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ABSTRACT

GENERATION AND CHARACTERISATION OF LEUCINE-RICH
REPEAT KINASE 2 (LRRK2) KNOCKOUT SH-SYSY
NEUROBLASTOMA CELLS AND INVESTIGATION OF THE
EFFECTS OF EDIBLE BIRD’S NEST EXTRACT

Jong Hui Lan

Mutations in leucine-rich repeat kinase 2 (LRRK2) are a major genetic
contributor to Parkinson’s disease (PD), with pathogenic variants increasing
kinase activity and motivating LRRK2 inhibition as a therapeutic strategy.
However, abnormal phenotypes in LRRK2 knockout models raise safety
concerns. Emerging evidence also implicates LRRK2 in cancer biology, with
pathogenic mutations associated with increased malignancy risk, prompting

investigation of LRRK2 inhibition in oncology.

The human neuroblastoma cell line SH-SYS5Y is widely used in PD research but
expresses LRRK?2 at low levels, presenting challenges for gene knockout studies.
In this study, an optimised strategy was developed to generate LRRK?2 knockout
SH-SY5Y (LKO) cells. A double-cut CRISPR/Cas9 system with multiple guide
RNAs was employed, alongside optimisation of electroporation conditions,
clonal expansion procedures, and sensitive protein detection methods.
Successful knockout of LRRK2 was confirmed by PCR, Sanger sequencing, and

Western blot analysis.
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Phenotypic characterisation of LKO cells revealed marked morphological and
functional alterations, including changes in cell morphology, adhesion,
proliferation, senescence, autophagy, and mitochondrial respiration. LKO cells
underwent  conversion into intermediate (I-type) and  substrate-
adherent/Schwannian (S-type) neuroblastoma phenotypes and displayed
hallmarks of cellular senescence, such as enlarged and flattened morphology,
loss of neurite-like processes, increased substrate adhesion, reduced proliferation,
elevated senescence-associated [-galactosidase activity, and decreased
autophagic activity and mitochondrial respiration. Among the LKO clones,
LKO1 (I-type) retained the ability to differentiate into N-type cells and
dopaminergic neurons, making it suitable for PD-related studies and a potential
model for investigating LRRK2-associated cancer stem cell-like properties. In
contrast, LKO2 and LKO3 (S-type) provided insights into neuroblastoma cell

plasticity.

Using LKOI1 cells, the effects of edible bird’s nest (EBN) acid extract were
evaluated. The extract exhibited antioxidant activity but significantly stimulated
cell proliferation and autophagy, suggesting that EBN may promote senescence
evasion and support cancer cell growth. Despite its antioxidant properties, EBN

may therefore be unsuitable as a complementary therapy for cancer patients.

Keywords: leucine-rich repeat kinase 2; knockout; neuroblastoma; edible bird’s

nest; senescence

Subject Area: RC321-571 Neurosciences
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CHAPTER 1.0

INTRODUCTION

Leucine-rich repeat kinase 2 (LRRK2) is a large, multi-domain protein
possessing both kinase and GTPase activities, and is involved in a variety of
cellular processes (Tolosa et al., 2020). A growing body of evidence implicates
LRRK?2 in the pathogenesis of Parkinson’s disease (PD). The heightened kinase
activity associated with its pathogenic variants has attracted considerable interest
from both academic and pharmaceutical communities, leading to intensified
efforts to develop therapeutic strategies targeting LRRK2 kinase activity,
particularly given that PD remains an incurable disorder (Kalogeropulou et al.,
2022, Cookson, 2010, U.S. National Library of Medicine, 2025a, U.S. National
Library of Medicine, 2025d). However, the abnormal phenotypes observed in
LRRK2 knockout animal models raise significant safety concerns that have yet
to be fully addressed (Tong ef al., 2012, Hinkle et al., 2012, Baptista et al., 2013,
Pellegrini et al., 2018, Tong et al., 2010). Despite these early concerns, LRRK?2
continues to be a high-priority target for PD therapy, and significant efforts have
been made to develop kinase inhibitors with improved safety profiles. Several
LRRK?2 kinase inhibitors have shown promise in preclinical studies, with some
advancing to clinical trials (Taymans et al., 2023, Azeggagh and Berwick, 2022,
U.S. National Library of Medicine, 2025a, U.S. National Library of Medicine,
2025d). Nevertheless, concerns about adverse effects persist. While some

studies have reported undesirable outcomes following LRRK2 kinase inhibition



(Fujietal., 2015, Fell et al., 2015, Daher et al., 2015), others have demonstrated
that these effects are reversible upon drug withdrawal (Baptista et al., 2020b,
Bryce et al., 2021) or have reported no significant side effects (Ho ef al., 2022,

Andersen et al., 2018).

Despite its well-established role in the pathogenesis of PD, accumulating
evidence indicates that LRRK2 may also play a role in cancer biology.
Pathogenic LRRK2 mutations, most notably the G2019S variant, have been
associated with an increased risk of several malignancies in patients with PD,
including skin cancer, colorectal cancer, leukaemia, hormone-related cancers,
and breast cancer (Agalliu et al., 2019, Agalliu et al., 2015). Accordingly, as in
PD, pharmacological inhibition of LRRK2 has been investigated as a potential
therapeutic strategy in oncology, with studies demonstrating effects in clear cell
renal cell carcinoma (Yang et al., 2021), lung cancer (Wu ef al., 2023, Jiang et

al., 2019) and breast cancer cell lines (Jung ef al., 2021).

Owing to its human origin and neuronal characteristics, the SH-SY5Y human
neuroblastoma cell line, established over five decades ago (BiedlerHelson and
Spengler, 1973, Biedler et al., 1978), has been widely utilised as a cellular model
for PD (IoghenCeafalan and Popescu, 2023). Notably, SH-SYS5Y cells have been
extensively employed in studies of neurotoxicity and neurogenetics
(IoghenCeafalan and Popescu, 2023, Kovalevich and Langford, 2013b). LRRK2
expression in SH-SYSY cells is relatively low, mirroring the low endogenous
levels observed in the human brain, particularly when compared to tissues such
as the lungs and kidneys (The Human Protein Atlas, no date, Tong et al., 2010).
Accumulating evidence over the years has highlighted that genes with low

expression levels should not be overlooked, as they can play critical roles in



regulating cellular functions, development, and disease processes (Hipp et al.,
2010, Li et al., 2024a). Knocking out low-expression genes is inherently
challenging due to minimal baseline activity and subtle functional effects, which
often result in weak or absent phenotypes. For LRRK2, pronounced effects are
mainly observed in high-expression tissues, while low-expression tissues show
limited changes, likely due to genetic compensation and functional redundancy
with LRRK1 (Biskup et al., 2007, Fernandez et al., 2022, Giaime et al., 2017,
Tong et al., 2010). These low-expression genes are often difficult to detect and
quantify, making it challenging to confirm successful knockout (Biskup et al.,
2007, Fernandez et al., 2022). While knocking out low-expression genes remains
a technical challenge, the advent of CRISPR/Cas9 genome editing technology

has significantly facilitated this process.

CRISPR/Cas9 is a revolutionary, Nobel Prize-winning genome editing
technology (Ledford and Callaway, 2020) that has been widely adopted by
laboratories worldwide since its first successful application in mammalian cells
in 2013 (Ran et al., 2013). Due to its high efficiency, precision, and ease of use,
CRISPR/Cas9 has been employed across a broad range of research fields,
including neurodegenerative diseases such as PD, to facilitate genetic
manipulation in both cellular and animal models. Its applications include gene
knock-in and knockout (Xu and L1, 2020). In this context, the present study aims
to establish a cellular model of LRRK2 knockout using SH-SYS5 cells and
CRISPR/Cas9 technology, with the goal of investigating the potential adverse
effects associated with the loss of LRRK2. While the model has notable

limitations, it nonetheless offers a valuable and accessible platform for



preliminary screening and mechanistic studies, helping to bridge the gap

between simpler in vitro models and more complex in vivo models.

Edible bird’s nest (EBN) is a functional food widely consumed around the world,
particularly within the Chinese community (Zulkefle et al., 2024). Its reputed
immune-boosting properties have made it a popular complementary and
alternative medicine (CAM) among cancer patients seeking to mitigate the
adverse effects of chemotherapy (Wong et al., 2010, ShihChiang and Chan, 2009,
Lim et al., 2006, Zhao et al., 2016). However, EBN has also been reported to
stimulate the proliferation of various cell types (Roh et al., 2012, Zainal Abidin
et al., 2011, Chua et al., 2013, Albishtue et al., 2018b), raising concerns about

its appropriateness for consumption by cancer patients.

This study initially aimed to address the following research gaps: (i) whether
LRRK2 knockout leads to deleterious effects, and (i) whether EBN extracts can
ameliorate these effects, specifically by evaluating the neuroprotective effects of
EBN on LRRK?2 knockout dopaminergic neurons differentiated from SH-SY5Y
neuroblastoma cells. However, this study took an unexpected turn when the
established LRRK2 knockout SH-SY5Y (LKO) cells exhibited unanticipated
phenotypic changes, shifting from the neuronal (N-type) phenotype to either
intermediate (I-type) or substrate-adherent/Schwannian (S-type) neuroblastoma
subtypes. Among the three LKO clones generated, LKO1 displayed features
consistent with I-type cells, whereas LKO2 and LKO3 exhibited characteristics
typical of S-type cells. Given that LKO2 and LKO3 showed very slow or nearly
no growth, they may not pose an immediate clinical concern, as they resemble
therapy-induced senescent cells. However, senescent cells are known to elicit

senescence-associated secretory phenotypes (SASP), which may promote



inflammation and other deleterious effects (Luo ef al., 2025); this aspect will be
explored in future studies. While the neuronal properties and differentiation
potential of LKO1 cells will be investigated separately, the focus of the present
study shifted from assessing the neuroprotective effects of EBN to examining its
impact on LKO1 cells. Specifically, this shift entailed investigating the potential
anti-proliferative or pro-proliferative effects of EBN, namely, whether EBN may
promote relapse in neuroblastoma patients undergoing chemotherapy, given that

LKOL1 likely possesses stem cell-like properties.

The study initially hypothesised that dopaminergic neurons differentiated from
LRRK2 knockout SH-SYS5Y would exhibit dysfunction in certain cellular
processes and that EBN extracts might ameliorate these dysfunctions. However,
this hypothesis was revised following an unexpected shift in the research
direction. The new hypothesis proposed that EBN may exert pro-cancer, rather

than anti-cancer, effects.

The overall objective of this study is to generate, validate, and characterise
LRRK?2 knockout SH-SY5Y neuroblastoma cells and to investigate the effects
of EBN extracts using this knockout model. The specific aims are: (i) to knock
out the LRRK2 gene in SH-SYS5Y neuroblastoma cells using CRISPR/Cas9
genome editing; (ii) to validate the LRRK?2 knockout model; (iii) to characterise
the LRRK2 knockout SH-SYS5Y neuroblastoma cells; and (iv) to investigate the
effects of EBN extracts on the LRRK2 knockout SH-SYS5Y neuroblastoma
model. The general objective and specific aims of the study were achieved, and
the outcomes were organised into three parts, each illustrated by a corresponding

graphical abstract (Figure 1.1-1.3).
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Figure 1.1: Graphical abstract illustrating the generation of LRRK2 knockout SH-SY5Y neuroblastoma cells using CRISPR/Cas9 genome editing,

and their validation by PCR, Sanger sequencing, and Western blot analysis
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Figure 1.2: Graphical abstract illustrating the characteristics of LRRK2 knockout SH-SYSY neuroblastoma cells, which underwent cellular
conversion and senescence, characterised by reduced neurite-like processes, cell proliferation, autophagy, and mitochondrial respiration, alongside

increased cell size, cell-substrate adhesion strength, and senescence-associated B-galactosidase activity
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Figure 1.3: Graphical abstract illustrating the effects of EBN extract on LRRK?2 knockout SH-SYS5Y neuroblastoma cells, including anti-oxidative

and pro-proliferative effects, enhancement of autophagy, and no observable impact on mitochondrial respiration



CHAPTER 2.0

LITERATURE REVIEW

2.1 Leucine-rich repeat kinase 2 (LRRK2)

2.1.1 Overview of LRRK2

Leucine-rich repeat kinase 2 (LRRK?2), pronounced as "Lark 2," is also known
as Dardarin, a name derived from the Basque word dardara, meaning "tremor"
(Paisan-Ruiz et al., 2004). The LRRK?2 gene is located within the PARKS locus,
which was identified in 2002 (Funayama et al., 2002). Two years later, LRRK2
was linked to Parkinson’s disease (PD), marking a breakthrough in the field
(Paisan-Ruiz et al., 2004, Zimprich et al., 2004). Over the past 23 years,
significant progress has been made in LRRK2 research (Table 2.1), establishing
it as a promising therapeutic target. Notably, clinical trials for the LRRK2
inhibitor (DNL151) are currently underway and are expected to conclude by
2028.

LRRK2 is a large, multifunctional protein (286 kDa) composed of multiple
domains. Located on chromosome 12, it spans 144 kb and contains 51 exons.
LRRK2 belongs to the ROCO family, characterised by the presence of a Ras of
complex proteins (ROC)/ GTPase domain, followed by a COR (C-terminal of
ROC) domain (Bosgraaf and Van Haastert, 2003). The LRRK2 protein consists
of seven domains: the armadillo repeat domain (ARM), ankyrin repeat domain
(ANK), leucine-rich repeat domain (LRR), ROC, COR, kinase domain (KIN),

and WD40 repeat (WD40) (Zimprich et al., 2004, Mata et al., 2006) (Figure 2.1).



Of these, four are involved in protein-protein interactions: ARM, ANK, LRR,
and WD40, while ROC, COR, and KIN function as catalytic domains (Chen and
Wu, 2018, Tolosa et al., 2020). While the LRRK2 protein has been associated
with a range of cellular processes involved in PD pathogenesis, its precise
physiological function remains elusive. Nonetheless, evidence accrued over the
years has demonstrated that LRRK?2 plays a critical role in regulating synaptic
function, autophagy, mitochondrial function, cytoskeletal dynamics, vesicle
trafficking, lysosomal function, immune responses, and oxidative stress (Tolosa

et al., 2020).

10



1 CORA CORB 2527

N1437H Y1699C G2019S
R1441C 12020T
R1441G
R1441H

Figure 2.1: Domain structure of LRRK2, indicating the locations of pathogenic variants. ARM, armadillo repeat; ANK, ankyrin repeat; LRR,

leucine-rich repeat; ROC, Ras of complex proteins domain; COR, C-terminal of ROC; KIN, kinase domain; WD40, WD40 domain
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Table 2.1: Timeline of the major achievements in LRRK2 research from 2002 to 2025

Year  Achievement(s) Reference(s)
2002  Discovery of the PARKS locus (Funayama et al., 2002)
2004  Identification of LRRK2 as a genetic risk factor for PD (Zimprich et al., 2004, Paisan-Ruiz
et al.,2004)
(West et al., 2005, Gloeckner et al.,
2006  Pathogenic LRRK2 variants display increased kinase activity 2006, Greggio et al., 2006, Smith et
al., 2006)
2009  GWAS identified PD risk-associated SNPs at the LRRK2 locus (Satake et al., 2009)
(Cuny, 2009, Covy and Giasson,
2009, Nichols et al., 2009, Klein et
al., 2009, Greggio et al., 2009,
. . . . Kamikawajilto and Iwatsubo, 2009,
2009 - Identification of surrogate substrates and pS910/935 LRRK2 phosphosites as markers supporting ,a fikawa)ito and walsubo
2010 drue development research Liu et al., 2010a, Gloeckner et al.,
8 P 2010, Pedro et al., 2010, Lee et al.,
2010, Liu ef al., 2010b, Dzamko et
al., 2010, Li et al., 2010, Pungaliya
etal.,2010)
2011  Identification of the first LRRK2 kinase inhibitor (Deng et al., 2011)
2016  Discovery of Rab proteins as substrates of LRRK?2 (Steger et al., 2016)
U.S. National Lib fMedici
2017  First-in-human LRRK2 inhibitor (DNL201) clinical trial ( atiotial Libraty of Vedictne,

2020)
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2019  First-in-human antisense oligonucleotide targeting LRRK2 (BIIB094) clinical trial

(U.S. National Library of Medicine,
2025c¢)

Biogen and Denali announced a collaboration to co-develop and commercialise an LRRK2

2020 Bi 2020

inhibitor (DNL151) (Biogen, 2020)
2022 (U.S. National Library of Medicine,
2008 Phase 2a and Phase 2b clinical trials for DNL151 have commenced 2025a, U.S. National Library of

Medicine, 2025d)

Abbreviations: PARKS, autosomal dominant PD 8; GWAS, genome-wide association studies; SNPs, single nucleotide polymorphisms; pS910/ 935

LRRK2, the phosphorylated form of LRRK?2 at serine 910 and 935; Rab, Ras-associated binding
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2.1.2 LRRK?2 variants

LRRK2 has been implicated in the pathogenesis of PD for over two decades,
during which several variations in the gene have been identified (Taymans et al.,
2023). While the majority of these variants enhance kinase activity and reduce
GTPase activity, thereby increasing the risk of developing PD and being
classified as pathogenic, a minority are considered either protective variants or
of uncertain significance.

Pathogenic LRRK2 variants are the most common cause of autosomal dominant
PD. These variants are primarily found in the central core/ catalytic domains of
the LRRK2 protein, specifically within the kinase and GTPase domains
(Gilsbach and Kortholt, 2014). Interestingly, a plethora of evidence suggests that
LRRK2 variants vary across geographical regions and ethnic/racial groups. For
instance, G2019S is the most common variant observed in Caucasian
populations (e.g., Ashkenazi Jews and North American Berber Arabs), but it is
less frequently found in Asian populations. In contrast, G2385R and R1628P are
the most common variants in Asian populations, including those in Malaysia
(Simpson et al., 2022, Gopalai et al., 2014).

According to the Movement Disorder Society Genetic Mutation Database

(https://www.mdsgene.org/), out of 211 PD-associated variants, 25 are classified

as pathogenic or likely pathogenic. To date, only seven variants of LRRK2 have
been confirmed to be pathogenic, including N1437H, R1441C/H/G, Y1699C,
G2019S and 12020T. Among them, the G2019S is the most common and strongly
associated with PD (Kriiger et al., 2025, Coku et al., 2022). Recently, Coku et
al. identified two novel pathogenic LRRK2 variants, H230R and A 1440P (Coku

et al., 2022). Pathogenic LRRK2 variants alter the structure and function of the
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protein (Ito and Utsunomiya-Tate, 2023). However, the exact pathophysiological
mechanisms underlying these mutations remain unclear. The prevailing
hypothesis 1s that these variants enhance kinase activity, leading to the
hyperphosphorylation of substrate proteins, such as the Rab GTPase family
members (Rab3A/B/C/D, Rab5A/B, Rab8A/B, Rab10, Rab12, Rab29, Rab35,
and Rab43) (SeolNam and Son, 2019). This heightened kinase activity disrupts
multiple cellular processes, including vesicle trafficking, cytoskeletal dynamics
(Boecker et al., 2021, Civiero et al., 2018), autophagy (Boecker et al., 2021),
and mitochondrial function (Ho et al., 2018, Williamson ef al., 2023), ultimately
resulting in the degeneration of dopaminergic neurons in the substantia nigra
(Kriiger et al., 2025, Ito and Utsunomiya-Tate, 2023).

On the other hand, studies have shown that the LRRK2 N551K and R1398H
variants are protective, as individuals with these variants exhibit a reduced risk
of PD across various populations, including White, Arab-Bebber, and Asian
(Gopalai et al., 2019, Ross et al., 2011). In contrast to the alterations observed
in pathogenic LRRK variants, the R1398H variant has been shown to enhance
GTPase activity, Wnt signalling, and axon outgrowth, key processes vital for
neuronal function (Nixon-Abell et al, 2016). Additionally, Toh et al
demonstrated that the protective variants N551K and R1398H could suppress
the phenotypic effects induced by the pathogenic LRRK2 variant G2019S (Toh

etal.,2021)

15



2.1.3 Functions of LRRK2

2.1.3.1 Autophagy

Autophagy, derived from the Greek words "auto" (self) and "phagy" (eating),
refers to the process of "self-eating." It is a vital catabolic process that helps
maintain cellular homeostasis by degrading and recycling dysfunctional or
damaged proteins and organelles, especially during periods of stress or starvation.
The resulting breakdown products are recycled to support essential cellular
functions. Post-mitotic cells, such as neurons and muscle cells, rely heavily on
autophagy (Gomez-Virgilio et al., 2022, MadureiraConnor-Robson and Wade-

Martins, 2020).

A growing body of evidence suggests that LRRK2 plays a critical role in
regulating autophagy. Pathogenic variants of LRRK2 are thought to disrupt this
process, leading to the accumulation of misfolded proteins and the formation of
aggregates, which, in turn, contribute to the degeneration of dopaminergic
neurons in the substantia nigra, a hallmark of PD (Pang et al., 2022,
MadureiraConnor-Robson and Wade-Martins, 2020, Gomez-Virgilio et al.,
2022). Neuronal cell and animal models carrying the G2019S variant (a LRRK?2
pathogenic mutation associated with a significant increase in kinase activity)
have been widely used in numerous studies to investigate this hypothesis.

However, the outcomes of the studies have been conflicting.

Several previous studies have suggested that increased kinase activity in cell and
animal models carrying LRRK2 pathogenic variants impairs autophagy.
Specifically, it has been demonstrated that the G2019S variant interferes with
the endo-lysosomal pathway in astrocytes, reducing their capacity to internalise

and degrade a-synuclein (Streubel-Gallasch et al., 2021). Yadavalli and
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Ferguson further demonstrated that lysosomal degradative activity is suppressed
in macrophages carrying the kinase-hyperactive G2019S variant (Yadavalli and
Ferguson, 2023). Additionally, increased LRRK2 kinase activity in neurons
carrying G2019S was found to disrupt neuronal autophagy by interfering with
autophagosome transport and maturation. This effect was reversed by
pharmacological inhibition of LRRK2 (Boecker et al., 2021). Recombinant
G2019S cell lines exhibited an accumulation of a-synuclein, accompanied by
altered lysosomal morphology and functionality. Inhibition of kinase activity
promoted autolysosome formation and increased lysosomal activity, thereby
enhancing the clearance of a-synuclein (Obergasteiger et al., 2020). Furthermore,
LRRK2 has also been shown to regulate mitochondrial autophagy, or mitophagy.
In G2019S knock-in mice, basal mitophagy was inversely correlated with kinase
activity, and treatment with GSK3357679A, a CNS-penetrant LRRK2 kinase
inhibitor, rescued the mitophagy defects observed in these mice (Singh et al.,
2021). Similarly, another LRRK?2 kinase inhibitor, GSK2578215A, was found to
induce mitophagy in neuroblastoma SH-SY5Y cells (Saez-Atienzar et al., 2014).
In addition, Hsieh ef al. demonstrated that LRRK2 G2019S disrupts the arrest of
mitochondrial motility, thereby delaying the initiation of mitophagy (Hsieh et al.,

2016).

On the other hand, there are also evidences suggesting that LRRK?2 pathogenic
variants promote autophagy, and that inhibition of LRRK2 kinase activity
impairs this process. For instance, Tong et al. demonstrated that the loss of
LRRK?2 led to disruption of the protein degradation pathway in aged mice, as
evidenced by the accumulation and aggregation of a-synuclein and ubiquitinated

proteins (Tong et al., 2010). A subsequent study revealed age-dependent,
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biphasic changes in autophagic activity in the absence of LRRK2 (Tong et al.,
2012). Another study found that constitutive silencing of LRRK2 resulted in
early deregulation of glucocerebrosidase activity, followed by late-stage
impairment of both macroautophagy and chaperone-mediated autophagy
(Albanese et al., 2021). Several other studies have also demonstrated that
mitophagy is enhanced in various models carrying LRRK?2 pathogenic variants,
including G2019S and R1441C, such as fibroblasts from PD patients, rat
dopaminergic neuron cultures (SuGuo and Qi, 2015), and transgenic mice

(Ramonet et al., 2011).

2.1.3.2 Mitochondrial functions

Mitochondria are crucial for generating the energy needed to support essential
cellular processes. Neurons are highly susceptible to mitochondrial dysfunction
due to their unique bioenergetic and morphological characteristics. Their long,
unmyelinated axonal arbors require substantial energy, making them especially
dependent on mitochondrial function. Numerous studies have established that
mitochondrial dysfunction is a central feature of PD (Beal, 2005). LRRK2 affect
several aspects of mitochondrial function, including fission and fusion,
mitophagy, oxidative stress, mitochondrial trafficking, and calcium homeostasis

(SinghZhi and Zhang, 2019, Pacelli ef al., 2015).

Mitochondrial dynamics, including fission and fusion, are essential for
maintaining mitochondrial health and function (Liu et al., 2020). These
processes, along with mitochondrial transport, enable long-distance energy
transfer, which is vital for axonal and synaptic function (SinghZhi and Zhang,

2019, LarsenHanss and Kriiger, 2018). Pathogenic LRRK2 variants impair
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mitochondrial fission and fusion. Studies have shown that overexpressing
G2019S or R1441C wvariants in various neuronal cell models, such as
neuroblastoma SH-SYSY and primary cortical neurons, induces mitochondrial
fragmentation via the mitochondrial dynamin-like protein, DRP1 (Wang ef al.,
2012, Ho et al., 2018, Niu et al., 2012, Ho et al., 2019). This disrupts
mitochondrial dynamics, leading to neuronal cell death. In contrast, the LRRK2
variant E193K prevents mitochondrial fission by altering LRRK2 binding to
DRP1 (Perez Carrion M, 2018). Furthermore, treatment with P110, a selective
peptide inhibitor of DRPI1, has been shown to reduce mitochondrial
fragmentation and correct excessive autophagy in G2019S-expressing cells and

PD patient fibroblasts (Su and Qi, 2013).

Mitophagy is the process by which dysfunctional or excessive mitochondria are
eliminated to maintain optimal mitochondrial function. Mitochondrial
homeostasis is regulated through a balance between mitochondrial removal and
production. Pathogenic variants of LRRK2 have been shown to disturb this
equilibrium by either impairing or enhancing mitophagy, leading to increased
cellular stress and neuronal cell death (SinghZhi and Zhang, 2019, Juarez-Flores
et al., 2018, Wang et al., 2023b). Neurons carrying the R1441C variant exhibit
impaired mitophagy, and treatment with MLi-2, a LRRK?2 kinase inhibitor, does
not fully restore mitophagy defects (Williamson et al., 2023). However,
mitophagy defects in LRRK2 G2019S mice can be rescued with the LRRK2
kinase inhibitor GSK3357679A (Singh et al., 2021). LRRK2 knockdown or
inhibition in fibroblasts from PD patients carrying the G2019S mutation has also
been shown to reverse mitophagy impairments (Wauters et al, 2020).

Additionally, LRRK2 inhibition with PF-06447475 improved mitophagy in a
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mouse model of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced
PD (Filippone et al., 2024). Beyond impairing mitophagy, pathogenic LRRK2
variants have also been shown to enhance mitophagy in various cellular and

animal models (SuGuo and Qi, 2015, Ramonet et al., 2011).

Oxidative stress, resulting from an imbalance between reactive oxygen species
(ROS) production and antioxidant defences, is another consequence of LRRK?2
mutations. Mitochondria produce ROS as byproducts of oxidative
phosphorylation, and these ROS can damage cellular biomolecules (Juan et al.,
2021). Studies have linked pathogenic LRRK2 variants to increased oxidative
stress. For example, ROS levels are elevated in neural stem cells with the
R1441G mutation, whereas LRRK2 knockout cells show low ROS levels
(Bahnassawy et al., 2013). Expression of G2019S and R1441C variants in yeast
cells also stimulates ROS production (PereiraMartins and Saraiva, 2014).
Additionally, LRRK2 pathogenic variants are associated with mitochondrial
DNA damage in iPSC-derived neural cells from individuals with G2019S or
R1441C mutations, likely due to oxidative stress (Sanders et al., 2014). Elevated
oxidative stress markers have also been found in the cerebrospinal fluid of

healthy individuals with these variants (Loeffler et al., 2017).

Axonal transport is critical for neuronal health, as it delivers proteins and
organelles and removes waste products. LRRK2 wvariants can impair
mitochondrial axonal transport, particularly in dopaminergic neurons, which
have long and complex axonal structures requiring efficient mitochondrial
trafficking to maintain energy supply (Hung, 2021, Maday et al., 2014). iPSC-
derived dopaminergic neurons with the G2019S variant exhibit mitochondrial

distribution and trafficking abnormalities linked to reduced sirtuin deacetylase
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activity and nicotinamide adenine dinucleotide levels (Schwab et al., 2017). In
another study, G2019S disrupted mitochondrial motility by impairing its
interaction with Miro, delaying the arrest of damaged mitochondria and the
initiation of mitophagy (Hsieh ef al., 2016). Additionally, the LRRK2 R1441C
variant induces mitochondrial trafficking defects in SH-SY5Y neuroblastoma
cells, which can be alleviated with the GTP-binding inhibitor 68 and FX2149

(Thomas et al., 2017).

LRRK?2 also regulates mitochondrial calcium levels, and pathogenic variants can
impair mitochondrial calcium handling, contributing to dysfunction, particularly
in neurons that require tight calcium regulation (SinghZhi and Zhang, 2019).
Mouse cortical neurons expressing G2019S or R1441C show reduced calcium
buffering capacity, leading to increased mitophagy and dendritic shortening
(Cherra III et al., 2013). Furthermore, both variants increase mitochondrial
calcium uptake in cortical neurons and PD patient fibroblasts, contributing to

dendritic degeneration (Verma et al., 2017).

2.1.3.3 Cytoskeletal dynamics

Cytoskeleton dynamics involve the continuous assembly and disassembly of
protein filaments in response to cellular signals. This dynamic process enables
key functions such as cell motility, shape changes, and intracellular transport. In
neurons, cytoskeleton dynamics are essential for processes like dendritic and
axonal growth, synaptic vesicle transport, and synaptic plasticity (Civiero et al.,
2018). Several lines of evidence indicate that LRRK2 play a role in the

modulation of actin and tubulin dynamics, hence affecting neurite outgrowth
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(Esteves and Cardoso, 2017). Neurite retraction is a prominent feature of
degenerative phenotypes in neurons and has been extensively reported in various
animal and cell models carrying LRRK?2 variants (Lobbestael et al., 2020). For
instance, neuroblastoma SH-SY5Y cells transfected with the pathogenic G2019S
variant exhibited significant neurite shortening (Plowey et al., 2008). Similarly,
LRRK2 G2019S transgenic mice showed reduced dendritic arborisation and
fewer dendritic spines (Winner et al., 2011). However, a recent study reported
conflicting results, where overexpression of LRRK2 G2019S did not induce
neurite retraction or impair neurite outgrowth in either cell culture or in vivo
models (Lobbestael e al., 2020). LRRK2 is known to interact with microtubules,
the cytoskeletal structures that serve as highways for vesicular transport in
neurons (Gandhi et al., 2008, Civiero et al., 2018). It plays a key role in
regulating the stability and dynamics of microtubules, which are essential for the
long-range transport of synaptic vesicles along the axon and dendrites to synaptic
sites (Gillardon, 2009, Civiero et al., 2018). In addition to microtubules, LRRK?2
interacts with the actin cytoskeleton, which is involved in the short-range
movement of vesicles, particularly during synaptic vesicle recycling and vesicle
docking at the synapse. LRRK2 modulates actin dynamics by influencing actin-
binding proteins, which in turn affect vesicle movement and fusion with the
presynaptic membrane (Caesar et al., 2015, Meixner et al., 2011, Civiero et al.,
2018). Pathogenic LRRK?2 variants have been shown to disrupt vesicle transport.
Godena et al. demonstrated that the R1441C and Y1699C mutations cause
locomotor deficits in Drosophila by impairing axonal transport through their
association with acetylated microtubules (Godena et al., 2014). Additionally,

the anterograde axonal transport of synaptic vesicle precursor proteins was
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disrupted in iPSC-derived neurons expressing the LRRK2 pathogenic variant

R1441H (DouAiken and Holzbaur, 2024).

2.1.3.4 Immune responses

Compelling evidence suggests that LRRK?2 plays a crucial role in modulating
inflammatory responses in both the central and peripheral nervous systems
(RussoBubacco and Greggio, 2022, WallingsHerrick and Tansey, 2020). LRRK?2
is highly expressed in various immune cells, including B cells, T cells,
monocytes, and macrophages (Cook ef al., 2017, Ahmadi Rastegar et al., 2022).
Beyond its role in neuroinflammation, LRRK2 has been implicated in several
immune-related disorders, such as inflammatory bowel diseases (Sun et al., 2024,
Cabezudo et al., 2023, Herrick and Tansey, 2021) and systemic lupus
erythematosus (Zhang et al., 2019, Zhang et al., 2017). Additionally, LRRK?2
plays a role in the immune response to bacterial infections, including
Mycobacterium tuberculosis (Weindel et al., 2020), Salmonella typhimurium
(Liu et al., 2017, Shutinoski et al., 2019, Zhu et al., 2025, Hartlova et al., 2018)
and Mycobacterium leprae (Dallmann-Sauer et al., 2023, Wallings and Tansey,

2019), where it influences pathogen clearance and inflammatory signalling.

Pathogenic LRRK?2 variants are strongly linked to PD, with increased kinase
activity exacerbating both neuroinflammation and systemic inflammation.
Dysregulated LRRK2 function disrupts proinflammatory mediator secretion,
phagocytosis, and immune cell migration, highlighting its role as a key link
between immune dysfunction and neurodegeneration. Microglia and astrocytes

from animals expressing the LRRK2 G2019S and R1441G variants exhibit
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heightened secretion of proinflammatory cytokines, including interleukin-1p,
tumour necrosis factor-o and interferon-y (An et al., 2024, Ho et al., 2024,
GillardonSchmid and Draheim, 2012, Panagiotakopoulou et al., 2020), as well
as increased chemokine release (Caesar et al., 2014). These inflammatory
changes contribute to both PD development and progression. Notably,
pharmacological inhibition of LRRK2 kinase activity using inhibitors such as
LRRK2-IN-1 (Luerman et al., 2014, Moehle ef al., 2012), GSK2578215A (Kim
et al., 2019) and Sunitinib (Moehle et al., 2012) as well as LRRK2 knockout
(Kim et al., 2019, RudykDwyer and Hayley, 2019, Yan and Liu, 2017)

significantly reduces proinflammatory cytokine and chemokine levels.

Phagocytosis is essential for immune defence and tissue homeostasis, allowing
immune cells to engulf and degrade pathogens, cellular debris, and misfolded
proteins. In the brain, microglia play a crucial role in clearing toxic protein
aggregates, including misfolded a-synuclein, a hallmark of PD. The role of
LRRK2 in microglial phagocytosis remains controversial, with conflicting
findings. Some studies report that microglia and macrophages from PD patients
carrying the LRRK2 G2019S mutation exhibit increased phagocytic activity,
while LRRK?2 deficiency leads to reduced phagocytosis (Kim et al., 2018a).
Conversely, other studies suggest that LRRK?2 deficiency enhances microglial
phagocytosis. For example, Feng ef al. reported that LRRK2-deficient microglia
exhibited increased phagocytosis following a-synuclein exposure in mice (Feng
et al.,2023). Similarly, LRRK?2 knockout microglia showed an enhanced ability
to clear a-synuclein, likely due to an increase in Rab5-positive endosomes,
which are essential for early endocytic trafficking (Maekawa et al., 2016).

