatal
DS mouse model, and it is the most widely studied mouse model in DS
research. The Ts65Dn DS mouse model has been proven to display several
phenotypic features of DS, such as hippocampal-associated cognitive
impairment (Giacomini et al., 2018; Hyde et al., 2001), synaptic deficits in the
prefrontal cortex (Thomazeau et al., 2023), heart defects (Polk, 2014; Williams
et al., 2008) and motor dysfunction (Costa et al., 1999; Hampton et al., 2004).
However, a challenge of using this model is the infertility in Ts65Dn males,
which limits the DS transmission through the maternal germline. This is not
commonly seen in humans as the mothers are trisomic, and it might indirectly
affect the phenotype of both trisomic and disomic progenies (Davisson et al.,

2007; Moore et al., 2010).

On the other hand, Ts1Cje serves as another mouse model of DS that has
also made huge contributions to understanding DS (Sago et al., 1998). Several
developmental deficits especially impairments in the neurodevelopment and
cognitive behaviors have been investigated in this mouse model (Ishihara et

al., 2010; Lim et al., 2024; Ling et al., 2014; Siarey et al., 2005). Nevertheless,
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similar to Ts65Dn, the generation of Ts1Cje was by chance instead of design,
and the possibility of imposing unforeseen genetic modifications could impact
the DS phenotypes (Heraultetal., 2017; Sago et al., 1998). Furthermore, there
were also other DS mouse models such as Tcl, Ts2Cje, Ts1Rhr, Df1Rhr,
Dp2Yey, Df2Yey and Df4Yah. These varying DS mouse models were
engineered using different approaches such as chromosome transfer,
duplications, deletions, transposon-mediated insertion and selection, and
CRISPR/Cas9-mediated chromosome rearrangement (reviewed in Herault et
al., 2017). Despite the revolutionary advancements in engineering DS mouse
models, comparing outcomes from these studies is challenging due to the
variations in mice age, and notably, in the different protocols or genetic
backgrounds employed. Hence, there is a compelling necessity to enhance
the standardization of experimental protocols to facilitate more equitable

comparisons across laboratories.

There has been an effort to create alternative DS in vivo models. The first
genetic model of DS in rats was created in 2022, by Kazuki and colleagues.
The transchromosomic rat model for DS named TcHSA21rat, was developed
by inserting HSA21 with an enhanced green fluorescent protein (EGFP)
marker into rat embryonic stem cells. This model retains over 93% of HSA21
protein-coding genes, simulating the gene dosage imbalance seen in DS.
Compared to mouse models, TcHSA21rat exhibits unique DS characteristics,
like reduced cerebellar foliation and robust anxiety and hyperactivity behaviors.
TcHSAZ21rat has notable advantages, such as more human-like organ size,

greater ease in performing surgical and physiological procedures, and
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enhanced cognitive and behavioural assessments compared to mouse models.
However, limitations include technical challenges in maintaining human
chromosome stability within rat cells and mosaicism in some animals, though

approximately 80% achieve a high HSA21 retention rate (Kazuki et al., 2022).
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Figure 3: The key chromosomal differences between DS humans, mice and rats.
HSA21 = human chromosome 21; Mmu = mouse chromosome; Mb = megabase.

2.4.2 DS-iPSCs Recapitulates Defective Homeostatic Mechanisms seen
in DS Individuals

The extensive utilization of rodent models has undeniably enhanced our

comprehension of DS. Nevertheless, substantial genetic and physiological

distinctions exist between animal models and humans, constraining the

translation of findings from animal studies to humans. Employing primary cells

and tissues is preferable and more promising, yet ethical and practical

concerns arise, such as the accessibility of samples from patients and the
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feasibility of experimental manipulation (Rueda et al., 2020; Wang et al., 2023).
The emergence of induced pluripotent stem cell (iPSC) technology offers a
valuable asset to delve into the DS cellular and molecular pathologies (Wang
et al., 2023; Wu et al., 2022). Application of iPSCs would be able to eliminate
ethical concerns as the source of iPSCs originates from somatic cells like
fibroblasts retrieved from DS or healthy individuals. Reprogramming
fibroblasts into iPSCs can be achieved through various methods, including the
introduction of Yamanaka factors via retroviral integration or non-integrating
techniques like Sendai virus, episomal vectors, or mRNA (Aguirre et al., 2023).
Notably, these DS-derived iPSCs retain their complete genomic sequence,
including the genetic culprits, making them suitable for disease study,
molecular mechanism investigation, treatment development, and drug testing

(Kim, 2015; Liu et al., 2018).

For the past three decades, iPSCs derived from DS individuals have been
widely utilized in DS research. The first successful case of generating DS-
IPSCs occurred in 2008 where cells were obtained from two DS individuals
(Park et al., 2008). In earlier DS-IPSC applications, the trisomic iPSCs were
usually compared to disomic iPSCs derived from sex- and age-matched
healthy individuals. However, challenges arise as there was huge phenotypic
variability being observed in the group of disomic iPSCs itself, resulting in
guestions being raised regarding the reproducibility and reliability of the study
(Anderson et al., 2021; Hu et al., 2010). Subsequently, this limitation was
addressed by creating isogenic pairs of trisomic and disomic iPSCs from

mosaic DS individuals (Kawatani et al., 2021; Murray et al., 2015; Suginobe et
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al., 2023). Still, this approach encounters another limitation as mosaicism of
DS is uncommon and it only occurs in 2-4% of DS individuals. Hence,
researchers came out with strategies to silent one copy of the triplicated
HSAZ21 in the trisomic iIPSCs. This strategy was proven useful as the trisomy
correction has reversed the developmental defects seen in trisomic iPSCs
(Jiang et al., 2013; Li et al., 2012). Overall, these approaches offer a more
promising DS cell model in gene expression studies without the confounds of

genetic and epigenetic background.

Throughout the revolution of DS-IPSC approaches, efforts have been made to
investigate DS-associated pathological features in the engineered DS cell
models. In the NPCs and neurons differentiated from trisomic iPSCs, the cells
exhibited defects in proliferation, differentiation and migration (Hibaoui et al.,
2014; Huo et al., 2018; Meharena et al., 2022; Ponroy Bally et al., 2020; Weick
et al., 2013). Furthermore, a few studies revealed a higher tendency of DS-
iIPSCs to differentiate towards the glial lineage rather than the neural lineage,
suggesting impaired neurogenesis (Bhattacharyya et al., 2009; Chen et al.,
2014; Kawatani et al., 2021). Indeed, a single-cell RNA sequencing performed
on neural stem cells derived from DS-iPSCs, revealed abnormalities during
neural differentiation of the cells (Qiu et al., 2023). Intriguingly, the
phenomenon of neurogenic-to-gliogenic shift was also reported in a previous
in vivo DS study (Lee et al., 2016). Besides, it was also noticed that the trisomic
iPSC-derived neurons have reduced synaptic development when compared to
the isogenic control iPSC-derived neurons (Araujo et al., 2018; Weick et al.,

2013).
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Overall, some advantages of using DS iPSC-derived neurons in this study
include it represents a powerful tool by offering access to human neuron cells
that maintain the full chromosomal complement of trisomy 21, allowing for the
investigation of cellular phenotypes, synaptic function, and molecular
mechanisms in a disease-relevant context (Bhattacharyya et al., 2009; Chen
et al.,, 2014; Kawatani et al., 2021; Qiu et al., 2023). These iPSC-derived
neurons can be produced in large amounts, making them practical for many
types of experiments. However, iPSC-derived neurons present significant
limitations, including their potential variability in differentiation efficiency
between cell lines, and the absence of complex neural circuit interactions that
exist in the intact brain. Additionally, the simplified in vitro environment fails to
capture the influence of other cell types and systemic factors that contribute to

DS neuropathology (Chiaradia & Lancaster, 2020; Rizzuti et al., 2024).

A significant breakthrough in the regenerative medicine field is the generation
of a three-dimensional (3D) cell culture system known as organoids derived
from stem cells (Mulaudzi et al., 2023). Using 3D organoids as a disease model
holds great advantages over the typical 2D cell culture because it enables
investigation of numerous processes that are impossible to be seen in
homogenous 2D cell culture or spheroids (Nikonorova et al., 2023). It is
exciting to explore the possibility of utilizing this 3D organoid model in DS
studies. In fact, researchers have been differentiating DS-iPSCs into cerebral
organoids. They have also proven several neurodevelopmental impairments
in the DS organoids similar to those observed in DS individuals (Czerminski et

al., 2023; Tang et al., 2021; Xu et al., 2022; Xu et al., 2019).
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In conclusion, DS-iIPSCs exhibit distinct developmental abnormalities that
recapitulate the defective regulatory mechanisms observed in DS individuals
thus offering a promising avenue for DS research. Stem cell-based DS studies
are believed to be important tools for translation into therapies for future DS

research.
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CHAPTER 3

GENERATION AND CHARACTERIZATION OF DISOMIC AND TRISOMIC
NEURONS DERIVED FROM DS-iPSC

3.1 Introduction

The process of differentiating DS neurons from iPSCs represents a cutting-
edge approach to understanding the intricacies of DS pathology. Created by
reprogramming somatic cells, iPSCs can transform into various cell types,
including neurons, mimicking the natural in vivo development (Wang et al.,
2023; Wu et al., 2022). This allows researchers to create patient-specific
neuronal models, reflecting the unique genetic and molecular traits of
individuals with DS. By guiding iPSCs to become neurons, we can explore how
genetic alterations associated with DS, such as trisomy 21, influence
neurodevelopmental processes, including synaptogenesis, neuronal

maturation, and network formation (Kim, 2015; Liu et al., 2018).

Despite being informative and may offer valuable insights, DS mouse models
inevitably entail interspecies differences. Hence, iPSC-derived neurons offer a
more accurate representation of human cells compared to DS mouse models.
While mouse models have contributed significantly to our understanding of DS
pathophysiology, they may not fully capture the complexity of human neural
development and function (Gupta et al., 2016; Herault et al., 2017). On the

other hand, iPSC-based models offer a more personalized and clinically
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relevant platform for studying DS, allowing us to investigate disease

mechanisms in a human-specific context.

3.2 Details of the Cell Lines

A total of 6 iIPSC cell lines (control / disomic, n=3; DS / trisomic, n=3) were
procured in this study. Out of the 3 pairs of cell lines, 2 pairs are isogenic while
the other is not. Isogenic cell lines refer to a group of cells that are genetically
identical to each other. These cells are designed to possess the same genetic
makeup, which makes them highly valuable in scientific research. Especially
when studying genetic disorders, isogenic cell lines enable us to analyse the
impacts of specific genetic modifications in a controlled environment. Isogenic
cell lines are hence renowned as a powerful tool in exploring genetic disorders,
particularly in therapeutic drug discovery (DeWeirdt et al., 2020; Liu et al.,

2005).

Throughout this thesis, the 6 lines of iPSCs will be described as C1, C2, C3,
DS1, DS2, and DS3. “C” stands for ‘control’ which represents the disomic
control group, whereas “DS” stands for ‘Down syndrome’ which represents the
trisomic DS group. Among the 6 cell lines, C1-DS1 and C2-DS2 are the two
pairs of isogenic cell lines, while C3-DS3 is the non-isogenic pair. C2, DS2 and
DS3 iPSC cell lines were procured from the WiCell Research Institute at the
University of Wisconsin. The isogenic pair of C1 (HPS4272) and DS1
(HPS4270) were procured from the RIKEN BioResource Center in Japan. Both

cell lines originated from skin fibroblasts of a male Trisomy 21 individual aged
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below 10 years. Since the donor origin was a fully Trisomy 21 individual, the
disomic control line was induced by elimination of the maternal origin of the
chromosome 21 from DS1. Both iPSCs cell lines were reprogrammed through

non-integrating episomal vectors.

The second isogenic pair of C2 (WC-24-02-DS-A) and DS2 (WC-24-02-DS-M)
cell lines originated from skin fibroblasts of a 25-years-old female mosaic DS
patient, and the cells were reprogrammed using non-integrating episomal
vectors. In contrast, another DS cell line, DS3 (UWWC1-2DS3), were
originated from skin fibroblasts of a male Trisomy 21 neonate. The
reprogramming method of this cell line was through non-integrating episomal
vectors. Moreover, C3 (ATCC-DYS0100) was procured from the American
Type Culture Collection (ATCC) and the source of this cell line was from skin
fibroblasts of a healthy male neonate. This iPSC cell line was reprogrammed
through the Sendai viral transfection system. A summary of details for all the

6 cell lines were tabulated in Table 1.
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Table 1: Details of the disomic control and trisomic DS iPSC lines

Cell . - Reprogramming .
label Cell line Donor origin method Provider
C1 HPS4272 ° Trisomy 21 individual
o Male Non-integrating RIKEN BioResource
e Aged <10 episomal vector Center, Japan
DS1  HPS4270  skin fibroblast
WC-24- . oo
C2 02-DS-A ° Mosaic DS individual _ . WiCell Research
e Female Non-integrating . . .
. I Institute, University of
wea. Aged 25 episomal vector Wisconsin
DS2 02-DS-M  ° Skin fibroblast
ATCC W e e Sendai viral American Type
- e Male . .
C3 transfection Culture Collection
DYS0100 e Neonate system (ATCC)
o Skin fibroblast
e Trisomy 21 individual )
UWWC1- e Male Non-integrating W|C_ell Rese_arch_
DS3 . Institute, University of
2DS3 o Neonate episomal vector : .
o Wisconsin
e Skin fibroblast

3.3 Materials and Methods

3.3.1 Maintenance and Expansion of iPSCs

Upon procurement of the iPSCs, the cryovials of each cell line were carefully

revived, maintained, expanded and then cryopreserved. From the initial

cryovial, the cells of each line were expanded into 12 new cryovials. This

ensured a sufficient iPSC cryovial stock in the liquid nitrogen tank.
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3.3.1.1 Media and Reagent Preparation

The IPSCs were maintained in a specialized culture medium called mTeSR
plus media (StemCell Technologies, Canada). To prepare mTeSR plus full
medium, 40 mL of mTeSR plus basal medium was added into a 50 mL falcon
tube. Subsequently, 10 mL of thawed 5X mTeSR plus supplement was added,
with the remaining thawed supplement aliquoted into 15 mL falcon tubes, 10
mL each, and stored at -20°C. The mixture was gently inverted and ready for
use. Furthermore, it is necessary to culture the iPSCs on a coating solution for
attachment. The coating solution for iPSCs is Geltrex (Gibco, USA). Upon
arrival, Geltrex was thawed on ice and aliquoted into pre-cooled 1.5 mL tubes,
150 L each, then stored at -20°C. To prepare the working solution, Geltrex
was added to cold DMEM/F12 media (Gibco, USA) at a 1:100 ratio. For
instance, 300 pL of Geltrex was added to 29.7 mL of cold DMEM/F12 media
to prepare 30 mL of the working solution. The mixture was kept on ice before
use. The volume needed to coat a 6-well plate varied: 2 mL for reviving

cryopreserved cells and 1.5 mL for passaging cells.

Upon cell revival, the cells were nourished with Rho-associated protein kinase
inhibitor Y-27632 (ROCKI) to enhance cell survival and maximize cell recovery.
Upon arrival, the stock solution of ROCKi was prepared by adding 1560 pL of
double distilled water to 5 mg of lyophilized ROCKIi (StemCell Technologies,
Canada) using a syringe, resulting in a 10 mM concentration. This stock
solution was then aliquoted and stored at -20°C. The working concentration of

10 uM was achieved by diluting the stock 1:1000 with full media. Moreover, for
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iIPSCs cryopreservation, the cryopreservation media was prepared by mixing
KnockOut™ Serum Replacement (Gibco, USA) with 10% dimethyl sulfoxide
(DMSO) (Sigma, USA). The volume of cryopreservation media needed for one
cryovial is 500 uL. Hence, to cryopreserve 10 cryovials of cells, 5 mL of
cryopreservation media was prepared by adding 500 pL of DMSO to 4.5 mL
of KnockOut™ serum. Lastly, to prepare Dulbecco's Phosphate Buffered
Saline (DPBS) for cell washing, 500 mL of 1X DPBS was made by adding 50
mL of 10X DPBS (StemCell Technologies, Canada) to 450 mL of distilled water.
The mixed 1X DPBS was then autoclaved. After sterilization, the 1X DPBS

was aliquoted into 50 mL falcon tubes and stored at 4°C.

3.3.1.2 Cells Reviving

Full media of mTeSR plus was thawed in a 37°C water bath for 10 to 20
minutes, while the Geltrex working solution was prepared based on the
number of wells to be used. ROCKIi was thawed at room temperature. Then, 2
mL of cold Geltrex solution was added into each well of a 6-well plate for
coating and kept in an incubator at 37°C and 5% CO: for one hour. After one
hour, the Geltrex solution was discarded using 1000 pL blue tips connected to
the hose of an aspiration vacuum pump system. After each use, the blue tip
was discarded into the waste bin, and the hose opening was rinsed with 70%
ethanol. Subsequently, 1 mL of mTeSR plus full media was added into each
well and kept in the incubator before use. Meanwhile, 15 mL Falcon tubes were
prepared and labelled according to the cell line to be revived. The dedicated

cryovials were removed from the liquid nitrogen tank and thawed directly by
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swirling and submerging half of the tube body in a 37°C water bath until only a
small piece of ice remained. The thawed cryovial was wiped with tissue to
remove excess water and sprayed with 70% ethanol before being placed into

the biosafety cabinet.

Next, 4.5 mL of mTeSR plus full media was aspirated using a 5 mL serological
pipette, with approximately 0.5 mL of the media released into a cryovial. The
mixture of revived cells was then aspirated back into the serological pipette
and transferred directly into the bottom of a labelled 15 mL Falcon tube. The
tube was centrifuged at 400 x g for three minutes. After centrifugation, a cell
pellet was visible at the bottom of the tube, and the supernatant was discarded
by aspirating through a stack of three blue tips connected to the hose of an
aspiration vacuum pump system. This was done gently to avoid disturbing the
cell pellet. One mL of mTeSR plus full media was added to the cell pellet and
resuspended gently to prevent dissociating the cells into single cells and to
avoid shearing forces. The cells were best plated in small clumps as single
cells were more prone to differentiation upon culturing. The 1 mL cell
suspension was then transferred into a well pre-filled with 1 mL of full media.
To enhance cell survival and maximize cell recovery, 2 pL of ROCKi was
added to the well. The plate was moved in a cross-like pattern several times
to ensure homogenous cell distribution. Finally, the cells were observed under

an inverted phase contrast microscope and incubated at 37°C and 5% CO..
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3.3.1.3 Media Changing and Cells Expansion

On the second day, if the cells could attach onto the coated Geltrex, media
changing was performed to eliminate the ROCKIi treatment. Full media of
mTeSR plus was thawed in a 37°C water bath for 10 to 20 minutes. The plate
with cells was removed from the incubator, and the media was discarded using
the vacuum pump system. The blue tip on the vacuum pump system was
constantly replaced when removing media from different types of cells to avoid
cross-contamination. Removal of media was done by placing the blue tip close
to the bottom of the well while the plate was slanted at approximately 35
degrees, ensuring that the tip do not touch the base of the culture well.
Occasionally, a significant number of dead cells were seen in the culture media
on the second day of cell reviving or the day after the removal of ROCK:i. In
such cases, the cells were rinsed with 2 mL of 1X DPBS to wash off the dead
cells before adding fresh media. Then, 2 mL of fresh mTeSR plus full media
was added slowly into each well using a serological pipette. Media changing
was performed once every two days. On Fridays, 3 mL of full media was added,
usually in the late afternoon. While on Mondays, the media was changed in

the early morning.

When the cells reached 70-80% confluency, they were either passaged for
expansion or cryopreserved. Accutase solution (StemCell Technologies,
Canada) was used for cell detachment purpose. Before detaching the cells,
mTeSR plus full media was thawed in a 37°C water bath for 10 to 20 minutes,

while Accutase was thawed at room temperature to prevent inactivation from
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prolonged warming. For cell expansion purpose, the Geltrex working solution
was prepared according to the number of wells to be used for cell passaging,
requiring 1.5 mL of Geltrex solution for each well of a 6-well plate. The plate
was incubated for one hour in a 37°C and 5% CO:z incubator. Prior to Accutase
treatment, ROCKIi was also added to the well containing cells that had reached
70-80% confluency, and incubated for at least 30 minutes in the 37°C and 5%

CO:z2 incubator.