Adding to this inconsistency, a study found that human iPSC-derived microglia-
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like cells (iMGLs) with the LRRK2 G2019S mutation demonstrated impaired
phagocytosis in response to inflammatory stimuli, an effect observed exclusively
in male PD patient-derived iMGLs but not in female patient-derived cells

(Ohtonen et al., 2023).

Previous studies suggest that LRRK?2 regulates immune cell migration, though
findings remain conflicting. Moehle ef al. reported that myeloid cells expressing
the G2019S LRRK2 mutation exhibit enhanced migration due to interactions
between LRRK2 and actin-regulatory proteins that control chemotaxis. Notably,
LRRK2 kinase inhibitors can disrupt this interaction (Moehle et al., 2015).
Conversely, Choi et al. found that microglia carrying the G2019S LRRK2
mutation displayed impaired migration, while LRRK2 knockdown enhanced
their motility (Choi et al., 2015). Similarly, Ma et al. demonstrated that LRRK2-
null microglia migrated more efficiently and travelled longer distances toward a

fractalkine source (Ma et al., 2016).

2.1.3.5 Synaptic functions

Robust evidence indicates that LRRK2 plays a critical role in regulating synaptic
function by modulating several key processes, including synaptic vesicle
dynamics, synaptic plasticity, cytoskeletal stability, and autophagy (Pischedda
and Piccoli, 2021, Kuhlmann and Milnerwood, 2020, Mancini et al., 2020,
Lamonaca and Volta, 2020). Previous studies have shown that the R1441C and
G2019S LRRK?2 mutations disrupt the organisation of glutamatergic a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors. These

mutations are also associated with a reduced frequency of miniature excitatory

25



postsynaptic currents, alterations in dendritic spine nano-architecture, and
changes in single-synapse currents (Chen et al., 2020a). Skiteva et al. further
demonstrated that the G2019S mutation impairs glutamatergic synaptic
transmission in dopaminergic neurons. Specifically, G2019S mice exhibited
reduced protein expression of the presynaptic glutamatergic marker,
vesicular glutamate transporter 1 (VGLUT1), along with decreased levels of
GluAl and GIuN1 subunits of AMPA and N-methyl-d-aspartate (NMDA)
receptors, respectively (Skiteva et al., 2022). The pathogenic G2019S variant of
LRRK2 has additionally been implicated in microglial dysfunction, notably
altering synaptic pruning and contributing to dopaminergic fibre loss in vivo
(Zhang et al., 2022b). Moreover, this mutation induces aberrant synaptic
changes in spiny projection neurons under stress conditions (Guevara et al.,
2020). Tombesi et al. demonstrated a role for LRRK2 in brain-derived
neurotrophic factor (BDNF)-mediated synaptic signalling. Specifically, the
G2019S mutation led to altered phosphorylation of proteins involved in
postsynaptic structural organisation, while LRRK2 knockout resulted in
impaired BDNF-dependent spinogenesis (Tombesi et al., 2024). Furthermore,
the D620N missense mutation in vacuolar protein sorting 35 (VPS35), also
associated with PD, has been shown to interact with LRRK2 pathways. Kadgien
et al. reported that this mutation increases phosphorylation of Rab10, a key
substrate of LRRK2. Although LRRK2 kinase inhibition reversed Rabl0
phosphorylation, it did not normalise the elevated glutamate release or surface
GluAl expression (KadgienKamesh and Milnerwood, 2021). In contrast, Bu et

al. demonstrated that treatment with the LRRK2 kinase inhibitor MLi-2 restored
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striatal dopamine function in mice carrying the VPS35 D620N mutation (Bu et

al., 2023).

2.1.4 The roles of LRRK2 in cancers

Despite its well-established role in the pathogenesis of Parkinson’s disease,
increasing evidence suggests that LRRK2 may also be involved in cancer
biology. Recent studies have implicated LRRK?2 in cellular pathways relevant to
oncogenesis, although its precise role in tumour initiation and progression

remains incompletely understood.

Accumulating evidence indicates that dysregulation of LRRK2 is associated
with an increased risk of several cancer types. Notably, pathogenic LRRK2
mutations, particularly the G2019S variant, have been linked to elevated cancer
risk in patients with Parkinson’s disease, including skin cancer, colorectal cancer,
leukaemia, hormone-related cancers, and breast cancer (Agalliu et al., 2019,
Agalliu et al., 2015). Mechanistically, Wang et al. demonstrated that LRRK?2
G2019S promotes colorectal tumorigenesis by fostering a pro-inflammatory
intestinal microenvironment, and proposed inhibition of LRRK2 kinase activity
as a potential therapeutic strategy (Wang et al., 2024b). In line with these
findings, several studies have reported anti-cancer effects following LRRK2
knockdown. For example, Wu et al. showed that knockdown of LRRK2
suppresses lung cancer growth through modulation of the toll-like receptor 4
(TLR4)/nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)
signalling pathway and the NLRP3 inflammasome (Wu ef al., 2023). Similarly,

LRRK2 knockdown has been shown to attenuate proliferation in clear cell renal
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cell carcinoma (Yang ef al., 2021), lung cancer (Jiang ef al., 2019) and breast
cancer cell lines (Jung et al., 2021). However, the role of LRRK2 in cancer
appears to be context-dependent. In contrast to the predominantly anti-
tumorigenic effects reported above, Lebovitz et al. demonstrated that loss of
LRRK2 promotes carcinogen-induced lung tumorigenesis, suggesting a
potential tumour-suppressive function under specific conditions (Lebovitz et al.,

2021).

Beyond point mutations, structural alterations in LRRK2 have also been
implicated in cancer. Copy number variations, including both gene amplification
and whole-gene deletion, have been associated with poor prognosis in multiple
human malignancies, prompting Lopez et al. to propose LRRK2 inhibition as a
therapeutic strategy for LRRK2-amplified tumours (Lopez et al., 2020).
Consistent with this, somatic mutations in LRRK2 have been frequently
identified in breast cancer (Parrilla Castellar et al., 2020). Nevertheless, not all
studies support a cancer-predisposing role for LRRK?2 variants. For instance,
Allegra et al. reported no association between the LRRK?2 G2019S mutation and
cancer risk in an Italian cohort (Allegra et al., 2014), highlighting potential
population-specific effects and underscoring the complexity of LRRK?2’s role in

cancer biology.

2.1.5 LRRK2 knockout models
Since increased LRRK2 kinase activity disrupts multiple cellular processes and
contributes to the pathogenesis of PD, inhibiting LRRK2 kinase activity has

emerged as a promising therapeutic strategy and a major focus of ongoing
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research. To support these efforts, numerous LRRK?2 knockout cell lines and

animal models have been developed over the years.

2.1.5.1 Cell lines

Although cell lines have reduced complexity and limited physiological relevance
compared to animal models, they are widely used to generate preliminary data
and establish proof-of-concept findings before more extensive investigations.
Over the years, researchers have developed LRRK2 knockout cell lines from
various cell types, including human iPSCs, HEK-293/ HEK-293T, SH-SY5Y,
RAW 264.7, and BV2 cells (Table 2.2), to better understand LRRK2’s
physiological roles. Most of these knockout models were generated using
CRISPR/Cas genome editing technology, enabling precise gene disruption. The
functional changes observed in these models have been instrumental in
uncovering LRRK2’s role in key cellular processes such as mitochondrial

function, immune responses, oxidative stress, and apoptosis.

Among these cell lines, the neuroblastoma-derived SH-SYSY is widely used in
PD research due to its several advantages. While iPSCs derived from PD patient
fibroblasts offer a physiologically relevant model that retains patient-specific
genetic variants, they are costly to maintain, labour-intensive to culture, and
require careful handling, despite ongoing efforts to simplify their culturing
process (Chang et al., 2015, Ghaedi and Niklason, 2016, Cheng et al., 2023).
Conversely, LRRK2 knockout SH-SYS5Y cells are significantly more cost-
effective and easier to maintain. Unlike HEK-293/ HEK-293T cells, which are

easier to transfect and culture but lack neuronal properties (IoghenCeafalan and
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Popescu, 2023), SH-SYS5Y cells possess neuronal characteristics, making them
particularly relevant for PD research. Additionally, while LRRK2 knockout BV2
microglial cells and RAW 264.7 macrophages are useful for studying
neuroinflammation-related processes, such as aggregate clearance (Gao et al.,
2023), LRRK2 knockout SH-SYSY cells offer broader research applications,
including synaptic transmission studies. SH-SY5Y cells are also widely used to
investigate cellular responses to neurotoxicants and genetic mutations linked to
PD (Xu et al., 2021, Rakotoarisoa et al., 2019, Luo and Sakamoto, 2023,
RamalingamHuh and Lee, 2019, Rodriguez-Losada et al., 2020, Zhao et al.,

2020).
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Table 2.2 LRRK?2 knockout cell lines

Method of
No. Cellline genetic Genetic modification(s) Functional change(s) Reference
modification
Human induced * 51131 -LRR.KZ.-KLORII:{E;letion gf (Ch ;
. ase pairs 1n exon en et al.,
Lo l(lflﬁ’tseél; stem - CRISPRICas9 | | |.LRRK2-KO2: insertion of TV °° 2020b)
13 base pairs in LRRK2 exon 9
Human induced (Beylina e al
2 pluripotent stem CRISPR/Cas9 e 19877 bp deletion N/A 5 02}1’) v
cell (iPSC)
Human embryonic . . Resistant to rotenone-induced (Quintero-
3 kidney cell line 293 CRISPR/Cas9 * Distup t.lon of the start codon oxidative stress, mitochondrial Espinosa et al.,
(HEK-293) (ATG) in LRRK2 exon 1 damage, and apoptosis in vitro 2023)
Human Reduced Akt and Erk1 (Tombesi et al
4 neuroblastoma cell CRISPR/Cas9 e N/A phosphorylation in response to BDNF 2024) "
line (SH-SYSY) stimulation
e Premature stop codons within
Microglial cells the ORF of LRRK2 Longgr cellular processes, §nhapced (Zhang et al
5 (BV2) CRISPR/Cas9 e Deletion of a length of genomic  adhesion, and weakened migration 20220) o

DNA including 5’UTR and
LRRK2 exon 1
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Reduced pro-inflammatory cytokine

Murine release, increased chemokines, anti- (Almudimeegh
macrophage cell CRISPR/Cas9 N/A inflammatory cytokines, and 2022) g
line (RAW 264.7) pleiotropic cytokines, with no effect
on phagocytic activity
Murine (American Type
7 macrophage cell ZFNs N/A N/A Culture
line (RAW 264.7) * Collection, 2023)
Human embryonic
kidney cell line
293, modified to (FenicsBIO,
8 expressthesvao VA N/A N/A 2025)

large T antigen
(HEK-293T) **

Abbreviation: N/A, not available; CRISPR/Cas9, clustered regularly interspaced short palindromic repeats and CRISPR-associated protein 9; ZFNss,
zinc-finger nucleases; BDNF, brain-derived neurotrophic factor; Akt, Ak strain transforming (also known as protein kinase B, PKB); Erk,

extracellular signal-regulated kinase; ORF, open reading frame
Note:
* This cell line is commercially available at the American Type Culture Collection (ATCC), USA

** This cell line is commercially available at the FenicsBIO, USA
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2.1.5.2 Animal models

LRRK2 knockout animal models are essential for understanding both the normal
function of LRRK?2 and its role in PD pathology. Additionally, these models can
be used to evaluate the risks associated with LRRK2 inhibition, as
pharmacological LRRK?2 inhibitors are being explored as potential therapeutic
approaches for PD. Pathogenic LRRK2 variants cluster within the catalytic triad
of the protein, with N1437H, R1441C, R1441G, and R1441H located in the Ras-
of-complex (ROC) GTPase domain, G2019S and 12020T in the protein kinase
domain, and Y1699C in the C-terminal of ROC (COR) domain (Abdalla-
Carvalho et al., 2010, Nguyen and Moore, 2017). Structurally, the LRRK2 gene
is organized such that exons 29-31 encode the ROC GTPase domain, while
exons 38—44 encode the MAPKKK (kinase) domain (Nuytemans et al., 2008,

Abdalla-Carvalho et al., 2010).

Numerous LRRK?2 knockout models have been developed using homologous
recombination in embryonic stem cells and Cre-LoxP-mediated exon deletion
(Table 2.3), with many targeting LRRK2 exon 41 (Hinkle ef al., 2012, Russo et
al., 2019, RudykDwyer and Hayley, 2019, Déchsel et al., 2010). This focus
arises because exon 41 encodes the kinase domain, where G2019S, the most
common and extensively studied pathogenic variant, is located. This mutation
increases LRRK?2 kinase activity and is strongly associated with PD risk (Lesage
et al., 2007). Additionally, some animal models have been designed with
disruptions in LRRK2 exon 29 and exon 30, as these exons encode the GTPase
domain, which harbours several other pathogenic variants (Tong et al., 2012,
Ostergaard, 2024, Tong et al., 2010). To investigate the effects of complete

LRRK?2 loss, researchers often delete exon 1 or exon 2, ensuring a full and
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effective knockout of gene function (Pellegrini et al., 2018, Tong et al., 2012,
Hartlova et al., 2018, Ludtmann et al., 2019, Russo et al., 2019, Tong et al.,

2010).

LRRK2 knockout models have shown that the loss of LRRK2 leads to
abnormalities in multiple peripheral organs, including the lungs, kidneys, and
liver. It also disrupts autophagic activity and perturbs metabolic and immune
homeostasis (Table 2.3). However, the full extent of these detrimental effects
remains unclear. Despite these uncertainties, several pharmacological LRRK2
inhibitors have been evaluated. While some studies have reported undesirable
side effects from LRRK?2 inhibition (Fuji ef al., 2015, Fell et al., 2015, Daher et
al., 2015), others have shown that these effects are reversible upon drug
withdrawal (Baptista et al., 2020b, Bryce et al., 2021) or that no significant
adverse effects were observed (Ho et al., 2022, Andersen et al., 2018). Notably,
LRRK2 inhibitors such as DNL201 and DNL151 have progressed to clinical
trials (U.S. National Library of Medicine, 2020, Biogen, 2020, U.S. National
Library of Medicine, 2025a), with Phase 2a and Phase 2b trials for DNL151 still
ongoing. Could DNL151 be the long-awaited cure for PD? The results of these

clinical trials, expected by 2028, will provide crucial insights.
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Table 2.3 LRRK?2 knockout animal models

Method of

No. Animal genetic Gen?tlc . Phenotypic/ functional change(s) Reference
model . . modification(s)
modification
Homologous i. Abnormal exploratory activity
recombination  Deletion of 1. Enhanced motor performance .
1 rCn?;]?L/M in ES cellsand  LRRK2 exon iii. Degeneration in the kidney (21(_)131?6 etal,
Cre-LoxP 41 iv. Enhancement of autophagic activity and accumulation of
mediated exon autofluorescent material
deletion
2 months of age:
1. Abnormal kidney staining patterns and/or morphologic
changes that were associated with higher serum phosphorus,
Long Evans creatinine, cholesterol, and sorbitol dehydrogenase, and lower (Baptista et
2 N/A N/A serum sodium and chloride
rat al.,2013)

1. Pronounced changes in urine specific gravity, total volume,
urine potassium, creatinine, sodium, and chloride
16 months of age:
i. Abnormal kidney, lung, and liver phenotype
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Mice:

Homologous 1. Differentially expressed vesicular trafficking and protein

recombination . translation proteins in kidneys

. Deletion of the . . . ..
C57BL/6J in ES cells and . Deregulation of proteins important for translational, (Pellegrini et

. second coding i

mice Cre-LoxP FLRRK? lysosomal and cytoskeletal function al., 2018)

mediated exon 0" © iii.  Accumulation of endo-lysosomal clusters in kidneys

deletion Epithelial kidney cells:

1.  Lysosomal dysregulation
1. Disruption

Homologous in LRRK?2 1. Gross morphological abnormalities of the kidney

recombination promoter ii.  Ratio of kidney/body weight is increased at 1, 4, and 7
B6/129 mice in ES cells and and exon 1 months, but drastically decreased at 20 months (Tong et al.,

Cre-LoxP ii. Disruption iii.  Expression of kidney injury molecule-1 is up-regulated 2012)

mediated exon in LRRK2 iv.  Age-dependent bi-phasic alterations of the autophagic

deletion exon 29 and activity in kidneys

30
1. Disruption in

Homologous LRRK2 1. Accumulation and aggregation of a-synuclein and

recombination promoter and ubiquitinated proteins in kidneys at 20 months

. . . (Tong et al.,
B6/129 mice ™ ES cells and _exon 1 o . Impairment of autophagy—lysosomal ‘ 2010)

Cre-LoxP ii. Disruptionin iii.  Enhancement of apoptotic cell death, inflammatory

mediated exon LRRK2 exon responses, and oxidative damage

deletion 29 and 30
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1.

1il.

Significant weight gain

Significant increases in insulin and insulin-like growth
factors

Displayed kidney morphological and histopathological
alterations in the renal tubule epithelial cells

Long Evans iv.  Significant decreases of lipocalin-2, in both the urine and (Ness et al.,
N/A N/A
rat plasma 2013)
v.  Significant alterations in the cellular composition of the
spleen
vi.  Subtle differences in response to dual infection with rat-
adapted influenza virus (RAIV) and Streptococcus
phneumoniae
Drosophila P-elem;nt i.  Exhibited severely impaired locomotive activity (Lee et al.,
melanogaster — imprecise N/A ii.  Degeneration of dopaminergic neurons 2007)
(G7459) excision '
Homologous 1. Deletion of
recombination LRRK2 exon
C57BL/6] in ES cells and 2 i.  Attenuated induction of mitochondrial superoxide (Russo et al.,
mice Cre-LoxP 1. Deletion of dismutase-2 in response to a-synuclein pre-formed fibrils 2019)
mediated exon LRRK2 exon
deletion 41
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Prevented paraquat-induced signs of sickness,

C57BL/6N Deletion of inflammation, and peripheral toxicity (RudykDwyer
9 mice N/A LRRK2 exon ii.  Reduced signs of illness, motivational and home-cage and Hayley,
41 activity deficits induced by paraquat 2019)
iii.  Blunted the corticosterone elevation induced by paraquat
Homologous
recombination . o o
C57BL/6] ‘1 ES cells and  Deletion of 1 Targeted Mtb to phagolysosomes gnd limits Mtb replication (Hirtlova et
10 . ii.  Enhanced phagosome maturation in macrophages
mice Cre-LoxP LRRK2 exon 2 . . . . al., 2018)
mediated exon iii.  Enhanced innate immunity to Mtb in vivo
deletion
Homolqgoqs Homozygous KO
recombination Deletion of i Increase in mean process length and branching in both
yy CS7BL/6J  inEScellsand porn' L | dp o g & (Dichsel et
! ppocampal and midbrain primary neurons
mice Cre-LoxP al., 2010)
mediated exon 41 Hqterozygous KO . . )
deletion i.  No change in either neuritic outgrowth or branching
g(c)z)nn(ﬁ)oiﬁg‘?izn i.  Impaired mitochondrial Ca** extrusion via Na*/Ca2*/Li"
12 CS7BL/6] in ES cells and Deletion of il iﬁ?:?e%deinitochondrial ermeability transition pore (Ludtmann ef
mice Cre-LoxP LRRK2 exon 2 ' . p Y p al., 2019)
mediated exon opening threshold
deletion iii.  Increased cell death
C57BL/6 Homolqgoqs Deleﬁon of i.  No major abnormalities and live to adulthood (Andres-
13 mice recombination  partial LRRK2 i The dopaminereic svstem is normal Mateos et al.,
in ES cells exon 39, ' p glesy 2009)
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complete iii.  No significant difference in the susceptibility of LRRK?2
deletion of KO and wild-type mice to MPTP

LRRK2 exon

40 and

introduction of

a stop codon

into the coding

sequences
Long Evans Deletion of 10 i.  Increases sensitivity to wavelength information (Ostergaard
14 rat N/A bp in LRRK2 i1.  Affects visual processing at a developmental level rather 2024) ’
exon 30 than an acute deficiency of LRRK2

Abbreviation: N/A, information is not available; ES cells, embryonic stem cells; Mtb, Mycobacterium tuberculosis; MPTP, 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine
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2.2 Neuroblastoma cell line (SH-SYSY)

2.2.1 Overview of SH-SYSY

The SH-SYS5Y neuroblastoma cell line is a thrice-subcloned derivative of the
parental SK-N-SH cell line. SK-N-SH was originally established in 1970 from
metastatic cells in the bone marrow aspirate of a four-year-old female
(BiedlerHelson and Spengler, 1973). This neuroblast-like cell line was
sequentially subcloned into SH-SY, then SH-SYS5, and ultimately SH-SYS5Y
(Biedler et al., 1978). More than five decades after its establishment, the SH-
SYSY cell line has become a widely used model for PD research, valued for its

human origin and neuronal characteristics.

Compared to primary neurons, SH-SY5Y cells are relatively easy and cost-
effective to culture, express various human-specific proteins and isoforms absent
in rodent primary cells, are amenable to genetic manipulation, and can undergo
large-scale expansion before differentiation. Additionally, they can be
differentiated into dopaminergic neurons, making them particularly relevant for
PD studies (Kovalevich and Langford, 2013b, IoghenCeafalan and Popescu,
2023, Rodriguez-Losada et al., 2020). These properties make SH-SY5Y cells a
valuable tool for investigating the mechanisms of PD and testing potential

therapies.

Despite their advantages, SH-SYS5Y cells have notable limitations, including
their cancerous origin, genomic instability (loghenCeafalan and Popescu, 2023,
Hoffmann et al., 2023), potential conversion to an epithelial phenotype
(IoghenCeafalan and Popescu, 2023, RossSpengler and Biedler, 1983), and low
expression of certain PD-related proteins, such as LRRK2 (Snoderly-Foster and

Olivas, 2022). These factors can limit their applicability in specific studies.
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However, SH-SYS5Y cells remain a valuable and accessible platform for initial
screenings and mechanistic studies, bridging the gap between simpler in vitro

systems and more complex in vivo models.

2.2.2 Applications of SH-SYSY cells in PD research

2.2.2.1 Neurogenetic models

SH-SYS5Y cells have been widely used as a neurogenetic model, particularly in
the study of neurodegenerative diseases such as PD. Their human origin,
neuronal characteristics, and adaptability make them an ideal platform for
investigating the genetic mechanisms underlying neurodegeneration. SH-SY5Y
cells are highly accessible for various genetic manipulations, including stable
transgene integration, overexpression of genes or gene variants, gene
knockdown or silencing (e.g., via siRNA or shRNA), and gene knockout (e.g.,
using CRISPR-Cas9). Such genetic modifications allow researchers to explore
the roles of disease-associated genes, study pathogenic mutations, and develop

potential gene-targeted therapies for neurodegenerative conditions.

A previous study demonstrated that expressing the LRRK2 G2385R variant, a
PD-associated mutation prevalent in the Asian population, in SH-SYS5Y cells
leads to increased mitochondrial reactive oxygen species (ROS) production,
caspase-3/7 activation, and enhanced poly-ADP ribose polymerase (PARP)
cleavage, ultimately resulting in neurotoxicity. Notably, the study also found that
curcumin treatment could reverse the neurodegeneration caused by LRRK2
G2385R, highlighting its potential as a therapeutic strategy (Zhang et al., 2021).
Additionally, Anantha et al. demonstrated that nucleoside diphosphate kinase A

(NME1) promotes neurite outgrowth in SH-SYSY cells overexpressing human
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wild-type a-synuclein (the primary component of Lewy bodies and a key
pathological hallmark of synucleinopathies, including PD), as well as in SH-
SYSY cells carrying the LRRK2 G2019S pathogenic variant (Anantha et al.,
2022). Moreover, Potdar et al. reported that SH-SYSY cells expressing the
LRRK2 11371V variant exhibit higher autophosphorylation of phospho-LRRK2
(pLRRK2) at serinel292 and serine935, along with increased substrate
phosphorylation of Rab8A and Rab10. These findings provide insights into the
potential role of this variant in dopaminergic neuron development and survival,
suggesting a link between LRRK?2 dysfunction and impaired neurogenesis in PD

(Potdar et al., 2024).

Apart from gene overexpression, SH-SYSY cells are also commonly used for
gene knockdown and silencing studies. Snoderly-Foster and Olivas
demonstrated that knocking down the two human Pumilio homologs (Pumilio 1
and Pumilio 2) in SH-SYS5Y cells led to increased SNCA and LRRK2 mRNA
levels, as well as elevated a-synuclein protein expression. These findings suggest
that Pumilio proteins normally repress these PD-associated genes, highlighting
their potential regulatory role in neurodegeneration (Snoderly-Foster and Olivas,
2022). Additionally, siRNA-mediated silencing of N-
acylphosphatidylethanolamines-specific phospholipase D (NAPE-PLD) in SH-
SYSY cells led to a significant accumulation of non-metabolized NAPEs, a shift
of LRRK?2 from the membrane to the cytosol, and a reduction in total LRRK2
content. These results imply that NAPE-PLD activity may regulate LRRK2
localization by modulating membrane NAPE levels (Palese et al., 2021).
Furthermore, Wang et al. reported that Hox transcript antisense intergenic RNA

(HOTAIR) knockdown in SH-SYSY cells protected against 1-methyl-4-
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phenylpyridinium (MPP")-induced neuronal apoptosis by inhibiting caspase 3
activity. This finding suggests that inhibiting HOTAIR expression could serve as

an effective disease-modifying strategy in PD (Wang et al., 2017).

Beyond gene knockdown or silencing, SH-SYS5Y cells are also frequently used
in gene knockout studies. Kim et al. reported that CRISPR/Cas9-mediated
knockout of glucocerebrosidase 1 (GBA1) in SH-SY5Y cells resulted in a
decrease in a-synuclein tetramers and related multimers, while increasing o-
synuclein monomers. This finding provides mechanistic insights into how GBA1
regulates the formation of a-synuclein multimers and suggests potential
therapeutic opportunities for PD and dementia with Lewy bodies (Kim et al.,
2018b). In another study, Haque et al. demonstrated that CRISPR/Cas9-
mediated knockout of G protein-coupled receptor 4 (GPR4) in SH-SY5Y cells
decreased the Bax/Bcl-2 ratio and ROS generation, while stabilizing the
mitochondrial membrane potential, thereby protecting the cells from MPP" or
hydrogen peroxide-induced apoptotic cell death. These findings indicate that

GPR4 could be a promising therapeutic target for PD (Haque et al., 2020).

2.2.2.2 Neurotoxicity models

In addition to its role as a neurogenetic model, the SH-SYS5Y cell line is widely
used as an in vitro neurotoxicity model for studying PD, owing to its neuronal
characteristics and responsiveness to neurotoxic agents. SH-SYSY cells are
particularly effective for modeling the effects of neurotoxic substances such as
paraquat, 1-methyl-4-phenylpyridinium (MPP"), 6-hydroxydopamine (6-
OHDA), and rotenone. Studies using these neurotoxins in SH-SYSY cells

provide valuable insights into the molecular mechanisms underlying PD and
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help identify potential therapeutic targets. Additionally, the SH-SYS5Y cell line

has been used to screen and identify neuroprotective treatments for PD.

Paraquat, one of the most widely used herbicides in the world, is a potent
neurotoxin that has been linked to an increased risk of PD (Tong et al., 2022). A
previous study demonstrated that naringenin, a natural flavonoid, exhibits
neuroprotection in paraquat-treated SH-SYSY cells by increasing cell viability,
reducing oxidative stress, and elevating mitochondrial membrane potential and
cellular ATP levels (Ahmad ef al., 2021). Furthermore, Carneiro et al. showed
that paraquat-induced neurotoxicity in SH-SYS5Y cells could be partially
prevented by psychostimulants such as amphetamine or methylphenidate
(Carneiro et al., 2024). Additionally, Gopar-Cuevas et al. found that autophagy
inducers, i.e., metformin and trehalose, reduced dopaminergic cell death induced

by paraquat in SH-SY5Y cells (Gopar-Cuevas et al., 2023).

The neurotoxin 6-hydroxydopamine (6-OHDA) is widely used to induce models
of PD, effectively replicating the key cellular processes involved in the disorder,
such as oxidative stress, neurodegeneration, neuroinflammation, and neuronal
death through apoptosis (Hernandez-BaltazarZavala-Flores and Villanueva-
Olivo, 2017). Cirmi et al. reported the neuroprotective effects of a flavonoid-
rich mandarin orange juice extract in 6-OHDA-treated SH-SY5Y cells. Pre-
incubation with the mandarin orange juice extract significantly inhibited
apoptosis in these cells by blocking caspase 3 and modulating the expression of
the p53, Bax, and Bcl-2 genes (Cirmi et al., 2021). Similarly, another natural
product, silk fibroin, was shown to inhibit cell death in 6-OHDA-treated SH-

SYS5Y cells (Ceccarini et al., 2025). Additionally, O'Mahony et al. demonstrated
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that TMP269, a class-IIa histone deacetylase inhibitor, offers protection against

6-OHDA-induced neurite injury in SH-SYS5Y cells (O'Mahony et al., 2025).

Rotenone is one of the most widely used insecticides and piscicides globally. It
is also commonly employed as a neurotoxin in various animal and cell models
to induce PD-relevant pathology and behavioral phenotypes. Rotenone
selectively induces dopaminergic neurotoxicity by inhibiting mitochondrial
complex I, which leads to the generation of oxidative stress and subsequent
oxidative damage (Lawana and Cannon, 2020). Soni et al. reported that
auranofin-loaded chitosan-lipid hybrid nanoparticles inhibit rotenone-induced
ROS generation and apoptosis in SH-SYSY cells by blocking glycogen synthase
kinase-3 beta (GSK-3p) (Soni et al., 2025). In another study, a potent leonurine-
based therapeutic molecule, MJ210, was shown to significantly enhance the
survival of SH-SYSY cells treated with rotenone. MJ210 prevented apoptosis,
reduced reactive oxygen species, alleviated mitochondrial dysfunction, and
attenuated neuroinflammation through the ERK1/2-P38-JNK and P65-NF«B
signaling pathways (Gupta et al., 2025). Additionally, Anandan et al.
demonstrated that shikonin, a naphthoquinone compound extracted from the
Lithospermum erythrorhizon herb, alleviates rotenone-induced neurotoxicity in
SH-SYS5Y cells by inhibiting apoptosis via the IGF-1R/PI3K/AKT pathway

(Anandan et al., 2025).

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a neurotoxin that
induces Parkinsonism through its conversion to MPP" by glial monoamine
oxidase. MPP" selectively accumulates in dopaminergic neurons, where it
inhibits mitochondrial complex I, leading to oxidative stress and ultimately cell

death (Przedborski et al., 2000). A previous study demonstrated that curcumin,

45



a primary bioactive compound in turmeric, protects SH-SY5Y cells from MPP"-
induced toxicity by modulating the transient receptor potential cation channel
subfamily V member 4 (TRPV4) (Cinar and Yildizhan, 2025). Furthermore, Liu
et al. showed that Mastoparan-M, a polypeptide derived from the venom of the
Vespa magnifica wasp, significantly improves cell viability and mitochondrial
membrane potential in MPP'-treated SH-SYS5Y cells. This suggests the
Mastoparan-M’s potential as a promising therapeutic candidate for PD (Liu et

al., 2025).

23 CRISPR/Cas9 genome editing technology

2.3.1 Overview of CRISPR/Cas9

CRISPR stands for clustered regularly interspaced short palindromic repeats,
while Cas9 refers to CRISPR-associated protein 9, a nuclease enzyme. CRISPR
was first discovered in the Escherichia coli genome by Japanese researchers in
1987 (Ishino et al., 1987). Subsequently, CRISPR was identified in many other
bacteria and archaea (Mojica et al., 2000). However, the function of CRISPR
remained unclear until 2007, when Barrangou et. al. from the yogurt industry
demonstrated that CRISPR serves as a bacterial adaptive immune defence
mechanism, protecting Streptococcus thermophilus from viral attacks
(Barrangou et al., 2007). Its first application in eukaryotic cells was reported in
2013 (Cong et al., 2013). Today, CRISPR/Cas9 has become an indispensable
tool in numerous laboratories, particularly those of molecular biologists

worldwide.
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CRISPR/Cas9 is a revolutionary genome-editing technology that enables precise,
permanent modifications to DNA by harnessing the cell’s double-strand break
(DSB) repair mechanisms, namely non-homologous end joining (NHEJ) and
homology-directed repair (HDR). NHEJ is a canonical DSB repair pathway in
cells, but due to its error-prone nature, it often results in insertions or deletions
(indels), leading to frameshift mutations or the generation of a premature stop
codon, and consequently gene knockout. In contrast, HDR uses a donor template
for DSB repair, ensuring precision and making it ideal for gene knock-in
applications (Ran et al., 2013). In contrast to earlier gene-editing tools such as
zinc finger nucleases (ZFNs) and transcription activator-like effector nucleases
(TALENS), CRISPR/Cas9 offers several advantages, including high specificity,
efficiency, ease of use, and versatility. These qualities have made it widely
applicable in genetic research and have led to its rapid adoption by the scientific
community for targeting, editing, and modifying the genomes of various cells

and organisms (Doudna and Charpentier, 2014).

Since Cas9 can bind to DNA at sites defined by the guide RNA sequence and the
protospacer adjacent motif (PAM), CRISPR/Cas9 technology offers broad
applications beyond permanent DNA modifications. These applications, which
include human gene therapy, agriculture (e.g., crop and animal modifications),
synthetic biology (e.g., pathway engineering), programmable RNA targeting,
viral and pathogen gene disruption, ecological vector control (e.g., mosquito
sterilisation), and drug target screening, were outlined by Nobel laureates,
Jennifer A. Doudna and Emmanuelle Charpentier (Doudna and Charpentier,
2014). Both were awarded the Nobel Prize in Chemistry in 2020 for their

groundbreaking discovery of CRISPR (Ledford and Callaway, 2020).
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2.3.2 Mechanism of CRISPR/Cas9

The CRISPR/Cas9 system consists of two essential components: Cas9 and guide
RNA. Cas9 is a DNA endonuclease responsible for cleaving the target DNA to
create a double-stranded break, earning it the nickname "molecular scissors".
The guide RNA (gRNA) is a short RNA sequence that directs the Cas9 enzyme
to a specific DNA sequence in the genome for editing. The gRNA is composed
of two parts: the CRISPR RNA (crRNA) and the trans-activating RNA
(tracrRNA). The crRNA contains the sequence that enables target DNA binding,
while the tracrRNA acts as a scaffold and is common to all guide RNAs. Both
the crRNA and tracrRNA can be produced independently, or they can be

engineered into a single guide RNA (sgRNA) (Jinek et al., 2012).

CRISPR/Cas9-mediated genome editing involves three crucial steps:
recognition, cleavage, and repair. The process begins with the gRNA recognising
the target sequence in the gene of interest through complementary base pairing,
guiding the Cas9 protein to the specific DNA sequence. Cas9 then makes a
double-stranded break at a site three to four base pairs upstream of the PAM
(Jinek et al., 2012). The PAM is a short, conserved DNA sequence (usually two
to six base pairs in length) located downstream of the targeted cleavage region.
The PAM sequence can vary depending on the bacterial species (Jamal et al.,
2016). For Streptococcus pyogenes Cas9, the PAM is a 5’-NGG-3’ sequence,
where N represents any nucleotide. PAM 1is essential for Cas9 recognition, as
without it, Cas9 cannot identify the target sequences, even if the sequences are

fully complementary to the gRNA (Sternberg et al., 2014).