After one hour, Geltrex was discarded from the coated plate, and 1 mL of
mTeSR plus full media was added to the well and kept in the incubator for
further use. After at least 30 minutes of ROCKIi incubation, the plate with cells
was removed, and the media was discarded. One mL of Accutase was added
to each well and incubated in the 37°C and 5% CO2 incubator for 5 to 10
minutes. After 5 minutes, the plate was observed under the microscope. If a
large portion of cells were still attached, the plate was incubated further until it
reached 10 minutes of incubation time. After 10 minutes, 2 mL of mTeSR plus
full media was added to each well containing Accutase. If many cells remained
attached, a serological pipette was used to scrape off the cells. Everything
from the well was then transferred into a 15 mL Falcon tube. The tube was
centrifuged at 400 x g for 3 minutes. After centrifugation, the tube was
removed and placed into the biosafety cabinet. A visible cell pellet was
expected at the bottom of the tube. Using three stacks of blue tips connected
to the aspiration vacuum pump, the supernatant was aspirated slowly without

disturbing the cell pellet.
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mTeSR plus full media was added to the tube to resuspend the cell pellet, with
the volume depending on the number of wells to be seeded, which required 1
mL of media for each well. Then, 1 mL of the cell suspension was transferred
into each new well pre-filled with 1 mL of full media. The plate was moved in a
cross-like pattern several times to ensure homogeneous cell distribution. The
cells were observed under an inverted phase contrast microscope and
incubated in a 37°C and 5% CO: incubator. As for cryopreservation, the cell
pellet was resuspended with cryopreservation media instead. The volume of
cryopreservation media needed depended on the number of cryovials to be
cryopreserved, which is 0.5 mL of media per cryovial. The cell suspension was
transferred into pre-labeled cryovials, 0.5 mL each. Finally, the cryovials were
placed in a Mr. Frosty cell freezing container (Biosharp, China) and kept at -

80°C for 24 to 48 hours before being transferred into liquid nitrogen tank.

3.3.2 Generation of iPSC-Derived Neurons

After establishing the iPSC lines, the next step was to perform neural induction
and expansion to obtain neural stem cells (NSCs), and neuron differentiation
to generate neurons. Overall, the neural induction process takes 7 days, and
the induced NSCs will be expanded for another 3 to 4 days, and finally another
14 days for the neural differentiation process. The overall workflow for the

generation of iPSC-derived neurons is illustrated by Figure 4 below.
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Figure 4: Overall workflow for the generation of iPSC-derived neurons.

3.3.2.1 Media and Reagent Preparation

The iPSCs were neural induced with a specialized culture media kit known as
the PSC Neural Induction Medium (Gibco, USA). To prepare the neural
induction full medium, 49 mL of Neurobasal medium (Gibco, USA) was mixed
with 1 mL of thawed 50X neural induction supplement (Gibco, USA) in a 50
mL Falcon tube. The remaining supplement was aliquoted into 1.5 mL
microcentrifuge tubes, each containing 1 mL, and kept at -20°C. As for the
neural expansion full medium, 24.5 mL of Neurobasal medium, 24.5 mL of
Advanced™ DMEM/F12 (Gibco, USA), and 1 mL of 50X neural induction
supplement were added to a 50 mL falcon tube. To prepare the neuron
differentiation full medium, 48 mL of Neurobasal medium, 1 mL of 50X B-27
Supplement (Gibco, USA), 0.5 mL of GlutaMAX supplement (Gibco, USA), 0.5
mL of 100X CultureONE supplement (Gibco, USA), and 50 pL of 200 mM L-
ascorbic acid (Sigma, USA) were added to a 50 mL falcon tube. The neuron

differentiation full medium was gently inverted to mix and was ready for use.
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After the neural expansion process, the NSCs were usually either expanded,
cryopreserved or differentiated into neurons. The cryopreservation media for
NSCs was prepared by mixing 20% DMSO (Sigma, USA) in neural expansion
full media. The volume needed for one cryovial was 500 uL. For instance, to
cryopreserve 8 cryovials of cells, 4 mL of cryopreservation media was

prepared by adding 800 uL of DMSO to 3.2 mL of neural expansion full media.

Cultivating neurons requires specialized coating solution to enhance the
differentiation process. The coating solution used here was a combination of
poly-D-lysine and laminin (PDL/laminin). To prepare a 500 ug/mL of poly-D-
lysine (PDL) stock solution, a sterile syringe and needle were used to aspirate
10 mL of sterile distilled water to reconstitute 5 mg of lyophilized PDL powder
(Sigma, USA). The dissolved PDL stock solution was transferred to a wrapped
15 mL Falcon tube and stored at 4°C. To prepare a working concentration of
50 pg/mL, a 1in 10 dilution using 1X sterile DPBS was performed. Furthermore,
Natural Mouse Laminin (Gibco, USA) originally stored at -80°C, was thawed at
4°C. Before aliquoting the laminin, yellow tips and labeled PCR tubes were
pre-cooled at -20°C overnight. The stock laminin (1.2 mg/mL) was aliquoted
into PCR tubes, 30 pL each, and stored at -80°C. To prepare a working
concentration of 3 pg/mL, a 1 in 400 dilution using sterile distilled water was

performed.

48



3.3.2.2 Neural Induction and Expansion

The starting material for the neural induction process is iPSCs. Upon 70 — 80%
confluency, the iPSCs were harvested following the steps mentioned in section

3.3.1.3. Cell count was performed on the harvested iPSCs by using the formula

total no.of living cells
4

x dilution factor x 10,000 where the dilution factor is 2. The

optimal starting iPSC seeding density for neural induction was 5 x 10# cells per
well of a 6-well plate, or equivalent to around 20% cell confluency. The iPSCs
were seeded in 1.5 mL of mTeSR plus full media. The plate was moved in a
cross-like pattern a few times to ensure homogenous cell distribution. The cells
were incubated with 37°C and 5% CO2. On the next day, when the iPSCs had
attached to the Geltrex-coated surface, the mTeSR plus full media was
replaced with neural induction full media. Neural induction full media was
changed every 2 days until the cells became confluent on day 6 or 7. The
formation of neural rosettes was observed as an indication of successful neural

induction.

After 6 to 7 days of neural induction, the cell population in each well was
examined for homogeneity. If most of the iPSCs had successfully differentiated
into NSCs and had obvious neural rosettes formation, the entire well would be
treated with Accutase solution for cell detachment and expansion. Alternatively,
if there was a heterogenous cell population where only certain areas showed
nice NSCs with obvious neural rosette formation, cells in those specific areas
were picked for subsequent expansion. Meticulous preparation was

undertaken prior to picking cells. The surfaces of the inverted microscope and
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surrounding benches were disinfected with 70% ethanol. Cells were rinsed
with 1X DPBS to minimize debris in the wells. Under the inverted microscope,
cells that had formed neural rosettes were carefully picked using 10 pL fine-
filtered tips. In contrast, if the majority of the cell population achieved the
desired NSC morphology while only a minor cell population did not grow well
as desired, those unwanted cells would be scraped off and washed away. The
remaining attached cells were harvested and expanded. These harvested or
picked NSCs to be expanded, were then filtered through a 100 pym cell strainer,
and then centrifuged at 400 x g for 3 minutes. After centrifugation, the
supernatant was aspirated slowly without disturbing the cell pellet. The cell
pellet was then resuspended with neural expansion full media and seeded onto
a Geltrex-coated well plate. Media changing was performed every 2 days
depending on the cell confluency. The expanded NSCs currently in the first
passage (P1), were either further passaged, cryopreserved, or proceeded for

neuron differentiation.

3.3.2.3 Neuron Differentiation

On the day before neuron differentiation, the culture surface was first
incubated with 50ug/mL of PDL solution overnight at 37°C and 5% CO.. The
next day early morning, the PDL solution was removed and the wells were
rinsed twice with warm sterile distilled water. The plate was left inside the
biosafety cabinet with lid uncovered to let it air dry for around 2 hours. Each
well was ensured to be totally dried up as remnant of PDL may be toxic to the

cells. Meanwhile, the 1.2 mg/mL of laminin stock solution from -80°C was
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thawed on ice. The desired volume of laminin working solution (3 ug/mL) was
prepared by performing 1 in 400 dilutions in sterile distilled water. The prepared
laminin was always kept on ice. After the PDL-coated plate had fully dried up,
each well was then filled with the appropriate volume of 3 pg/mL laminin and
the plate was kept in an incubator with 37°C and 5% CO: for 2 hours. The
volume of the coating solution depends on the size of the culture well. It is
crucial that the volume of the coating solution is sufficient to cover the culture
surface fully and is able to withstand a few hours of 37°C incubation as

evaporation might occur.

After approximately 1.5 hours of laminin incubation, the NSCs pre-treated with
ROCKI, were harvested and counted. After centrifugation, the cell pellet was
resuspended with 1 mL of full B-27 neuron differentiation media and cell
counting was performed. The optimal cell seeding density for neuron
differentiation was 5 x 10 cells/cm?. For instance, to seed NSCs into a 24-well
with the surface area of 1.9 cm?, the total number of NSCs to be seeded will
be5x10%x 1.9 =9.5x 10%cells. The desired number of cells were then seeded
onto the PDL/laminin-coated wells, with the addition of 10 yM ROCKi. Every 2
to 3 days, a half-medium-change was performed as the differentiating neuron
cells can detach easily. After 5 days of differentiation, the cells should have
shown neuronal morphology by developing neurite formation. After 2 weeks of

differentiation, the neurons were ready to be treated or harvested.
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Table 2: Medium and reagents used throughout the generation of iPSC-

derived neurons

Cell type  Procedure Media/Reagent Component
100X Geltrex solution
Coating Geltrex
DMEM/F12 media
PSC Culture mTeSR+full MTESR+ basal media
maintenance media 5X mTeSR+ supplement
Cryopreserva- Cryopreserva- Knockout serum
tion tion media 10% DMSO
100X Geltrex solution
Coating Geltrex
DMEM/F12 media
Neural Neurobasal media
Neural -, oy
induction Induction ull 5% Neural induction
media supplement
NSC Neurobasal media
Neural Neqral Advanced DMEM/F12 media
i expansion full
expansion [ . _
media 50X Neural induction
supplement
Cryopreserva- Cryopreserva- Neural expansion full media
tion tion media 20% DMSO
50 ug/mL Poly-D-lysine
Coating PDL/Laminin
3 yug/mL Laminin
Neurobasal media
Neuron . 50X B-27 supplement
- euron
Differentiation  differentiation 100X Glutamax supplement
fullmedia 100X CultureONE

supplement

200 mM L-ascorbic acid
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3.3.3 Morphological and immunocytochemical characterization of cells

Throughout the process of generating neurons from iPSCs, it is crucial to
perform characterization on the cells in each development stage. This is to
verify that the cells obtained were of the correct type and hence ensuring the

validity, reliability and reproducibility of the experiment results.