Following cleavage, the double-stranded break is repaired by one of two

mechanisms: non-homologous end joining (NHEJ) or homology-directed repair
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(HDR) (Ran et al., 2013) (Figure 2.2). In the NHEJ mechanism, DNA fragments
are rejoined through an enzymatic process without the need for exogenous
homologous DNA. Although NHEJ is error-prone, it is the predominant repair
mechanism in active cells and is active throughout the cell cycle. Due to its error-
prone nature, NHEJ often leads to random insertions or deletions (indels) within
a coding exon, which can result in frameshift mutations or the creation of
premature stop codons. In contrast, HDR is a precise repair mechanism that
requires homologous DNA templates (Ran et al., 2013). HDR is most active

during the late S and G2 phases of the cell cycle (Liu ef al., 2019).
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Double-stranded break (DSB)

Non-homologous end joining (NHEJ) Homology directed repair (HDR)
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Figure 2.2: Schematic illustration of DNA double-strand break repair mechanisms activated following Cas9-mediated cleavage, namely non-

homologous end joining and homology-directed repair
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2.3.3 Applications of CRISPR/ Cas9 in PD research

Since its first application in mammalian cells in 2013 (Ran et al., 2013),
CRISPR/Cas9-mediated genome editing technology has revolutionised PD
research, accelerating the development of various cell and animal models,
enabling the study of gene function and key disease mechanisms. Additionally,
CRISPR/Cas9 has significantly advanced the exploration of direct therapeutic

strategies to correct pathogenic genes (Pinjala et al., 2023, Rahman et al., 2022).

Researchers have employed CRISPR/Cas9 to generate various LRRK?2 knockout
cell lines, including neuroblastoma, HEK-293, RAW264.7, and BV2 cells, to
investigate the genetic underpinnings at the cellular level (reviewed in Section
2.1.4.1). In addition, CRISPR/Cas9 has been used to create knockout models for
several other genes implicated in the pathogenesis of PD, including the
glucocerebrosidase (GBA), the a-synuclein (SNCA) and the Parkinson protein 2
(PARK?2) genes. For instance, Jiang et al. utilised CRISPR/Cas9 to generate
DNase hypersensitive site (DHS) knockout SH-SYSY cells and replace
rs12411216, a functional single-nucleotide polymorphism (SNP) of the GBA
gene. The CRISPR/Cas9-edited SH-SYSY cells were crucial in confirming that
the distal regulatory SNP rs12411216 influences the expression and enzymatic
activity of the GBA gene, thereby promoting a-synuclein aggregation (Jiang et
al., 2020). In another study, Inoue et al. generated an a-synuclein null human
induced pluripotent stem cell (hiPSC) line by introducing a frameshift mutation
into the SNCA alleles using CRISPR/Cas9. The resulting SNCA knockout
hiPSC-derived dopaminergic neurons exhibited reduced vulnerability to MPP™.
This SNCA knockout hiPSC line could serve as a valuable tool for investigating

the physiological role of a-synuclein and exploring PD pathology (Inoue et al.,
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2023). Another research group also used hiPSCs as a model to study PD
pathology, creating PARK2 knock-in and knockout (KIKO) hiPSCs using
CRISPR/Cas9. The PARK?2 gene encodes parkin, an E3 ubiquitin ligase involved
in mitophagy. Mutations in PARK2 are typically considered loss-of-function
mutations, leading to impaired parkin activity and, consequently, defective
mitophagy. The researchers found a significant reduction in the expression of
ghrelin receptors (GHSR) in PD-specific hiPSC-derived dopaminergic neurons
from patients with PARK2 mutations, compared to neurons from healthy
controls. They further observed that GHSR expression was recapitulated in
isogenic PARK?2 KIKO iPSC-derived dopaminergic neurons. They concluded
that the downregulation of GHSR in dopaminergic neurons may contribute to
the initial neuronal dysfunction, potentially leading to extrapyramidal symptoms

in PD (Suda et al., 2018).

In addition to generating knockout cell models, CRISPR/Cas9 has also been used
to create knock-in cell models and to correct gene mutations. Previously, the Cre-
LoxP recombination system was employed to correct gene mutations. However,
a major limitation of the Cre-LoxP system is that the residual LoxP site in an
intron near the mutation correction site may potentially affect gene expression
(Zou et al., 2011). Qing et al. reported the development of a footprint-free
LRRK2 G2019S isogenic hiPSC line using both CRISPR/Cas9 and piggyBac
technologies. These hiPSCs are free from the residual LoxP site, thus
overcoming the issue encountered by Zou et al. The dopaminergic neurons
derived from the edited hiPSCs displayed reduced neurite complexity, a key
indicator of neuronal dysfunction (Qing et al., 2017, Zou et al., 2011). Besides

human iPSCs, CRISPR/Cas9 has also been used to generate knock-in models in
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marmoset ESCs and iPSCs. The common marmoset, a non-human primate
species, is widely used for comprehensive modelling of genetic mutations.
Marmoset ESCs and i1PSCs edited to carry the LRRK2 G2019S mutation
exhibited increased kinase activity and intracellular ROS, alongside a decrease
in neuronal viability and neurite complexity. These changes successfully
recapitulated the phenotypes observed in dopaminergic neurons derived from
iPSCs of PD patients carrying the LRRK2 G2019S mutation (Vermilyea et al.,
2020). Aside from generating knock-in models, CRISPR/Cas9 has also been
employed to correct disease-causing gene mutations. For instance, Barbuti ef al.
successfully corrected the A30P point mutation in the SNCA gene using patient-
derived iPSC clones. To isolate single-cell, isogenic, gene-corrected iPSC clones,
a quadruple selection strategy (QSS) was implemented. This approach involved
antibiotic selection, single-cell FACS sorting, PCR amplification with restriction
enzyme-based clonal screening, and confirmation via Sanger sequencing.
Dopaminergic neurons differentiated from the corrected iPSCs exhibited
reduced a-synuclein protein levels, highlighting the therapeutic potential of

precise gene correction in PD (Barbuti ef al., 2020).

Beyond creating knockout and knock-in cell models, CRISPR/Cas9 has also
been explored for its use as a therapeutic strategy. The Synergistic Activation
Mediator (SAM) system, also known as CRISPR activation (CRISPRa), utilises
catalytically inactive Cas9/ dead Cas9 (dCas9), fused to transcriptional
activators to induce gene expression at a specific location. Narvaez-Pérez et al.
reported the use of CRISPR/Cas9-directed SAM to activate the endogenous
tyrosine hydroxylase gene in astrocytes, leading to the generation of dopamine

in the striatum of 6-OHDA hemiparkinsonian rats. The lesioned rats that
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received edited astrocytes exhibited significant improvements in motor
behaviour compared to rats receiving non-edited astrocytes, which did not
produce dopamine (Narvédez-Pérez et al., 2024). Furthermore, CRISPR/Cas9
technology has also been adapted to repress gene expression through a method
known as CRISPR interference (CRISPRi). In this approach, a catalytically
inactive Cas9 (dCas9) is fused to a transcriptional repressor, allowing for
targeted inhibition of gene activity. For example, Sastre et al. employed dCas9
fused to the Kriippel-associated box (KRAB) repressor domain to suppress o-
synuclein expression in iPSC-derived neuronal cultures from a patient carrying
an SNCA genomic triplication. This targeted repression led to reduced oxidative
stress and mitochondrial DNA damage, highlighting the potential of CRISPRi as
a precision medicine strategy for PD through selective modulation of SNCA gene
expression (Sastre et al., 2023). Similarly, another group of researchers
employed the CRISPRi approach to modulate SNCA gene expression, but with
a distinct strategy. Instead of targeting the KRAB repressor domain, they
developed an all-in-one lentiviral system targeting DNA methylation within
intron 1 of the SNCA gene. In this system, dCas9 was fused to the catalytic
domain of DNA methyltransferase 3A (DNMT3A). Editing iPSCs derived from
a patient with SNCA triplication using this system successfully rescued disease-
related phenotypes. Specifically, the elevated mitochondrial reactive oxygen
species (ROS) production was reduced, and impaired cellular viability was

restored (Kantor et al., 2018).
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24 Edible bird’s nest (EBN)

2.4.1 Overview of EBN

Edible bird’s nest (EBN), also known as the “Caviar of the East,” is a highly
valued medicinal delicacy consumed worldwide, particularly within the Chinese
community. Its consumption has long symbolised wealth, power, and prestige,
and it has been used medicinally in traditional Chinese medicine since as early
as the Tang (618-907 AD) and Song (960-1279 AD) dynasties (Koon and
Cranbrook, 2002). EBN is produced from the saliva of swiftlets, specifically
those belonging to the genus Aerodramus. The majority of EBN traded globally
comes from two species: Aerodramus fuciphagus and Aerodramus maximus
(Marcone, 2005). These nests are commonly harvested from caves in Southeast
Asian countries such as Indonesia, Malaysia, Thailand, Vietnam, and the

Philippines.

EBN is considered one of the most expensive animal-derived products (Zulkefle
et al., 2024). Due to overharvesting and the resulting decline in cave nest
availability, paired with rising global demand and increasing prices, EBN
farming has emerged in many countries. This practice involves constructing
buildings to attract swiftlets, allowing them to build nests that can be harvested
sustainably (Connolly, 2016, MaimunHana and Choon, 2024). EBN is mainly
composed of protein, carbohydrate, minerals, ash, fat, and moisture. The
percentage of each of these components in EBN differs depending on factors
such as production site, swiftlet species, and geographical origin. Production site
refers to the environment where EBN is collected, either natural caves or man-
made swiftlet houses, while geographical origin indicates the country or region

from which the EBN originates (Quek ef al., 2018b, Quek et al., 2018a, Seow et
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al., 2016, Guo et al., 2017, Huda et al., 2008, SaengkrajangMatan and Matan,
2013). The quality of EBN is often closely linked to these factors, which can
significantly influence its market value (Guo et al., 2017). In addition, other
variables such as the swiftlet nesting season, harvesting period, habitat
conditions, and food availability can also impact EBN quality (Quek et al.,

2018b, NorhayatiAzman and Nazaimoon, 2010).

Protein is the most abundant component found in edible bird’s nest (EBN),
followed by carbohydrates, ash, and fat (Quek et al., 2018b, SaengkrajangMatan
and Matan, 2013). Among the carbohydrate components, sialic acid is
particularly prominent and is considered one of the key bioactive constituents of
EBN (Daud et al., 2021, PozsgayJennings and Kasper, 1987). Sialic acid plays
a crucial role in brain development and cognition (Wang and Brand-Miller, 2003,
Wang, 2009) and has therefore been extensively studied for its role in mediating
the health benefits of EBN (Xie et al., 2018, Careena ef al., 2018, Qian et al.,
2025). Additionally, sialic acid has become an important marker compound for
grading and authenticating EBN, helping to ensure both its safety and quality
(Chan et al., 2013, Yang et al., 2014). Standardising sialic acid content is
particularly crucial for the export of EBN to international markets
(Thavamanithevi et al., 2014, Looi and Omar, 2016). A total of 22 amino acids
have been identified in EBN, although the presence of some varies depending
on the country of origin (Hun et al., 2015, SaengkrajangMatan and Matan, 2013,
Marcone, 2005). Sodium, potassium, magnesium, and calcium are the
predominant minerals present, with trace amounts of iron, zinc, copper, and
phosphorus also detected (SaengkrajangMatan and Matan, 2013,

NorhayatiAzman and Nazaimoon, 2010). The moisture content of EBN is
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typically high, likely due to the elevated humidity characteristic of the tropical

climates in Southeast Asian countries (Quek et al., 2018b).

2.4.2 Beneficial properties of EBN

EBN has been extensively studied for its potential health benefits in recent years.
A wide range of bioactivities has been reported, including antioxidant (Table 2.4),
pro-proliferative, neuroprotective, immunomodulatory, antiviral,
osteoprotective, chondroprotective, anticoagulant, anti-diabetic, sexual
function-enhancing, skin-lightening, and anti-wrinkle effects (Table 2.5).
Among these, the antioxidant properties of EBN are the most frequently reported.
Oxidative stress occurs when there is an imbalance between the production of
reactive oxygen species (ROS) and the body's ability to neutralise them with
antioxidants. This imbalance can lead to cellular damage, contributing to the
development of various chronic diseases and ageing-related conditions (Pizzino
et al., 2017). A substantial body of evidence supports the classification of EBN

as a functional food with potent antioxidant properties (Table 2.4).

Various biochemical assays, such as DPPH, ABTS, FRAP, and ORAC, have
been utilised to assess the antioxidant activity of different EBN extracts (Table
2.4). For example, Ghassem ef al. demonstrated that EBN fractions derived from
pepsin-trypsin hydrolysates exhibited significant radical-scavenging activity and
promising antioxidant potential, as evidenced by results from the ORAC, ABTS,
FRAP, and DPPH assays (Ghassem et al., 2017). Similarly, Chantakun and
Benjakul demonstrated that protein hydrolysates derived from EBN co-products

treated with ultrasound exhibited high antioxidant activity, as evaluated by
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ORAC, ABTS, FRAP, and DPPH assays (Chantakun and Benjakul, 2022). EBN
co-products or by-products refer to the discarded materials generated during the
cleaning and processing of EBN, which typically include feathers, glycoproteins,
eggshells, and other residues (Cao et al., 2022, Chantakun and Benjakul, 2022,
Ling et al., 2020). Enzymatic hydrolysis of these by-products has been shown to
enhance their antioxidant activity significantly (Ling et al., 2020), presenting a
promising strategy for the sustainable utilisation of EBN waste. Furthermore,
Cao et al. employed response surface methodology to isolate peptides from EBN

co-products with good antioxidant properties (Cao et al., 2022).

In addition to biochemical assays, the DCFH-DA assay has been employed to
evaluate the antioxidant capacity of EBN at the cellular level (Table 2.4). The
DCFH-DA assay offers greater biological relevance than biochemical
antioxidant activity assays, as it accounts for cellular uptake, metabolism, and
the intracellular localisation of antioxidant compounds (Wolfe and Liu, 2007).
Murugan ef al. demonstrated that EBN aqueous extract protects human umbilical
vein endothelial cells (HUVECs) from high glucose-induced oxidative damage,
as evidenced by reduced intracellular ROS levels measured using the DCFH-DA
assay (Murugan et al., 2020). Similarly, Yew et al. reported that EBN attenuates
ROS accumulation in 6-OHDA-challenged SH-SYS5Y cells, suggesting its
potential as a nutraceutical for protecting against oxidative stress-related
neurodegenerative disorders such as PD (Yew et al., 2014). Consistent with these
findings, other studies have shown that EBN extracts mitigate ROS production
in HepG2 cells exposed to hydrogen peroxide, a known inducer of oxidative

stress (Yidalmam and Ismail, 2014, Fan et al., 2021a).
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For in vivo investigations, biological samples such as serum, aortic rings, and
brain homogenates from animal models (e.g., rats and mice) have been collected
to evaluate antioxidant activity and detect oxidative stress markers using
biochemical assays and Western blot analysis (Table 2.4). Careena et al. assessed
ROS levels in brain lysates via DCFH-DA assays and estimated lipid
peroxidation using the TBARS assay. Their findings indicated that pretreatment
with EBN significantly reduced ROS production in a lipopolysaccharide-
induced neuroinflammation model in Wistar rats (Careena et al., 2018). Similarly,
Yida et al. demonstrated that EBN mitigated high-fat diet-induced oxidative
stress, as evidenced by decreased levels of serum and hepatic oxidative markers
measured using ABTS and TBARS assays (Yida et al., 2015a). Furthermore,
Yew et al. reported that EBN upregulated glutathione peroxidase 1, an
antioxidant enzyme predominantly localised around dopaminergic neurons in
the substantia nigra of a 6-OHDA-induced PD mouse model (Yew et al., 2018).
In another study, Murugan et al. showed that EBN reduced high glucose-induced
vascular superoxide production in the aorta of C57BL/6J mice, as determined by
lucigenin-enhanced chemiluminescence, and inhibited the expression of
oxidative stress-associated proteins NADPH oxidase 2 and nitrotyrosine

(Murugan et al., 2020)
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Table 2.4 Antioxidant properties of EBN

No. Type of EBN Antioxidant Outcome(s) of study Reference
extract evaluation

method

1 Aqueous extract & DCFH-DA EBN may serve as a promising nutraceutical candidate for protecting (Yew et al., 2014)
enzyme extract against oxidative stress-related neurodegenerative disorders, such as PD
(pancreatin)

2 Aqueous extract & ABTS, ORAC, Undigested EBN aqueous extract exhibited minimal antioxidant activity, (Yidalmam and
enzyme extract DCFH-DA whereas the digested samples demonstrated significantly enhanced Ismail, 2014)
(pepsin, pancreatin antioxidant activities at comparable concentrations
& bile extracts)

3 Raw EBN ABTS Evidence-based use of EBN as a dietary supplement for the prevention  (Yida et al.,

of obesity-related inflammation and oxidative stress in rats 2015a)
4 Aqueous extract ABTS, ORAC, Lactoferrin and ovotransferrin may exert synergistic or all-or-none (Hou et al., 2015a)
SOD & ROS antioxidant effects in EBN
ELISA assay

5 Enzyme extract DPPH, ABTS, EBN protein hydrolysates are a good source of natural antioxidants and  (Ghassem et al.,
(pepsin, trypsin, FRAP, ORAC hold potential for use as nutraceutical compounds 2017)
pancreatin and
mucosal
peptidases)

6 Aqueous extract DPPH & FRAP The antioxidant activity of EBN varies depending on its production (Quek et al.,

method, the swiftlet species, and the geographical origin 2018b)
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& papaya juice)

anti-hyperglycaemic agent

7 Aqueous extract QuantiChrome™  EBN promoted the proliferation of uterine structures, as evidenced by (Albishtue et al.,
TBARS assay kit, the upregulation of steroid receptors, EGF, EGFR, VEGF, and PCNA 2018b)
Enzychrom™ expression in the uterus, along with increased plasma concentrations of
SOD assay kit, antioxidants and reduced oxidative stress levels
QuantiChrome™
antioxidant assay
kit
8 Aqueous extract Lipid EBN exerted neuroprotective effects by enhancing antioxidant enzyme  (Yew et al., 2018)
and enzyme hydroperoxide activity and inhibiting microglial activation, NO production, and lipid
extract assay kit & peroxidation in a PD model
(pancreatin) measurement of
GPX1 protein
expression
9 Enzyme extract DCFH-DA & EBN inhibited LPS-induced upregulation of proinflammatory cytokines (Careena et al.,
(pepsin & TBARS and oxidative stress markers 2018)
pancreatin)
10 Raw EBN & DPPH, ABTS, Both EBN and chicken eggs are good sources of protein and essential (Aliet al., 2019)
enzyme extract FRAP amino acids; however, EBN has demonstrated higher antioxidant
(alcalase) activity
11 Aqueous extract Enzychrom™ SOD EBN alleviated the detrimental effects of lead acetate-induced uterine (Albishtue et al.,
assay kit toxicity, potentially by enhancing SOD activity and upregulating the 2019)
expression of EGF, VEGF, and PCNA, which are associated with cell
proliferation
12 Enzyme extract DPPH Enzymatic hydrolysis enhanced the functional properties of EBN, (Zulkifli et al.,
(alcalase, papain highlighting its potential to be developed as a natural antioxidant and 2019)
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13

Aqueous extract

DCFH-DA, LECL EBN restored endothelial function and protected endothelial cells from
& measurement of high glucose-induced oxidative damage in HUVECs, isolated mouse

NOX2,
nitrotyrosine and
SOD1 protein

aorta, and db/db diabetic mice by modulating ROS pathways, thereby
increasing NO bioavailability

(Murugan et al.,
2020)

expression
14  Enzyme extract DPPH & FRAP Enzymatic hydrolysis recovered EBN co-products from low-value (Ling et al., 2020)
(pancreatin & sources, resulting in enhanced antioxidant activities
alcalase)
15 Enzyme extract DPPH EBN enhanced DPPH radical scavenging activity in a concentration- (Kim et al., 2021b)
(the type of dependent manner
enzyme used is
not stated)
16  Enzyme extract DPPH & FRAP EBN enzyme extract dissolved in mulberry leaf extract exhibited the (TangGoh and Sia,
(papain) dissolved highest antioxidant activity 2021)
in ginger extract,
mulberry leaf
extract &
cinnamon twig
extract
17  Enzyme extract DCFH-DA Digested EBN exhibited significant antioxidant activity and a protective (Fan et al., 2021a)
(simulated gastric effect against H20z-induced oxidative damage in cells
and intestinal
fluid)
18  Aqueous extract SOD assay kit EBN protected the histomorphology of the rat uterus against cadmium (Quddus et al,

toxicity by reducing cadmium accumulation and enhancing antioxidant
activity

2021)
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19  Enzyme extract SOD1 ELISA kit, EBN effectively suppressed UVB-induced oxidative stress in the dorsal (Kim et al., 2021a)
(protease from B.  catalase activity skin of hairless mice
amyloliquefaciens) colorimetric/

fluorometric assay
kit, and GPX
activity
colorimetric assay
kit

20  Aqueous extract, DPPH Aqueous and acid extracts of farmed EBN exhibited higher antioxidant (Napavichayanun
acid extract activity compared to those derived from cave EBN etal.,2021)
(hydrochloric and
acetic acid), base
extract (sodium
hydroxide),
enzyme extract
(pancreatin)

21  Enzyme extract DPPH, ABTS, EBN enzyme extracts treated with ultrasonication exhibited higher (Chantakun  and
(alcalase) with FRAP & ORAC antioxidant activity compared to those without ultrasonication Benjakul, 2022)
ultrasonication

22 Enzyme extract DPPH & ABTS Purified peptides derived from EBN by-products showed potent (Cao et al., 2022)
(Papain, acid antioxidant properties
protease, neutrase,
alcalase, pepsin,
and trypsin)

23 Enzyme  extract ORAC, cellular EBN enzyme extract protected human keratinocytes and 3D epithelium  (Wang ef al.,
(digestive enzyme ORAC, equivalents against UV- and arid environment—induced oxidative stress ~ 2023a)

mixtures)

CellROX®
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Orange and Green
Reagent

24

Aqueous extract,
enzyme extract
(pancreatin &
alcalase) &
bacterial-
fermented extract
(L. helveticus, L.
curvatus, and L.
sakei)

DPPH, ABTS,
FRAP

Of all the extracts, the L. curvatus-fermented EBN extract showed the
highest antioxidant activity

(Ter et al., 2024)

25

Peptides derived
from enzyme
extract (alcalase)

DPPH & ABTS

Peptides (LFWSPSVYLK and GWPHLEDNYLDW) derived from EBN
showed high antioxidant capacity

(Lee et al., 2024)

26

Enzyme extract
(papain &
bromelain, and
papaya, pineapple
and cantaloupe
juice)

ABTS,
*OH-scavenging

Fruit juice-mediated hydrolysis of EBN enhanced the antioxidant, anti-
tyrosinase, and wound-healing properties of the hydrolysates

(Nguyen et al,
2024)

27

Bacterial-
fermented extract
(B.
amyloliquefaciens
& B. natto)

DPPH, ABTS,
*OH-scavenging

The extract fermented with B. amyloliquefaciens and B. natto exhibited
higher antioxidant activity than the extract fermented with B.
amyloliquefaciens alone

(Li et al., 2024b)
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28  AEC-derived DPPH, ABTS & AEC fractionation can purify EBN and yield positively charged EBN (Mun et al., 2024)

fractions from FRAP fractions with antioxidant potential, which may be applied as functional
enzyme extract food components to promote health benefits
(pancreatin &
alcalase)
Abbreviations:

DCFH-DA, 2’, 7’-dichlorofluorescein diacetate [cellular antioxidant assay]; ABTS, 2,2'-azino-bis(3-ethylbenzothiazoline-6sulfonic acid) [radical
scavenging assay]; ORAC, oxygen radical absorbance capacity assay; SOD, superoxide dismutase; ROS, reactive oxygen species; ELISA, enzyme-
linked immunosorbent assay; DPPH, 2,2-diphenyl-1-picrylhydrazyl [free radical scavenging activity assay]; FRAP, ferric reducing antioxidant
power; TBARS, thiobarbituric acid reactive substances assay; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; VEGEF,
vascular endothelial growth factor; PCNA, proliferating cell nuclear antigen; GPX1, glutathione peroxidase 1; NO, nitric oxide; HUVECs, human
umbilical vein endothelial cells; LPS, lipopolysaccharide; LECL, lucigenin-enhanced chemiluminescence assay; NOX2, NADPH oxidase 2; H20-,

hydrogen peroxide; *OH-scavenging, hydroxyl radical scavenging activity assay; UV, ultraviolet; AEC, anion exchange chromatography
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Table 2.5 Beneficial properties of EBN

No. Beneficial property Type of EBN Outcome(s) of the study Reference

of EBN extract(s)

1 Pro-proliferative Acid extract EBN enhanced the proliferation of Caco-2 cells (Aswir Abd Rashed and
(hydrochloric Wan Nazaimoon, 2010)
acid)

2 Pro-proliferative Aqueous A low concentration of EBN in serum-containing medium can induce  (Zainal Abidin et al.,
extract the proliferation of cultured rabbit corneal keratocytes 2011)

3 Pro-proliferative Enzyme extract EBN promoted the proliferation of human adipose-derived stem cells  (Roh ef al., 2012)
[Protamex (a by upregulating IL-6 and VEGF gene expression, mediated through
blend of the activation of NF-kB and AP-1 via the p44/42 MAPK and p38
microbial MAPK signalling pathways
endo-
proteases)|

4 Pro-proliferative Aqueous Supplementation with 0.5-1.0% EBN aqueous extract enhanced the (Chuaet al., 2013)
extract proliferation of human articular chondrocytes

5 Pro-proliferative Aqueous EBN enhanced the proliferation of B-lymphocytes (Zhao et al., 2016)
extract

6 Pro-proliferative Enzyme extract EBN enhanced the proliferation of normal human keratinocytes and (Terazawa and
(patented normal human skin fibroblasts Shimoda, 2020)
method)

7 Pro-proliferative Acid extract EBN promoted the 1.929 fibroblast cell growth (Napavichayanun et al.,
(hydrochloric 2021)
acid)
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a 66-kDa protein was identified as the putative major allergen

8 Pro-proliferative Enzyme extract EBN promoted the proliferation of T-lymphocytes (Dobutr et al., 2022)
(pepsin &
pancreatin)
9 Neuroprotective Aqueous EBN may exert neuroprotective effects against 6-OHDA-induced (Yew et al., 2014)
extract & dopaminergic neuron degeneration, primarily through the inhibition of
enzyme extract apoptosis
(pancreatin)
10 Neuroprotective Raw EBN EBN showed potential for neuroprotection against estrogen (Zhiping et al., 2015)
deficiency-associated damage, at least in part through modulation of
the redox system and reduction of advanced glycation end-products
11 Neuroprotective Raw EBN EBN treatment improved cognition and memory in ovariectomized (Hou et al., 2017)
female rats, suggesting it may serve as an effective alternative to
estrogen therapy for menopause-related cognitive decline
12 Neuroprotective Enzyme extract EBN significantly enhanced memory and demonstrated potent (Careena et al., 2018)
(pepsin & neuroprotective effects by inhibiting neuroinflammation and oxidative
pancreatin) stress
13 Neuroprotective Aqueous EBN significantly reduced beta-amyloid accumulation in the (SirinupongChansuwan
extract hippocampus, decreased acetylcholinesterase activity, and improved and Kaewkaen, 2024)
neurological scores and spatial memory in animals
14  Immunomodulatory Aqueous EBN was a leading cause of food-induced anaphylaxis requiring (Goh et al., 2000)
extract hospitalisation among Chinese children in Singapore, with the reaction
confirmed to be IgE-mediated and involving specific major allergens
15 Immunomodulatory Aqueous The immunochemical properties of EBN allergens were characterised. (Goh et al., 2001)
extract EBN from different sources were found to be allergically distinct, and
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16 Immunomodulatory Acid extract EBN can reduce the production of the pro-inflammatory cytokine (Aswir and  Wan
(hydrochloric =~ TNF-a in RAW 264.7 macrophages Nazaimoon, 2011)
acid)

17  Immunomodulatory Acid extract EBN exhibited anti-inflammatory properties in lipopolysaccharide- (VimalaHussain ~ and
(hydrochloric stimulated RAW 264.7 macrophages by inhibiting TNF-a and NO Nazaimoon, 2012)
acid) production without inducing significant cytotoxicity

18 Immunomodulatory Raw EBN EBN attenuated high-fat diet-induced inflammation by modulating the (Yida et al., 2015a)

expression of hepatic inflammatory genes

19 Immunomodulatory Aqueous EBN can alleviate cyclophosphamide-induced intestinal immune (Zhao et al., 2016)
extract injury by promoting B-cell proliferation, activation, and antibody

secretion

20  Immunomodulatory Aqueous EBN exerted a protective effect against dextran sulfate sodium- (Fan et al., 2021b)
extract induced colitis in mice, primarily by restoring the balance between T

helper 17 and regulatory T cells

21  Immunomodulatory Enzyme extract EBN specifically promoted CD3" T-cell expansion and helped restore ~ (Dobutr et al., 2022)
(pepsin & T-cell populations suppressed by immunosuppressive drugs, without
pancreatin) significantly affecting B-cells or natural killer cells. In rats, oral EBN

administration increased peripheral T-cell counts, influenced immune-
related organs such as Peyer’s patches and spleen, and elevated IL-2
levels, which correlated with T-cell proliferation

22 Immunomodulatory Aqueous EBN attenuated sulfur dioxide-induced lung injury in mice by (Zeng et al., 2022)
extract inhibiting inflammation and modulating immune balance

23 Immunomodulatory Enzyme extract EBN stimulated both MHC-II and costimulatory molecules, (Dobutr et al., 2023)
(pepsin & facilitating TCR/pMHC-II interactions and thereby promoting T-cell
pancreatin) activation
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24 Antiviral Enzyme extract EBN extract neutralised influenza virus infection in MDCK cells and ~ (Guo et al., 2006)
(pancreatin) inhibited the hemagglutination of influenza viruses with erythrocytes;
however, it did not inhibit influenza virus sialidase activity
25  Antiviral Enzyme extract EBN showed high neuraminidase inhibitory properties in both in vitro  (Haghani et al., 2016)
(pancreatin and and in vivo
neuraminidase)
26  Antiviral Enzyme extract EBN can inhibit the influenza A virus as effectively as commercial (Haghani et al., 2017)
(pancreatin and  antiviral agents
neuraminidase)
27  Antiviral Aqueous EBN inhibited apoptosis in cells following influenza A virus infection  (Nur AinAbdul
extract Rahman and Aini,
2017)
28  Antiviral Enzyme extract EBN exhibited a strong synergistic effect with either oseltamivir (Sriwilaijaroen et al.,
(pancreatin) carboxylate or zanamivir, a competitive inhibitor of receptor- 2024)
destroying neuraminidases, against the avian H5N1 virus
29  Osteoprotective Enzyme extract EBN improved bone strength and calcium concentration, and (Matsukawa et al.,
(pancreatin) increased dermal thickness in the femurs of ovariectomized rats, 2011)
suggesting its potential effectiveness in mitigating bone loss and skin
ageing in postmenopausal women
30  Osteoprotective Enzyme extract EBN enhanced bone quality and modulated inflammatory responses, (Sulaiman et al., 2024)
(alcalase) indicating its potential as a beneficial alternative for osteoarthritis
treatment
31  Chondroprotective ~ Aqueous EBN reduced catabolic activity and enhanced cartilage extracellular (Chua et al., 2013)
extract matrix synthesis, suggesting its potential as a therapeutic agent for

osteoarthritis
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32 Anti-diabetic Raw EBN EBN prevented the deterioration of metabolic indices and (Yida et al., 2015c¢)
transcriptional alterations in insulin signalling genes induced by a
high-fat diet
33 Anti-diabetic Raw EBN EBN improved metabolic indices and induced transcriptional changes  (Hou et al., 2015b)
in hepatic insulin signalling genes that promoted enhanced insulin
sensitivity and glucose and lipid homeostasis, surpassing even the
effects of estrogen
34  Anti-diabetic Aqueous EBN showed anti-diabetic effects by improving -cell function and (Choy et al., 2021)
extract insulin sensitivity through the insulin-PI3K/Akt signalling pathway
35  Skin-lightening Aqueous N-acetylneuraminic acid was the active ingredient in EBN that (Chan et al., 2015)
extract contributed to its skin-lightening properties
36  Skin-lightening Enzyme extract EBN significantly inhibited tyrosinase activity in B16 cells (Fan et al., 2021a)
(simulated
gastric and
intestinal fluid)
37  Skin-lightening Enzyme extract EBN reduced melanin content and downregulated the expression of (Kim et al., 2021b)
(the type of melanogenesis-related genes, including MITF, TYR, TRP1, and TRP2
enzyme used is
not stated)
38  Skin-lightening Enzyme extract A <l kDa fraction derived from EBN significantly inhibited tyrosinase (Yi et al., 2023)
(pepsin & activity and reduced melanin content by modulating the
pancreatin) cAMP/MITF/TRP-1/TRP-2 signalling pathways involved in
melanogenesis
39  Skin-lightening Enzyme extract EBN reduced melanin content and inhibited tyrosinase activity, while  (Bai et al., 2024)

(alcalase)

also downregulating the expression of melanogenesis-related genes.
Furthermore, the FRAF peptide derived from EBN bound to proteins
involved in melanogenesis
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40  Anti-wrinkle EBN extract EBN effectively reduced skin wrinkles in a randomised, double-blind, (Kim et al., 2022)
(the type of placebo-controlled, comparative study
extract is not
specified)
41  Anti-coagulant Raw EBN EBN may attenuate high-fat diet-induced hypercholesterolemia and (Yida et al., 2015b)
coagulation, comparable to the effects of simvastatin, partly through
the transcriptional regulation of coagulation-related genes
42  Anti-coagulant Aqueous EBN improved lipid and coagulation profiles, reduced hepatosteatosis, (Mohamad Nasir et al.,
extract and stabilised atherosclerotic plaque formation in rabbits with 2023)
hypercholesterolemia
43 Sexual function- Enzyme extract EBN may enhance sexual function in castrated male rats, potentially (MaLiu and Dai, 2012)
enhancing (pancreatin) through testosterone-related mechanisms, suggesting its potential as an
effective treatment for erectile dysfunction
44 Sexual function- Aqueous EBN increased sperm concentration and motility, as well as the levels  (Jaffar ez al., 2021)
enhancing extract of follicle-stimulating hormone and luteinizing hormone
Abbreviations:

Caco-2, human colorectal adenocarcinoma cells; IL-6, interleukin-6; VEGF, vascular endothelial growth factor; NF-xB, nuclear factor kappa B;

AP-1, activator protein-1; MAPK, mitogen-activated protein kinase; 6-OHDA, 6-hydroxydopamine; IgE, immunoglobulin E; TNF-a, tumour

necrosis factor-o; NO, nitric oxide; IL-2, interleukin-2; MHC-II, major histocompatibility complex II; TCR, T-cell receptor; MDCK cells, Madin-

Darby canine kidney cells; PI3K, phosphatidylinositol 3-kinase; Akt, protein kinase B; B16, murine melanoma cell line; MITF, microphthalmia
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associated transcription factor; TYR, tyrosinase; TRP-1, tyrosinase related protein 1; TRP-2, tyrosinase related protein 2; cAMP, cyclic adenosine

monophosphate
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CHAPTER 3.0

MATERIALS AND METHODS

This study was conducted in four major phases: (i) generation of LRRK2
knockout SH-SY5Y neuroblastoma cells; (ii) screening and validation of the
knockout clones; (iii) evaluation of phenotypic changes in the knockout clones;
and (iv) assessment of the effects of edible bird’s nest (EBN) extracts (Figure

3.1).