3.3.3.1 Daily Morphological Observations of Cells in Each Developmental
Stage
Throughout the cell culturing process, the morphology of cells was constantly
monitored through an inverted phase contrast microscope (Olympus, Japan).
The morphology of cultured cells is an important indicator to verify the culture
status, such as the growth rate and the homogeneity of their undifferentiated
or differentiated states (Nagasaka et al., 2017). The typical morphological
criteria of undifferentiated iPSCs includes: compact colonies with distinct and
well-defined edges, the cells are multi-nucleated and generally have large

nuclei with less cytoplasm (Robinton & Daley, 2012; Wakao et al., 2012).

Upon neural induction and expansion, the iPSCs form NSCs that also possess
high proliferative capacity and high nucleus-to-cytoplasmic ratio. When
cultured on adhered monolayer, NSCs commonly form rosette-like structures
that resemble a group of cells radially arranged surrounding a central lumen
(Miotto et al., 2023; Townshend et al., 2020). Furthermore, when the neuron
differentiation process is initiated, NSCs commonly exhibit a triangular cell

body morphology with short processes. As the differentiation protocol
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progresses, cells exhibit a smaller cell body with long extended processes or
also known as neurites formation, which is a typical characteristic of neurons

(Gordon et al., 2013; Peng et al., 2021).

3.3.3.2 Immunocytochemical (ICC) Characterization of Cells in each
Developmental Stage

Apart from verifying the cells through morphological observations,

immunocytochemistry (ICC) is also a promising method to characterize the

cells through the detection and visualization of markers or proteins that are

specific to certain cell types.

For instance, OCT4 is a well-known marker that regulates the pluripotency of
stem cells and its expression disappears upon differentiation (Shi & Jin, 2010;
Zeineddine et al., 2014). Nestin is an intermediate filament protein responsible
for maintaining the undifferentiated multipotent neural stem cells (Park et al.,
2010; Suzuki et al., 2010). Moreover, upon differentiation, class Il beta tubulin
(TUJ1) acts as a marker for the early differentiated neurons (Jouhilahti et al.,
2008). Therefore, in this study, the expression of OCT4 was measured as an
indicator for the pluripotent iPSCs, Nestin as a neural stem cell marker, while

TUJ1 as the neuronal marker.

3.3.3.3 Fixation, Staining and Imaging of Cells for ICC Characterization

Throughout the process of generating neurons from iPSCs and NSCs, ICC

was performed at each stage of cell development to characterize the iPSCs,
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NSCs and neurons respectively. To start the ICC characterization experiment,
the cells were first cultured on rounded grade 1 glass coverslips with a
diameter of 13 mm (Paul Marienfeld, Germany) placed in 24-well plates. Prior
to use, the glass coverslips were wrapped in aluminium foil and autoclaved.
One side of each autoclaved coverslip was labelled with a small “p” at the edge
to accurately identify which side faced upwards or downwards, preventing ICC
from being performed on the wrong side where no cells could be found. Using
a pair of curved fine forceps, the labelled coverslips were flipped and placed

in each indicated well of a 24-well plate, so the letter “p” on the coverslip

“_."

appeared as “q’. Each well was then coated with 0.5 mL of coating solution
depending on the cell types: Geltrex solution for iPSCs and NSCs, while
PDL/laminin for neurons. The respective cells were then seeded onto the

coated coverslips.

Once the iIPSCs and NSCs had reached the desired confluency (around 50-
70%) and the neurons had completed 14 days of differentiation, the media was
discarded and the cells were rinsed with 1X DPBS. The cells were then fixed
with 4% PFA solution for 15 minutes at room temperature. The 4% PFA
solution was prepared by dissolving 4 g of paraformaldehyde powder (VWR,
USA) in 100 mL of 65°C 1X PBS and then filtered through a 0.22 ym filter.
After 15 minutes, the fixative solution was removed, and the cells were washed
with 1X PBS three times for 5 minutes each. The fixed cells on coverslips were
either directly proceeded with ICC staining or stored in cold 1X PBS for future

use.
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The ICC staining process began with preparing a humidified chamber, by
placing a thin layer of wet tissue paper in a dark or opaque container and
overlaying small pieces of parafilm on the wet tissue paper. The parafilm
serves as a hydrophobic layer to prevent overflow of the incubation solution o
coverslips. Using a pair of curved fine forceps, the fixed coverslips were
carefully removed from each well and placed on the piece of parafilm, ensuring
the cells were facing upwards. The coverslips were incubated with 100 pL of
blocking solution for 30 minutes at room temperature, with the solution being
added drop by drop directly onto the coverslip, forming a smooth water droplet
due to the hydrophobic property of the parafilm underneath. The blocking
solution was prepared by mixing 10% donkey serum (Sigma, USA) and 0.3%

Triton X-100 (Sigma, USA) in 1X PBS.

Meanwhile, primary antibody solutions were prepared in 1:200 dilution with
the blocking solution prepared earlier, and the volume depended on the
number of coverslips to be stained (100 pyL per coverslip). The primary
antibodies used were anti-rabbit OCT4 (Sigma, USA) anti-mouse Nestin
(Invitrogen, USA) and anti-rabbit TUJ1 (Sigma, USA). Each coverslip was
incubated with 100 uL of primary antibody solution overnight at 4°C. The next
day, the coverslips were washed with 1X PBS three times for 10 minutes
each. They were then incubated with secondary antibodies (1:1000) for 2
hours in the dark at room temperature. The secondary antibodies used were
donkey anti-rabbit IgG conjugated with Alexa Fluor 488 (Invitrogen, USA),
donkey anti-rabbit IgG conjugated with Alexa Fluor 555 (Invitrogen, USA) and

donkey anti-mouse IgG conjugated with Alexa Fluor 555 (Invitrogen, USA).
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The types and dilution for each antibody were tabulated in Table 3. After 2
hours, the coverslips were washed with 1X PBS three times for 10 minutes
each. Following the washing steps, a small drop of DAPI mounting media
(Abcam, England) was placed on a microscopic slide. Using a pair of curved
forceps, one edge of the stained coverslip was carefully held, flipped, and
placed onto the DAPI droplet, ensuring the surface containing cells faced
downwards. The top surface of the coverslip was gently tapped with the
forceps to remove any air bubbles. The stained coverslip was immobilized by
applying nail polish at its border and left overnight in the dark at room
temperature. The next day, the slides were observed under a fluorescence

microscope (Olympus, Japan).

Table 3: Primary and secondary antibodies used for cell characterization

Antibody Brand Dilution

anti-rabbit OCT4 Sigma
Primagg anti-mouse NESTIN Invitrogen 1:200
antibody

anti-rabbit TUJ1 Sigma

Donkey anti-rabbit IgG .
conjugated with Alexa Fluor 488 Invitrogen
Secondary Donkey anti-mouse 1gG

antibody conjugated with Alexa Fluor 555 Invitrogen 1:1000
Donkey anti-rabbit IgG

conjugated with Alexa Fluor 555 Invitrogen
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34 Results and Discussion

3.4.1 Morphological Characterization of Cells

Throughout the maintenance and expansion of iPSCs, the morphological
appearance and culture condition of both disomic control and trisomic DS
iPSCs was monitored daily. Commonly, the cell seeding day is known as DIV
0 (day in vitro = 0). On the day after cell seeding (DIV 1), most of the iPSCs
had attached onto the Geltrex-coated surface, leaving a sparse number of
dead cells wandering around in the culture medium. The attached cells
appeared dense, spindle-shaped, and had tiny processes. These
morphological changes were hypothesized due to the treatment effect of
ROCKIi, as it had been reported that ROCKi can alter the cytoskeleton by
inhibiting actomyosin, thereby enhancing the migration and proliferation of
cells (Matsumoto et al., 2022; Wang et al., 2017). Nevertheless, the role of
ROCK:i in cell revival and cell passaging is pivotal as ROCKi has been proven
to exert a significant effect in enhancing cell survival and maximize the cell
recovery in cryopreserved embryonic and pluripotent stem cells (Claassen et

al., 2009; Pakzad et al., 2010).

On DIV 1, the culture media containing ROCKIi was usually replaced with fresh
full mTeSR plus media to eliminate the ROCKIi treatment. On DIV 3, when the
iPSCs had been maintained in full media without ROCKi for 2 days, the cells
continued to increase in number, forming compacted cell clumps. When

observed under 40X magnification, the cell clumps appeared homogenous,

58



and distinct edges bordered each cell clump. When observed under higher
magnification (100X and 200X), individual iPSC could be seen clearly and the
cells exhibited typical characteristics of pluripotent stem cells: multi-nucleated,
high nuclear-to-cytoplasmic ratio, and each cell had distinct edges and well-

defined borders (Figure 5).

Upon neural induction, the iPSCs transformed into NSCs and exhibited slight
changes in cell morphology compared to iPSCs (Figure 6). As the 7 days of
neural induction progressed, the cells remained in cell clumps. However,
differences were noticed when individual cells increased in size and the cell
shapes were irregular as well. On the edges of the cell clumps, spiny
projections could be seen indicating possible NSC formation (Figure 6b).
Intriguingly, at the end stage of neural induction, usually on DIV 6 or 7, obvious
lumen-like structures could be observed in the culture where cells were
arranged in a circular manner (Figure 6¢). These are known as neural rosettes
where cells were radially arranged surrounding a central lumen (Miotto et al.,

2023; Townshend et al., 2020).

According to a previous study by Fedorova et al. (2019), they discovered that
the iPSC-derived neural rosettes had progressively downregulated expression
of pluripotency markers (OCT4, NANOG, c-MYC) in the iPSC-derived neural
rosettes. Inversely, the expression of a potent neural stem cell marker, SOX2
(Ellis et al., 2004) and some of the neurodifferentiation-associated markers,
BRN2/POU3F2, and NR2F2, were upregulated. This study had suggested that,

upon neural rosettes formation in iPSC neural induction, the pluripotency
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program has been terminated and neural differentiation has been initiated.
Hence, iPSC-derived NSCs are likely to develop at this time point of neural

induction (Fedorova et al., 2019).