3.1 Cultivation of SH-SY5Y

The human neuroblastoma cell line (SH-SYS5Y) was purchased from the
American Type Culture Collection (ATCC, USA) and cultured in Dulbecco's
Modified Eagle Medium: Nutrient Mixture F12 (DMEM/ F12) (Gibco, USA),
supplemented with 10% (v/v) foetal bovine serum (FBS) (Tico Europe,
Netherlands) and 1% (v/v) Penicillin/ Streptomycin (Sigma-Aldrich, USA). The
culture was maintained in a humidified atmosphere of 95% (v/v) air / 5% (v/v)
COz2 at 37 °C. The media were changed every two to three days when they
became acidic. When the cells reached 80 % confluency, they were subcultured

into new culture vessels.
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Figure 3.1: Schematic illustration of the four phases of the study and the corresponding experimental workflow. gRNAs, guide RNAs; Opt,
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3.2 Knockout of LRRK? gene using CRISPR/Cas9 genome editing tool

3.2.1 Design of gRNAs

gRNAs  were  designed using the web tool CHOPCHOP
(https://chopchop.cbu.uib.no/), which identifies single gRNA targets for
CRISPR/Cas systems. The parameters used for designing gRNAs to knock out

LRRK2 are detailed in Table 3.1.

Table 3.1: The parameters used to design gRNAs

Parameter Input

Target LRRK2

In Homo sapiens (hg38/GRCh38)
Using CRISPR/Cas9

For Knockout

Numerous web-based tools are available for gRNA design, each employing
different algorithms to generate gRNA sequences and predict off-target sites.
CHOPCHOP is one of the most highly recommended and commonly used tools

(HwangSong and Bae, 2021). The gRNAs that fulfil the following criteria were

selected:
1. 20 base pairs in length
il. Target exon(s) in the early coding region

1il. Guanine-cytosine (GC) content of 40 - 60 %

iv. Low number of mismatches (i.e. number of off-target transcripts that the

gRNA may bind to, outside of the target gene)
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The three selected gRNAs used in this study are designated as gRNA1, gRNA2,

and gRNA3. Their sequences and binding sites are presented in Figure 3.2.
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pLKO_F  gRNA3 gRNA1 gRNA2 pLKO_R

RRK2 ] Exon 1 |_| Exon 2 |_| Exon 3 l—

gRNA 3 GRNA 1 5'-l«luc4lglgcululgllgalcglcllgudclcu(dlaludgly
40225181 [Eatcaggctgaacaatatcc)pPAM 40225223 40225251 |gtg|lcacgtaclccgaﬁpAM 40225293 3 t o+ + t t t t 5’
. ; alaggltacacggagacaaclagcagaacclgaggatatacieth
5’- agaagttgatagtcaggctgaacaatgtccaggaaggaaaaca_3’ 5'- ggatctgetggtgttcacgtactecgagegeggtaatecacttg-3’ PA'\;‘ 9
, 4+ + } 4 4 4 - } 1 2 1 7 4 X F 2 N 40225580 K«aclaguaga«ccluag 40225622
3- lc(l:aac(nlcnglccgacllgllncngglccllccllltgl-5' 3.7 H v g ! . > | B gRNA 2

cctagacgaccacaagtgcatgaggetegegecattagtgaac

Figure 3.2: Sequence and binding sites of gRNA1, gRNA2 and gRNA3 in the exon 1 and 2 of the LRRK2 gene. PAM motifs are highlighted

in red colour.
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3.2.2 Cloning of gRNAs

PX458-gRNA1, PX458-gRNA2 and PX458-gRNA3 were constructed by
inserting the respective gRNA sequence into pSpCas9(BB)-2A-GFP (PX458)
plasmid. PX458 plasmids were a gift from Feng Zhang (Addgene plasmid #
48138; http://n2t.net/addgene:48138; RRID: Addgene 48138) (Ran et al.,2013).

The cloning of gRNAs involves the following steps:

1. Preparation of competent cells

ii. Digestion of PX458 plasmids

1ii. Purification of the digested PX458 plasmids

iv. Annealing of gRNA oligos

V. Ligation of gRNA oligos and PX458 plasmids

Vi. Transformation of ligation products into competent cells

vii.  Extraction of PX458 plasmids

3.2.2.1 Preparation of competent cells

Escherichia coli (E. coli) DH5a cells were inoculated into 4 ml of Luria-Bertani
(LB) broth (Condalab, Spain) and cultured overnight. Then, 2 ml of the overnight
culture was transferred to 100 ml of LB broth and incubated at 37 °C until the
optical density (OD) 550 reached between 0.3 and 0.5, measured using a
spectrophotometer (Thermo Fisher Scientific, USA). The culture was then
transferred to 50 ml centrifuge tubes and pelleted by centrifugation at 3500 x g

for 5 minutes at 4 °C. After centrifugation, the supernatants were discarded, and
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the cells were resuspended in 33 ml of ice-cold RF1 solution. The RF1 solution
consisted of 100 mM potassium chloride (KCI) (Sigma-Aldrich, USA), 50 mM
manganese (II) chloride tetrahydrate (MnCl2-4H20) (R&M Chemicals, UK), 30
mM potassium acetate (KAc) (R&M Chemicals, UK), 10 mM calcium chloride
dihydrate (CaCl2-:2H20) (R&M Chemicals, UK), and 15% (v/v) glycerol
(Sigma-Aldrich, USA). The cell suspension was centrifuged again at 3500 x g
for 5 minutes at 4 °C. The supernatant was removed, and the cells were
resuspended in 8 ml of ice-cold RF2 solution, which contained 10 mM 3-
morpholinopropanesulfonic acid (MOPS) (J&K Scientific, China), 10 mM
potassium chloride (KCl) (Sigma-Aldrich, USA), 75 mM calcium chloride
dihydrate (CaCl2-2H20) (R&M Chemicals, UK), and 15% (v/v) glycerol
(Sigma-Aldrich, USA). The cell suspension was incubated on ice for 15 minutes.
Subsequently, it was aliquoted into 1.5 ml microcentrifuge tubes and quickly

frozen in liquid nitrogen before being stored at -80 °C.

3.2.2.2 Digestion of PX458 plasmids

Restriction enzyme digestion was performed to linearise PX458 plasmids. For
each digestion reaction, 1 ug (1 unit) of Bbsl enzyme (New England Biolabs,
USA) was added to a 1.5 ml microcentrifuge tube containing 5 pg of PX458

plasmids. The mixture was then incubated for 16 hours at 37 °C.

3.2.2.3 Purification of the digested PX458 plasmids

The digested PX458 plasmids were run on a 1% (w/v) agarose gel at 80 V for 30

minutes and purified using the Wizard SV Gel and PCR Clean-Up System
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(Promega, USA) according to the manufacturer's instructions. Briefly, the DNA
band was excised from the gel and placed in a 1.5 ml microcentrifuge tube.
Membrane Binding Solution (10 pl per 10 mg of gel slice) was added, and the
gel slice was vortexed and incubated at 65 °C until completely dissolved. The
dissolved gel mixture was transferred to a Minicolumn assembly and incubated
for 1 minute. After incubation, the Minicolumn assembly was centrifuged at
16,000 x g for 1 minute, and the flow-through was discarded. The Minicolumn

was then reinserted into a collection tube.

Next, 700 ul of Membrane Wash Solution was added, and the Minicolumn
assembly was centrifuged at 16,000 x g for 1 minute. The flow-through was
discarded again, and the Minicolumn was reinserted into the collection tube. This
step was repeated with 500 pl of Membrane Wash Solution, followed by
centrifugation at 16,000 x g for 5 minutes. The collection tube was emptied, and
the Minicolumn assembly was re-centrifuged for 1 minute to evaporate any
residual ethanol. The Minicolumn was then transferred to a 1.5 ml
microcentrifuge tube, 50 pl of nuclease-free water was added and incubated at
room temperature for 1 minute, after which the Minicolumn was centrifuged at
16,000 x g for 1 minute to elute the plasmid. The purified plasmid was stored at

-20 °C.

3.2.2.4 Annealing of gRNA oligos

The single-stranded gRNA oligos used in this study were synthesised by
Integrated DNA Technologies (IDT, Singapore). The gRNAs sequence is as in

Table 3.2.
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Table 3.2: gRNAs sequence

gRNA

Sequence (5’ -3°)

gRNA 1 sense
gRNA 1 anti-sense

gRNA 2 sense
gRNA 2 anti-sense

gRNA 3 sense
gRNA 3 anti-sense

CACCGTGTTCACGTACTCCGAGCG
AAACCGCTCGGAGTACGTGAACAC

CACCGAGTCCAAGACGATCAACAG
AAACCTGTTGATCGTCTTGGACTC

CACCGAGTCAGGCTGAACAATGTCC
AAACGGACATTGTTCAGCCTGACTC

Each pair of gRNA oligos was annealed in a thermal cycler (Applied Biosystems,
USA) at 95 °C for 5 minutes, 90 °C for 5 minutes, 85 °C for 5 minutes, 80 °C
for 5 minutes, 75 °C for 5 minutes, 70 °C for 5 minutes, 65 °C for 5 minutes and
60 °C for 20 minutes. Each annealing reaction consisted of 1.5 pl of 100 uM

gRNA oligo (sense), 1.5 ul of 100 pM gRNA oligo (anti-sense), 1.0 pl of 10 X

PCR buffer and 6.0 pl of nuclease-free water.

3.2.2.5 Ligation of gRNA oligos and PX458 plasmid

Each pair of annealed gRNA oligos was ligated into Bbsl-digested PX458
plasmid. The ligation reaction consisted of 4.0 pul annealed gRNA oligo (100
uM), 1.0 pl of BbsI-digested PX458 plasmid, 1.0 pl of 10 X ligation buffer, 1.0

ul of T4 DNA ligase (Thermo Scientific, USA) and 3.0 pl of nuclease-free water.

The ligation mix was incubated at room temperature for 10 minutes.
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3.2.2.6 Transformation of ligation products into competent cells

Each ligation product was added to 100 pul of competent cells prepared in section
3.2.2.1, followed by incubation on ice for 30 minutes. The cells underwent heat
shock at 42 °C for 90 seconds and were then chilled immediately on ice for 3
minutes. The competent cells were recovered in LB broth and incubated in a
shaking incubator (IKA, Germany) at 37 °C for 1 hour. After recovery, the cells
were spread on an LB agar plate containing Ampicillin (100 pg/ml) and
incubated at 37 °C overnight. The following day, colonies were picked and
inoculated into 1 ml of LB broth with Ampicillin (100 pg/ml), then incubated at
37 °C for 3 hours. After the incubation, 500 ul of the culture was harvested and
sent to a service provider (Beijing Genomics Institute, China) for Sanger
sequencing to verify the gRNA sequence in the PX458 plasmid. Once
verification was completed, 100 pl of the culture was inoculated into 100 ml of

LB broth with Ampicillin (100 pg/ml) and incubated at 37 °C overnight.

3.2.2.7 Extraction of PX458 plasmids

Plasmids were extracted from overnight culture using Nucleobond Xtra Midi
Plus (Macherey-Nagel, Germany) following the manufacturer’s protocol.
Briefly, 100 ml culture was centrifuged at 6,000 x g for 10 minutes at 4 °C to
pellet the cells. After centrifugation, the supernatant was completely discarded.
The cell pellet was completely resuspended in 8 ml resuspension buffer and
RNase A by vortexing the cells. Then, 8 ml lysis buffer was added to the
suspension and mixed gently by inverting the tube 5 times. The mixture was

incubated at room temperature for 5 minutes. Meanwhile, a NucleoBond Xtra
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Column together with the inserted column filter were equilibrated with 12 ml
equilibrium buffer. After 5 minutes of incubation, 8 ml neutralisation buffer was
added to the suspension, and the lysate was mixed immediately by inverting the
tube until the blue sample turned colourless completely. The lysate was applied
to the equilibrated NucleoBond Xtra Column Filter. Next, the NucleoBond Xtra
Column Filter and NucleoBond Xtra Column were washed with 5 ml
equilibrium buffer. After washing, the NucleoBond Xtra Column Filter was
pulled out and discarded. The NucleoBond Xtra Column was washed with 8 ml
wash buffer, and the plasmid was eluted with 5 ml elution buffer. After elution,
3.5 ml room temperature isopropanol (Merck, USA) was added, and the mixture
was vortexed and incubated for 2 minutes. Meanwhile, the plunger was removed
from the 30 ml syringe, and NucleoBond Finaliser was attached to the syringe
outlet. The precipitation mixture was added to the syringe, and the plunger was
inserted. Holding the syringe vertically, the mixture was slowly pressed through
the NucleoBond Finaliser, discarding the flow-through. The NucleoBond
Finaliser was removed from the syringe, and the plunger was pulled out before
reattaching the NucleoBond Finaliser. Then, 2 ml 70% (v/v) ethanol (Merck,
USA) was added to the syringe, and, after inserting the plunger, the ethanol was
pressed through the NucleoBond Finaliser slowly, discarding the flow-through.
Air was pressed through the NucleoBond Finaliser as strongly as possible while
touching a tissue with the tip of the NucleoBond Finaliser to soak up ethanol.
This step was repeated until no ethanol leaked from the NucleoBond Finaliser.
Then, the NucleoBond Finaliser was removed, and a 1 ml syringe plunger was
pulled out before attaching the NucleoBond Finaliser to it. Next, 200 ul of

nuclease-free water was pipetted into the syringe. The outlet of the NucleoBond
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Finaliser was positioned vertically over a 1.5 ml microcentrifuge tube, and the
plasmid was eluted slowly drop by drop by inserting the plunger. The first eluate
was transferred back into the syringe and eluted into the same microcentrifuge
tube a second time. The NucleoBond Finaliser was removed from the syringe,
the plunger was pulled out to aspirate air, the NucleoBond Finaliser was
reattached, and air was pressed out again to force out as much eluate as possible.
Finally, the plasmid yield was determined using Nano Quant Plate on a
microplate reader (Tecan, Switzerland), and plasmid integrity was confirmed by
agarose gel electrophoresis. The extracted plasmid was kept in a -20 °C freezer

until further use.

3.3 Electroporation of SH-SYSY cells

3.3.1 Optimisation of electroporation protocol

The electroporation protocol has been optimised to determine the most effective
parameters for SH-SYS5Y cells. This optimisation is essential for achieving
efficient genome editing while maintaining high cell viability. The Neon
Transfection System (Thermo Fisher Scientific, USA) was utilised to
electroporate the SH-SY5Y cells. Detailed optimisation parameters are provided

in Table 3.3.
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Table 3.3: Electroporation optimisation parameters

Well Pulse voltage Pulse width Pulse

Sample
number %) (ms) number
1 Al None (Control without electroporation)
2 A2 1400 20 1
3 A3 1500 20 1
4 A4 1600 20 1
5 AS 1700 20 1
6 A6 1100 30 1
7 B1 1200 30 1
8 B2 1300 30 1
9 B3 1400 30 1
10 B4 1000 40 1
11 B5 1100 40 1
12 B6 1200 40 1
13 Cl 1100 20 2
14 C2 1200 20 2
15 C3 1300 20 2
16 C4 1400 20 2
17 Cs 850 30 2
18 C6 950 30 2
19 DI 1050 30 2
20 D2 1150 30 2
21 D3 1300 10 3
22 D4 1400 10 3
23 D5 1500 10 3
24 D6 1600 10 3

The cells were electroporated using the reagents and consumables provided in
the Neon™ Transfection System 10 pl Kit and the Neon Transfection System

(Thermo Fisher Scientific, USA), following the manufacturer’s protocol. PX458
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plasmids without gRNA were used for this optimisation. After electroporation,
the cells were cultured in a COz incubator for 72 hours to allow for recovery.
After 72 hours of recovery, cells were observed under a fluorescence microscope
with a FITC filter (Carl Zeiss, Germany), and images were captured for each
well. Electroporation efficiency was evaluated based on the intensity of green
fluorescence protein (GFP), while cell viability was assessed based on cell
morphology. The optimal electroporation parameters for SH-SYSY cells were
identified. The optimal electroporation parameters for SH-SYSY cells are 1400

V, 20 milliseconds, and 1 pulse.

3.3.2 Electroporation of PX458 plasmids into SH-SYSY cells

To electroporate a larger number of cells, the Neon™ Transfection System 100
ul Kit was used instead of the 10 pl Kit. SH-SYS5Y cells were electroporated
using a Neon Transfection System according to the manufacturer’s protocol
(Thermo Fisher Scientific, USA). Briefly, SH-SY5Y cells were detached using
trypsin-EDTA (Gibco, UK). After neutralisation, 10 pl of the cell suspension was
used for cell counting with an automated cell counter (Thermo Fisher Scientific,
USA) to determine cell density. Next, 500,000 cells per reaction were transferred
to a 1.5 ml microcentrifuge tube, washed with 1 X PBS, and centrifuged at 300
x g for 5 minutes. Following centrifugation, the 1 X PBS was discarded and the
cell pellet was resuspended in Resuspension Buffer R at a final density of 1.0 X
107 cells per ml. The cells were gently pipetted to obtain a single-cell suspension.
A six-well plate was prepared by filling each well with 2 ml of culture media and

pre-incubated in a COz2 incubator. A Neon Tube was prepared with 3 ml of Buffer
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E2, and the pulse conditions (1400 V, 20 milliseconds, 1 pulse) were set on the
Neon transfection device. Each transfection reaction for LRRK2 knockout
consisted of PX458-gRNA1 (6.67 ug), PX458-gRNA2 (6.67 pg) and PX458-
gRNA3 (6.67 pg). A mock reaction with 20 pg PX458 (without gRNA) was also
prepared as a negative control for genome editing. The plasmids were transferred
to their respective 1.5 ml microcentrifuge tubes, and then the cells were added
to the tubes containing the plasmids and gently mixed. A Neon Tip was fitted
onto the Neon Pipette. The cells-plasmids mixture was aspirated into the Neon
Tip using the Neon Pipette. The Neon Pipette with the sample was inserted into
the Neon Tube placed in the Neon Pipette Station. The “Start” button on the
Neon transfection device was pressed to deliver the electric pulse to the cells.
After the electroporation, the Neon Pipette was removed from the Neon Pipette
Station, and the sample in the Neon Tip was transferred into a prepared culture
plate containing the pre-warmed media. The plate was gently rocked to ensure
an even distribution of cells. Finally, the plate containing transfected cells was

incubated in a CO: incubator for 72 hours to allow cell recovery.

34 Fluorescence-activated cell sorting (FACS)

Based on our observations, SH-SYSY cells have considerable difficulty
proliferating from a single cell. To maximise clone yield, both bulk sorting
(sorting 100 or 200 cells into a 15 ml conical tube) and single-cell sorting

(sorting individual cells into each well of a 96-well plate) were employed.

After 72 hours of recovery in a 6-well plate, the electroporated cells were

brought to a cell sorting facility for FACS. The cells were harvested using
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Accutase (Merck, USA) and subsequently washed with 1X PBS, followed by
centrifugation at 300 x g for 5 minutes. After centrifugation, the supernatant was
removed, and the cell pellet was resuspended in 1X sorting buffer, which
consisted of 1X Hanks' balanced salt solution (HBSS) (Gibco, USA), 2% (v/v)
FBS (Tico Europe, Netherlands) and 10 mM N-2-hydroxyethylpiperazine-N-
ethanesulfonic acid (HEPES) (Sigma Aldrich, USA). The 1X sorting buffer was
filtered through a 0.22 pm syringe filter before use. Cell counting was performed
using an automated cell counter (Thermo Fisher Scientific, USA). The cells were
then stained with 2 pg/ml propidium iodide (PI) (BD Biosciences, USA) for 10
minutes in the dark. PI was used to differentiate live cells from dead cells during
sorting. Following staining, the cells were filtered through 40 pum cell strainers
(BD Biosciences, USA) to obtain a single-cell suspension and transferred to 5
ml polypropylene round-bottom tubes (BD Biosciences, USA). Subsequently,
the cells were sorted using the BD FACS Aria SORP cell sorter (BD Biosciences,
USA) into a 96-well plate (one cell per well) and a 15 ml conical tube (100 or
200 cells per tube). An autoclaved and filtered 1X PBS solution (Biowest, USA)
was used as the sheath buffer. The PI-negative and GFP-positive cells were
collected. After sorting, the 96-well plate was transferred to a CO:z incubator,
while the 100 or 200 cells from the 15 ml conical tube were transferred to a 10
cm cell culture dish containing supplemented media and returned to the CO2

incubator.
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3.5 Cultivation and expansion of clones

3.5.1 Clones from bulk sorting

When the clones grew to an appropriate size, they were harvested from the 96-
well plate using 0.25% (w/v) trypsin-EDTA (Gibco, USA) and transferred to a
24-well plate. The clones were then expanded by plating them into progressively

larger vessels until there were sufficient cells for downstream assays.

3.5.2 Clones from single-cell sorting

When the clones grew to a reasonable size, they were isolated using the single-
cell isolation technique (filter paper method) as described by Yuen ef al. (Yuen
etal.,2017). The filter paper was punched using a paper puncher and autoclaved
before use. Briefly, 0.25% (w/v) trypsin-EDTA (Gibco, USA) was pre-warmed,
and the cells were washed once with 1X PBS. The trypsin-EDTA was applied to
a filter paper, which was allowed to soak for 1 minute. Using sterile forceps, the
filter paper was placed onto a clone, and the dish containing the clones was
incubated at 37 °C for 1 minute. After incubation, the filter paper was removed
with sterile forceps and placed into a 6-well plate pre-filled with medium. The
filter paper was gently shaken in the medium to allow the cells to detach into the
well. The plate containing the cells was then returned to the CO2 incubator. The
clones were subsequently expanded by plating them into progressively larger

vessels until there were sufficient cells for downstream assays.
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3.6  Verification of LRRK2 knockout

3.6.1 Extraction of total genomic DNA

Total genomic DNA was extracted using a Wizard Genomic DNA Extraction Kit
(Promega, USA) according to the manufacturer’s protocol. Briefly, cells were
washed twice with 1 X PBS and harvested by trypsinisation. Nuclei lysis solution
(600 pl) was added to the cell pellets and mixed by pipetting. RNase solution
(300 pul) was added to the cell lysates, mixed and incubated at 37 °C for 30
minutes. After cooling the cell lysates to room temperature, 200 pl protein
precipitation solution was added. The cell lysates were vortexed, chilled on ice
for 5 minutes and centrifuged at 16000 x g for 4 minutes. Following
centrifugation, the supernatants were transferred to fresh 1.5 ml microcentrifuge
tubes containing 600 pl isopropanol (Merck, USA) and gently mixed by
inversion. The mixtures were centrifuged at 16000 x g for 1 minute. The
supernatants were removed, and 600 pl of 70% (v/v) ethanol (Merck, USA) was
added and mixed. The mixtures were centrifuged at 16000 x g for 1 minute. After
centrifugation, the ethanol was aspirated, and the pellets were air-dried for 15
minutes. The DNA was rehydrated in 100 pl DNA rehydration solution for 10
minutes at room temperature. DNA concentration and purity were determined
using Nano Quant Plate on a microplate reader (Tecan, Switzerland) and the

DNA was stored at -20 °C until further use.
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3.6.2 PCR

A pair of primers flanking the target site was used in the PCR:

pLKO_F: 5’-CTGAGCAGCGGACGTTCAT- 3’

pLKO R:5-CTCTTCATCCCGTTTACATTGCG-3’

Each PCR reaction consisted of 12.5 pl of GoTaq Hot Start Master Mix
(Promega, USA), 1.25 ul of 10 uM forward and reverse primer, 1 pul (100 ng) of
DNA template and 9 pl nuclease-free water, for a final volume of 25 pl. The PCR
reaction mix was mixed gently and centrifuged to bring the solution to
the bottom of the tube. Subsequently, the PCR was performed on a Veriti 96-well
thermal cycler (Thermo Fisher Scientific, USA) using the following cycling
parameters: 95 °C for 2 minutes; 35 cycles of 95 °C for 15 seconds, 59.3 °C for

30 seconds and 72 °C for 1 minute; 72 °C for 5 minutes.

Based on the PCR verification, three representative LRRK2 knockout clones
(designated LKO1, LKO2, and LKO3 hereafter) were selected for further

validation.

3.6.3 TA cloning

TA cloning was performed using the pPGEM-T Vector System (Promega, USA)
following the manufacturer’s protocol. Briefly, the ligation reactions were
prepared and incubated at room temperature for 1 hour. Each ligation reaction
consisted of 5 pl of 2 X ligation buffer, 1 ul of p-GEM T-Vector (50 ng), 1 pl of
PCR product, 1 pl of T4 DNA ligase (3 Weiss unit) and 2 pl nuclease-free water.

Then, 20 pul of isopropyl-B-d-thiogalactopyranoside (IPTG) (Biosynth
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Carbosynth, UK) and 100 pl of 5-bromo-4-chloro-3-indolyl-beta-D-galacto-
pyranoside (X-gal) were spread on an LB agar plate with Ampicillin (100 pg/ml).
After 1 hour of incubation, the ligation products were added to 100 pl competent
cells prepared in Section 3.2.2.1. The transformation was performed as in
Section 3.2.2.6. After overnight incubation, the white colonies were picked from
the plates, inoculated in 5 ml LB broth with Ampicillin (100 pg/ml) and cultured

overnight.

3.6.4 Extraction of plasmids

The plasmids were extracted from 5 ml culture using FavorPrep™ Plasmid DNA
Extraction Mini Kit (Favorgen, Taiwan), following the manufacturer’s protocol.
Briefly, the bacterial cultures were centrifuged at 11000 x g for 1 minute. The
supernatants were completely discarded by aspiration. Then, 250 pl of FADP1
Buffer with RNase A was added to the cell pellets. The cells were completely
resuspended by pipetting. Subsequently, 250 ul FADP2 Buffer was added, and
the tubes were inverted 10 times. The mixtures were incubated at room
temperature for 2 to 5 minutes. FADP3 Buffer (350 ul) was added, and the tubes
were inverted 10 times immediately and centrifuged at 16000 x g for 10 minutes.
Subsequently, the supernatants were transferred to the FADP columns and
centrifuged at 11000 x g for 1 minute. The flow-through was discarded, and the
columns were returned to the collection tubes. W1 Buffer (400 pul) was added to
the FADP columns and centrifuged at 11000 x g for 30 seconds. The flow-
through was discarded, and the columns were returned to the collection tubes.

Wash Buffer (700 ul) was added to the FADP columns and centrifuged at 11000
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x g for 30 seconds. The flow-through was discarded, and the columns were
returned to the collection tubes. The FADP columns were centrifuged for
an additional 3 minutes at 16000 x g. Then, the FADP columns were placed in
1.5 ml microcentrifuge tubes. Elution Buffer (50 pl) was added to the FADP
columns and incubated for 1 minute. Finally, the FADP columns were
centrifuged at 16000 x g for 1 minute to elute the plasmids. The plasmids were

stored at -20 °C.

3.6.5 Sanger sequencing

The plasmids were sent to a service provider (Apical Pvt. Ltd., Malaysia) for
Sanger sequencing. The primers for sequencing are listed in Section 3.6.2.
Sanger sequencing results were analysed using Molecular Evolutionary Genetics
Analysis (MEGA) software version 5.2. MEGA is an integrated tool for
conducting sequence alignment. Manual alignments of sequences from wildtype

and knockout clones were performed.

3.6.6 Extraction of protein lysates

Protein lysates were extracted from cells using NE-PER Nuclear and
Cytoplasmic Extraction Reagents (Thermo Fisher Scientific, USA) with
a protease inhibitor cocktail (Nacalai Tesque, Japan) following the
manufacturer’s instructions. Briefly, cells were harvested with Trypsin-EDTA
(Gibco, UK) and washed with 1X PBS. After washing, the supernatants were
aspirated to leave the cell pellets as dry as possible. Ice-cold CER I (260 pl) was

added to the cell pellets in 1.5 ml microcentrifuge tubes. The tubes were mixed
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vigorously at the highest setting for 15 seconds to fully resuspend the pellets,
then incubated on ice for 30 minutes. Next, 14.3 ul of ice-cold CER II was added,
and the tubes were mixed vigorously for another 15 seconds before being
incubated on ice for 5 minutes. Following incubation, the tubes were centrifuged
at 15,000 x g for 15 minutes. After centrifugation, the supernatants were
discarded, and 130 pl of NER was added to the insoluble fractions (pellets). The
tubes were mixed vigorously for 15 seconds and then incubated on ice, vortexing
for 15 seconds every 10 minutes for a total of 40 minutes. After this incubation,
the tubes were centrifuged again at 15,000 x g for 15 minutes. The supernatants
were transferred to clean, pre-chilled 1.5 ml microcentrifuge tubes. The
concentration of the protein lysates was quantified using Pierce 660 nm Protein
Assay Reagent (Thermo Fisher Scientific, USA). After quantification, the

protein lysates were stored at -20 °C.

3.6.7 Western blot

Twenty micrograms of each protein lysate, along with the ExcelBand™ 3-colour
extra range protein marker (SMOBIO, Taiwan), were loaded onto a 4-20% (w/v)
Tris-Glycine gel. The gel was run in 1X Tris-Glycine-Sodium Dodecyl Sulfate
(TG-SDS) buffer (1st BASE, Singapore) using a vertical polyacrylamide gel
electrophoresis system (Bio-Rad, USA) at 20 mA for 3 hours. Proteins were then
transferred from the gel to a polyvinylidene fluoride (PVDF) membrane (Merck,
USA) in 1 X Tris-Glycine (TG) buffer (1st BASE, Singapore) using a wet transfer
system (Bio-Rad, USA) at 30 V overnight at 4°C. After an overnight transfer,

the sandwich was disassembled, and the ExcelBand™ marker was examined to
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confirm complete transfer to the membrane. To verify the complete transfer of
the large LRRK?2 protein without over-transferring the smaller GAPDH protein,
the membrane was stained with Ponceau S, while the gel was stained with
Coomassie Blue. The presence of protein bands on the Coomassie Blue-stained
gel indicates an incomplete transfer from the gel to the membrane. Conversely,
the absence or minimal visibility of protein bands on the Ponceau S-stained
membrane suggests either under-transfer or over-transfer of proteins. After this
verification, the membrane was placed in a clean container and incubated with
5% (w/v) bovine serum albumin (BSA) (Merck, USA) in 1X Tris-Buffered
Saline (1X TBST) at room temperature for 1 hour. Following this incubation, the
membrane was cut and incubated with primary antibodies, i.e. anti-LRRK2 and
anti-GAPDH antibodies (Abcam, UK) in separate containers overnight at 4°C
with rocking. After overnight incubation, the primary antibody solutions were
removed, and the membrane was washed three times with 1X TBST for 5
minutes each. The membrane was then incubated with goat anti-rabbit I[gG (H+L)
secondary antibody, HRP conjugate (Thermo Fisher Scientific, USA), at room
temperature for 1.5 hours. After incubation, the secondary antibody solution was
removed, and the membrane was washed three more times with 1X TBST for 5
minutes each. Finally, the membrane was incubated with WesternBright Sirius
chemiluminescent HRP substrate (Advansta, USA) for 2 minutes, and images
were captured using the Azure 600 Gel Imaging System (Azure, USA). Image

capture parameters are detailed in Table 3.4.
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Table 3.4: Image acquisition parameters for Western blot membranes

using the Azure 600 Gel Imaging System

Parameter Input
Protocol type Chemi blot
Capture type Manually image
Pixel binning 3X3

Exposure type Manual
Channel name Chemiluminescence
Imaging mode Cumulative
Exposure interval 30 seconds
Maximum number of images 50
Light source ECL
Filter No filter
Aperture Maximum
Tray type Top shelf

3.7 Verification of gRNAs off-targets

Off-target effects are defined as unintended cleavages or genetic modifications
at sites with sequences that are similar, but not identical, to the target site
(Modrzejewski et al., 2019). In this study, off-target prediction was performed
using CHOPCHOP. According to CHOPCHOP, gRNA1 does not have any off-
targets while gRNA2 and gRNA3 have 2 and 6 off-targets, respectively. PCR
and Sanger sequencing were performed to evaluate the off-targets. gRNA2 and
gRNA3 potential off-target locations, number of mismatches, sequences (as
predicted by CHOPCHOP) and primers designed for validation, and the

annealing temperature are detailed in Table 3.5.
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3.7.1 Extraction of total genomic DNA
Total genomic DNA was extracted from the cells using the protocol outlined in

Section 3.6.1.

3.7.2 PCR

Each PCR reaction consisted of 10 pl of 2 X Phusion High Fidelity PCR master
mix (Thermo Fisher Scientific, USA), 2 ul of forward and reverse primers (10
uM), 1 ul of DNA template (100 ng) and 5 pl nuclease-free water, for a final
volume of 20 pl. The PCR reaction mix was mixed gently and centrifuged to
bring the solution to the bottom of the tube. Subsequently, the PCR was
performed on a Veriti 96-well thermal cycler (Thermo Fisher Scientific, USA)
using the following cycling parameters: 98 °C for 30 seconds; 35 cycles of 98 °C
for 10 seconds, “xx” °C for 30 seconds and 72 °C for 30 seconds; 72 °C for 10
minutes. “xx” is the annealing temperature for each pair of primers, as indicated

in Table 3.5.
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Table 3.5: gRNA2 and gRNA3 potential off-target locations (No.1 and No. 2 to No.7, respectively), number of mismatches, sequences (as

predicted by CHOPCHOP) and primers designed for validation, and the annealing temperature

. Number of . . . . . Annealing
No. Location mismatches Sequence (including mismatches*) Primers temperature
()

F: GATGTCAAGGCTGCAGTGAG
1 chr10:124442476 3 aAGaCCAAGACGAcCAACAGAGG R: GTTCACTCCCTTCTCCCCTC 63.0

F: CCTGACTGGGGAACACTGAT

2 chr10:75876195 3 AGTCAGCcCTGAAgAZTGTCCTGG R: CCAAGGGAGAACTTCAAGAGCT 64.5

F: GCCAAAATACCAGCAACCTCA
3 chr13:89431766 3 AGTgAaGCTGAACAATGTCtAGG R: ACATAGTTGCCTCCTAGCCA 64.7

F: AGGCAGTGCAGAAGAGTGAT
4 chr4:73126296 3 AGTCAGGCTGAAtAATacCCAGG R: CACAACTGCTAATTTGGCCCT 64.3

F: CAGGGTGCGCACATAAAGAC
5 chr4:83762058 3 CCAGGACATTGcTCAGCCTcACe R: GCTGTGGCCATTTCTGAGCA 64.5

F: ACTCCAGTTACATGCCCAGC
6 chr6:154976916 3 CCAcGAtATTGcTCAGCCTGACT R: CTAAGACCACAGGCCAGACG 71.1

F: CCCTCAAGTGCTCCTGGTTT
7 chr9:27216984 3 AGTCAaGCTttACAATGTCCAGG R: CACGCATGGTAGTCGGTCAT 65.1

Note: * Mismatches are in lowercase.
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3.7.3 Sanger sequencing

The PCR products were sent to a service provider (Apical Pvt. Ltd.) for Sanger
sequencing. The primers for sequencing are listed in Table 3.5. Sanger
sequencing results were analysed using Molecular Evolutionary Genetics
Analysis (MEGA) software version 5.2. Manual alignments of sequences from

the wildtype and knockout clones were performed.

3.8  Mycoplasma detection
Mycoplasma detection was performed using e-Myco Mycoplasma PCR
Detection Kit (iNtRON Biotechnology, Korea) according to the manufacturer’s

protocol.

3.8.1 Preparation of samples

Briefly, the cells were harvested and counted using an automated cell counter
(Thermo Fisher Scientific, USA). Aliquots of the cell suspension (50,000 cells
per tube) were transferred to 1.5 ml microcentrifuge tubes and centrifuged at 300
x g for 5 minutes. The supernatants were carefully decanted, and the cells were
resuspended in 1 ml of 1X PBS for washing, followed by centrifugation at 300
x g for 5 minutes. After centrifugation, the supernatants were discarded, and the
cell pellets were resuspended in 100 pl of 1X PBS and heated at 95 °C for 10
minutes. The samples were then vortexed for 10 seconds and centrifuged at
12,000 x g for 2 minutes. The supernatants were transferred to new 1.5 ml

microcentrifuge tubes, where they were used as templates for PCR.
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3.82 PCR

An appropriate number of e-Myco™ Mycoplasma PCR Premix Tubes were
prepared, including both positive and negative control tubes. Nuclease-free
water (10 ul) was added to the RT-PCR premix tubes, followed by the addition
of 10 ul DNA samples to each tube. For the control tubes, 1 pl of the positive
control (provided in the kit) and nuclease-free water were added to the positive
and negative control tubes, respectively. The blue pellets were dissolved by
pipetting. PCR was performed on a Veriti 96-well thermal cycler (Thermo Fisher
Scientific, USA) using the following cycling parameters: 94 °C for 1 minute; 35
cycles of 94 °C for 30 seconds, 60 °C for 20 seconds, and 72 °C for 1 minute;
followed by a final extension at 72 °C for 5 minutes. The PCR products were run
on a 2% (w/v) agarose gel, and the gel images were captured using the UVP Gel

Imaging System (Analytik Jena, Germany).

3.9 Evaluation of phenotypic changes in LRRK2 knockout cells
Phenotypic changes of wild-type (WT), mock, LKO1, LKO2 and LKO3 cells
were evaluated using the following assays:
i. Examination of morphological changes
ii. Measurement of cell size
iii. Evaluation of cell-substrate adhesion strength
iv. Assessment of growth kinetics
v. Senescence-associated B-galactosidase (SA-B-gal) staining
vi. Autophagy detection assay

vii. Assessment of mitochondrial respiration
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3.9.1 Examination of morphological changes

Cell morphological changes were monitored and evaluated in every subculture.
Images of cells were captured using the Invitrogen EVOS Cell Imaging System
(Thermo Fisher Scientific, USA) at 400 X magnification. The cell morphological

changes were then examined and recorded.

3.9.2 Measurement of cell size
Cell size was measured using the Invitrogen Countess Il automated cell counter
(Thermo Fisher Scientific, USA). The cell size changes were then evaluated and

recorded.

3.9.3 Qualitative evaluation of cell-substrate adhesion strength

Cells were washed twice with 1X phosphate-buffered saline. The cell-substrate
adhesion strength was qualitatively assessed by estimating the number of cells
that remained adhered to the vessels. Dislodged cells were collected and
combined with adherent cells, which were harvested using 0.25% (w/v) trypsin-
EDTA (Gibco, USA) and subsequently returned to the cell culture vessels for
further culture. Adhesion strength was categorised as follows: high adhesion was
assigned when more than 80% of the cells remained attached after washing;
medium indicated 50-80% cell retention; and low corresponded to fewer than

50% of cells remaining adherent.

3.9.4 Assessment of growth kinetics

Cell number was determined at the end of every passage (for 5 consecutive

passages) using the Invitrogen Countess II automated cell counter (Thermo
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Fisher Scientific, USA), and cumulative population doubling was calculated in
relation to the cell number from the previous passage. The number of population
doubling was calculated as described in (CristofaloVolker and Allen, 2000, Kurz
et al., 2004) using the formula below:

Population doubling = [In (number of cells harvested)- In (number of cells
seeded)] /In 2

The images of cells were captured at 100 X magnification using the Invitrogen

EVOS Cell Imaging System (Thermo Fisher Scientific, USA).

3.9.5 Senescence-associated B-galactosidase (SA-B-gal) staining

The cells were stained using the SA-B-gal Staining Kit (Cell Signalling
Technology, USA) according to the manufacturer's instructions. Briefly, the cells
were washed once with 2 ml of 1X PBS and then fixed for 15 minutes at room
temperature in 1 ml of 1X fixative solution. After fixation, the cells were washed
twice with 2 ml of 1X PBS. Next, 1 ml of freshly prepared staining solution was
added to the wells, and the plate was sealed with parafilm to prevent evaporation,
as evaporation can lead to crystal formation. The plate was incubated overnight
at 37°C. The following morning, while the staining solution was still present, the
cells were examined under a brightfield inverted microscope at 200 X
magnification for the development of blue colouration. Then, the staining
solution was removed, and the cells were washed with 1 ml of 1X PBS. An
additional 1 ml of 1X PBS was added to the wells. Images of the cells were
captured at 200 X magnification using the Invitrogen EVOS Cell Imaging

System (Thermo Fisher Scientific, USA). The percentage of blue-stained cells
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(SA-B-gal positive) relative to the total number of cells was determined by

randomly selecting 10 microscopic fields for counting.

3.9.6 Autophagy detection assay

Autophagy detection was performed using the CYTO-ID Autophagy Detection
Kit 2.0 (Enzo Life Sciences, USA) according to the manufacturer’s protocol.
Chloroquine, an anti-inflammatory drug used to treat or prevent malaria, was
included in the assay as a positive control. Chloroquine suppresses inflammation
by increasing lysosomal pH, which in turn inhibits lysosomal activity.
Autophagy is a dynamic process where the accumulation of autophagosomes can
either reflect increased autophagosome generation or a blocked conversion to
autolysosomes. In this assay, chloroquine served to block the clearance of
autophagosomes, thereby promoting their accumulation.

The cells were seeded in a 96-well plate at a density of 50,000 cells per well and
cultured overnight. Following the overnight incubation, the cells were washed
twice with 100 pl of 1X assay buffer. Next, 100 pl of dual-colour detection
solution was added to the cells, and the plate was incubated in the dark at 37°C
for 30 minutes. Following incubation, the cells were washed with 100 pl of 1X
assay buffer, and fluorescence was measured at 480 nm excitation and 530 nm
emission using a microplate reader (Tecan Spark, Switzerland). For nuclear
staining, fluorescence was measured at 340 nm excitation and 480 nm emission.
The increase in the green autophagy signal, normalised to the blue signal, reflects
the accumulation of the probe within the cells, which results from the increase

in autophagic vacuoles.
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3.9.7 Assessment of mitochondrial respiration

Mitochondrial respiration in the cells was assessed by measuring the oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) using the
real-time cell metabolic analyser, the Seahorse XF HS Mini Analyser (Agilent,
USA). The Seahorse XFp Cell Mito Stress Test Kit (Agilent, USA) was used

according to the manufacturer’s protocol.

3.9.7.1 Optimisation of cell seeding density

Cell seeding density is a critical parameter that must be empirically determined
prior to assessing mitochondrial respiration. It is essential to first establish the
basal respiration rates of the cells and ensure that the chosen seeding density
yields OCR and ECAR values within the dynamic range of the instrument. The
optimal seeding density varies by cell type, but generally, a density achieving 50
to 90 % confluency produces metabolic rates within the desired range. In this
study, cell densities of 50,000, 100,000, 150,000, and 200,000 cells per well were
tested, with optimisation performed according to the manufacturer’s protocol.
The day before the assay, cells were seeded onto the Seahorse Poly-D-Lysine
(PDL)-coated cell culture mini plate (Agilent, USA) and cultured overnight. The
Seahorse XFp sensor cartridges (Agilent, USA) were hydrated with sterile water,
and the Seahorse XF HS Mini Analyser was turned on and allowed to warm up
overnight for a minimum of five hours. An aliquot of XF calibrant was pre-
warmed in a non-COz incubator at 37 °C overnight.

On the day of the assay, the assay medium was prepared by supplementing
Seahorse XF DMEM with | mM pyruvate, 2 mM glutamine, and 10 mM glucose.

The water in the Seahorse XFp sensor cartridges was replaced with a pre-
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warmed XF calibrant, and the cells were washed with the assay medium. Both
the Seahorse XFp sensor cartridges and the plates containing the washed cells
were placed in a 37°C, non-COz incubator for 45 minutes prior to the assay.
Meanwhile, an assay template was designed on the Seahorse XF HS Mini
analyser. The stock and working solutions of oligomycin (ATP synthase/
Complex V inhibitor), carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone
(FCCP; uncoupling agent), and a mixture of rotenone (Rot; Complex I inhibitor)
and antimycin A (AA; Complex III inhibitor) were prepared.

At the end of the 45-minute incubation, the working solutions of the compounds
were loaded into the injection ports on the Seahorse XFp sensor cartridges. The
Seahorse XFp sensor cartridges were then calibrated on the Seahorse XF HS
Mini analyser. Before running the assay, the cells were washed again with the
assay medium. After washing, the assay was initiated by loading the plates onto
the Seahorse XF HS Mini analyser. Baseline measurement of OCR and ECAR
was performed, followed by successive injections of 1.5 uM oligomycin, 1.0 uM
FCCP and 0.5 uM Rot/ AA. At the end of the run, the data acquired were
exported from the Seahorse XF HS Mini analyser.

To account for the differing proliferation rates among WT, mock and LKO1 cells,
data were normalised to total protein content. Following completion of the assay,
cells in each well were lysed using a lysis buffer [consisting of 10 mM Tris buffer
and 0.1% (v/v) Triton X-100]. Total protein content was measured using the
Pierce™ Bradford Plus Protein Assay Kit (Cat. No. 23236, Thermo Fisher
Scientific, Waltham, MA, USA), following the manufacturer’s instructions.
Briefly, the media was removed from each well, and 20 pl of lysis buffer was

added to each well, followed by incubation for 3 minutes at room temperature.
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Subsequently, 130 pl of Bradford Plus Reagent was added to each well and
mixed on a plate shaker (Cole-Parmer, USA) at 800 rpm for 30 seconds. The
plate was then incubated at room temperature for 10 minutes. After incubation,
the absorbance at 595 nm was measured using a microplate reader (Tecan Spark,
Switzerland).

For the standard curve, BSA standards were prepared in concentrations of 0, 25,
125, 250, 500, 750, 1000, 1500, and 2000 pg/ml by diluting the BSA supplied
with the kit. Twenty pl of each diluted BSA standard was added to a 96-well
plate, followed by the addition of 130 ul of Bradford Plus Reagent. The plate
was mixed on a shaker (Cole-Parmer, USA) at 800 rpm for 30 seconds and
incubated at room temperature for 10 minutes. Absorbance at 595 nm was
measured, and a standard curve was generated by plotting the average blank-
corrected absorbance for each BSA concentration. The protein concentration of
each sample was determined by comparing the measured absorbance to the
standard curve.

The data exported from the Seahorse XF HS Mini analyser were normalised to
total protein concentration. The normalised data were then imported into Agilent
Seahorse Analytics (Agilent, USA), a web-based software, for analysis. Using
the manufacturer’s calculation matrix, the software was used to evaluate various
parameters, including mitochondrial respiration, spare respiratory capacity, basal
respiration, maximal respiration, proton leak, non-mitochondrial oxygen
consumption, ATP-linked respiration, coupling efficiency percentage, and
extracellular acidification rate. Additionally, an energy map was generated to

visualise the OCR and ECAR.
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3.9.7.2 Optimisation of FCCP concentration

The optimal final concentrations of oligomycin, FCCP and Rot/AA for achieving
maximal effects are cell line-dependent and may be influenced by the type of
assay medium used. Therefore, a titration experiment for each new cell line or
assay medium is recommended. This is particularly important for FCCP, as its
titration curve is often sharp, and excessive FCCP can diminish OCR responses.
During the optimisation of cell seeding density, FCCP was unable to stimulate
OCR. However, oligomycin effectively reduced OCR, while Rot/AA completely
abolished it. Based on these findings, the FCCP concentration was subsequently
optimised in this study. Four different concentrations of FCCP, i.e. 0.25 uM, 0.5
uM, 1.0 uM, and 2.0 uM, were tested. The cells were seeded on Seahorse Poly-
D-Lysine (PDL) coated cell culture mini plates (Agilent, USA) at a density of
125,000 cells/ well and cultured overnight. The assay was performed as

described in section 3.9.7.1 for the optimisation of the FCCP concentration.

3.9.7.3 Bioenergetic profiling

Briefly, cells were seeded onto Seahorse Poly-D-Lysine (PDL)-coated cell
culture mini plates (Agilent, USA) at a density of 125,000 cells per well and
cultured overnight. Based on the optimisation conducted in section 3.9.7.2, the
optimal FCCP concentration was determined to be 2.0 uM. Therefore, 2.0 uM
FCCP was used for bioenergetic profiling. The assay was performed as described

in section 3.9.7.1 for bioenergetic profiling of WT, mock, and LKO1 cells.
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3.10 Preparation of EBN extracts

Alocal EBN distributor, Royal Bird Nest Pte Ltd, generously supplied raw EBN.
The finely ground raw EBN was added to distilled water at a concentration of

0.2 % (w/v) and allowed to elute for 24 hours at 4 °C.

3.10.1 Acid extract

Following elution, 0.4 M sulphuric acid (Merck, Germany) was added to the
eluate. The mixture was heated in a water bath (Memmert, Germany) at 80 °C
for 4 hours. After cooling to room temperature, the eluate was filtered through a
filter paper (Advantec, USA), and the pH was adjusted to 7.0 by adding barium
hydroxide (Nacalai Tesque, Japan). The resulting barium sulphate precipitate
was removed by centrifugation at 3500 x g for 10 minutes. The supernatant was
collected, aliquoted into freeze-dryer flasks, and pre-frozen overnight at -80 °C
in a slightly sloped position. The following day, the freeze-dryer flasks were
connected to a freeze dryer (LaboGene, Denmark), and the pre-frozen
supernatant was freeze-dried until completely dry. The acid extract was collected,

weighed, and stored at -20 °C.

3.10.2 Aqueous extract

Following elution, the eluate was heated in a water bath (Memmert, Germany)
at 80 °C for 1 hour. After cooling to room temperature, it was filtered through a
double-layer strainer. The supernatant was collected, freeze-dried, weighed, and

stored at -20 °C.
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3.10.3 Enzyme extract

Following elution, the eluate was heated in a water bath (Memmert, Germany)
at 80 °C for 1 hour. After cooling to room temperature, the pancreatin enzyme
(0.5 mg/ml) (Nacalai Tesque, Japan) was added, and the pH was adjusted to 8.5
- 9.0. The eluate was heated in the water bath at 45 °C for 4 hours. Subsequently,
it was heated to 90 °C for 5 minutes to deactivate the pancreatin enzyme. After
cooling to room temperature, the eluate was filtered through a filter paper
(Advantec, USA). The supernatant was collected, freeze-dried, weighed and

stored at -20 °C.

3.11 Evaluation of effects of EBN extracts

3.11.1 Antioxidant assays

3.11.1.1 DPPH free radical scavenging activity assay

Diluted EBN extracts (78, 156, 313, 625, 1250, 2500, 5000 pg/ml) and 10 mg/ml
2,2-diphenyl-1-picrylhydrazyl (DPPH) (Sigma Aldrich, USA) were prepared in
methanol (Merck, USA), added to a microplate in triplicate wells and mixed.
The mixtures were incubated at room temperature for 30 minutes in the dark.
Fluorescence was measured at 480 nm excitation and 510 nm emission using a
microplate reader (Tecan Infinite 200 Pro, Switzerland). The percentage of
DPPH reduction was calculated using the following formula: [(mean
fluorescence in control well - mean fluorescence in test well)/ mean fluorescence

in control well] x 100.
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3.11.1.2 Oxygen radical absorbance capacity (ORAC) assay

Different dilutions for EBN extract (7.8, 15.6, 31.3, 62.5, 125, 250, 500 pg/ml)
and Trolox standards (3.13, 6.25, 12.5, 25, 50, 100, 200 uM) (Sigma Aldrich,
USA) were prepared in phosphate buffer, immediately before measurement.
Diluted extracts, Trolox standards and 125 nM fluorescein (Sigma Aldrich, USA)
were added to the microplate in triplicate wells and incubated at 37°C for 30
minutes. Fluorescence was measured at 485 nm excitation and 518 nm emission
every 30 seconds for 1 hour and 30 minutes using a microplate reader (Tecan
Infinite 200 Pro, Switzerland). The reading from the first four cycles was used
to calculate the background. Then, the oxidative reaction was triggered by
adding 50 mg/ml of 2,2’-azobis (2-methylpropionamidine) dihydrochloride
(AAPH) (Sigma Aldrich, USA) to the wells. The loss in fluorescence signal was
expressed as the area under the curve (AUC) of the kinetic plot of extracts and
Trolox standards. The AUC values were plotted against the Trolox
concentrations, and a standard curve was fitted and used to interpolate the

antioxidant capacity of extracts.

3.11.1.3. Dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay

Intracellular ROS was measured using a DCFH-DA fluorescent probe with a
protocol modified from Wolfe & Rui, 2007 (Wolfe & Rui, 2007). Briefly, cells
were seeded in a 96-well plate at optimum cell density. Twenty-four hours after
seeding, cells were treated with EBN extract (31.3, 62.5, 125, 250, 500 and 1000
ug/ml) or quercetin (positive control) and 50 uM DCFH-DA for 2 hours. Then,
250 uM hydrogen peroxide (Merck, USA) was added to each well. The 96-well

plate was placed into a microplate reader (Tecan Infinite 200 Pro, Switzerland)
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at 37°C. Fluorescence was measured at 480 nm excitation and 510 nm emission

every 5 minutes for 1 hour.

3.11.2 Cell proliferation assay

The cell proliferation was evaluated using PrestoBlue Cell Viability Reagent,
according to the manufacturer’s protocol. Briefly, the cells were seeded in 96-
well plates at optimum cell density. After 18 to 24 hours, the cells were treated
with 31.3, 62.5, 125, 250, 500 and 1000 pg/ml EBN acid extract for 72 hours.
Following treatment, 10 ul per well of PrestoBlue Cell Viability Reagent was
added, and the cells were incubated in the dark at 37°C for 30 minutes.
Fluorescence was measured at 560 nm excitation and emission at 590 nm using
a microplate reader (Tecan Infinite 200 Pro, Switzerland). The percentage of
viable cells was calculated using the following formula: (mean fluorescence in

test wells/ mean fluorescence in control wells) x 100.

3.11.3 Autophagy detection assay

The cells were seeded in a 96-well plate at a density of 50,000 cells per well and
cultured overnight. Following the overnight culture, the cells were treated for 18
hours with 10 pM chloroquine alone, 1000 pg/ml EBN acid extract alone, or a
combination of 10 uM chloroquine and 1000 pg/ml EBN acid extract. An
untreated well was used as the negative control. After treatment, the media were
removed, and the cells were washed twice with 100 pl of 1X assay buffer. The

autophagy detection assay was performed as described in section 3.9.6.
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3.11.4 Assessment of mitochondrial respiration

Briefly, cells were seeded onto Seahorse Poly-D-Lysine (PDL)-coated cell
culture mini plates (Agilent, USA) at a density of 125,000 cells per well and
cultured overnight. Following overnight culture, the cells were treated with 1000
pg/ml EBN acid extract for 72 hours. An untreated well was used as the negative
control. At the end of the treatment, the bioenergetic profiling was performed as

described in section 3.9.7.1.

3.1.2 Statistical analyses

Statistical analyses were performed using GraphPad Prism software (GraphPad
Software, Boston, MA, USA), and data are presented as mean + SEM.
Comparisons among multiple groups were analysed using one-way ANOVA
followed by Dunnett’s multiple comparison test, as experimental groups were
compared against a control. Statistical significance is designated as: p < 0.05 (*),
p <0.01 (**) and p < 0.001 (***). Data were obtained from three independent
biological experiments (n = 3), each performed with three technical replicates,

unless otherwise stated.
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CHAPTER 4.0

RESULTS

4.1 A strategy for low-expression LRRK? gene knockout using CRISPR/
Cas9

4.1.1 Double-cut and multiple gRNAs approach

Guide RNAs (gRNAs) are RNA sequences that recognise specific regions in the
target genomic DNA. As the name suggests, they guide the Cas9 endonuclease
to the desired target sites. To enhance editing efficiency, the double-cut approach
described by Yuen et al. (Yuen et al., 2017), in which two gRNAs are used to
excise the target region instead of the conventional single gRNA method, was
adopted in this study. Three gRNAs were employed to maximise the likelihood
of achieving a complete knockout of the low-expression LRRK?2 gene. To attain
complete abrogation of the LRRK2 protein, gRNAs targeting exon 1 and exon 2
were selected. Sequences and binding sites of gRNAs are shown in Figure 3.2

(section 3.2.1).

The double-cut approach not only improves editing efficiency but also simplifies
subsequent screening. The spliced-out target region, approximately 100 bp to
400 bp in length, can be easily detected by conventional PCR. A pair of primers
(pLKO_F and pLKO_R) flanking the putative target sites of gRNA 1, gRNA 2,
and gRNA 3 was designed for use in PCR analysis (Figure 3.2, section 3.2.1).
The amplicon length is determined by the combination of gRNAs that directs
CRISPR/ Cas?9 to the target site for double cutting. CRISPR/ Cas9 induces cuts

3 to 4 bp upstream of the protospacer adjacent motif (PAM) sequence, followed
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by repair via non-homologous end joining (NHEJ) or homology-directed repair
(HDR). The canonical PAM sequence is 5’-NGG-3’, where "N" can represent
any nucleotide base (A, T, G, or C), followed by two guanine (G) nucleotide
bases. NHEJ is the primary pathway used to repair double-stranded breaks in
DNA and typically introduces small insertions or deletions, making precise
amplicon lengths difficult to predict before Sanger sequencing. The potential
amplicon lengths resulting from double cuts led by either two gRNAs are

summarised in Table 4.1.

Table 4.1: Estimated amplicon length resulting from double cut led by either

two gRNAs
Clone Amplicon length (bp) gRNAs
WT 746 N/A
Mock 746 N/A
3xx gRNA 2 + gRNA 3
LRRK2 knockout 4xx gRNA 1+ gRNA?2
6xx gRNA 1+ gRNA3
Note:
i.  N/A, not applicable
1. “xx” indicates the approximate value (e.g. 6xx indicates approximately

six hundred).

4.1.2 Optimised electroporation protocol

Delivering large plasmids into mammalian cells is widely recognised as a
challenge, especially with hard-to-transfect cells like SH-SYS5Y. The CRISPR/
Cas9 plasmids used in this study are particularly large, measuring 9288 bp. Since

each plasmid contains a single gRNA, this study required the transfection of
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three individual plasmids in a single reaction. Consequently, the initial focus was
to optimise the transfection protocol. Given that chemical transfection reagents
are generally less harmful to cells, Lipofectamine 3000 (Thermo Fisher
Scientific, USA) and GeneJuice (Merck, USA) were first tested. However, based
on our visual estimation of the percentage of GFP-expressing cells under the
fluorescence microscope, neither reagent yielded a transfection efficiency
greater than 1%. As a result, the electroporation method was subsequently used,
despite its higher cost.

The electroporation protocol was refined meticulously, adjusting three key
parameters: pulse voltage, pulse width, and pulse number (Table 3.3). Based on
qualitative assessments of cell viability and GFP intensity (Figure 4.1 and Table
4.2), four promising protocols that demonstrated high GFP levels while
maintaining acceptable cell viability, as seen in wells A2, A3, A4, and C3 were
identified. Ultimately, the protocol that yielded the best results: 1400 V, 20 ms,
and 1 pulse, which demonstrated optimal GFP expression and cell viability, was

selected for use in downstream experiments.
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Well A1 Well A2 Well A3 Well A4 Well AS Well A6

Well B1 Well B2 Well B3 Well B4 Well BS Well B6

Well C1 Well C2 Well CG3 Well ¢4 Well C5 Well C6

Well D1 Well D2 Well D3 Well D4 Well D5 Well D6

Figure 4.1: Optimisation of electroporation using the Neon Transfection System. Twenty-three different pulse voltages, widths, and numbers
were tested. Images of SH-SYSY cells with GFP signals were captured 48 hours post-electroporation (Well A2 to Well D6). Well Al is a control

without electroporation.
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Table 4.2: Qualitative evaluation of cell viability and GFP intensity

following electroporation, and the shortlisting of protocol

Well number % viable cells GFP intensity Shortlisted protocol
(Yes, Y/ No, N)
Al High None N/A
A2 Medium High Y
A3 Medium High Y
A4 Medium High Y
AS Low Low N
A6 Low Medium N
Bl High Low N
B2 High Medium N
B3 Medium Low N
B4 Low Medium N
B5 Medium Medium N
B6 Medium Medium N
Cl Low Medium N
C2 Medium Medium N
C3 Medium High Y
C4 Low Low N
C5 Low Medium N
C6 Medium Medium N
Dl High Medium N
D2 Low Low N
D3 High Medium N
D4 Medium Medium N
D5 Medium Medium N
D6 Low Medium N

Note: N/A, not applicable
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4.1.3 Refined clonal expansion technique

Many cell lines struggle to survive as single cells in vitro, and SH-SY5Y cells
may not be an exception, particularly after undergoing multiple stresses such as
electroporation, transportation (which required the cells to be outside the CO2
incubator for several hours, while being transported to a cell sorter facility
located approximately 50 kilometres away), and cell sorting. However, to
produce homogeneous knockout clones, SH-SY5Y cells must be cultured from
single cells post-editing.

To address this challenge, trials of seeding single cells into each well of a 96-
well plate, as well as seeding 100 to 200 cells in a 10 cm culture dish, were
conducted. The trial results indicated that SH-SYS5Y cells had difficulty growing
into clones from single cells in the 96-well plates. Conversely, isolating clones
from 10 cm culture dishes presented a challenge due to potential cross-
contamination between clones.

Given these findings, both methods were pursued to maximise the success rate
of obtaining homogeneous knockout clones. Ultimately, a total of 2 clones from
480 cells sorted into 96-well plates, resulting in a success rate of 0.4 %, was
obtained. However, the success rate was significantly higher, i.e. 6 to 10 times
greater, when the cells were sorted into 10 cm culture dishes, achieving success
rates of 2.5 % (for 200 cells per dish) and 4.2 % (for 100 cells per dish) (Table
4.3). This aligns with the results from our trial run, confirming that sorting 100
cells into a 15 ml conical tube followed by transferring them to a 10 cm dish

with supplemented media is the most effective approach.
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Table 4.3: Success rate of the refined clonal expansion technique

Number of cells Total Total
Type of cell culture ) Number of Success rate
vessel sorted into the vessels (B) number of number of ()
vessel (A) cells (C) clones (D)
96-well plate 1 cell per well 5 480 2 0.4 %
10 cm culture dish 100 cells per dish 5 500 21 4.2 %
10 cm culture dish 200 cells per dish 2 400 10 2.5%

Note:

. C=A*B
ii. E=D/C*100 %
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4.1.4 Optimised protein detection protocol

Detecting low-expression proteins poses well-known challenges, so several
critical steps in the Western blot protocol were optimised. This included ensuring
efficient protein extraction, effective protein separation, and complete protein
transfer. Primary antibodies with high specificity and a sensitive
chemiluminescent substrate were employed, with image acquisition parameters
carefully adjusted to achieve strong signal intensity.

The NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher Scientific,
USA) allows for the separation of nuclear and cytoplasmic protein lysates,
although it is not necessary for this study, as LRRK2 is expressed in both cellular
compartments. To assess the kit's efficacy beyond its expiration date, the lysate
obtained was compared with that extracted using fresh reagents. The protein
quantification results indicated that both reagents performed equally well. The
protein concentration extracted using the expired protein extraction kit is 2092
pg/ml, while the concentration from the new kit is 2334 pg/ml. Additionally, the
LRRK2 protein in both the nuclear and cytoplasmic lysates was successfully
detected, confirming its presence in both cellular compartments. Since LRRK2
is a low-abundance protein, the lysate was concentrated by using the minimum
amount of lysis buffer and the maximum number of cells. This approach will
allow the loading of more protein when running the gel, despite the limited
volume that can be loaded per well.

LRRK2 is a relatively large protein (286 kDa), while GAPDH, the loading
control for normalisation in Western blotting, is a smaller protein with a
molecular weight of 44 kDa. To ensure effective protein separation, gradient gels

were used. The gradient gels were hand-casted, and the concentration of several
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ranges: 4 — 12% (w/v), 6 — 12% (wW/v), 4 — 15% (w/v), and 4 — 20% (w/v), were
tested. The 4 — 20% (w/v) gel yielded the best protein separation, with good
resolution of proteins in the 245 kDa to 310 kDa range, as well as in the 35 kDa

to 45 kDa range (Figure 4.2).

Protein 4%-12% 6%-12% 4%-15% 4%-20%
ladder
10— 310 kDa
o 310 310
zi. N 310 245 245
245 180
ol 245 180
140w e 180 140 140
100— m—
5 — 140 100 me
60— w— S—— 75
100 - 75
a5 60 %0
42 45
35— 60 45
35
25— 45 35
— 25
20— 35 — 25
%0 — 20
25
1S == —
5 15 15
10— 10 10

Figure 4.2: Protein separation in gradient gels of several ranges: 4 — 12% (w/v),

6 —12% (w/v), 4 — 15% (w/v), and 4 — 20% (W/v)

To ensure the complete transfer of the large LRRK2 protein without over-
transferring the small GAPDH protein, Coomassie blue staining was performed
on the gel and Ponceau S staining on the membrane after overnight transfer.
Coomassie Blue was used to confirm the presence of proteins in the gel, whereas
Ponceau S was used to verify successful protein transfer onto the PVDF
membrane. It was visually confirmed that no significant amounts of large
proteins remained on the Coomassie blue-stained gel. Additionally, both large

and small proteins were clearly detected on the Ponceau S-stained membrane.
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The LRRK2 primary antibody used in this study was obtained from a reliable
source and demonstrated high specificity (i.e. knockout-validated). The human
lung cancer cell line A549, known for its high levels of LRRK?2 protein, served
as a positive control. To enhance detection sensitivity, a highly sensitive
chemiluminescent substrate from a reputable brand capable of detecting proteins
at the femtogram level was utilised.

For image acquisition, a digital imaging system with a high-resolution CCD
camera was employed. Given the weak signal for low-expression LRRK2
protein, a cumulative capture mode was used, with multiple images captured at
set time intervals and the signals combined to generate a final image with

increased intensity.

4.2 Verification of LRRK?2 knockout

4.2.1 PCR analysis

Following the cell sorting, a total of 33 clones were successfully cultivated
(Table 4.3). Due to varying proliferation rates among the clones, PCR analysis
was conducted on those that reached sufficient cell numbers first. Out of the 33
clones, 22 were successfully screened, while the remaining 11 did not proliferate
enough to yield sufficient genomic DNA for PCR analysis. From the PCR
analysis, nine clones (D3-2, D4-1, D4-3, D4-7, D4-8, D5-2, D5-4, D6-2, and D6-
5) were excluded as their results indicated the presence of a 746 bp amplicon
corresponding to the WT. TA cloning and Sanger sequencing were performed on
the remaining 13 clones (D1-1, D1-4, D3-1, D4-2, D4-5, D5-1, D6-1, D6-3, D7-
1, D7-2, D7-3, W1-1, and W2-1) for further validation of their DNA sequences

(Figure 4.3A-L and Table 4.4).
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100 bp 100 bp 100 bp 100 bp
A ladder WT D1-1 B  ladder WT D1-4 w2-1 D3-1 C ladder WT D3-2 D42 D52 D7-2 D  ladder WT D4-1

«— 746 bp

«— 6xx bp 76?(()5( Bg
<— 4dxx bp «— 4xx bp
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100 bp 100 bp 100 bp 100 bp
E ladder WT D4-3 F ladder WT D4-5 D6-5 D7-1 G  ladder WT D4-7 D4-8 H ladder WT D5-1

«—746 bp
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100 bp 100 bp 100 bp 100 bp
ladder D54 D6-2 WT J ladder WT D6-1 K ladder WT D7-3 L ladder WT W1-1 D6-3

746 bp 746 bp 746 bp

6xx bp 746 bp 6xx bp 6xx bp
6xx bp

<«— 4xx bp 4xx bp axickip
3xx bp <«— 4xx bp
3xx bp

Figure 4.3: PCR screening of 22 potential clones
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Table 4.4: PCR screening of 22 potential clones

Proceed with TA
Proceed with
Amplicon length (bp) cloning and Sanger
No. Clone name screening? (Yes, Y/ Figure no.
sequencing? (Yes, Y/
No, N)
746 6xx 4xx 3xx No, N)
1 DI1-1 Y - + + - 4.3A Y
2 D1-2 N N/A N/A N/A N/A N/A N/A
3 DI-3 N N/A N/A N/A N/A N/A N/A
4 D1-4 Y - + + - 4.3B Y
5 D2-1 N N/A N/A N/A N/A N/A N/A
6 D2-2 N N/A N/A N/A N/A N/A N/A
7 D3-1 Y - + + - 4.3B Y
8 D3-2 Y + + + - 4.3C N
9 D3-3 N N/A N/A N/A N/A N/A N/A
10 D4-1 Y + - + - 43D N
11 D4-2 Y - + + - 4.3C Y
12 D4-3 Y + + + - 4.3E N
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13 D4-4 N N/A N/A N/A N/A N/A N/A
14 D4-5 Y - + + - 4.3F Y
15 D4-6 N N/A N/A N/A N/A N/A N/A
16 D4-7 Y + + + - 4.3G N
17 D4-8 Y + + + - 4.3G N
18 D5-1 Y - + + - 4.3H Y
19 D5-2 Y + + + + 4.3C N
20 D5-3 N N/A N/A N/A N/A N/A N/A
21 D5-4 Y + + + - 4.31 N
22 D6-1 Y - + + + 4.3] Y
23 D6-2 Y + + + + 4.31 N
24 D6-3 Y - - - + 4.3L Y
25 D6-4 N N/A N/A N/A N/A N/A N/A
26 D6-5 Y + + + + 4.3F N
27 D6-6 N N/A N/A N/A N/A N/A N/A
28 D7-1 Y - + + - 4.3F Y
29 D7-2 Y - + + + 4.3C Y
30 D7-3 Y - + + - 4.3K Y
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31 D7-4 N N/A N/A N/A N/A N/A N/A
32 Wil-1

e
_l’_
+

4.3L Y
33 W2-1 Y - + + + 4.3B Y

Note:

i.  N/A=Not applicable, as this clone did not proliferate enough to yield sufficient genomic DNA for PCR analysis.
it.  "+"=Presence of PCR amplicon
. "-"=Absence of PCR amplicon
iv.  Clone names starting with "D" indicate clones isolated from culture dishes, while those starting with "W" represent clones isolated from
96-well plates. Clones labelled D1-x to D5-x were derived from culture dishes seeded with 100 cells per dish, whereas clones labelled D6-
x to D7-x were obtained from dishes seeded with 200 cells per dish. Clones labelled W1-2 and W2-1 were isolated from 96-well plates

seeded with 1 cell per well.
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4.2.2 TA cloning and Sanger sequencing

TA cloning was performed on each amplicon from the 13 potential clones. Ten
colonies were picked from each TA cloning reaction, and plasmid DNA was
extracted and sent for Sanger sequencing. However, some Sanger sequencing
reactions failed due to technical issues, resulting in uninterpretable data. Due to
budget constraints, failed sequencing reactions were not repeated. Despite these
challenges, the available Sanger sequencing results were sufficient to identify
three representative clones, i.e. D1-1, W1-1, and D6-3, for further validation and
downstream assays. These clones were subsequently designated as LKOI1,
LKO2, and LKO3, respectively (Appendix A and Table 4.5).

In-frame mutations occur due to the deletion of base pairs in multiples of three
(B3n,n=...-3,-2,-1,0, 1, 2, 3...). In contrast, frameshift mutations result from
the deletion of base pairs that are not multiples of three (i.e., 3n+1 or 3n+2).
Premature stop codons are generated from in-frame or frameshift mutations
when indels created during NHEJ lead to the formation of one of the three stop
codons: TAA, TAG, or TGA (YouRamachandra and Jin, 2020).