Once neural rosettes formed in the culture, the NCSs were picked and
expanded. The expanded NSCs that were initially seeded in isolated single
cells (Figure 6d), eventually formed clumps as well (Figure 6e). However, the
tendency of cells to clump together was reduced as compared to iPSCs,
evident through the presence of single isolated NSCs surrounding the
irregularly shaped NSC clumps (Figure 6f). Interestingly, when NSCs were
revived from cryopreservation, the cells clumped less, and each cell exhibited
obvious spiny projections resembling typical morphology of a neural stem cell

(Figure 6g & h).
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Even though iIPSCs and NSCs are both stem cells, they do exhibit distinct
morphological features. As shown in Figures 7a and 7b, NSCs resembled
IPSCs as they were multi-nucleated, however, due to the fact they had smaller
nucleolus and larger cytoplasmic area, their nuclear-to-cytoplasmic ratio was
relatively lower as compared to iPSCs. Furthermore, expanded iPSCs usually
formed compacted clumps as they grew, and single-isolated iPSCs tend to
differentiate easily (Figure 7c). In contrast, expanded NSCs usually appeared
in single isolated cells, and all the cells generally had spiny processes
resembling a typical morphology of NSCs (Figure 7d). When both types of
cells were observed under the same magnification, it was obvious that the size
of a single NSC (Figure 7d) was larger than that of a single iPSC (Figure 7c).
Moreover, when in clumps, iIPSCs in overall exhibited a flat two-dimensional
appearance (Figure 7e), while the NSCs overall had a bumpy appearance or

are also described as having a mountain-like structure (Figure 7f).

Subsequently, when the NSCs were cultured in B27-supplemented neuron
differentiation full media, the cells differentiated into neurons and obtained
neuronal morphology: a cell body with extended long projections known as
neurites. From the captured phase contrast micrographs (Figure 8), a variety
of unipolar, bipolar, and multipolar neurons could be seen. Throughout the 14
days of in vitro differentiation, the neuronal morphology became observable at
DIV 5 (Figure 8c). Before DIV 5, the cells were sparse and relatively smaller
with short extensions (Figure 8a & b). On DIV 7 onwards, the cells had
stopped proliferating as there was no visible increment in the cell confluency

upon that stage of differentiation. Meanwhile, the cells gained length in the
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projections, indicating active neurites formation (Figure 8d & €). On DIV 14,
the neuronal cell bodies clump together forming a mass body, with extensive

neurites outgrowth (Figure 8f).

iPSCs are multinucleated, they have NSCs are also multinucleated, but they
very large nucleolus and high nuclear- have smaller nucleolus thus lower nuclear-
to-cytoplasmic ratio. to-cytoplasmic ratio compared to iPSCs.

Expanded iPSCs usually form clumps Expanded NSCs are usually in
whenever they grow. Single isolated iPSC individual cells, with spiny
tend to differentiate easily. processors.

iPSCs in clumps have flat appearance. NSCs in clumps have bumpy
appearance (mountain-like structure).

Figure 7: Morphological differences between iPSC and NSC.
Scale bar, (a — b): 50 um; (c —f): 250 pm.
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3.4.2 Immunocytochemical Characterization of Cells

Apart from verifying the cells through morphological observations, ICC
characterization was also performed to visualize the expression of markers
specific to the cell type. In this study, OCT4, Nestin and TUJ1 expression was
visualized through ICC to characterize iPSCs, NSCs, and neurons respectively.
As shown in Figure 9A, the iPSCs showed strong positive staining for the key
pluripotency marker OCT4 (green), with the protein localized in the nuclei as
confirmed by DAPI (blue) co-staining. Figure 9B reveals NSCs positively
expressing Nestin (red), a neural progenitor marker, with DAPI highlighting the
nuclei. In Figure 9C, neurons exhibited robust expression of early neuron
marker TUJ1 (red), clearly delineating the extensive neuronal processes. DAPI
staining was present in all cell types, allowing visualization of cell nuclei. The
merged images in the bottom row confirmed the co-localization of each specific
marker with DAPI. These results positively characterized the distinct stages of
neural differentiation from iIPSCs to neurons, giving the green light for their

continued use in the downstream analysis in this study.
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35 Conclusions

In conclusion, both morphological and ICC characterization experiments on
the iIPSCs, NSCs, and neurons have added value to the effort of validating
their suitability and reliability as cell models for this study. Indeed, both disomic
control and trisomic DS iPSC-derived neurons have been proven to be true
iIPSCs, NSCs and neurons, thereby ensuring the reliability and validity of the

results obtained in the subsequent analysis in this study.
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CHAPTER 4

INVESTIGATING THE RESTORATION OF REST IN LITHIUM-TREATED
DISOMIC AND TRISOMIC iPSC-DERIVED NEURONS

41 INTRODUCTION

The repressor element-1 silencing transcription factor (REST) is a vital
transcription repressor in neurodevelopment. Proper functioning and
localization of REST are essential, as its dysregulation can negatively impact
brain development (Lam et al., 2023). In fact, REST dysregulation had been
reported in several DS studies (Bahn et al., 2002; Canzonetta et al., 2008;
Lepagnol-Bestel et al., 2009; Lim et al., 2024). To date, effort has been made
to improve the DS neuropathologies and cognitive deficits (Hendrix et al.,
2021; Sterling et al., 2023; Torres-Carrion et al., 2019). Agreeing that REST is
dysregulated in DS brains, corrective actions to restore REST levels would be

beneficial to combat DS neuropathologies.

Several strategies targeting REST have been suggested to counteract the
pathological effects of REST dysregulation, indicating its potential as a
pharmacotherapeutic target. One significant aspect is that REST is regulated
by the Wnt signaling pathway (Nishihara et al., 2003), which positions lithium
as a promising drug since it can activate this pathway (Lu et al., 2014; Zhang
et al., 2019). Moreover, it is noteworthy that there have been successful cases
of lithium being able to enhance neurogenesis, synaptic plasticity, and memory

in DS mouse models (Bianchi et al., 2010; Contestabile et al., 2013). However,
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these studies did not implicate REST. Therefore, in this chapter, the
association between lithium and REST would be investigated in DS iIPSC-

derived neuronal models.

4.2 Experimental Design

The 6 cell lines in this study were assigned to 2 groups: untreated and lithium
treated. In the untreated group, the neurons were maintained as usual in the
B27 neuron differentiation full media, without the addition of lithium. Whereas
in the lithium treated group, after 14 days of in vitro differentiation, an optimized
lithium dosage was added into the neuron differentiation full media for 24
hours. Prior to this, the safety dosage of lithium in an isogenic pair of iPSC-
derived neurons (1 control line & 1 DS line) was first determined through the
MTT cell viability assay. After that, the untreated and lithium-treated neurons
cultured on coverslips, would be fixed with 4% paraformaldehyde and stained
with REST antibody. The acquired fluorescence micrographs were then

analysed via the ImageJ software to quantify REST expression in the neurons.
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Lithium

MTT cell
viability assay

* Cell lines involved:
1 control +1 DS

« 3 batches of experiment

o Lithium dosages:
2.5,5.0,7.5,10.0,12.5,
15.0,17.5,20.0 mM

Nuclear REST
quantification through ICC

¢ Cell lines involved:
3 control + 3 DS
s 3 batches of experiment
» Treatment groups:
(1) Untreated
(2) Lithium treated, 10 mM, 24 hours

Figure 10: Experimental design to investigate the lithium-mediated nuclear
REST restoration in disomic and trisomic iPSC-derived neurons.

4.3 Materials and Methods

4.3.1 Lithium Preparation

The molar mass of lithium carbonate, Li2COs (Sigma, USA), is 73.891 g/mol.
To prepare a 10 mL stock solution of 100 mM concentration, 0.0739 g of
Li2COs powder was carefully weighed and dissolved in 10 mL of sterile
deionized water (1st Base, Singapore). This stock solution was always freshly
prepared before each experiment. It was noted that each Li2COsz molecule
contains 2 lithium cations (Li*), meaning that the effective dosage of Li* is half
that of Li2COs. For instance, a 10 mM concentration of Li* corresponds to a 5

mM concentration of Li2COs.
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4.3.2 MTT Cell Viability Assay to Establish the Safety Dosage of Lithium
Treatment in Neurons
The MTT assay is a widely used colorimetric microplate assay in cell toxicity
studies. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide) is a monotetrazolium salt that can penetrate the cell membrane and
reduced by metabolically active cells. This redox chemical reaction produces
an intracellular by-product called formazan that can later be solubilized,
visualized and quantified through a colorimetric microplate reader. This assay
is usually utilized to assess treatment toxicity, cell viability and metabolic

activity in research studies (Ghasemi et al., 2021; Mosmann, 1983).

In this study, the treatment dosages of lithium to be tested were 2.5, 5.0, 7.5,
10.0, 12.5, 15.0, 17.5 and 20.0 mM of Li*. The dosage range (2.5 — 20.0 mM)
and treatment duration (24 hours) were selected based on previous
publications in the field (Alural et al., 2015; Hou et al., 2015; Qu et al., 2011)
that also tested similar dosages of lithium on neural cells and obtained
significant results. The higher doses (>12.5 mM) were included to clearly
establish the toxicity threshold and identify the safety margin between
therapeutic and toxic concentrations. For sample preparation, the neurons
were cultured in a 96-well clear plate and underwent 14 days of in vitro neuron
differentiation. Prior to cell seeding, cell counting was carefully performed on
the harvested NSCs so that only 1.6 x 10* cells were seeded into each well. It
is crucial to ensure a consistent number of starting materials for all the
treatment wells in the MTT assay to prevent misleading results. In addition,

since different cell line has different cell growth rate, to prevent variations
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between the cell lines which possibly might ended up getting misleading
results, the MTT assay was only conducted and compared within the same cell

line.

On DIV 13, lithium treatment was initiated. The different dosages of lithium
treatment (2.5, 5.0, 7.5, 10.0, 12.5, 15.0, 17.5, 20.0 mM) was prepared by
diluting the 100 mM lithium stock solution with B27 neuron differentiation full
media. The total volume of media in each well was 100 yL. For example, to
prepare 100 uL of 20 mM lithium treatment, 20 pL of the 100 mM lithium stock
solution was mixed with 80 pL of full media. A total of 3 wells were assigned
for each treatment group, making it a triplicated set of data for each group.
Apart from the eight groups of lithium dosages, additional groups of neurons
were also prepared as negative control (untreated), positive control and blank
wells. The positive control group consisted of 3 different treatments: 400 uM
of hydrogen peroxide for 24 hours, 1 M of hydrogen peroxide for 2 hours, and
20% DMSO for 24 hours. The blank wells were made up of only media without

cells.