The sequencing results revealed that the 4xx bp amplicon in the LKOI clone
resulted from a 318 bp deletion and the formation of a premature stop codon
during rejoining of the double-stranded break, while the 6xx bp amplicon arose
from a 70 bp or 71 bp deletion [Figure 4.4 A (i) to (iii) and Table 4.6]. In the
LKO2 clone, the 3xx bp and 6xx bp amplicons were due to deletions of 388 bp
and 70 bp, respectively [Figure 4.4 B (i) to (ii) and Table 4.6]. For LKO3, there
was a single amplicon, resulting from a 388 bp deletion [Figure 4.4 C (i) and

Table 4.6]
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Table 4.5: The mutation frequencies, types, and the number of bases deleted or inserted for each amplicon in the 13 potential clones

Clone Mutation frequencies

No. Number of bases deleted/ inserted Figure no.
name and types
DI1-1 4xx: 10/10 PSC 4xx: 318 bp deleted (PSC)
4.4A (1) & (i1)
(LKOT1)  6xx: 10/10 FS 6xx: 70 bp or 71 bp deleted (FS)
4xx: 10/10 PSC 4xx: 318 bp deleted (PSC)
2 D1-4 4.4B (1) & (i1)

6xx: 8/10 FS; 2/10 IF  6xx: 70 bp deleted (FS); 70 bp deleted and 1 bp inserted (IF)

4xx: 318 bp deleted (PSC)
4xx: 10/10 PSC

3 D3-1 6xx: 70 bp deleted and 3 bp insertion (FS); or 70 bp deleted (FS); or 70 bp 4.4C (i) & (ii)
6xx: 4/10 FS; 6/10 IF
deleted and 1 bp inserted (IF)
4xx: 10/10 PSC 4xx: 318 bp deleted (PSC)
4 D4-2 ‘ 4.4D (i) & (ii)
6xx: 7/9 FS; 2/9 IF 6xx: 70 bp deleted (FS); or 70 bp deleted and 1 bp inserted (IF)
4xx: 10/10 PSC 4xx: 318 bp deleted (PSC)
5 D4-5 4.4E (i) & (ii)

6xx: 6/9 FS; 3/9 IF 6xx: 70 bp deleted (FS); or 70 bp deleted and 1 bp inserted (IF)

4xx: 318 bp deleted (PSC)
4xx: 9/9 PSC

6 D5-1 6xx: 76 bp deleted (FS); or 70 bp deleted and 68 bp inserted (FS); or 69 4.4F (1) & (i1)
6xx: 2/10 FS; 8/10 IF
bp deleted (IF)
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3xx: 388 bp deleted (FS)
3xx: 9/9 FS
4xx: 318 bp deleted (PSC) o
7 D6-1 4xx: 4/4 PSC ) 4.4G (1), (1) & (ii1)
6xx: 70 bp deleted (FS); or 70 bp deleted and 51 bp inserted (FS); or 70
6xx: 6/8 FS; 2/8 IF
bp deleted and 1 bp inserted (IF)
D6-3
3xx: 10/10 FS 3xx: 388 bp deleted (FS) 4.4H
(LKO3)
4xx: 8/8 PSC 4xx: 318 bp deleted (PSC)
9 D7-1 441 (1) & (ii)
6xx: 8/9 FS; 1/9 IF 6xx: 70 bp deleted (FS); or 69 bp deleted and 1 bp inserted (IF)
3xx:10/10 FS 3xx: 388 bp or 395 bp deleted (FS)
10 D7-2 4xx: 10/10 PSC 4xx: 318 bp deleted (PSC) 4.4] (1), (i1) & (iii)
6xx: 6/10 FS; 4/10 IF  6xx: 70 bp deleted (FS); or 70 bp deleted and 1 bp inserted (IF)
4xx: 10/10 PSC 4xx: 318 bp deleted (PSC)
11 D7-3 ‘ 4.4K (1) & (ii)
6xx: 5/10 FS; 5/10 IF  6xx: 70 bp deleted (FS); or 70 bp deleted and 1 bp inserted (IF)
Wi-1 3xx: 10/10 FS 3xx: 388 bp deleted (FS)
12 4.4L (i) & (i)
(LKO2)  6xx:10/10 FS 6xx: 70 bp deleted (FS)
3xx: 10/10 FS 3xx: 388 bp deleted (FS)
13 W2-1 4xx: 8/8 PSC 4xx: 318 bp deleted (PSC) 4.4M (1), (1) & (iii)
6xx: 5/10 FS; 5/10 IF  6xx: 70 bp deleted (FS); or 70 bp deleted and 1 bp inserted (IF)
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Note:
i.  PSC = Premature stop codon; FS = frameshift; I[F = in-frame; bp = base pairs
ii.  Mutation frequencies represent the proportion of colonies with a specific mutation identified through Sanger sequencing. For instance,

"10/10 PSC" indicates that all 10 colonies screened (10 out of 10) were found to have a premature stop codon mutation.
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e 40225207
40225277 40225596 2 ) 10225596
5.CTGCTGGT GTTCACGTACTCCOA----ff----TTGA w3 5'-"GA’AG'CAGGC*GAACAL'G----//----7?GA’CGTC’TGGAC*CCTA"'y
Leu Leu Val Phe Thr Tyr Ser STOP
(“) 70 bp deletion (“) 70 bp deletion

40225207 40225278

{? 40225207 40225278

- GATAGTCAGGC TGAACAAT G- ///GCACGG AAT CAC’-GAMAA-" « GATAGTCAGGCTGAACAATG //GC,‘.CGG AM‘CAC-—GAMLM"‘SI
(iii) 71 bp deletion C (i) 388 bp deletion
e i s
40225207 40225279 40225207 40225596
5. GATAGTCAGGC TGAACAAT G -7/~ CACGGTAATCACTTGAAAA -3 5. GATAGTCAGGCTGAACAATG -=~~//----TTGATCGTCTTGGACTCCTA

Figure 4.4: The DNA sequence of the edited LRRK?2 gene in (A) LKO1 where (i) a premature stop codon was generated, (ii) 70 bp or (iii)

71 bp were deleted, respectively; (B) LKO2 where (i) 388bp or (ii) 70 bp were deleted, respectively; (C) (i) LKO3 where 388 bp were deleted
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Table 4.6: The amplicon length, combination of gRNAs involved in the genome editing, number of bases deleted, and the resulting

mutation(s) in LKO1, LKO2 and LKO3

Clone Amplicon length (bp) gRNAS Number of bases deleted Mutation
WT 746 N/A N/A N/A
Mock 746 N/A N/A N/A
428 gRNA 1 + gRNA2 318 Generation of a premature stop codon
LROL 676 or 675 gRNA 1 + gRNA3 70 or 71 Frameshift deletion
358 gRNA 2 + gRNA3 388 Frameshift deletion
hRO2 676 gRNA 1 + gRNA3 70 Frameshift deletion
LKO3 358 gRNA 2 + gRNA3 388 Frameshift deletion

Note: N/A, not applicable
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4.2.3 Western blot analysis
To confirm the ablation of the LRRK2 protein, the Western blot analysis was
performed to verify its absence. The results demonstrated a loss of LRRK2

protein in LKO1, LKO2, and LKO3 (Figure 4.5).

kDa A549 WT Mock LKO1 LKO2 LKO3

e— Ce——— e—— LRRK2

245 —

35 | ——e— cm— w— w— e | GAPDH

Figure 4.5: Western blot validation of LKO1, LKO2 and LKO3.

4.2.4 Off-target validation

Off-target effects are defined as unintended cleavages or genetic modifications
at sites with sequences that are similar, but not identical, to the target site
(Modrzejewski et al., 2019). In this study, off-target prediction was performed
using a web-based tool, CHOPCHOP (https://chopchop.cbu.uib.no/) (Labun et
al., 2019). According to CHOPCHOP, gRNA1 does not have any off-targets
while gRNA2 and gRNA3 have 2 and 6 off-targets, respectively. PCR and
Sanger sequencing were performed to evaluate the off-targets. Sanger
sequencing results confirmed the absence of off-target effects in LKO1, LKO2,
and LKO3 (Figure 4.6 A-G), as the sequences of the target regions remained

unchanged in these samples compared to WT and mock controls.
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A chr10:124442476: aAGaCCAAGACGAcCAACAGAGG
WT S TACTTAATACARAGGGAAAGAAGACCAAGACGACCAACAGAGGCTGAGGAACTGTCCTGGGCT -3
Mock 5. TACTTAATACAAAGGGAAAGAAGACCAAGACGACCAACAGAGGCTGAGGAACTGTCCTGGGCT .3
LKO1 5. TACTTAATACAAAGGGAAAGAAGACCAAGACGACCAACAGAGGCTGAGGAACTGTCCTGGGCT .3
LKO2 5. TACTTAATACAAAGGGAAAGAAGACCAAGACGACCAACAGAGGCTGAGGAACTGTCCTGGGCT .3
LKO3 5. . TACTTAATACAAAGGGAAAGAAGACCAAGACGACCAACAGAGGCTGAGGARCTGTCCTGGGCT .3

B chr10:75876195: AGTCAGcCTGAAgAgTGTCCTGG

~GCAGGTGCAGCTGAGGCTGCAGTCAGCCTGAAGAGTGTCCTGGGGAGCTGGCTAAGGAATTGG 3
~GCAGGTGCAGCTGAGGCTGCAGTCAGCCTGAAGAGTGTCCTGGGGAGCTGGCTAAGGAATTGG 3
LKO1 5'..GCAGGTGCAGCTGAGGCTGCAGTCAGCCTGAAGAGTGTCCTGGGGAGCTGGCTAAGGAATTGG 3
LKO2 5'..GCAGGTGCAGCTGAGGCTGCAGTCAGCCTGAAGAGTGTCCTGEGGGAGCTGGCTAAGGAATTGE -3
LKO3 5'..GCAGGTGCAGCTGAGGCTGCAGTCAGCCTGAAGAGTGTCCTGGGGAGCTGGCTAAGGAATTGG .3

Mock g’

C chr13:89431766: AGTgAaGCTGAACAATGTCtAGG
WT 5. CARTTGCAGTGGATCATTTGAGTGAAGCTGAACAATGTCTAGGATGGTAGCCACTAACAAATA -3
Mock 5..CAATTGCAGTGGATCATITGAGTGAAGCTGAACAATGTCTAGGATGGTAGCCACTARCARATA .3
LKO1 5'..CAATTGCAGTGGATCATTTGAGTGAAGCTGAACAATGTCTAGGATGGTAGCCACTAACARATA .3
LKO2 5. CAATTGCAGTGGATCATTTGAGTGAAGCTGAACAATGTCTAGGATGGTAGCCACTAACAARTA .3
LKO3 5. CAATTGCAGTGGATCATTTGAGTGAAGCTGAACAATGTCTAGGATGGTAGCCACTAACARATA .3

D chr4:73126296: AGTCAGGCTGAAtAATacCCAGG
WT 5. AGGAAAGGACCACCAGAGAGAGTCAGGCTGAATAATACCCAGGGCTCACACGGAGCCAGGAAT .3
Mock 5..AGGAAAGGACCACCAGAGAGAGTCAGGCTGAATAATACCCAGGGCTCACACGGAGCCAGGAAT .3
LKO1 5..AGGAARAGGACCACCAGAGAGAGTCAGGCTGAATAATACCCAGGGCTCACACGGAGCCAGGAAT .3
LKO2 S'..AGGAAAGGACCACCAGAGAGAGTCAGGCTGAATAATACCCAGGGCTCACACGGAGCCAGGAAT .3
LKO3 5'..AGGAAAGGACCACCATAGAGAGTCAGGCTGAATAATACCCAGGGCTCACACGGAGCCAGGAAT .3

E chr4:83762058: CCAGGACATTGeTCAGCCTcACe
WT 5. .GCAGCAGGCTGAGCTGTGCCCCAGGACATTGCTCAGCCTCACCTAGTGCACTCTGTGGCCCAC -3
Mock 5'..GCAGCAGGCTGAGCTGTGCCCCAGGACATTGCTCAGCCTCACCTAGTGCACTCTGTGGCCCAC. .3
LKO1 5'..GCAGCAGGCTGAGCTGTGCCCCAGGACATTGCTCAGCCTCACCTAGTGCACTCTGTGGCCCAC..3
LKO2 5'..GCAGCAGGCTGAGCTGTGCCCCAGGACATTGCTCAGCCTCACCTAGTGCACTCTGTIGGCCCAC..3
LKO3 5'..GCAGCAGGCTGAGCTIGTGCCCCAGGACATTGCTCAGCCTCACCTAGTGCACTCTGTGGCCCAC..3

F chr6:154976916: CCAcGAtATTGCTCAGCCTGACT

~TTTGTTGTAGAGACAGGGTCCCACGATATTIGCTCAGCCTGACTTARACTCCTAGCTCCAAGCA Y
Mock 5. T TTGTTGTAGAGACAGGGTCCCACGATATTGCTCAGCCTGACTTAAACTCCTAGCTCCAAGCA -3
LKO1 5. T TTGTTGTAGAGACAGGGTCCCACGATATTGCTCAGCCTGACTTAAACTCCTAGCTCCAAGCA .3
LKO2 5. T TTGTTGTAGAGACAGGGTCCCACGATATTIGCTCAGCCTGACTTAAACTCCTAGCTCCAAGCA .3
LKO3 5. TTTGTTGTAGAGACAGGGTCCCACGATATTGCTCAGCCTGACTTAAACTCCTAGCTCCAAGCA .3

G chr9:27216984: AGTCAaGCTttACAATGTCCAGG

~ AACTAGGAATAAAACTTTAAAGTCAAGCTTTACAATGTCCAGGCACATCTCATTITTGCCTAGC 3
Mock 5'.. A ACTAGGAATAAAACTTTAAAGTCAAGCTTTACAATGTCCAGGCACATCTCATTTTGCCTAGC -3
LKO1 5.. AACTAGGAATAAAACTTTAAAGTCAAGCTTTACAATGTCCAGGCACATCTCATITTIGCCTAGC -3

LKO2 5'.. AACTAGGAATAAARACTTTAAAGTCAAGCTTTACAATGTCCAGGCACATCTCATTITTIGCCTAGC .3
LKO3 5. AACTAGGAATAAAACTTTAAAGTCAAGCTTTACAATGTCCAGGCACATCTCATTITITGCCTAGC .3

Figure 4.6: Evaluation of off-targets. DNA sequences of (A) one and (B-G)
six potential off-target sites of gRNA 2 and gRNA 3, respectively, in WT, mock,

LKO1, LKO2 and LKO3. gRNA 1 has no off-target site.
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4.3 Phenotypic changes in LRRK2 knockout cells

4.3.1 Changes in cell morphology, size and substrate adhesion strength
Morphological alteration 1s a key characteristic of the senescent phenotype.
Senescent cells are typically enlarged, flattened, and exhibit a "fried egg"
appearance. Additionally, these cells demonstrate enhanced substrate adhesion
(Kameda et al., 2021, Cho et al., 2004, HwangYoon and Kang, 2009). LKO cells
exhibited senescence-like phenotypes, distinguishing them from WT and mock
cells. While WT and mock cells exhibited multiple long, fine neurite processes,
LKO cells either showed very few or completely lacked these structures (Figure
4.7). Furthermore, the LKO cells were relatively enlarged (WT and mock: 13
um; LKO1: 16 pm; LKO2: 20 pm; LKO3: 18 um) (Figure 4.8 A-B) and appeared
more flattened compared to WT and mock cells (Figure 4.7). A qualitative
evaluation of cell-substrate adhesion strength revealed that WT and mock cells
had low cell-substrate adhesion, whereas LKO cells showed medium to high

cell-substrate adhesion levels (Table 4.7).

As described half a century ago, substrate-adherent/ epithelial-like (S-type) and
intermediate (I-type) cells may arise from the spontaneous interconversion (also
known as transdifferentiation) of neuroblastic (N-type) neuroblastoma cells
(RossSpengler and Biedler, 1983, Ciccarone et al., 1989, Ross and Spengler,
2007). Interestingly, while LKO cells display characteristics of senescent cells,
their morphology also closely resembles that of S-type or I-type neuroblastoma
cells. In contrast, WT and mock cells exhibit an N-type morphology. Specifically,
WT and mock cells are significantly smaller than LKO cells, featuring scant
cytoplasm, loosely adherent cell bodies, multiple long and distinct neurites, and

forming cell aggregates. LKOI1 cells resemble I-type cells; they are larger than
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WT and mock cells but smaller than LKO2 and LKO3 cells, flattened,
moderately adherent, with scant cytoplasm and few short neurites. In contrast,
LKO2 and LKO3 cells are enlarged and flattened, with abundant cytoplasm, lack
neurites, strongly adhere to the substrate, and grow as a monolayer (Figure 4.7

& 4.9 A-B and Table 4.7).

The morphology of LKO cells was confirmed to resemble either S- or I-type
cells (Robert A. Ross, personal communication, 2024; Appendix B).
Consequently, it is hypothesised that the knockout of LRRK2 may have induced
senescence or facilitated the conversion of WT cells (N-type) into LKO cells (S-
type or I-type). To investigate these further, additional assays were conducted to

confirm the senescence or conversion status of LKO cells.

Table 4.7: Qualitative evaluation of cell-substrate adhesion strength

Cell Cell-substrate adhesion strength
WT Low

Mock Low

LKO1 Medium

LKO2 High

LKO3 High
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Figure 4.7: Evaluation of cell morphological changes. Representative phase-contrast images of WT, mock, LKO1, LKO2, and LKO3 cells. Scale

bars = 100 pm; total magnification =400 X
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Figure 4.8: Evaluation of cell size. (A) Average cell size of WT, mock, LKO1, LKO2 and LKO3. (B) Representative images of cell size

measurement performed using an automated cell counter. Data are mean + SEM; *** P<0.001. n = 3 independent experiments, each with three
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4.3.2 Reduction or cessation of cell proliferation rate

Senescent cells enter the irreversible growth arrest phase of the cell cycle and
stop proliferating, yet remain viable and metabolically active (Kumari and Jat,
2021). As LKO cells were observed to grow slower than WT and mock cells,
cumulative population doubling (CPD) was recorded to evaluate the growth of
the LKO cells. Cell numbers were determined at the end of each passage, and
CPD was calculated based on the cell numbers from the previous passage.
Continuous assessment of cell proliferation over 35 days revealed that WT and
mock cells grew steadily. In contrast, LKO1 and LKO2 proliferated
approximately 40 % to 60 % slower than WT and mock cells, while LKO3 cells
showed minimal proliferation, as indicated by the nearly flat growth kinetic
curve for LKO3. The CPD on day 35 was: WT: 13.36, mock: 13.51, LKO1: 7.80,

LKO2: 5.19, LKO3: 0.67 (Figure 4.9 A-B).

Previous studies have demonstrated that N-type cells are immortal, exhibit a high
proliferation rate, and show weak tumorigenicity. In contrast, [-type cells are also
immortal but are highly tumorigenic. S-type cells, however, exhibit extremely
slow growth after a few passages and eventually cease proliferating (Ciccarone
et al., 1989, Ross and Spengler, 2007). In our study, a similar growth pattern in
LKO cells was observed. Specifically, WT and mock cells (both N-type) and
LKOL1 cells (I-type) exhibited a higher proliferation rate compared to LKO2 and
LKO3 cells (S-type). LKO3 cells appeared to have halted proliferation, as

indicated by their nearly flat growth curve (Figure 4.9 A-B).

During the establishment of the LKO cells, the cell sorting process was not
conducted in a clean room, which introduced the potential risk of mycoplasma

contamination that could have impacted cell proliferation. To rule out this

140



concern, mycoplasma testing was conducted. It was confirmed that LKO cells
were free from contamination (Figure 4.10). This suggests that the observed
decrease in proliferation rate in LKO cells is likely due to a phenotypic change
associated with the loss of LRRK?2, rather than a technical artefact. However,
based on the morphology and growth rate alone, uncertainty remains regarding
whether the LKO cells are undergoing senescence or conversion. Therefore,
senescence-associated B-galactosidase (SA-B-gal) activity was assessed in these

cells.
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Figure 4.9: Assessment of growth kinetics. (A) The growth kinetics of WT, mock, LKO1, LKO2 and LKO3 cells. (B) Representative images
depicting cell confluency on day 1 and day 7. n = 3 independent experiments, each with three technical replicates. Scale bars = 400 um; total

magnification = 100 X
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Figure 4.10: Mycoplasma detection in WT, mock, LKO1, LKO2 and LKO3

cells. Pos ctrl, positive control; Neg ctrl, negative control.

4.3.3 Increased senescence-associated p-galactosidase (SA-B-gal) activity

SA-B-gal activity has been established as a biomarker for senescence since its
initial description by Dimri ef al. in 1995 (Dimri ef al., 1995), and it remains the
"gold standard" for identifying cellular senescence (Debacq-Chainiaux et al.,
2009, ItahanaCampisi and Dimri, 2007). SA-B-gal staining was performed, and
a significantly higher percentage of SA-B-gal-positive cells was observed in the
LKO cells: LKO1 (27 %), LKO2 (31 %), and LKO3 (98 %), compared to WT

(3 %) and mock cells (0.3 %) (Figure 4.11 A-B).

Since SA-B-gal staining confirmed that LKO cells underwent senescence, the
next investigation was conducted to determine whether autophagy and
mitochondrial respiration were affected, two key processes that are impacted
both in cellular senescence and by the loss of LRRK2. Unlike LKO2 and LKO3,
which proliferated very slowly or exhibited minimal growth, LKO1 cells
retained proliferative capacity despite displaying senescent characteristics.
Therefore, it was hypothesised that LKO1 corresponds to the intermediate (I-
type) neuroblastoma subtype, which possesses stem cell-like properties and may

raise greater clinical concern, particularly in the context of tumour relapse
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following chemotherapy. In contrast, the limited proliferative capacity of LKO2
and LKO3 suggests that they resemble therapy-induced senescent cells and are
less likely to pose an immediate clinical risk. Hence, LKO1 was selected for

subsequent analyses of autophagic vacuoles and mitochondrial respiration.

4.3.4 Reduced autophagic vacuoles

Autophagy is generally reduced in senescent cells, and previous studies have
shown decreased autophagic flux in senescent neurons, both in vitro and in vivo
(Suelves et al., 2023, Singh et al., 2020, Tai et al., 2017). Given that I-type cells
are clinically more concerning due to their stem cell-like properties, which
enable them to escape immune surveillance and potentially trigger relapse in
patients, autophagic vacuole detection was performed in LKO1 cells. Our data
revealed a decrease in the percentage of autophagic vacuoles in LKOI cells
(86.7%) compared to WT (100%) and mock (87.1%), although this difference

was not statistically significant (Figure 4.12).
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Figure 4.11: Senescence-associated p-galactosidase (SA-B-gal) staining. (A) Representative images of SA-B-gal stained WT, mock, LKOI,
LKO2 and LKO3 cells. (B) The percentage of SA-B-gal positive cells. Data are mean £ SEM; *** P<0.001. n = 3 independent experiments, 10

microscopic fields analysed per cell type per independent experiment. Scale bars = 200 pm; total magnification = 200 X
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Figure 4.12: Microplate-based profiling of autophagy in WT, mock and LKO1
cells. No statistically significant differences were observed between WT and
mock cells or between WT and LKOI1 cells. Data are mean = SEM. n = 3

independent experiments, each with three technical replicates.

4.3.5 Decreased mitochondrial respiration

Several studies have indicated that senescent cells accumulate dysfunctional
mitochondria. A key characteristic of mitochondrial dysfunction in senescent
cells is a reduction in respiratory capacity per mitochondrion. Impairments in
oxidative phosphorylation (OXPHOS) have been observed across various
models of senescence, establishing a direct link between senescence and

OXPHOS inefficiency (Lee et al., 2021b, Miwa ef al., 2022).

Bioenergetic profiling was conducted by measuring the oxygen consumption
rate (OCR) (Figure 4.13A) and extracellular acidification rate (ECAR) (Figure
4.131). In all other parameters measured, including spare respiratory capacity,

basal respiration, maximal respiration, proton leak, non-mitochondrial oxygen
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consumption, ATP production coupled respiration, and coupling efficiency,
LKOL1 cells showed a significant decrease (Figure 4.13B-H). Additionally, a
significant decrease in ECAR was observed between WT and mock cells, as well
as between WT and LKO1 cells (Figure 4.131). The energy map indicated that
LKOI1 cells are less energetic and less aerobic compared to WT and mock cells

(Figure 4.13)).

147



>
w

Spare Respiratory Capacity

Rotonone/
= 8 Oligomycin  FCCP  Antimycin = 1.0q
o - WT ]
g_ . - Mock g_ 0.8
o -+ LKO1 b=
3 =2 0.6
z,] g
£ E T
° 3 041
E E
&2 & ool ==
4 E-F-X 4
3] e 3]
o -——"—TF—"7T—"TTTT T O 0.0- T
B b O A O, % N koS n
R I T ST S S R Al L o
S g e A B e B -y
N N e LS 3
Time (min)
C Basal Respiration D Maximal Respiration E Proton Leak
© 4 = € 159
T T £
S <] ©
2 2 [
o o o
2 Z 2 1.0
E E £
3 3 3
E E ok E 05'
a2 = 2 -1 2
x b x 4
o o o
o = s} T O 0.0
o o
\:t- \4+

148



F G H

Non-mitochondrial Oxygen Consumption ATP-production Coupled Respiration Coupling Efficiency (%)
T 25 28
] 2
§ 2.0 2 20 e —an
2 > i R
215 215 2 S .
£ £ o S
E 10 3 1.0 E m%
o o m
=05 —= 05 . e
8 S E a
O 00 O 00 ¥ %— ?
o & o
F + s
| J
Rotonone/
= Oligomycin  FCCP  Antimycin —_
E 15 o - WT = 6+ Aerobic Energetic o\
g_ - Mock B I -+ Mock
=) - LKO1 2 F - LKO1
ERl g4
£ e
E E
E s 3
E £’
= | ]
g % |auiescent Giyc olytic
g ottt o o4 r r )
T R TS T PR e 0 5 10 15
N Rt N TSt e S e ECAR (mpHimin/ug protein)

Time (min)

Figure 4.13: Assessment of bioenergetic profiles of WT, mock and LKOL1 cells. Evaluation of (A) mitochondrial respiration, (B) spare
respiratory capacity, (C) basal respiration, (D) maximal respiration, (E) proton leak, (F) non-mitochondrial oxygen consumption, (G) ATP-
production coupled respiration, (H) percentage of coupling efficiency, (I) extracellular acidification rate and (J) energy map in WT, mock

and LKO1 cells. Data are mean + SEM; * P<0.05, ** P<0.01. n = 3 independent experiments, each with three technical replicates.
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4.4 Effects of EBN extracts

4.4.1 Extraction yield

The EBN enzyme extract exhibited the highest yield at 92%, while the acid and
aqueous extracts had significantly lower yields of 17% and 14%, respectively.

The yield of EBN acid, aqueous and enzyme extracts is summarised in Table 4.8.

Table 4.8: The yield of EBN acid, aqueous and enzyme extracts

Type of EBN Weight of EBN
Raw EBN (g) Yield (%)
extract extract (g)

Acid 2.00 0.34 17 %
Aqueous 2.00 0.28 14 %
Enzyme 2.00 1.84 92 %

Note:

1. % yield = Weight of EBN extract (g)/ raw EBN (g) *100 %

4.4.2 Antioxidant assays

Two biochemical assays [a, a-diphenyl-B-picrylhydrazyl (DPPH) free radical
scavenging activity assay and oxygen radical absorbance capacity (ORAC)
assay| and one cell-based assay [dichloro-dihydro-fluorescein diacetate (DCFH-
DA)] were conducted to evaluate the antioxidant properties of EBN acid,

aqueous, and enzyme extracts.

4.4.2.1 DPPH free radical scavenging activity assay

Quercetin, a compound well-known for its potent antioxidant activity, was used
as a positive control in the DPPH assay. It demonstrated a concentration-
dependent reduction in DPPH, achieving approximately 92 % inhibition at 50

ng/ml (Figure 4.14A). Neither the EBN aqueous nor the enzyme extracts showed
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a significant reduction in DPPH. Conversely, the EBN acid extract exhibited a
significant, concentration-dependent reduction in DPPH, with the highest
inhibition reaching approximately 57 % at 2500 pg/ml (Figure 4.14B). These
results suggest that the EBN acid extract possesses free radical scavenging

activity, while the aqueous and enzyme extracts do not.

4.4.2.2 Oxygen radical absorbance capacity (ORAC) assay

Following the DPPH assay, the ORAC assay was conducted to assess the peroxyl
radical scavenging capacity of the EBN extracts. In this assay, 2,2'-azobis(2-
methylpropionamidine) dihydrochloride (AAPH) was used to generate peroxyl
radicals. Trolox, a well-known antioxidant, served as the positive control. The
antioxidant capacity of the EBN extracts was interpolated using a Trolox
calibration curve (Figure 4.15A). All three EBN extracts (acid, aqueous, and
enzyme) demonstrated significant peroxyl radical scavenging activity in a dose-
dependent manner. At 500 pg/ml, each extract exhibited ORAC activity

equivalent to approximately 40 pg/ml of Trolox (Figure 4.15B).
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Figure 4.14: Percentage of DPPH reduction by (A) Quercetin (B) EBN acid, aqueous and enzyme extracts. Data are mean + SEM; * p<0.05,

** p<0.01, *** p <0.001. n= 3 independent experiments, each with three technical replicates.
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4.4.2.3 Dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay
The DCFH-DA assay is a cell-based method for detecting reactive oxygen
species (ROS). Quercetin, employed as a positive control, demonstrated robust
cellular antioxidant activity (CAA), ranging from 17 % to 83 % across
concentrations of 0.39 pg/ml to 12.5 pg/ml (Figure 4.16A). Among the EBN
extracts tested, the acid and aqueous extracts showed high CAA, with the acid
extract ranging from 13 % to 52 % at concentrations of 125 pg/ml to 1000 pg/ml,
and the aqueous extract ranging from 13 % to 34 % at concentrations of 250
pg/ml to 1000 pg/ml. In contrast, the enzyme extract exhibited no detectable
CAA (Figure 4.16B).
Given the consistent antioxidant properties demonstrated by EBN acid extract in
DPPH, ORAC, and DCFH-DA assays, its effects were further assessed in LKO1
cells. Quercetin displayed strong CAA, ranging from 17 % to 83 % at
concentrations of 0.39 pg/ml to 12.5 pg/ml (Figure 4.17A). The EBN acid
extract similarly exhibited significant antioxidant activity, ranging from 11 % to
75 % across concentrations of 62.5 pg/ml to 1000 pg/ml, with no significant
differences in activity observed among WT, mock, and LKOI1 cells (Figure
4.17B).
Building on the significant antioxidant effects demonstrated by EBN acid extract
in DPPH, ORAC, and DCFH-DA assays, further functional assays were
performed to evaluate its effects on LKO1 cells, which possess cancer stem cell-
like properties. These assays, chosen for their relevance to potential disruptions
caused by LRRK2 loss, include:

1. Cell proliferation assay

ii.  Autophagy detection assay
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iii.  Assessment of mitochondrial respiration
LKO1 was hypothesised to possess cancer stem cell-like properties, whereas
LKO2 and LKO3 resembled therapy-induced senescent cells and exhibited very
slow or negligible growth. Given the unexpected shift in research direction
toward evaluating the potential pro- or anti-cancer effects of EBN, LKO1 was
therefore the most appropriate model, while LKO2 and LKO3 were not suitable

for this purpose.

4.4.3 Cell proliferation assay

The cell proliferation assay was performed using the PrestoBlue cell viability
reagent, a resazurin-based, cell-permeable solution that leverages the reducing
power of viable cells to quantitatively assess cell proliferation. When added to
the cells, the reagent is modified by the reducing environment of the viable cell,
turns red and is highly fluorescent. In this assay, mock cells exhibited a
significant, concentration-dependent increase in proliferation, reaching a
maximum viability of 131 % following treatment with 1000 pg/ml EBN acid
extract for 72 hours. Similarly, LKOI cells showed a significant increase in
proliferation, achieving 124 % at 500 pg/ml and 132 % at 1000 pg/ml. In contrast,
WT cells demonstrated no significant increase in proliferation at any tested

concentration of EBN acid extract (Figure 4.18).
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Figure 4.16: Cellular antioxidant activity of (A) quercetin and (B) EBN acid, aqueous and enzyme extracts in WT cells. Data are mean =+

3 independent experiments, each with three technical replicates.
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4.4.4 Autophagy detection assay

Autophagy is a dynamic process; thus, the accumulation of autophagosomes
may indicate either increased autophagosome formation or impaired conversion
to autolysosomes. Chloroquine, used as a positive control in this study, inhibits
autophagosome clearance, leading to their accumulation. Treatment with 10 uM
chloroquine for 18 hours significantly increased the percentage of autophagy
vacuoles in mock and LKO1 cells. Similarly, a significant increase in autophagy
vacuoles was observed in mock and LKO1 cells treated with 1000 ng/ml EBN

acid extract alone or in combination with 10 pM chloroquine (Figure 4.19).
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Figure 4.19: Measurement of autophagic vacuoles in WT, mock and LKO1
cells, without and with EBN acid extract treatment. Data are mean + SEM;
** P<0.01, *** P<0.001. n = 3 independent experiments, each with three

technical replicates.

159



4.4.5 Assessment of mitochondrial respiration

Mitochondrial respiration in untreated and 1000 pg/ml EBN acid extract-treated
WT, mock, and LKO1 cells was evaluated by comparing their bioenergetic
profiles, including the oxygen consumption rate (OCR) (Figure 4.20A) and
extracellular acidification rate (ECAR) (Figure 4.201). No significant differences
were observed in any group, i.e. WT, mock, or LKO1, with or without 72 hours
of treatment with 1000 pg/ml EBN acid extract.

Similarly, other parameters, including spare respiratory capacity, basal
respiration, maximal respiration, proton leak, non-mitochondrial oxygen
consumption, ATP production-coupled respiration, and coupling efficiency,
showed no significant changes with or without treatment across all groups
(Figures 4.21B—H). Additionally, the energy map revealed no differences

between treated and untreated WT, mock, and LKO1 cells (Figure 4.20J).
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Figure 4.20: Evaluation of mitochondrial function in WT, mock and LKO1
cells after EBN acid extract treatment. Assessment of (A) mitochondrial
respiration, (B) spare respiratory capacity, (C) basal respiration, (D)
maximal respiration, (E) proton leak, (F) non-mitochondrial oxygen
consumption, (G) ATP-production coupled respiration, (H) percentage of
coupling efficiency, (I) extracellular acidification rate and (J) energy map
in WT, mock and LKO1 cells, with and without EBN acid extract treatment.

n = 3 independent experiments, each with three technical replicates.
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CHAPTER 5.0

DISCUSSION

This study aimed to generate, validate, and characterise an LRRK2 knockout
SH-SYS5Y neuroblastoma model and to investigate the effects of edible bird’s
nest (EBN) extracts using this model. CRISPR/Cas9-mediated knockout of
LRRK2 was successfully achieved, the model was validated, and its cellular
characteristics were defined. The study outcomes were organised into three
sections, each summarised by a corresponding graphical abstract (Figures 1.1-
1.3).

The initial research questions focused on whether LRRK2 knockout induces
deleterious cellular effects and whether EBN extracts could ameliorate these
effects by exerting neuroprotective actions on dopaminergic neurons
differentiated from LRRK2 knockout SH-SYS5Y cells. Contrary to expectations,
the LRRK2 knockout SH-SY5Y (LKO) cells exhibited pronounced and
unanticipated phenotypic changes, transitioning from a neuronal (N-type)
phenotype to intermediate (I-type) or substrate-adherent/Schwannian (S-type)
neuroblastoma subtypes.

This phenotypic shift prompted a reassessment of the study’s direction and raised
concerns regarding the biological effects of EBN extracts. EBN extracts were
evaluated for potential pro-proliferative effects, particularly in the context of
neuroblastoma tumour relapse following chemotherapy. This concern was

further supported by the possibility that the LKO1 cell line may possess stem
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cell-like properties, which could enhance tumour aggressiveness or treatment
resistance.

Consequently, the original hypothesis that EBN extracts would ameliorate
LRRK?2 knockout-associated neuronal dysfunction was revised. The findings
instead support a new working hypothesis that EBN extracts may exert pro-
cancer effects under certain cellular contexts, underscoring the importance of

evaluating their safety and biological activity in disease-relevant cancer models.

5.1 An optimised protocol and strategy for low-expression LRRK?2 gene
knockout using CRISPR/Cas9

With many countries experiencing a growing proportion of ageing populations,
there is a pressing need for effective management, and, if possible, a cure, for
age-related diseases, including Parkinson’s disease (PD). To date, no treatment
has been effective in halting or slowing the progression of PD. In 2022, Denali
Therapeutics and Biogen announced the initiation of Phase 2b (LUMA study)
and Phase 3 (LIGHTHOUSE study) clinical trials for DNL151, an LRRK2
kinase inhibitor (Biogen, 2022a, Biogen, 2022b, U.S. National Library of
Medicine, 2024, U.S. National Library of Medicine, 2025b). Is LRRK?2 kinase
inhibition a viable and long-anticipated treatment for PD? The literature to date
shows conflicting evidences. Numerous studies have reported detrimental
effects associated with LRRK?2 knockout (Gu et al., 2023, Ness et al., 2013,
Baptista et al., 2013, Tong et al., 2012, Lee et al., 2007, Hinkle et al., 2012,
Pellegrini et al., 2018, Tong et al., 2010). However, some studies have
demonstrated that LRRK?2 kinase inhibitors, such as PF-06447475, GNE-7915,

PFE-360 and MLi-2, could be promising treatments for PD without adverse
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pathological indications in the kidney, lung and liver (Andersen et al., 2018,
Baptista et al., 2020a, Daher et al., 2015, Ho et al., 2022). The mechanisms
underlying the adverse effects observed in LRRK2 knockout animals remain
incompletely understood. To address this gap, the current study aims to generate
an LRRK2 knockout cell line, a useful tool for elucidating the mechanisms
underlying the adverse effects associated with LRRK?2 loss, and to investigate

its interaction with a natural product, extracts of edible bird’s nest.

The present study employed an innovative genome-editing technology,
CRISPR/Cas9, to generate the LRRK2 knockout model. By harnessing the
cellular intrinsic double-strand break repair pathways, CRISPR/Cas9 permits
precise and stable alterations to the genome (Moon ef al., 2019, Lander, 2016).
Owing to its high specificity, efficiency, accessibility, and versatility,
CRISPR/Cas9 has become a powerful tool for diverse genetic studies and
applications (Moon et al., 2019). CRISPR/Cas9 has proven effective in
manipulating genes across varying expression levels, including those expressed
at low levels (DeleuzeSoler and Andrieu-Soler, 2024). Although genes such as
LRRK? present challenges due to their limited impact on observable cellular
phenotypes, CRISPR/Cas9 provides a reliable method for achieving targeted and
precise genetic modifications. However, several parameters in the protocol,
including the design of gRNAs, delivery of gRNAs into the target cells and

detection methods, must be meticulously optimised.

A critical step in genome editing is the design of gRNAs. Effective gRNAs
warrant high specificity while maintaining robust editing efficiency. In the
present study, a double-cut strategy with multiple gRNAs was adopted to achieve

a successful knockout of the low-expression LRRK?2 gene (Yuen et al., 2017).
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Consistent with previous studies, this approach enables highly efficient gene
knockout. The dual gRNAs strategy has been shown to exert synergistic effects
in generating knockout clones, outperforming the conventional single gRNA
method. When the two gRNAs target sequences are close, ideally within 40 to
300 base pairs, the indel frequency is significantly increased, with allele editing
efficiencies reaching up to 95% in most cases. Furthermore, this approach
facilitates efficient gene knockout in primary cells, such as T cells, which are
typically challenging to manipulate due to their limited proliferative capacity in
culture (Joberty et al., 2020). The efficiency of dual gRNAs was further
demonstrated in the editing of homoeologous soybean genes. Soybeans, being
allotetraploid, are recognised as one of the difficult-to-transform crops. Dual
gRNAs guided Cas9 to cleave two sites 1 kb apart, effectively generating double
homozygous mutations in the GMFAD2-14 and GmFAD2-1B genes (Do et al.,
2019). In addition, the co-packaging of tandem gRNAs with single-stranded
annealing-based surrogate reporter cassettes into CRISPR/Cas9 vectors was
shown by Liu et al. to enhance gene editing efficiency by up to 6.31-fold (Liu et
al., 2018). To enhance editing efficiency, the current study utilised three gRNAs
instead of the commonly used two, resulting in three potential double cuts. To
the best of our knowledge, this approach has not been described in previous

studies.

Transfection is the process of introducing foreign nucleic acids, such as DNA or
RNA, into cells. Generally, there are two main types of transfection methods:
chemical (cationic lipid-based reagents) and physical (electroporation). Each
method has distinct advantages and disadvantages, and none is universally

applicable to all cell types or experimental conditions (Fus-Kujawa et al., 2021,
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ChongYeap and Ho, 2021). Therefore, the choice of the most suitable
transfection method should be based on the specific needs of the study.
Transfection optimisation must be rigorously carried out to ensure high delivery
efficiency of nucleic acids into the cells while minimising cell death. SH-SYS5Y,
the cell line used in the present study, is one of the recognised hard-to-transfect
cell lines (Yin et al., 2014). It becomes even more challenging when the
CRISPR/Cas9 plasmids to be delivered into SH-SYSY cells are large. After the
failure of the attempts with chemical transfection methods, electroporation was
chosen. Electroporation involves the application of high-voltage electric pulses
to cells, resulting in temporary and reversible disruptions of the cell membrane.
This transient increase in membrane permeability facilitates the efficient
delivery of plasmids into the cells (Fus-Kujawa et al, 2021). Three key
parameters for electroporation, i.e. pulse voltage, pulse width and pulse number,
were optimised using the Neon Transfection System. Maximising
electroporation efficiency often requires compromising cell viability, and vice
versa (SkruberRead and Vitriol, 2021). In the present study, electroporation
efficiency was prioritised over cell viability, as the primary goal was to ensure
the successful delivery of CRISPR/Cas9 plasmids into SH-SYS5Y cells. High
electroporation efficiency increases the likelihood that a significant proportion
of SH-SYSY cells will effectively take up the CRISPR/Cas9 plasmids, which is
critical for achieving successful knockout in hard-to-transfect cells. A lower cell
viability rate is an acceptable trade-off, as generating knockout clones in actively
proliferating cells may only require a small number of viable cells. These viable
cells are expected to proliferate post-transfection and can then undergo

downstream clonal expansion and screening.
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Clonal expansion is a critical and arduous step in the genome editing workflow.
It starts with the isolation of a single cell from a population of edited cells,
followed by its subsequent expansion to generate a homogenous cell population
(Bernhard et al., 2022). Commonly used methods for isolation of clones include
fluorescent-activated cell sorting (FACS), limiting dilution, and clonal picking.
These methods can be combined to enrich the culture with the desired cell
population (Martin, 2011). Many cell lines, including SH-SY5Y cells, face
challenges in surviving as single cells in vitro. These challenges are further
compounded in the present study, where the edited SH-SY5Y cells underwent
several stresses prior to clonal expansion, including electroporation, extended
duration outside the CO: incubator, and FACS. To address these challenges,
which could hinder cell proliferation during clonal expansion, both bulk and
single-cell sorting methods were employed. Bulk sorting involved sorting 100
or 200 cells into a 15 ml conical tube, followed by transfer to a 10 cm dish. In
contrast, single-cell sorting involved sorting individual cells into single wells of
a 96-well plate. The optimised clonal expansion approach used in this study, i.e.
bulk sorting of cells, followed by clonal picking in a 10 cm dish, effectively
increased cell proliferation. This improvement is likely attributed to the presence
of supportive signals or growth factors from surrounding cells and enhanced cell-
cell interactions and communications within the bulk-sorted population, which
facilitate cell attachment to the culture vessels and promote cell proliferation (Li

et al., 2023, Jiao et al., 2017, Kovalevich and Langford, 2013a).

The detection of low-abundance proteins by Western blot is a well-known
challenge. LRRK2, the protein of interest in this study, is a low-abundance

protein (Uhlén et al., 2015, Schapansky et al., 2014, Tong et al., 2010).
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Nevertheless, Western blotting needs to be performed to confirm the ablation of
the LRRK2 protein to verify its absence following genome editing. A previous
study demonstrated that the challenge of detecting LRRK2 protein by Western
blotting is compounded by the combination of a poorly expressed transcript and
an unusually large, seemingly unstable protein, despite LRRK2 being highly
soluble (Biskup et al., 2007). Several key steps of the Western blot technique
were optimised in the present study to ensure the successful detection of LRRK2
protein in SH-SYSY cells. Sample preparation is an important yet often
overlooked step in Western blotting. High-abundance proteins in whole-cell
lysates can interfere with the detection of low-abundance proteins. To improve
detection sensitivity, low-abundance proteins are typically enriched and used as
an alternative to whole-cell lysates. Common methods for enriching low-
abundance proteins include immunoprecipitation and the use of spin columns or
fractionation kits (Bass et al., 2017, GhoshGilda and Gomes, 2014). In the
present study, the whole-cell lysate was concentrated by using the minimum
amount of lysis buffer and the maximum number of cells. This approach proved
effective, eliminating the need for additional enrichment methods. Furthermore,
it allowed for the loading of more protein onto the gel, despite the limited volume
that can be loaded per well. Another critical step in Western blotting is the
separation and transfer of proteins, particularly those at both ends of the
molecular weight spectrum (Bass ef al., 2017, SuleRivera and Gomes, 2023). In
this study, LRRK?2 is a relatively large protein (286 kDa) while GAPDH, the
loading control for normalisation in Western blotting, is a small protein with a
molecular weight of 44 kDa. The separation and transfer process becomes even

more challenging when both LRRK2 and GAPDH are present on the same gel.
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To overcome this, a gradient gel was employed, providing excellent separation
of proteins across a broader molecular weight range (SuleRivera and Gomes,
2023). Additionally, the percentage range of the gradient gel was optimised to
ensure the optimal resolution of both proteins. Following protein separation on
the gel, the proteins were transferred to the PVDF membrane. To ensure
complete transfer of the large LRRK2 protein without over-transferring the small
GAPDH protein, Coomassie blue and Ponceau S staining were performed on the
gel and membrane, respectively, after the overnight transfer. Coomassie blue is
typically used to confirm the presence of proteins on the gel, while Ponceau S is
employed to verify protein transfer to the PVDF membrane before proceeding
to blocking and antibody incubation steps. It was confirmed that no significant
amounts of large proteins remained on the Coomassie blue-stained gel.
Additionally, both large and small proteins were detected on the Ponceau S-
stained membrane. Therefore, the transfer was successful for both LRRK?2 and
GAPDH proteins. If the transfer of either protein is suboptimal, various
parameters of the transfer process, such as voltage, transfer duration, and
methanol percentage, may need to be further optimised (Bass et al., 2017). A
well-characterised or validated antibody is crucial for Western blotting to ensure
the reproducibility of findings (Pillai-Kastoori et al., 2020, Pauly and Hanack,
2015). The antibody used in this study was sourced from a reputable provider
and is a highly specific and knockout-validated antibody widely employed by
researchers in the LRRK2 research field. To confirm its reliability, the A549 cell
line, known for its high LRRK2 protein levels, was used as a positive control.
As expected, the A549 cell line exhibited a distinct protein band at the correct

molecular weight.
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Detection is the final, and one of the most important, steps in the Western blotting
workflow. Chemiluminescent detection, a highly sensitive method, relies on
enzymatic reactions to generate detectable signals. However, due to the dynamic
nature of these reactions, signal intensity can fluctuate over time. Therefore,
careful selection of an appropriate chemiluminescent substrate, along with
optimisation of both reaction duration and the imaging process, is essential to
ensure reliable and reproducible results (MathewsPlaisance and Kim, 2009). In
the present study, to maximise signal detection for the low-abundance LRRK2
protein, a highly sensitive chemiluminescent substrate from a reputable
manufacturer, capable of detecting proteins at the femtogram level, was
employed. In addition, the reaction duration was optimised. The imaging system
utilised was equipped with a high-resolution CCD camera, and capture
parameters were refined accordingly. Specifically, the cumulative capture mode
was used, enabling the integration of signals from multiple exposures to produce
a final image with enhanced intensity. Following the optimisation of all the
critical steps in the Western blotting protocol, the LRRK?2 protein band was

successfully detected with a strong and distinct signal.

5.2 Phenotypic changes in LRRK2 knockout cells

Numerous studies have emphasised that LRRK2 plays a crucial role in
regulating cytoskeletal organisation and dynamics, suggesting that its disruption
can affect neurite outgrowth and branching, vesicle trafficking (Civiero et al.,
2018, WallingsManzoni and Bandopadhyay, 2015), and neurite process

morphology (MacLeod et al., 2006, Chan ef al., 2011). Most previous studies
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have shown that overexpression of wild-type LRRK?2 (HeoKim and Seol, 2010,
Stafa et al., 2012) or expression of pathogenic variants such as G2019S (Lin et
al., 2020, Stormo et al., 2022, Pattanayak et al., 2024), R1441C (Cherra et al.,
2013, Verma et al., 2017), R1441G (Lavalley et al., 2016, Cho et al., 2013) and
12020T (Maekawa et al., 2012), leads to neurite process shortening. Conversely,
LRRK2 knockout or inhibition is typically associated with enhanced neurite
outgrowth. However, a few studies have reported the opposite. For instance,
Chan et al. found that LRRK?2 knockdown significantly reduced neurite length
in differentiated SH-SYS5Y neuroblastoma cells (Chan et al., 2011). Similarly,
Meixner et al. reported that LRRK2 knockdown induced morphological
alterations and neurite process shortening in both embryonic mouse fibroblasts
and dopaminergic midbrain primary neurons (Meixner et al., 2011). Additionally,
Chen et al. observed that LRRK?2 loss caused dendritic atrophy and expedited
nuclear and somatic hypertrophy in spiny projection neurons during ageing
(Chen et al., 2020c). The observations in my study are consistent with these less
common findings. Loss of LRRK2 in SH-SY5Y neuroblastoma cells impaired
neurite length: LKOI1 cells displayed a few short neurites, while LKO2 and

LKO3 cells lacked neurites entirely.

LKO cells exhibited slower proliferation compared to WT and mock cells. This
observation is consistent with previous studies showing that downregulation of
LRRK2 impairs the proliferation of various cancer cell types, including thyroid
cancer (Jiang et al., 2019, Looyenga et al., 2011), papillary renal carcinoma
(Looyenga et al., 2011), lung cancer (Wu ef al., 2023) and clear cell renal cell
carcinoma (Yang et al., 2021). Post-transcriptional regulation of LRRK?2 has also

been shown to influence cancer cell proliferation. For example, Zhao et al.

173



demonstrated that silencing the long non-coding RNA RP11-476D10.1 inhibited
the proliferation of papillary thyroid carcinoma cells through microRNA-138-
Sp-dependent suppression of LRRK?2. In contrast, knockdown of the long non-
coding RNAs LINC00707 and LINCO01133 was reported to suppress LRRK2
expression while upregulating microRNA-382-5p and microRNA-205,
respectively, thereby promoting the proliferation of ovarian cancer cells
(ZhaoLin and Qiu, 2023, LiuShen and Wang, 2019). Beyond its role in cancer,
loss of LRRK2 has also been linked to impaired neuronal cell proliferation. Tong
et al. reported that LRRK?2 deficiency induced apoptotic cell death in aged mice
(Tong et al., 2010), while Milosevic ef al. observed a reduction in dopaminergic
neurons due to apoptosis in LRRK2-deficient samples (Milosevic et al., 2009).
LRRK?2 is known to participate in several signalling pathways involved in cell
proliferation (WallingsManzoni and Bandopadhyay, 2015), including the
mitogen-activated protein kinase (MAPK) pathway (Chen et al., 2012,
Gloeckner et al., 2009, Hsu et al., 2010), Wingless (Wnt) signalling pathway
(SanchoLaw and Harvey, 2009, Berwick and Harvey, 2012, PurroGalli and
Salinas, 2014) and the mesenchymal-epithelial transition (MET) signalling
pathway (Looyenga et al., 2011). Therefore, the reduced growth observed in
LKO cells in the current study may result from LRRK2 loss, which could disrupt

key proliferative signalling pathways or activate apoptotic mechanisms.

To date, no direct association has been reported between LRRK?2 and cell size or
cell-substrate adhesion strength. However, as previously discussed, a link
between LRRK?2 and cytoskeletal dynamics has been established. Interestingly,
the reduced or absent neurites, enlarged and flattened morphology, along with

increased cell size and adhesion strength, as well as reduced cell growth,
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observed in LKO cells closely resemble characteristics typical of I-type
(intermediate) and S-type (substrate-adherent or Schwannian) neuroblastoma

cells.

The heterogeneity of neuroblastoma cell lines, derived from patient tumours, has
been recognised since their establishment over five decades ago. In culture,
neuroblastoma cells exhibit diverse morphologies, prompting the
characterisation of each distinct cell type (BiedlerHelson and Spengler, 1973,
RossSpengler and Biedler, 1983). Generally, three main types are identified:
neuroblastic (N-type), substrate-adherent or Schwannian (S-type), and
intermediate (I-type). Numerous studies have been conducted to explain the
heterogeneity of neuroblastoma cell lines, and thus far, two main theories have
been proposed. The first and most widely accepted theory is that of spontaneous
interconversion, originally proposed by Ross et al. following the establishment
of the SH-SYSY cell line. This theory posits three key possibilities: 1) I-type
cells, which exhibit stem cell-like properties, have the potential to differentiate
into both N-type and S-type cells; 2) bidirectional conversion can occur between
S-type and N-type cells; 3) I-type cells may serve as transitional intermediates
during the interconversion between N-type and S-type cells (RossSpengler and
Biedler, 1983, Ciccarone et al., 1989). On the other hand, a second theory,
proposed by Cohen ef al. in 2003, suggests that neuroblastoma heterogeneity
results from clonal expansion. In culture, N-type and S-type cells coexist, but
under certain conditions, the slower-growing S-type cells may outcompete and
eventually dominate the faster-proliferating N-type cells (Cohen et al., 2003).
Historically, neuroblastoma cells were primarily classified based on two criteria:

1) cell size, the nuclear/cytoplasmic volume ratio, and adhesiveness; and 2) the
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presence, number, and length of cellular processes (Ciccarone et al., 1989).
However, with recent advances in technology, transcriptomic and epigenetic
profiling have been employed to classify these interconverted cell types.
Specifically, N-type and S-type cells are now classified as adrenergic (ADRN)
and mesenchymal (MES) cells, respectively (D’Amico et al., 2023,
VeschiVerona and Thiele, 2019, van Groningen et al., 2019, Gartlgruber et al.,

2021).

In this study, although direct evidence linking LRRK?2 to the phenotypic shift of
neuroblastoma cell types is lacking, the phenotypic similarities between LKO
cells and I-type or S-type cells, such as reduced or absent neurites, enlarged and
flattened morphology, increased cell size and adhesion strength, and decreased
cell growth, support our postulation: LKO cells may have arisen from the
conversion of N-type cells into I-type (LKO1) or S-type (LKO2 and LKO3) cells,
potentially driven by transcriptional or epigenetic changes resulting from the loss
of LRRK2. It is unlikely that the phenotypes observed in the LKO cells arose
from adaptation during clonal expansion, stress induced by genome editing or
electroporation, or clonal selection, despite these procedures being part of the
LKO cells establishment process. This interpretation is supported by the
observation that mock cells, which were subjected to the same genome editing,
electroporation, clonal expansion, and clonal selection procedures, retained the
N-type morphology characteristic of wild-type (WT) cells. The morphology of
LKO cells was confirmed to resemble either S- or I-type cells (Robert A. Ross,

communication, 2024; Appendix B).

The WT and mock cells in the present study exhibited characteristics typical of

N-type cells. They displayed multiple long, fine neurite processes with scant
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cytoplasm, had low cell-substrate adhesion, loosely adherent cell bodies, and
formed cell aggregates. Moreover, these cells demonstrated a higher
proliferation rate than the LKO cells. Earlier research has shown that N-type
cells are characterised by long and abundant cellular processes (neurites) and
exhibit neuronal marker enzyme activities, such as tyrosine hydroxylase and
dopamine beta-hydroxylase. Neurofilament proteins are also detected in N-type
cells. These cells are homogeneous in culture, displaying morphological
uniformity, loosely adhering to the substrate, growing rapidly, and demonstrating
clonogenic potential in soft agar as well as tumorigenic properties (Ciccarone et
al., 1989, BiedlerHelson and Spengler, 1973, RossSpengler and Biedler, 1983,

La Quaglia and Manchester, 1996, Walton et al., 2004).

The LKOI1 cells displayed characteristics resembling those of I-type cells.
Previous studies have shown that I-type cells are heterogeneous, varying in the
presence and length of cellular processes. For example, SH-IN cells lack
processes, while some clones, such as BE (2)-C, may exhibit occasional long
processes, and others, like LA1-22n/i, display numerous long processes. These
cells are typically flattened with scant cytoplasm, moderately adhere to the
substrate, and are immortal (Ciccarone et al., 1989, BiedlerHelson and Spengler,
1973, RossSpengler and Biedler, 1983, La Quaglia and Manchester, 1996,
Walton et al., 2004). Consistent with the morphology described in these studies,
the LKO1 cells are flattened, have few short neurites, and exhibit moderate

adhesion.

On the other hand, earlier research has shown that S-type cells are heterogeneous,
exhibiting significant differences between clones. Their morphology can range

from epithelial-like, with no distinct directional orientation, to fibroblast-like,
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with cells growing in swirling patterns. S-type cells are slow or extremely slow
growers, with some clones ceasing to proliferate. They adhere tightly to the
substrate, lack cellular processes, appear flattened with abundant cytoplasm, and
display a sail-like shape. Furthermore, S-type cells exhibit characteristics
commonly associated with Schwann cells or melanocytes, such as tyrosinase
activity and the expression of fibronectin, vimentin, and type IV collagen
(Ciccarone et al., 1989, BiedlerHelson and Spengler, 1973, RossSpengler and
Biedler, 1983, La Quaglia and Manchester, 1996, Walton et al., 2004). The
expression of fibronectin, vimentin, and collagen likely contributes to the
enhanced adhesion strength of S-type cells. Both LKO2 and LKO3 displayed
features resembling those of S-type cells, including enlargement, flattening,
abundant cytoplasm, lack of neurites, strong substrate adhesion, and growth as a
monolayer. Additionally, LKO2 proliferated very slowly, while LKO3 nearly

ceased proliferation.

Cellular senescence is a phenomenon in which cells undergo irreversible growth
arrest in response to various intrinsic and extrinsic stresses, including telomere
shortening, oxidative stress, oncogene activation, mitochondrial dysfunction,
impaired autophagy and epigenetic alterations. The accumulation of senescent
cells leads to various detrimental effects, such as chronic inflammation, tissue
dysfunction, and loss of homeostasis, which in turn accelerate the ageing process
(MaErb and Moore, 2025, Mylonas and O’Loghlen, 2022). Although it was
postulated that LKO cells may have undergone conversion into I- or S-type cells,
the observed phenotypic changes, such as enlarged and flattened morphology,
increased cell size and cell-substrate adhesion strength, and reduced growth rate,

also closely resembled features of cellular senescence. This raised uncertainty as
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to whether conversion had occurred prior to the onset of senescence. To address
this, senescence-associated [-galactosidase (SA-B-gal) staining, the gold
standard for detecting cellular senescence, was performed. The results confirmed
that senescence had indeed occurred in the LKO cells. A previous study by
Cimmino et al. demonstrated that long-term treatment with all-trans retinoic
acid, in combination with hypoxia-inducible factors HIF1-a (HIFIA gene) and
HIF2-a (EPASI gene) silencing, induced transdifferentiation of neuroblastoma
cells from N-type to S-type and triggered senescence (Cimmino et al., 2015).
Consistent with Cimmino et al.'s findings, it was observed that LKO2 and LKO3
cells (S-type) displayed a significantly higher percentage of SA-B-gal-positive
cells compared to WT and mock cells (N-type). Additionally, Yang et al. reported
that LRRK2 may regulate the HIF'/A gene and influence the survival of patients
with clear cell renal cell carcinoma (ccRCC). Specifically, knockdown of LRRK?2
reduced the proliferation of ccRCC tumour cell lines (Yang et al., 2021). This
observation aligns with the findings in this study, where LKO cells exhibited

reduced or minimal proliferative capacity, a hallmark of cellular senescence.

Based on these findings, it is suggested that the knockout of LRRK2 may have
triggered an initial conversion of N-type cells into I-type (LKO1) or S-type
(LKO2 and LKO3), followed by entry into a senescent state. Given that
senescence was confirmed by SA-B-gal staining, autophagy and mitochondrial
respiration, two cellular processes known to be affected both by LRRK2 loss and

during senescence, were subsequently assessed.

Several studies have reported that LRRK2 is involved in the regulation of
autophagy (AlbaneseNovello and Morari, 2019). Literature has presented

conflicting evidence on the role of LRRK2 in autophagy regulation. Treatment
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of LRRK2 kinase inhibitors in H4 and SH-SYS5Y cells was shown to stimulate
autophagy (Manzoni et al., 2013, Saez-Atienzar et al., 2014). In addition,
LRRK2 knockout mice showed progressive or biphasic enhancement of
autophagic activity (Hinkle er al., 2012, Tong et al., 2012) and proteomic
analysis revealed that LRRK?2 deficiency resulted in the enrichment of proteins
involved in lysosomal degradation (Pellegrini et al., 2018). As opposed to
the aforementioned findings, previous studies also demonstrated that loss of
LRRK2 caused impairment of the autophagy-lysosomal pathway in aged
LRRK2 knockout mice (Tong et al., 2010) and silencing of LRRK2 kinase
activity resulted in early glucocerebrosidase deregulation as well as late
impairment of autophagy in vivo (Albanese ef al., 2021). It has been observed
that autophagy is typically decreased in senescent cells. Previous studies have
shown reduced autophagic flux in senescent neurons both in vitro and in vivo
(Suelves et al., 2023, Singh et al., 2020, Tai et al., 2017). The data from this
study revealed a reduction in the number of autophagic vacuoles in LKO cells,
consistent with previous reports showing impaired autophagy in the context of
LRRK2 deficiency or cellular senescence. Interestingly, a comparable decrease
was also observed in mock cells, although the underlying cause remains unclear.
In the absence of autophagic flux assessment in the current study, the observed
reduction in autophagic vacuoles represents an alteration in autophagy but does
not allow discrimination between reduced autophagic vacuoles formation and
enhanced autophagic vacuoles clearance. Therefore, future studies assessing
autophagic flux will be required to clarify current findings. This could be
achieved through the combined use of rapamycin, a mechanistic target of

rapamycin complex 1 (mTORCI) inhibitor that induces autophagy, and
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chloroquine, a lysosomal inhibitor that blocks autophagic vacuoles degradation.
Together, these agents allow discrimination between altered autophagic vacuoles
formation and defective degradation, enabling assessment of dynamic

autophagic flux rather than static autophagic vacuoles levels.

Numerous lines of evidence demonstrate that LRRK?2 plays a crucial role in the
regulation of mitochondrial functions through its role in mitochondrial dynamics
(Wang et al., 2012, SinghZhi and Zhang, 2019, Su and Qi, 2013), quality control
mechanisms (Williamson et al., 2023, Singh and Ganley, 2021, Singh et al.,
2021), energy production (Papkovskaia et al., 2012) and oxidative stress
response (Niu et al., 2012, Ilieva et al., 2024). In the present study, LKO cells
showed a significant reduction in ATP-production coupled respiration and
coupling efficiency, which suggests impaired oxidative phosphorylation
(OXPHOS) in LKO cells. This finding is in line with a previous study that
reported that loss of LRRK?2 leads to mitochondrial fragmentation and reduced
OXPHOS activity (Mazaki et al., 2023). Furthermore, Weindel et al. found that
LRRK2 knockout macrophages exhibited defects in both OXPHOS and
glycolysis (Weindel et al., 2020). Additionally, the bioenergetic profile of LKO
cells in this study concurs with findings from a previous study using telomere-
ablated cells (an ageing model of SH-SYS5Y), which revealed significant
reductions in mitochondrial basal respiration, maximum respiration, and spare
respiratory capacity (Kim ef al., 2017). This further corroborates the postulation
that LKO cells may have entered a senescent state following the loss of LRRK2.
In opposition to findings in other studies where senescent cells typically rely on
glycolysis as an energy source due to impaired OXPHOS (Lee et al., 2021b,

Korolchuk et al., 2017), glycolysis did not significantly increase in LKO cells as
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compared to WT and mock. This suggests that LKO cells rely minimally, or not
at all, on either OXPHOS or glycolysis for energy production. Future

investigations could explore the alternative energy sources utilised by LKO cells.

While the initial goal of this study was to establish LKO cells as a valuable tool
for elucidating the mechanisms underlying the detrimental effects of LRRK2
loss (Jong et al., 2025), the LKO2 and LKO3 cells (S-type) characterised in this
study may no longer be suitable for this purpose. This is due to the loss of
neuronal characteristics in S-type cells, which compromises their capacity to
differentiate into dopaminergic neurons. To date, no studies have reported the
use of differentiation agents to induce the conversion of S-type cells into N-type
cells. While S-type cells can undergo spontaneous differentiation into N-type
cells, the efficiency of this process has not been quantitatively assessed or
documented. In contrast, LKO1 cells (I-type) remain suitable for achieving the
initial goal, as they retain the capacity to differentiate into N-type cells, which
exhibit neuronal characteristics, as previously reported (Walton et al., 2004,
Ross et al., 2015). Furthermore, N-type cells can be further directed to
differentiate into dopaminergic neurons using differentiation agents such as
retinoic acid, 12-O-tetradecanoylphorbol-13-acetate (TPA) or phorbol-12-
myristate-13-acetate (PMA) (IoghenCeafalan and Popescu, 2023, Avola et al.,

2018).

However, following the establishment of the LKO cell lines, subsequent works
were guided by the availability of institutional resources and facilities. Given
that LKO1 cells (I-type) are actively proliferating, unlike LKO2 and LKO3,
which are not, downstream experiments were conducted using LKO1 cells.

Within the time frame and practical considerations of this study, LKO1 cells
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were utilised as a model of cancer stem cells, as I-type cells are known to exhibit

stem cell-like properties.

In contrast to the findings of the current study, which demonstrate that LRRK?2
knockout induces senescence, previous studies have reported that LRRK2
activation, particularly in pathogenic/ risk variants such as G2019S (HoSeol and
Son, 2019) and R1627P (Yang et al., 2024), promotes senescence in neuronal
cells. Ho et al. showed that activation of the p53-p21 pathway triggered
senescence in differentiated SH-SYSY cells, leading to impaired protein
degradation and increased accumulation of a-synuclein aggregates (HoSeol and
Son, 2019). More recently, they also demonstrated that MLi-2 reduced
senescence and a-synuclein secretion in rotenone-treated human dopaminergic
progenitor cells (Ho et al., 2025). Consistent with these findings, Yang et al.
found that the R1627P mutation accelerated senescence in rats by disrupting the
Golgi-lysosome signalling pathway (Yang et al.,, 2024). As reduced cell
proliferation is a hallmark of senescence, it is noteworthy that while LRRK2
pathogenic/ risk variants induce senescence and LRRK?2 inhibition can attenuate
it in neuronal cells, other studies have shown that LRRK?2 knockout suppresses
proliferation in various cancer cell types, including thyroid cancer (Jiang et al.,
2019, Looyenga et al., 2011), papillary renal carcinoma (Looyenga et al., 2011),
lung cancer (Wu et al., 2023), and clear cell renal cell carcinoma (Yang et al.,
2021). However, suppression of proliferation in neuroblastoma cells following
LRRK2 knockout has not been previously reported. Therefore, the current
finding that LRRK2 knockout induces senescence in SH-SY5Y neuroblastoma

cells is both novel and represents the first report of its kind.
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Cellular senescence has long been described as a tumour-suppressor mechanism
and has been harnessed for cancer treatment (SchmittWang and Demaria, 2022,
WangLankhorst and Bernards, 2022). Therapy-induced senescence-based
treatments, including the use of low doses of hydroxyurea, tumour necrosis
factor-alpha, interferon-gamma, and metronomic topotecan, have been studied
in neuroblastoma (Narath ef al., 2007, Harmuth et al., 2019, Taschner-Mandl et
al., 2015). A previous study identified a unique mechanism of cell cycle arrest
that governs the decision between differentiation and senescence in
neuroblastoma cells. It was shown that rapid inhibition of cyclin D-dependent
kinases by retinoic acid in neuroblastoma cells leads to early cell cycle arrest,
impedes neuronal differentiation, and induces a senescence-like state
(WainwrightLasorella and Iavarone, 2001). Therefore, understanding the
mechanisms that regulate the differentiation and senescence of neuroblastoma
cells is crucial. Such insights are important for developing targeted treatments
aimed at manipulating differentiation or senescence to slow tumour progression
and improve treatment outcomes for neuroblastoma patients (ZeineldinPatel and

Dyer, 2022).

Although LKO2 and LKO3 cells (both are converted to S-type) are not suitable
to be utilised as cell models for neurodegeneration or PD research, their
conversion provides valuable insights for neuroblastoma studies. Given that S-
type cells are slow-growing, with some clones even ceasing proliferation and
exhibiting non-tumorigenic properties, these findings suggest that LRRK?2
knockout could potentially serve as a maintenance strategy to reduce the risk of
relapse in highly aggressive neuroblastoma. However, as demonstrated in this

study, LRRK?2 knockout may not result in a complete conversion of N-type cells
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into S-type; rather, some cells may convert into I-type, which are likely to evade
immune surveillance and may exhibit enhanced malignancy. Further
investigation is warranted to elucidate the mechanisms governing the conversion

of N-type cells into I- or S-type phenotypes following LRRK2 loss.

5.3 Effects of EBN extracts

Edible bird's nest (EBN) is one of the most expensive animal products consumed
by humans, particularly within the Chinese community across various countries,
including China, Malaysia, Singapore, Taiwan and North America. Its
popularity has also spread to the Middle East, Korea and Japan recently. China
stands as the largest importer of EBN, while Indonesia, Malaysia, and Thailand
are the top three exporters in Southeast Asia (Zulkefle et al., 2024, Daud et al.,
2021). Numerous studies have highlighted the health benefits of EBN, leading
to extensive scientific investigations into the key components responsible for
these benefits. Proximate analysis revealed that the main constituents of EBN
include proteins, carbohydrates, minerals, lipids, and ash. Notably, glycoproteins,
particularly sialic acid, have been recognised for their neuroprotective properties,
garnering significant attention (Unal et al., 2024, Lee et al., 2021a, Unal et al.,

2022, Ling et al., 2022).