After the completion of dedicated treatment groups, media in all wells were
removed and replaced with 90 pL of fresh full media plus 10 uL of MTT solution
provided by the kit (Solarbio, China). The total volume of fresh full media and
MTT solution were added into a sterile reservoir and mixed. A multichannel
pipette was used to load 100 pyL of mixture into each well. The plate added
with MTT solution was incubated at 37°C and 5% CO:2 for 4 hours. After 4

hours, all media was aspirated and 110 yL of MTT solubilization solution
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(provided by kit) was added into each well, by using a multichannel pipette.
The 96-well plate was placed on a shaker inside an incubator for 10 minutes
to fully dissolve the formazan crystals formed. The plate absorbance was read
with a microplate reader under the 490 nm wavelength. Once obtained the
absorbance readings, the raw data was recorded in an Excel datasheet. Each
reading was subtracted from the mean blank. An average of absorbance
reading was obtained from the triplicates of each treatment group. Readings
form the untreated neurons were taken as control. The percentage of cell

viability for each treatment group was calculated by using the formula

A (0)))]
veTage “Cireatment o 10009, . where OD refers to the raw absorbance or also

Average ODcontrol

known as optical density obtained from the microplate reader.

4.3.3 Comparing Nuclear REST Expression between Untreated and
Lithium-treated Control and DS Neurons

4.3.3.1 Immunocytochemical (ICC) Staining

ICC was performed on the untreated and lithium-treated neurons to quantitate
and compare the level of nuclear REST expression between the treatment
groups in both genotypes. The ICC fixation and staining methods were as
mentioned in section 3.3.3.3 above. The primary antibodies used in this
experiment were anti-mouse REST (Invitrogen, USA) and anti-rabbit TUJ1
(Sigma, USA), while the secondary antibodies were donkey anti-rabbit IgG
conjugated with Alexa Fluor 488 (Invitrogen, USA) and donkey anti-mouse

Texas Red (Abcam, England). The dilution factors were 1:200 and 1:1000 for
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primary and secondary antibodies respectively. All coverslips were

counterstained with DAPI.

Table 4: Primary and secondary antibodies used for nuclear REST
guantification in iPSC-derived neurons

Antibody Brand Dilution
Pri_mary anti-mouse REST Invitrogen 1-200
antibody anti-rabbit TUJ1 Sigma
~Donkey anti-rabbit IgG Invitrogen
Secc_)ndary conjugated with Alexa Fluor 488 1-1000
antibody Donkey anti-mouse 1gG Abcam

conjugated Texas red

4.3.3.2 Nuclear REST quantification using ImageJ

After acquiring images from the fluorescence microscope, the fluorescent
micrographs were analyzed by using the ImageJ software. In the ImageJ
software, the measurement parameters were first defined as “area”, “mean
grey density” and “integrated density”. The scale in ImageJ software was set
by opening a JPEG image with a scale bar from the same microscope as the
TIFF images to be analyzed, enlarging it to clearly see the scale bar, then
using the Set Scale function to calibrate the measurement using the known
scale bar length in ym. A composite image was created by merging nuclear-
stained DAPI and neuron-stained Tujl images in ImageJ. The region of
interest (ROI) was then manually selected using the ROI manager. Thirty

DAPI-stained and Tujl-positive neuronal nuclei of similar size were outlined

as ROIs using the freehand drawing function, and these ROIs were saved for
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further analysis. These ROIs would be used to quantify the nuclear REST
expression in the REST-stained images later on. The manual selection
process is crucial to ensure that only prominent neurons were selected for the
nuclear REST quantification. The composite image was closed while keeping

the ROl manager window open.

To prepare for nuclear REST quantification, background signal correction was
performed on the REST-stained (Texas red dye) image. This process involved
using a technical negative control image that had been incubated with only the
secondary Texas red antibody, without the primary anti-REST antibody. The
brightness and contrast of this control image (in TIFF format) were adjusted in
ImageJ to determine the appropriate exposure range where no signal was
visible. This exposure range was then applied to the actual REST TIFF image
to standardize the signal intensity. With the adjusted REST image open
alongside the ROI manager, the previously saved ROIs (representing 30
neuronal nuclei) were applied to the image. Measurements were taken for all
selected ROIs simultaneously, generating a results window with quantitative
data. This data was then transferred to an Excel sheet for further analysis,
providing a standardized method to quantify nuclear REST levels across the

selected neurons.

4.3.3.3 Statistical Analysis

The nuclear REST quantification process involved a comprehensive analysis

of 90 neurons per treatment group for each cell line, spanning three
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experimental batches. To ensure accuracy and reliability, a meticulous batch-
to-batch and line-to-line normalization was performed using GraphPad Prism
software (version 9.0). Raw integrated density data was carefully organized
into grouped formats, cleaned of outliers using the ROUT method (Q=5%), and
transformed to normalize values across isogenic cell line pairs and
experimental batches. This transformation step involved dividing all data by
the mean of the untreated control for each isogenic line pair. Descriptive
statistical analyses, including calculations of mean, standard deviation, and
standard error, were conducted at various stages of data processing to monitor

the normalization process and prepare for further statistical evaluation.

Following data normalization, multiple data tables were created to compile and
organize the results according to different grouping criteria, such as genotype,
cell line, and treatment conditions. These tables facilitated a multi-layered
analysis approach, allowing for comparisons between individual cell lines,
genotypes, and treatment groups. Statistical analyses began with normality
tests, which revealed non-parametric distributions, leading to the use of
appropriate non-parametric tests such as one-way ANOVA, Mann-Whitney,
and Kruskal-Wallis tests. These analyses were performed on combined data
sets to identify significant differences in REST expression between treatment
groups and genotypes. The results were visualized using a violin plot to
summarize individual data points for each neuron across treatment groups and
genotypes. These rigorous statistical analyses and visualizations aimed to
robustly characterize REST expression patterns while accounting for

experimental variability across batches and cell lines.
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4.4 Results and Discussion

4.4.1 Optimization of Safety Dosage of Lithium Treatment in iPSC-
Derived Neurons

The MTT cell viability assay was performed to optimize the safety dosage of
lithium treatment in the iPSC-derived neurons. The effects of different
concentrations of Li,CO3; on neuron cell viability over 24 hours (Figure 11A).
The x-axis represents the dosage of Li,CO3 in mM, ranging from 0 to 20 mM,
with additional conditions for apoptosis inducers. The y-axis shows cell viability
as a percentage, with 100% (marked by a dotted line) representing normal
viability. Lower concentrations of Li,CO3 (up to 12.5 mM) appear to maintain
or slightly increase cell viability above 100%. However, at higher
concentrations (15 mM and above), cell viability decreases. The graph also
includes positive control conditions using H,O, and DMSO as apoptosis
inducers, which show dramatically reduced cell viability (Figure 11A). Overall,
this data suggests that Li,CO3; has a dose-dependent effect on neuron survival,
with potential protective effects at lower doses but becoming harmful at higher

concentrations.

While the safety threshold for lithium treatment in iPSC-derived neurons was
determined to be 12.5 mM and below, the 10 mM dosage was eventually
chosen due to its demonstrated efficacy in producing significant results, as
evidenced by previous studies. According to Qu et al. (2011), 10 mM of lithium
treatment was shown to effectively promote neural precursor cell proliferation

and activate key signalling pathways, including GSK-3f inhibition and NF-AT
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activation. On the other hand, another study reported that 10 mM of lithium
provided the most significant cytoprotection against rotenone-induced toxicity
in SH-SY5Y cells (Hou et al., 2015). Collectively, the selected dosage of 10
mM provides an adequate safety margin below the maximum tolerated dose
while ensuring sufficient potency to induce the cellular and molecular changes
of interest. Furthermore, this concentration aligns with those commonly
employed in the field, facilitating comparisons with existing literature.
Therefore, 10 mM lithium represents an optimal dosage that balances safety
considerations with the potential to observe robust effects on neuron cells,

making it suitable for the objectives of this thesis research.

4.4.2 Comparing Nuclear REST Expression between Untreated and
Lithium-treated Control and DS Neurons

The optimized 10 mM of lithium dosage was used to treat both disomic control
and trisomic DS neurons for 24 hours. The effect of post-lithium treatment was
evaluated through ICC nuclear REST quantification in the 6 cell lines of
neurons (Figure 11C). Figure 11B demonstrates the nuclear REST
expression in both control and DS neurons under two conditions: untreated
and treated with lithium (Li). The y-axis represents the normalized fold change
of nuclear REST expression, while the x-axis categorizes the four experimental
groups. The data is presented as violin plots, showing the distribution of data

points.

The graph reveals several key findings (Figure 11B). First, there is a

significant difference in the baseline nuclear REST levels between the
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untreated control and DS neurons, with DS neurons showing significantly
lower nuclear REST expression. The current finding supports existing literature
where REST expression was found to be downregulated in DS patient-derived
neural progenitor cells (Bahn et al., 2002) and several DS mouse models
(Canzonetta et al., 2008; Lepagnol-Bestel et al., 2009; Lim et al., 2024). In this
study, REST quantification was focused on the nuclear level because the
nuclear translocation of this protein is a prerequisite for it to exert proper
function. When REST has impaired nuclear localisation, there will be several

pathological consequences in the central nervous system (Lam et al., 2023).

Next, lithium treatment appears to have different effects on disomic control and
trisomic DS neurons. In the control group, lithium treatment did not seem to
exert significant changes in the nuclear REST expression (marked as ‘ns’). On
the other hand, lithium treatment significantly increased nuclear REST
expression in the DS neurons (indicated by ****), bringing it to levels
comparable to or even higher than the untreated control neurons. These
significant changes highlight the differential response to lithium treatment
between disomic and trisomic neurons, with trisomic neurons showing a much
more pronounced upregulation of REST expression in response to lithium.
This suggests that lithium may restore nuclear REST expression in DS
neurons, potentially counteracting some of the molecular differences

associated with trisomy 21.
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45 Conclusions

In a nutshell, the downregulation of nuclear REST expression in DS neurons
has been confirmed, and REST dysregulation can be restored when the
neurons were pre-treated with 10 mM of lithium for 24 hours. This is considered
a novel discovery about the restoration effect of lithium in DS. Collectively,
these findings not only corroborate previous research on REST dysregulation

in DS but also open new avenues for targeted therapeutic interventions.
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CHAPTER 5

INVESTIGATING OXIDATIVE STRESS IN LITHIUM-TREATED DS iPSC-
DERIVED NEURONS

51 INTRODUCTION

Having confirmed that lithium treatment positively rescues REST dysregulation
in DS iPSC-derived neurons, our next step is to investigate the effects of this
lithium-mediated REST restoration. Given that individuals with DS commonly
experience chronic oxidative stress in the brain (Buczynska et al., 2023), it is
particularly intriguing to explore how restoring REST through lithium treatment

might alleviate oxidative stress in DS neurons.

To assess this, the DCFDA intracellular ROS assay kit was employed to
evaluate the post-lithium effects on DS neurons, specifically focusing on
oxidative stress levels. The DCFDA (2',7'-dichlorofluorescin diacetate) ROS
assay is a widely used method to measure intracellular ROS (Ng & Ooi, 2021).
In this assay, the cell-permeable DCFDA compound is oxidized by ROS within
the cell, resulting in a fluorescent molecule that can be quantified using
fluorescence spectroscopy or microscopy. The intensity of the fluorescence
signal correlates with the level of intracellular ROS, providing a reliable

indicator of oxidative stress (Ng & Ooi, 2021).

By utilizing this assay, it is possible to quantitatively assess whether the

lithium-mediated restoration of REST in DS neurons reduces oxidative stress,
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potentially offering insights into a novel therapeutic approach for managing this

aspect of DS.

5.2 Experimental Design

In this study, the six cell lines (3 control lines + 3 DS lines) were divided into
four experimental groups:
e Untreated: Neurons maintained in standard B27 neuron differentiation
full media without additional treatments.
e Lithium-treated [ H202(-), Li(+) ]: After 14 days of in vitro differentiation,
neurons were exposed to 10 mM lithium for 24 hours.
e Stress-induced [ H202(+), Li(-) ]: Neurons were treated with 100 yM
hydrogen peroxide (H2032) for 4 hours to induce oxidative stress.
e Lithium-treated and stress-induced [ H202(+), Li(+) ]: Neurons were pre-
treated with 10 mM lithium for 24 hours, followed by 4 hours of exposure

to 100 uM hydrogen peroxide.

Following these treatments, we assessed intracellular ROS levels in the
neurons using the DCFDA intracellular ROS assay kit. Fluorescence
micrographs were captured using a fluorescence microscope and the images
were subsequently analyzed with ImageJ software to quantify DCF signals in
the neurons. This approach allowed the comparison of the effects of lithium
treatment and oxidative stress induction on ROS levels across the different

experimental groups.
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5.3 Materials and Methods

5.3.1 Reagent Preparation

The 100 mM lithium carbonate stock solution and 10 mM lithium working
solution were prepared following the protocol outlined in section 4.3.1. For the
H20:2 preparation, a 30% (9.8 M) stock solution (Sigma, USA) was used as the
starting point. To achieve the desired 100 uM working concentration, the stock
solution was first diluted to 1 M by combining 0.102 mL of H202 stock with
0.898 mL of sterile distilled water. A 1:100 dilution was then performed to
create a 10 mM H20:2 solution. Finally, the 100 yM H202 working solution was
prepared by carrying out another 1:100 dilution in B27 neuron differentiation
full media. For treatment purposes in a 96-well plate, 100 uL of this final

working solution was prepared per well.

Furthermore, in preparation for the ROS assay, the DCFDA intracellular ROS
assay kit (Abcam, England) was employed, comprising a 10X dilution buffer
solution, DCFDA reagent, and tert-butyl hydroperoxide (TBHP) as a positive
control. A series of dilutions were meticulously performed to prepare the
working solutions. Initially, the 10X dilution buffer solution was diluted with
double distilled water to create a 1X dilution buffer. This 1X buffer then served
as the diluent for the DCFDA reagent, which was reduced from its stock
concentration of 20 mM to a working solution of 20 yM through a 1:1000

dilution. Finally, the positive control, TBHP, transformed its original 50 mM
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stock to a 400 uM working concentration, achieved by diluting it in B27 neuron

differentiation full media.

5.3.2 DCFDA Intracellular ROS Assay

The ROS assay began with seeding NSCs onto a dark, clear-bottomed 96-well
plate (Corning, USA) at 5 x 10* cells/cm? density. Both disomic control and
trisomic DS cells were divided into four treatment groups as described in
section 5.2, with an additional group designated for positive control (TBHP
treatment). Each group was allocated two wells. After 14 days of in vitro neuron
differentiation, the respective treatments were applied to each group. The
existing media was removed upon completion, and wells were gently rinsed
with 100 L of 1X buffer solution. The cells were then incubated with 100 pyL
of 20 uM DCFDA solution for 45 minutes in a 37°C incubator with 5% COa.
Due to DCFDA's light sensitivity, solution handling was performed carefully to

minimize light exposure.

Following incubation, the DCFDA solution was removed, and cells were gently
rinsed with 1X buffer solution once more. Subsequently, 50 uL of B27 neuron
differentiation full media was added to each well. Additional wells with only
media without cells, were assigned as blank wells. Live cell microscopy was
conducted using a fluorescence microscope, with at least two fluorescence
micrographs captured for each treatment group. The images were acquired

using the filter set appropriate for fluorescein isothiocyanate (FITC).
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5.3.3 Quantification of ROS Signals using ImageJ

The fluorescent micrographs acquired from the microscope were analysed
using ImageJ software. The initial setup involved defining measurement
parameters as "area", "mean grey density”, and "integrated density". The
software's scale was calibrated using a JPEG image with a known scale bar
from the same microscope to ensure accurate measurements. This calibration
process involved enlarging the image to view the scale bar, then utilizing the
Set Scale function to input the known length in um. Prior to quantifying ROS
signals, a crucial background correction step was performed using a technical
negative control image containing only media without cells. The brightness and
contrast of this control image were adjusted in ImageJ to establish an exposure
range where no signal was visible. This standardized exposure range was
applied to all ROS images to ensure consistent signal intensity across

samples.

The quantification process began with manually selecting regions of interest
(ROIs) using the ROI manager in ImageJ. For each treatment group, fifty
neuronal ROS signals were carefully outlined using the freehand drawing
function, and these ROIs were saved. Measurements for all selected ROIs
were taken simultaneously, generating a comprehensive results window with
guantitative data. This data was then transferred to an Excel sheet for further

analysis.
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5.3.4 Statistical Analysis

A comprehensive analysis of intracellular ROS levels was conducted,
examining 50 neurons per treatment group for each cell line. The analysis
began with organizing raw integrated density data into grouped formats. The
ROUT method, with a Q value of 5%, was applied to remove statistical outliers,
enhancing the reliability of the dataset. To ensure data accuracy and
comparability, a line-to-line normalization process was implemented using the
GraphPad Prism software (version 9.0). This involved transforming the values
by dividing all data points by the mean of the untreated control for each
isogenic line pair. Following normalization, multiple data tables were created
to organize and compile the results. These tables were structured according
to various grouping criteria, including genotype, cell line, and treatment
conditions. This organizational approach facilitated a multi-layered analysis,
enabling comparisons at different levels - between individual cell lines, across

genotypes, and among various treatment groups.

The statistical analysis began with normality tests to determine the distribution
of the data. These tests revealed non-parametric distributions, which informed
the choice of Mann-Whitney and Kruskal-Wallis tests to be selected as the
appropriate methods for analysis. This test was applied to combined data sets
to identify statistically significant ROS signal differences between different
treatment groups and genotypes. To visually represent the findings, a box plot
was created to summarize individual data points for each neuron across the

various treatment groups and genotypes. The box plot provided a
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comprehensive view of the data distribution, allowing for easy identification of

trends, outliers, and differences between groups.

54 Results and Discussion

To validate the effectiveness of the DCFDA intracellular ROS assay kit, a
preliminary test was conducted using a set of control neurons. These neurons
were treated with 400 uM of TBHP, which the kit manufacturer provided as a
positive control reagent. This step was performed before measuring
intracellular ROS levels in all the six lines of iPSC-derived neurons subjected
to lithium treatment and stress induction. It ensures the reliability of the
subsequent ROS measurements in the experimental groups. Figure 12A
demonstrates that treatment with 400 uM TBHP significantly increases ROS

levels in iPSC-derived neurons, confirming the efficacy of the kit.

Furthermore, from the second graph (Figure 12B), it illustrates the effects of
lithium treatment and hydrogen peroxide-induced stress on ROS levels in
disomic control and trisomic DS neurons. There are several key findings.
Firstly, the untreated DS neurons exhibit significantly higher baseline ROS
levels than their disomic counterparts, indicating an inherently higher level of
oxidative stress in DS neurons. Notably, lithium treatment (Li+) demonstrates
a significant rescue effect in DS neurons, substantially reducing ROS levels to
near-disomic baselines. Interestingly, lithium's effect appears specific to DS

neurons, as it shows minimal or insignificant impact on ROS levels in the
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control neurons. This observation is exciting as lithium has a selective rescue

effect on trisomic neurons.

When exposed to H202, both control and DS neurons show significantly
increased ROS levels, but the effect is more pronounced in DS neurons,
suggesting their heightened sensitivity to oxidative stress. However, when the
stress-induced DS neurons were pre-treated with lithium [ DS, H202(+) Li(+) ],
there seems to be no obvious rescue effect of the lithium treatment, as the
ROS level remained significantly high compared to the untreated control

neurons, indicating failure to bring down the ROS levels to near-baseline level.

Moreover, the graph in Figure 12B reveals an interesting pattern: the four box
plots representing the trisomy DS group appear generally longer than those of
the disomic control group. This indicates a wider spread of data points in the
DS neurons, suggesting variability in their responses. In other words, the DS
iIPSC-derived neurons showed diverse reactions to stress and treatment,

pointing to heterogeneity in DS cellular behaviour.

55 Conclusions

In conclusion, this chapter highlights the inherently higher level of baseline

oxidative stress in DS neurons, and the effective rescue of lithium to bring

down oxidative stress in DS neurons to near-disomic level.
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A B Rescue effect of lithium treatment in disomic and trisomic neurons
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Figure 12: Rescue effect of lithium treatment against ROS in disomic and
trisomic iPSC-derived neurons. (A) ROS level in iPSC-derived neurons is
significantly elevated after being treated with 400 uM of TBHP (positive control),
indicating proper functioning of the ROS assay kit. Mann-Whitney test: ***p=0.0001.
(B) When compared to the untreated control group, DS neurons have significantly
increased ROS levels. After being treated with lithium, the ROS level dropped to near-
baseline level in both genotype groups. Upon hydrogen peroxide treatment (stress-
induced), both control and DS neurons show significantly elevated ROS. When the
stress-induced neurons were pre-treated with lithium, the disomic control neurons
improved ROS reduction. However, this lithium-mediated ROS improvement is not
seen in the DS group where the ROS level is still significantly high. Experiment was
conducted on all six cell lines, for three batches of experiment. Kruskal-Wallis test:
**p=0.0010; ****p<0.0001. (C) Representative fluorescent micrographs showing
positive ROS staining in disomic control and trisomic DS neurons. Scale bar: 50 ym.
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CHAPTER 6

GENERAL DISCUSSION

6.1 Downregulated Nuclear REST in DS iPSC-derived Neurons

This study confirms the downregulation of nuclear REST expression in DS
iIPSC-derived neurons compared to control neurons. Previous studies
investigating the role of REST in DS neuropathologies have reported
inconsistent REST expression levels (Bahn et al., 2002; Canzonetta et al.,
2008; Lepagnol-Bestel et al., 2009; Lim et al., 2024). These discrepancies may
be attributed to the diverse models used, including various cell and mouse
models. It is important to note that mouse models, while valuable, have
inherent limitations in mimicking human neurological conditions (Gupta et al.,
2016; Herault et al., 2017). In contrast, this study utilized iIPSC-derived
neurons, believed to provide a more accurate representation of human neural
cells. This approach likely yields more reliable results, offering a closer
approximation of REST dynamics in human DS neurons. Using this advanced
model, our findings contribute to a clearer understanding of REST's role in DS

pathology.

In this study, the focus on nuclear REST is particularly relevant, given that its
nuclear translocation is essential for proper function in the central nervous
system (Lam et al., 2023). Studies have shown that AD and PD brains exhibit

a deficiency in nuclear REST, in contrast to healthy aging brains. This absence
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suggests a reduction in REST-mediated neuroprotection and stress resilience
(Kawamura et al., 2019; Lu et al., 2014; Mampay et al., 2021; Meyer et al.,
2019). Interestingly, the opposite trend is observed in Huntington's disease
brains, where nuclear REST is abundant. This overexpression is attributed to
mutant huntingtin proteins in the cytoplasm, which fail to sequester REST,
allowing it to accumulate in the nucleus. The excessive nuclear REST leads to
over-repression of crucial neuronal genes, including brain-derived
neurotrophic factors (BDNF), ultimately hampering neuroprotective
mechanisms (Zuccato et al., 2003, 2007). Therefore, the observed
downregulation of nuclear REST in DS neurons in this study, is likely to
contribute to the neurodevelopmental and cognitive impairments associated

with DS individuals.

6.2 Lithium-mediated REST Restoration in DS iPSC-derived Neurons

It is engaging that the dysregulated nuclear REST in DS can be restored. In
this study, while lithium had minimal effect on REST expression in control
neurons, it significantly increased nuclear REST levels in DS iPSC-derived
neurons, effectively restoring them to levels comparable to or even higher than
untreated control neurons. This selective effect of lithium on DS neurons
suggests a potential mechanism for countering the neurological abnormalities
associated with trisomy 21. The differential response to lithium treatment
between control and DS neurons provides a promising avenue for therapeutic

intervention. These findings not only enhance our understanding of DS
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pathology but also highlight lithium as a potential therapeutic agent for

addressing REST dysregulation in DS.

This study confirms that lithium can restore nuclear REST levels in DS neurons
(Figure 11B), prompting further investigation into the relationship between
lithium and REST. Current literature suggests that the Wnt signaling pathway
regulates REST (Nishihara et al., 2003), while lithium acts as a GSK-3f3
inhibitor, consequently activating this pathway (Junde et al., 2023; Liu et al.,
2024). This connection implies a potential positive correlation between lithium
and REST. In fact, several studies have demonstrated neuroprotective effects
resulting from lithium-mediated REST upregulation in various disease models,
including AD (Lu et al., 2014), prion disease (Song et al., 2017), and bipolar
disorder (Meyer et al., 2023). However, conflicting evidence exists, with a
previous study indicating that lithium treatment can suppress REST through

increased miR-124 expression (Doeppner et al., 2017).

Understanding the precise mechanism linking lithium and REST is crucial for
developing more targeted and effective treatments for neurological disorders.
Elucidating this complex relationship could provide valuable insights into the
therapeutic potential of lithium and inform the development of novel

interventions for conditions such as DS and other neurodegenerative diseases.
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6.3  Lithium Selectively Rescues Oxidative Stress in DS Neurons

Findings from this study provide compelling evidence for the intrinsic
vulnerability of DS iPSC-derived neurons to oxidative stress and highlight the
potential therapeutic benefits of lithium treatment. The significantly higher
baseline levels of ROS observed in untreated DS neurons compared to
disomic control neurons (Figure 12B), underscore the inherent oxidative
imbalance in DS neuronal populations. Importantly, the selective rescue effect
of lithium on DS neurons, which reduced ROS levels to near-disomic baselines
without significantly affecting control neurons, presents an exciting avenue for
targeted therapeutic interventions. This specificity suggests that lithium may
address a unique aspect of DS cellular physiology, potentially related to the

overexpression of chromosome 21 genes or downstream effects of trisomy.

Furthermore, the heightened sensitivity of DS neurons to hydrogen peroxide-
induced oxidative stress emphasizes their vulnerability to environmental
insults. The more pronounced increase in ROS levels in DS neurons compared
to controls upon H202 exposure indicates a compromised ability to manage
additional oxidative challenges. This observation may explain, in part, the
accelerated neurodegeneration and cognitive decline often seen in individuals

with DS (Hasina et al., 2022; Lockrow et al., 2012).

This study demonstrated lithium's ability to reduce oxidative stress in DS iPSC-

derived neurons. While the exact mechanism was not being investigated,

existing literature provides potential insights into how lithium might work. In DS,
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BACHL1, a gene located on chromosome 21, is overexpressed and acts as a
repressor of NRF2 - a key regulator of cellular antioxidant responses. This
overexpression of BACH1 leads to excessive suppression of NRF2,
weakening the antioxidant defenses in DS neurons (Pagnotta et al., 2022;
Zamponi et al., 2018; Zhang et al., 2018). Encouragingly, lithium has been
shown to activate NRF2 through GSK3 inhibition (Alural et al., 2015; Castillo-
Quan et al., 2016), suggesting that this pathway might explain the antioxidant

effects we observed in DS neurons.

However, the lack of a significant rescue effect by lithium pre-treatment in
stress-induced DS neurons is noteworthy. The NRF2-mediated rescue
mechanism might be compromised in stressed DS neurons. This limitation
highlights the complexity of oxidative stress management in DS neurons and
underscores the need for multi-faceted therapeutic approaches. Nevertheless,
lithium being able to reduce ROS levels in stress-induced disomic control
neurons significantly, have provided a proof-of-concept as to the working
hypothesis that lithium can indeed combat oxidative stress. While these
connections are promising, further mechanistic studies are needed to confirm
the exact pathway through which lithium provides its protective effects and to

understand why this protection fails under stress conditions.

6.4 Limitations and Recommendations for Future Research

iPSC-derived neurons, while valuable for many research applications, have

limitations compared to 3D cerebral organoids. They lack the complex cellular
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organization. The simplified culture conditions of iPSC-derived neurons limit
the cell-type diversity and complex cell-cell interactions that occur in the brain.
While they can be differentiated into specific neuronal subtypes, they often lack
the full range of cell types in the brain, including glia and other supporting cells.
Cerebral organoids on the other hand, allow for more natural interactions
between different cell types, potentially leading to more physiologically
relevant results. Additionally, iPSC-derived neurons do not undergo the same
developmental processes as the human brain, however cerebral organoids
can recapitulate some aspects of early brain development and develop
multiple brain regions with a degree of spatial organization (Chiaradia &
Lancaster, 2020; Rizzuti et al., 2024). Therefore, future studies should
consider using cerebral organoids to enhance the validity and robustness of

their findings.

Moreover, this study confirms that lithium restores REST levels in DS iPSC-
derived neurons, focusing on how this restoration affects oxidative stress.
However, given that REST is an epigenetic transcription factor governing a
network of genes (Lam et al., 2023), exploring its broader downstream effects
would be exciting. Based on a study by Huang et al. (2023), a high percentage
(60-86%) of differentially expressed genes in DS brain tissues and neural cells
are targeted by REST. The researchers found that REST-targeted genes are
significantly enriched in the JAK-STAT and HIF-1 signaling pathways across
multiple brain regions, developmental stages, and neural cell types in DS.
These pathways, along with processes related to nervous system

development, cell differentiation, inflammation, and metabolism, appear to be
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key mechanisms through which REST dysregulation contributes to DS
neuropathogenesis (Huang et al., 2023). Future research could investigate
these wider impacts of REST restoration and determine whether they translate

to functional improvements in DS neurons.

Furthermore, DS iPSC-derived neurons respond differently to stress and
treatment. Such variability presents both challenges and opportunities in
developing treatments for DS. On one hand, such differences make it hard to
find one treatment for all DS patients. On the other hand, it also means we
could create treatments tailored to each person. Future research can focus on
understanding the molecular mechanisms underlying this variability and
exploring combination therapies that may provide more comprehensive

protection against oxidative stress in DS neurons.
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CHAPTER 7

CONCLUSIONS

This study has made significant strides in understanding the role of REST in
DS iPSC-derived neurons and the potential therapeutic applications of lithium.
It confirms the downregulation of nuclear REST in DS iPSC-derived neurons
and demonstrates that lithium treatment can effectively restore nuclear REST
levels. This restoration is particularly noteworthy as it selectively affects DS
neurons, bringing their REST levels to or above those of untreated control
neurons. The research also reveals the intrinsic vulnerability of DS neurons to
oxidative stress and shows that lithium can reduce baseline ROS levels in
these cells to near-disomic levels. Additionally, while the focus on oxidative
stress provides crucial insights, exploring other downstream effects of REST
restoration could offer a more comprehensive understanding of DS
neuropathology. Moving forward, research should aim to elucidate the precise
mechanisms linking lithium and REST, at the same time explore broader

impacts of REST restoration.
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