To investigate the beneficial effects of EBN, the choice of EBN extraction
method is crucial, as each method offers distinct advantages and disadvantages
in terms of efficiency, yield, extraction duration, metabolite content, and cost
(Unal et al., 2024, Ling et al., 2022). Several methods for preparing EBN

extracts have been reported, including heat extraction, solvent extraction, acid
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or alkaline extraction, enzymatic hydrolysis, and microwave- or ultrasound-
assisted extraction methods (Daud et al., 2021, Tong et al., 2020, Mohamad
Nasir et al., 2021). The extraction methods used in the present study aim to
simulate the preparation or digestion of EBN as it occurs in the human body,
thereby accurately reflecting the bioactive metabolites available upon

consumption.

The acid extract was prepared using sulphuric acid to simulate the denaturation
of glycoproteins in EBN by hydrochloric acid in the stomach. This method was
adapted from Oda et al., who used it to extract neutral monosaccharides from
EBN (Oda, 1983). Extraction of EBN with hydrochloric acid necessitates
neutralisation with sodium hydroxide to obtain a neutral pH extract suitable for
downstream assays. However, neutralising with sodium hydroxide results in the
formation of sodium chloride, which is water-soluble and would remain in the
extract, potentially interfering with downstream assays. In contrast, neutralising
sulphuric acid with barium hydroxide forms barium sulphate, which is insoluble
in water and can be separated from the extract by centrifugation, while also being
non-toxic. Therefore, sulphuric acid and barium hydroxide were selected in this
study as alternatives to the commonly used hydrochloric acid (Kong et al., 1987,
VimalaHussain and Nazaimoon, 2012, NorhayatiAzman and Nazaimoon, 2010)
and sodium hydroxide (Aswir and Wan Nazaimoon, 2011). This acid extraction
method is more cost-effective than enzymatic hydrolysis, as acids and alkalis are
cheaper than enzymes. However, it is more time-consuming than aqueous
extraction methods due to the additional neutralisation and centrifugation steps.
This method was anticipated to yield significantly more than the aqueous

extraction method. However, the yield in the present study was relatively low,
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likely due to insufficient acid concentration and inadequate incubation time. In
this study, 0.4 M sulphuric acid was used with a 4-hour incubation period. In
contrast, previous studies employed 4 M hydrochloric acid or acetic acid with a
4-hour incubation time, accompanied by shaking the reaction mixture at 50 rpm
for EBN extraction (Napavichayanun et al., 2021). Another study used 2 M
acetic acid and a 4-hour incubation period for extracting sialic acid from red
meats, including beef, pork, lamb, and rabbit (Ling et al., 2022). To date, no
report has focused on optimising sulphuric acid for the EBN extraction protocol
to obtain the best yield, along with comprehensive bioactive metabolite profiles
and functional validation of their beneficial activities. This represents a

significant research gap that warrants further investigation.

The aqueous extract was prepared by heating in a water bath, simulating the
traditional double-boiling method used to prepare EBN for consumption
(Marcone, 2005, Daud et al., 2021). The slow and gentle heating process
effectively loosened the glycoprotein structure in the EBN. The selection of
optimal temperature for the heating process is crucial, as high temperature may
destroy the metabolites in the EBN. Conversely, lower temperatures could not
effectively uncoil the glycoprotein in EBN (Unal et al., 2024). As indicated in
previous studies, the commonly used heating temperature ranges from 80 to
100 °C (Kong HangKinWong KaHing and ChunLap, 2016, Daud et al., 2021,
Zainal Abidin et al., 2011, Unal et al., 2024). Consistent with these studies, EBN
was heated at 80 °C in the present study. This aqueous extraction method is
relatively simple, with a shorter extraction duration, and is cost-effective, but its

efficiency and yield are low.
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The enzyme extract was prepared using pancreatin to simulate the digestion of
EBN by pancreatic enzymes in the human body. The enzymatic activity breaks
down long glycoprotein chains, releasing shorter peptides with lower molecular
weights, which exhibit enhanced solubility and absorption, thereby improving
bioactivity. Various enzymes, including alcalase, bromelain, pancreatin, papain,
and pepsin, have been used for EBN extraction. Among these, pancreatin is the
most commonly used, likely due to its composition of amylase, lipase, and
protease, which together provide more efficient digestion of glycoproteins in
EBN (RamachandranBabji and Sani, 2018, MuhammadBabji and Ayub, 2015,
Yew et al., 2014, Yew et al., 2018, Haghani et al., 2017, Haghani et al., 2016,
Guo et al., 2006). Therefore, pancreatin was chosen for the present study. This
enzyme hydrolysis method is the most efficient of the three tested, yielding the
highest output. However, it is also more expensive (due to the cost of the enzyme)

and time-consuming.

Complementary and alternative medicine (CAM) refers to healthcare systems,
practices, or products that are not typically part of conventional medical
treatment. Common forms of CAM include traditional Chinese medicine, dietary
supplements, specialised diets, traditional Malay medicine, and Ayurvedic
medicine. Many cancer patients use CAM to enhance their immunity, alleviate
pain, and reduce complications caused by the disease or its treatment side effects.
Additionally, some cancer patients use CAM alongside conventional treatments
to adopt a more holistic approach to managing their disease, while others turn to
CAM for its potential anti-cancer effects (ShihChiang and Chan, 2009, National

Cancer Institute USA, 2024).
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EBN, traditionally used to boost immunity and surrounded by controversy
regarding its anti-cancer benefits, has become one of the popular CAMs among
cancer patients (Wong et al., 2010, ShihChiang and Chan, 2009, Lim et al., 2006).
Recent scientific findings support the traditional use of EBN to enhance
immunity (Dobutr et al., 2022, Zeng et al., 2022, Dobutr et al., 2023, Fan et al.,
2021b) and its application as adjuvant therapy to reduce the side effects of
chemotherapy (Zhao et al., 2016). However, EBN has also been reported to
promote cell growth in various cell types (Roh ef al., 2012, Zainal Abidin et al.,
2011, Chua et al., 2013, Albishtue et al., 2018b). This raises the question: Given
the potential risk that EBN may promote cancer cell growth, is it appropriate to
consider EBN as a CAM for cancer patients, despite its potential immunity-
boosting benefits? To explore this, the present study evaluates the effects of EBN

extracts on LKO1 cells, which exhibit cancer stem cell-like properties.

Building on previous studies that had consistently demonstrated the antioxidant
properties of EBN extracts (MuhammadBabji and Ayub, 2015, Quek et al.,
2018b, Alietal.,2019, Yew et al., 2014, Yida et al., 2015a, Murugan et al., 2020,
Yew et al., 2018, Careena et al., 2018, Napavichayanun et al., 2021), this study
first investigated the antioxidant properties of EBN acid, aqueous, and enzyme
extracts before exploring their other potential beneficial effects. A variety of
chemical-based methods have been employed to evaluate the antioxidant
properties of natural products or compounds, which can be categorised into two
main types: 1) assays based on hydrogen atom transfer (HAT), such as the ORAC
(oxygen radical absorbance capacity) assay, and 2) assays based on electron
transfer (ET), including the DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical

scavenging assay, the ABTS (2,2'-azino-bis (3-ethylbenzothiazoline-6-sulphonic
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acid)) assay, and the FRAP (ferric reducing antioxidant power) assay. No single
method is sufficient on its own, as antioxidants may act through various
mechanisms. Therefore, a combination of methods is typically employed to
comprehensively assess the antioxidant properties of natural products or

compounds (Danet, 2021, Dudonne ef al., 2009).

In the present study, three antioxidant assays were conducted: 1) the DPPH assay

(ET assay), 2) the ORAC assay (HAT assay), and 3) the DCFH-DA assay (cell-

based assay). Unlike the previously described chemical-based assays, the

DCFH-DA assay offers the advantage of reflecting antioxidant activity within

cells by simulating cellular processes such as uptake, distribution, and

metabolism (Zhang et al., 2020). In the DPPH assay, the EBN acid extract
exhibited free radical scavenging activity, while the aqueous and enzyme

extracts did not. Interestingly, all three EBN extracts (acid, aqueous, and enzyme)
demonstrated significant peroxyl radical scavenging activity in the ORAC assay.

Unlike the DPPH assay, the ORAC assay accounts for the kinetic action of
antioxidants, which may explain the discrepancy between the results obtained

from the two assays.

In a preliminary study using the DCFH-DA assay, both the acid and aqueous

extracts exhibited high cellular antioxidant activity (CAA) in WT cells, while

the enzyme extract showed no detectable CAA. Given that the EBN acid extract
consistently demonstrated antioxidant activity across all three assays (DPPH,

ORAC, and DCFH-DA), its effects were further tested in both mock and LKO1

cells, where a similarly high CAA was observed. Although both the ORAC and
DCFH-DA assays consider the kinetic action of antioxidants, the DCFH-DA

assay also reflects biological processes within cells, but not the ORAC assay.
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This distinction likely explains the differences observed between the results of
the ORAC and DCFH-DA assays. A previous study has shown that LRRK2
knockout HEK293 cells exhibit resistance to oxidative stress, mitochondrial
damage and apoptosis induced by rotenone (Quintero-Espinosa et al., 2023). In
this study, no significant differences in antioxidant activity were observed among
WT, mock, and LKOI cells, as assessed by the DCFH-DA assay. This may be
attributed to the relatively subtle effects of EBN acid extracts in the absence of
pre-induced cellular stress (e.g., rotenone treatment). Future studies could
explore the use of oxidants or other stressors prior to EBN acid extract treatment
to better assess potential antioxidant responses.

As EBN acid extract demonstrated consistent and significant antioxidant effects,
functional assays were conducted to evaluate its impact on LKOI cells, which
exhibit cancer stem cell-like properties. The functional assays were chosen for
their relevance to potential disruptions caused by LRRK?2 loss, including the cell
proliferation assay, the autophagy detection assay and the assessment of
mitochondrial respiration.

Previous studies have demonstrated that EBN enhances the proliferation of
various normal cells, including human-derived adipose stem cells (Roh et al.,
2012), rabbit corneal keratocytes (Zainal Abidin et al., 2011), human
chondrocytes (Chua et al., 2013), B- and T-lymphocytes (Dobutr et al., 2022,
Zhao et al., 2016), mouse fibroblast (L929) (Napavichayanun et al., 2021),
human keratinocytes (Wang et al., 2024a, Terazawa and Shimoda, 2020), human
fibroblasts (Terazawa and Shimoda, 2020) as well as cancer cells such as human
colorectal adenocarcinoma cells (Caco2) (Aswir Abd Rashed and Wan

Nazaimoon, 2010), human neuroblastoma cells (SH-SY5Y and SK-N-MC) and
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rat pheochromocytoma (PC-12) (Rashed et al.,, 2021). While cancer cells
typically serve as cell models for specific diseases in EBN research, such as SH-
SYSY and SK-N-MC as neuronal cell models, and Caco2 as a model for the
intestinal system, the increased proliferation observed in these cells might
indicate that EBN could potentiate similar effects in cancer cells in patients.
Conversely, the enhancement of normal cell proliferation by EBN suggests
beneficial effects in many aspects, such as wound healing (e.g. skin), tissue
regeneration (e.g., eye and bone) and immune system boosting.

In line with previous studies, the EBN acid extract in the present study stimulated
the proliferation of both mock and LKO1 cells, but not WT cells. The significant
increase in cell proliferation may be attributed to the presence of mitogenic or
growth-stimulating factors in EBN acid extract, including sialic acid (Rashed et
al., 2021, Aswir and Wan Nazaimoon, 2011), epidermal growth factor (EGF)
(Zainal Abidin et al., 2011, Terazawa and Shimoda, 2020), and vascular
endothelial growth factor (VEGF) (Roh et al., 2012, Albishtue et al., 2018a,
Albishtue et al., 2018b). Sialic acid is the most abundant glycoprotein in edible
bird’s nests (EBN) and is well-recognised for its essential role in brain function
and development (Liu ef al., 2023a, Ling et al., 2022). In addition to promoting
cell proliferation, recent studies on EBN have highlighted many therapeutic
benefits of sialic acid, including its antiviral, neuroprotective, antihypertensive,
antioxidant, anti-inflammatory, and prebiotic properties (Unal et al., 2024, Ling
et al., 2022). As a result, the quantification of sialic acid content has become a
crucial criterion for EBN authentication, as well as for evaluating its quality and
grading (Ling et al., 2022, Chan et al., 2013, Zulkefle et al., 2024). EGF, another

key growth-stimulating factor found in EBN, is a well-known mitogenic agent.

192



It is recognised for its ability to stimulate the proliferation, differentiation and
migration of various cell types, particularly epithelial cells and fibroblasts (Wong
and Guillaud, 2004, Bai et al., 2023). VEGF was initially described as a vascular
endothelial cell-specific mitogen. However, studies indicated that its growth-
promoting ability is not limited to endothelial cells, but extended to other non-
endothelial cells such as keratinocytes, macrophages and renal mesangial cells
(DuffyBouchier-Hayes and Harmey, 2000 - 2013). Despite numerous studies
reporting the proliferative effects of EBN, two studies suggest that EBN does
not stimulate cell proliferation in cancer cells. Tan et al. and Roh et al. postulated
that this may be due to several factors: 1) the protein and EGF extraction from
EBN may be insufficient to release all relevant bioactive substances, 2) the
relatively low levels of EGF in EBN, 3) there is only 36% amino acid sequence
similarity between human EGF and avian EGF (Tan et al., 2020), and 4) the
proliferative effects of EBN may be limited to normal cells, rather than cancer
cell lines such as MCF7 and Hep2B (Roh et al., 2012).

To date, only a limited number of studies have explored the effects of EBN on
autophagy. To the best of our knowledge, only one study has reported that EBN
inhibits intracellular autophagy during the influenza virus A life cycle. The
enzyme extract of EBN was shown to reduce LC3-II levels, thereby enhancing
lysosomal degradation (Haghani et al., 2017). For the first time, this study
demonstrates that EBN promotes autophagy in cancer cells, specifically in
LKOL1 cells, a neuroblastoma cell line exhibiting cancer stem cell-like properties
following LRRK2 knockout. LKO1 cells, which were postulated to undergo
senescence, showed a reduction in autophagy. However, treatment with EBN

acid extracts resulted in enhanced autophagy in these cells. This observation
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suggests that EBN may facilitate LKO1 cells, possessing cancer stem cell-like
properties, to escape senescence and progress as more aggressive cancer cells,
as evidenced by increased cell proliferation and autophagy. These results align
with previous studies showing enhanced autophagy flux in breast and lung
cancer cells that escaped chemotherapy-induced senescence (Bojko et al., 2020,
Evangelou et al., 2023, Olszewska et al., 2022, Dudkowska et al., 2021).
Autophagy was enhanced to degrade and recycle damaged organelles, misfolded
proteins and cellular debris, thereby meeting the heightened metabolic demands
of aggressive cancer cells that had escaped senescence (ErenpreisaSalmina and
Cragg, 2017). Furthermore, the use of a pharmacological autophagy inhibitor
was shown to block this escape (Olszewska et al., 2022). In line with these
findings, the present study suggests that LKO1 cells, exhibiting cancer stem cell-
like properties, may undergo metabolic shifts, converting to a more aggressive

phenotype following EBN treatment.

Thus far, there is a limited study on the effects of EBN on mitochondrial function.
A previous study by Yew et al. found that EBN extracts did not improve
mitochondrial membrane potential in SH-SYSY cells challenged with the
neurotoxin 6-hydroxydopamine (6-OHDA) (Yew et al., 2014). Consistent with
this, our study also showed no significant increase in mitochondrial respiration
following EBN treatment. In contrast, a separate study by Rashed et al. reported
that sialic acid extracted from EBN enhanced the number of active mitochondria
in SH-SYSY cells (Rashed et al., 2021). This discrepancy may be attributed to
the difference in the type of EBN extract used, i.e. our study employed a crude
extract, whereas sialic acid was specifically extracted in their study. A previous

study by Wong et al. indicated that sialic acid constitutes only about 10% of the

194



total dried weight of EBN (Wong et al., 2018). As a result, the effects of the
crude EBN extract in our study are likely less pronounced compared to the sialic
acid extract used in the study by Rashed ef al. In the current study, despite the
upregulation of proliferation and autophagy (potentially including mitochondrial
degradation through autophagy) following EBN treatment, mitochondrial
respiration did not increase significantly. This is likely due to impaired
mitochondrial turnover. Specifically, mitochondrial biogenesis may be
compromised, leading to a reduced number of functional mitochondria (Li et al.,
2022, Liu et al., 2023b). Mitochondrial turnover encompasses both the removal
of damaged mitochondria through autophagy and the replenishment of new,
functional mitochondria via mitochondrial biogenesis. A reduction in
mitochondrial respiration may indicate that the remaining mitochondria are not
functioning properly, possibly due to an insufficient or delayed replacement of
dysfunctional mitochondria. Essentially, while damaged mitochondria are being
cleared through autophagy, the replacement mitochondria may not be produced
efficiently, resulting in overall reduced mitochondrial respiration, as reflected by
the unchanged mitochondrial respiration observed in LKO1 cells following EBN

treatment.
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CHAPTER 6.0

CONCLUSION
6.1 Conclusions

Knocking out a gene with low endogenous expression is achievable, but it
requires meticulous planning, as well as consideration of potential compensatory
mechanisms and detection challenges. Recent advancements in genome-editing
technologies and detection methods have made it increasingly feasible to study
such difficult genes. The protocol established in this study offers a robust
strategy for effectively knocking out the low-expression LRRK2 gene in the
hard-to-transfect neuroblastoma SH-SYS5Y cells (Figure 6.1). Additionally, this
approach can be easily adapted to target other low-expression genes in various

challenging cell lines.

STRETEGY FOR KNOCKING OUT LOW
EXPRESSION LRRK2

o1 888 02 @ 03 Q\ 04
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Figure 6.1: Schematic illustration of a strategy for knocking out low-

expression LRRK?2 in hard-to-transfect neuroblastoma SH-SYSY cells
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The loss of LRRK2 may drive the phenotypic transition from N-type to I- or S-
type and induce senescence (Figure 6.2). Consequently, future studies using the
SH-SYS5Y neuroblastoma cell line as a model for PD should take this possibility
into account. The findings of this study provide a novel perspective on the role
of LRRK2 in the phenotypic shift of SH-SY5Y neuroblastoma cells and the

induction of cellular senescence.

LRRK2 NEUROBLASTOMA CELLULAR
CELL
KNOCKOUT CONVERSION SENESCENCE

(o o

Figure 6.2: Schematic illustration of the effects of loss of LRRK2, which
may promote phenotypic transitions from N-type neuroblastoma cells to I-

or S-type cells, accompanied by the induction of cellular senescence

Among all the extracts tested, EBN acid extract demonstrated the highest and
most consistent antioxidant effects. Treatment with EBN acid extract may allow
LKO1 cells, which possess cancer stem cell-like properties, to evade senescence
and progress into more aggressive cancer cells, as evidenced by increased cell
proliferation and autophagy. Therefore, despite its antioxidant potential, EBN
may not be an ideal choice for complementary and alternative medicine for

cancer patients (Figure 6.3).
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Figure 6.3: Diagrammatic model of the suitability of EBN as a

complementary and alternative medicine for cancer patients

6.2 Limitations of the current study

The scope of the present study was limited by institutional facilities and

resources, as well as funding and time constraints.

Although Sanger sequencing confirmed the absence of off-target mutations at
the predicted off-target sites, whole-genome sequencing was not performed to
comprehensively evaluate potential off-target effects of CRISPR/Cas9 genome
editing. In addition, the potential compensatory effects of LRRK1 in LRRK2

knockout clones were not assessed.

Furthermore, rescue experiments were not conducted to determine whether the
observed phenotypic changes were directly attributable to the loss of LRRK2.

The LKO1 (I-type) and LKO2 and LKO3 (S-type) clones were also not validated
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using previously reported subtype-specific markers, and the differentiation
potential of LRRK2 knockout cells was not examined. With respect to cellular
senescence, senescence in LRRK2 knockout cells was not characterised using a

comprehensive panel of established senescence markers.

Pertaining to the EBN-related investigations, a more extensive analysis was not
performed to complement the proliferation and autophagy findings of the present
study in order to further elucidate the potential pro-cancer effects of EBN. In
addition, metabolomic profiling of EBN extracts was not carried out to identify

the bioactive compounds responsible for the observed pro-proliferative effects.

6.3 Future work

In future investigations, whole-genome sequencing could be performed to
comprehensively assess potential off-target effects of CRISPR/Cas9 genome
editing. In addition, potential compensatory effects of LRRK1 in LRRK2
knockout cells could be evaluated by quantifying LRRK1 mRNA expression
using quantitative PCR or assessing protein levels by Western blotting with a
well-validated LRRK1-specific antibody. These approaches would help

determine whether LRRK1 functionally compensates for the loss of LRRK2.

Future research should also investigate transcriptional and epigenetic alterations
following LRRK2 loss to gain deeper insight into its regulatory roles. Given the
unexpected phenotypic changes observed after LRRK2 knockout, this study
opens two promising avenues for further investigation. First, elucidating the role
of LRRK2 in neuroblastoma phenotypic transitions and cellular senescence may
improve understanding of neuroblastoma plasticity and identify potential

therapeutic strategies, such as senescence induction to suppress tumour growth.
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Second, exploring the role of LRRK?2 in Parkinson’s disease, particularly the
potential adverse consequences of LRRK?2 loss, represents another important
direction. However, this will require prior validation of the LRRK2 knockout
model through differentiation of LKO1 (I-type) cells into N-type cells and

subsequently into dopaminergic neurons.

In the present study, rescue experiments were not performed. Future studies
should include forced re-expression of LRRK2 in LKO cells to determine
whether the observed phenotypic changes are directly attributable to LRRK2
loss. This approach would also help exclude the possibility that the observed
effects arise from clonal variation rather than specific gene disruption. As an
alternative strategy, pharmacological inhibition of LRRK2 kinase activity in
wild-type cells using a selective inhibitor such as MLi-2 could be employed to
assess whether similar phenotypic changes are induced. Inclusion of a kinase-
dead LRRK2 variant would provide an important control, enabling
discrimination between effects due to loss of kinase activity and those resulting

from complete protein depletion.

In addition, LKO1 (I-type) and LKO2 and LKO3 (S-type) cells were not
validated using previously reported subtype-specific markers. Future studies
could confirm subtype identity by examining the expression of characteristic
markers, such as stem cell-associated markers (e.g. CD133 and ¢-KIT) in LKO1
(I-type) cells, non-neuronal markers (e.g. fibronectin and tyrosinase) in LKO2
and LKO3 (S-type) cells, and neuronal markers (e.g. neurofilaments and

dopamine B-hydroxylase) in wild-type (N-type) cells.
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Moreover, the differentiation potential of LRRK2 knockout cells was not
validated in the present study. Future work could assess the differentiation of I-
type cells into N-type cells using retinoic acid, followed by further
differentiation into dopaminergic neurons using agents such as 12-O-
tetradecanoylphorbol-13-acetate (TPA) or phorbol-12-myristate-13-acetate

(PMA).

Cellular senescence in LRRK2 knockout cells could also be further characterised
using a panel of established senescence markers. As telomere attrition is a key
hallmark of senescence, telomere length or telomerase activity could be assessed.
To evaluate proliferative status, cell cycle analysis could be performed to
confirm arrest in the GO/G1 phase. Alternatively, proliferation assays measuring
Ki-67 expression or BrdU incorporation could be used. In addition, senescence-
associated secretory phenotype (SASP) factors could be examined by

quantifying pro-inflammatory cytokines in conditioned media.

Further studies are also required to elucidate the potential pro-cancer effects of
EBN. More comprehensive analyses could complement the proliferation and
autophagy findings of the present study, including cell cycle analysis, assessment
of proliferation markers (e.g. Ki-67 and BrdU), and evaluation of autophagic
flux with detection of autophagy-related markers such as LC3-II and p62. The
senescence status of LRRK2 knockout cells following EBN treatment should
also be assessed using established senescence assays to determine whether EBN

promotes senescence evasion.

Finally, metabolomic profiling of EBN extracts could be performed to identify

bioactive compounds responsible for the observed pro-proliferative effects.
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Functional validation of these compounds, either individually or in combination,
would provide mechanistic insight into how EBN supports cancer cell growth.
Collectively, these investigations would be essential for determining the safety
and suitability of EBN as a complementary and alternative medicine in oncology

settings.
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APPENDIX A

DNA sequence of the edited LRRK?2 gene in 13 potential clones i.e. (A) D1-1,

(B) D1-4, (C) D3-1, (D) D4-2, (E) D4-5, (F) D5-1, (G) D6-1, (H) D6-3, (I) D7-

1, (J) D7-2, (K) D7-3, (L) W1-1 and (M) W2-1.
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A (i)

gRNA1
“ pam
GTGTTCACGTACTCCGAGCGCGG

1. WT GRARARARCAGATAGRAACGCIGGTCCARATCCTIGGAGGATCTIGCTGGIGTICACGTACTCCGA
2. Mock AR ARRACAGATAGRAACGCTGGTCCARATCCTIGGAGGATCTIGCTGETGTTCACGTACTCCGA
3. D11l 401 GRARARCAGATAGRAARCGCIGGTICCARATCCIGGRAGGATCTIGCTGGTGTTCACGTACTCCGR ITGATCGICTIGGRCTICC
4. DLl 402 |GAARAARCAGATAGRAACGCIGGICCAAATCCTIGGAGGATCTIGCTIGGTIGTITCACGTACTCCGA ITTGATCGTICTITGGACTCC
5. Dll 403 ICRARARARCARGATAGRAARCGCIGGTICCARATCCIGGAGGATCTIGCTGETGTTCACGTACTCCGR ITGATCGICTIGGRACTICC
€. D1l 404 |GRAARRCAGATAGRAARCGCTIGGTICCARARTCCTIGGARAGGATCTIGCTIGGTGTTCACGTACTCCGA 318 deQIEtio“ ITGATCGICTIGGARCTICC
7. D11 405 G AAAARCAGATAGRAACGCIGGTICCAARARTCCIGGAGGATCTIGCTIGGIGTTICACGTACTICCGA * '"TTGATCGICIIGGACTCC
8. Dll 406 |ICRRARRCRGATAGRARCGCTIGGTICCARATCCTIGGAGGATCTGCTGETGTTCACGTACTCCGR ITTGATCGICTTIGGRACTCC
§. DLl 407 GARAAACAGATAGRAACGCTIGGTCCARATCCTGGAGGATCTIGCTIGGTIGTTICACGTACTCCGA ITGATCGICTIGGACTICC
10. D11 408 GAAAARCAGATAGRAACGCTIGGTCCARATCCTIGGAGGATCTGCTGGTIGTTCACGTACTCCGA ITGATCGTICTTGGACTCC
1l. D1l 405 IGR AR RCARGATAGRARCGCIGGTICCARATCCIGGRAGGATCTIGCTGGTGTTCACGTACTCCGR ITGATCGICTIGGRCTICC
12. DLl 410 GAAAACAGATAGRAACGCTGGTCCARATCCTGGAGGATCTIGCTGGTIGTTCACGTACTCCGA ITGATCGICTIGGACTCC
CCTCTGTTGATCGTCTTGGACTC
— —
PAM 2é’T’DI’
gRNA2
(ii gRNA3 gRNA1
f I 2 1 I L 1
&= PAM :Eg PAM
— —
AGTCAGGCTGAACAATG'TCCAGG GTGTTCACGTACTCCGABCGTEE
1. WT T GARAGARAGTIGATAGT CAGGCT GRACAATGTCCAGGAAGGAAAACAGATAGAARACGCTIGGTCCARATCCTIGGAGGATCTIGCIGGTGTICACGTACTICCGAGCACGGTAATCACTTIGARAATAAACTGTGC
2. Hock CTGARGAAGTTGATAGT CAGGC T GAACAATGTCCAGGRAAGGAAAACAGATAGAAARCGCTGGTCCARATCCIGGAGGATCTGCTIGGTGTTICACGTACTCCGAGCACGGTAATCACTTGARAATAAACTGTGC
3. Dll 601 KTGAAGAAGTIGATAGT CAGGCT GAACA AT G s s s s s s s s s s s s s s s ss s e s s s s s eSS S s SSss TS s S sssesssesssssssss== GCRCGGTAATCACTTGRRARATAARACTGTIGC
4. D11 €02 KCTGAAGAAGTTGATAGTCAGGCTGAACAAT G === -- - -e e c e cccm e cc e cc e e ccccccccccccmc-ce——a- GCACGGTAATCACTTGRAAATAAACTGCGC
5. DIl €03 |CTGAAGARGTTIGATAGTCAGGCTGAACAAT G mm === === m e o e e e e e e —m——————— - GCACGGTAATCACTTGARAATAAACTIGTIGE
€. Dll €04 I CTGCAAGAACTTGATAGCTCAGCGCTGAACAATG-~ --GCACCGTAATCACTTCGARAATAAACTETGC
7. D11l €05 KCTGAAGAAGTITGATAGICGGGCTGAACAATG-~- -=GCACGGTAATCACTTGARARTAAACTGIGC
8. DIl €06 |CTGAAGRAGTTGATAGTCAGGCTGARACAATG== -=GCACGGTARTCACTIGARAATAAACTGTGC
5. D11 607 [CTGAAGAAGTTIGATAGTCAGGCTGAACAATG-- --GCACGGTAATCACTTIGAAAATAAACTIGIGC
10. D11 €08 CTGAAGAAGTTIGATAGTCAGGCTGAACAATG=-~- ===CACGGTAATCACTTGARAARTAAACTGIGC
11. D1l €05 CTGAAGAAGTTGATAGT CAGGCT GAACART Gomm === mmm = - s s s s oo m o oo e o oo e e emmmmm i mmmmm - GCACGGTAATCACTIGAGAATAAACTGTGC
12. Dll €10

T ARG AAGTTEATAGT CAGGCTGAACART G — === == == === ——mm = o mmmm o ——mm—mm——————m—————m—————---o------- GCACGGTAATCACCTGARAATAAACTGTEE

70 bp deletion

71 bp deletion
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B (i) gRI}lAl
o< PAM
armzo=za
GTGTTCACGTACTCCGAGCGCGG
1. WT AAACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTGCTGGTGTTCACGTACTCCGA 1 mmmmcccmcccccccee- GCACGG
2. Mock AAACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTGCTGGTGTTCACGTACTCCGA -~GCACGG
3. D1-4 401 AAACAGATAGAAACGCTIGGTCCAAATCCTIGGAGGATCIGCTIGGTGTTCACGTACTCCGA TTGATCGTCTITGGACTCCTATATGA
4. D1-4 402 RAACAGATAGAAACGCTGGTCAAAATCCTIGGAGGATCTGCTGGTGTTCACGTACTCCGA TTGATCGTCTITGGACTCCTATATGA
S. D1-4 403 AAACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTIGCTGGTGTTCACGTACTCCGA ) TTGATCGTCTTGGACTCCTATATGA
€. Dl-4 404 AAACAGATAGAAACGCTGGTCCAAATCCTIGGAGGATCTGCTGGTGTTCACGTACTCCGA 318 bp deletion  r11carcercrreeACTCCTATATGA
7. D1-4 405 RAACAGATAGAAACGCTGGTCCAAATCCIGGAGGATCTGCTGGTGTTCACGTACTCCGX TTGATCGTCTTGGACTCCTATATGA
8. Dl-4 406 AAACAGATAGAAACGCTGGTCCAARATCCTGGAGGATCTGCTGGTGTTCACGTACTCCGA TTGATCGTCTTIGGACTCCTATATGA
9. D1-4 407 RAACAGATAGAAACGCTGGTCCAAATCCTIGGAGGATCTIGCTGGTGTTCACGTACTCCGA TTGATCGTCTTGGACTCCTATATGA
10. D1-4 408 AAACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTGCTTGTGCTCACGTACTCCGA TTGATCGTCTITGGACTCCTATATGA
11. D1-4 405 RAACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTGCTGGTGTTCACGTACTCCGA TTIGATCGTCTITGGACTCCTATATGA
12. Dl-4 410 RAACAGATAGAAACGCTGGTCCAAATCCTIGGAGGATCTGCTGGTGTTCACGTACTCCGA TTGATCGTCTTGGACTCCTATATGA
CCTCTGTTGATCGTCTTGGACTC
pam  Asop
4 ,
gRNA2
(ii gRNA3 gRNA1
r A %: \ r L = Y
Py PAM -5 pAM
‘ e — ' o
AGTCAGGCTGAACAATGTCCAGG GTGTTCACGTACTCCGAGCGCGG
1. WT CAAGARGTTGATAGTCAGGCTGAACAARTGTCCAGGAAGGAAAACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTGCTIGGTGTITCACGTACTCCGAGCACGGTARTCACTTGARAAAATAARACTGTGC
2. Mock CAAGAAGTTGATAGTCAGGCTGAACAATGTCCAGGAAGGAARAACAGATAGARACGCTGGTCCAAATCCTGGAGGATCTIGCTGGTGTTCACGTACTCCGAGCACGGTAATCACTTGARRATARACTGTGC
3. D1-4 €01 KARGAARGTTIGATAGTCAGGCTGARCART G- = - == - m e e e e e e e e e e e e e e e e e e e e —————————— GCACGGTAATCACTTGARAAATAAACTIGTIGC
4. D1-4 €02 GAAGAAGTTIGATAGTCAGGCTGAACAART G === m = e e e e e e e e e e e e e e e e e e e e e e e — - —————— GCACGGTAATCACTTGARAARATAARACTIGTGC
5. Dl-4 €03 GAAGARGTTGATAGTCAGGCTGAARCAAT Gmmm === = = === e e e e e e e e e e GCACGGTAATCACTTGAAAATAAACTGIGC
€. D1-4 €04 CAAGAAGTIGATAGTCAGGCTGAACGAT G mm === e = e e e e e e e e e e e e e e e e e e e — - ————— GCACGGTAATCACTTGAAAATAARACTIGTGT
7. Dl-4 €05 ﬁAAGAAGTTGATAGTCAGGCTGAACAAIG ----- ———————— —————— ————————— ———————— ————————— e ———— ———————— ~-=-GCACGGTAATCACTTGAAAATAAACIGTIGC
8. Dl-4 €06 GAAGAAGT TGATAGT CAGG T GAACART Gmm == === = m = e e e e e e e e e e e e e e e e e e e e e e e e e e e m - ———— GCACGGTAATCACTTGAAAATAAACTIGTGC
9. D1-4 €07 KGARAGAAGTTIGATAGTCAGGCTIGAACAATG -~~~ - r e e e e e e e r e e e e e e e e e e e e e e e e e e e e e e e e = GCACGGTAATCACTITGAAAATAAACTIGTGC
10. Dl-4 €08 |G AAGAAGTIGATAGTCAGGCT GAACAAT A= - s e m e m e e GCACGGTAATCACTTGAAAATARACTGTGC
11. Dl-4 €05 CAAGAAGT TGATAGT CAGG T GARCAART G = o= == = = m e e e e e e e e GCACGGTAATCACTTGAAAATARACTIGTIGC

12. D1-4 €l10GAAGAAGTTGATAGTCAGGCTGAACAAT

------------------------------------------------------------------- GCACGGTAATCACTTGAAAATAARACTGTGC
J

T
l l 70 bp deletion

1 bp insertion

256



c (i)

1.
2.
3.
4.
s.
[
2.
8.
5.
10.
11.

D3-1 405

D3-1 410

12.

WT
Mock
D3-1 401

D3-1 402
D3-1 403

D3-1 404

D3-1 405

D3-1 40€

D3-1 407

D3-1 408

12. D3-1 €10

gRNA1

}E

Y

PAM

TR
GTGTTCACGTACTCCGAGCGCGG

CCAGGAAGGAAAACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTIGCTGGTIGTTCACGTACTCCGA
CCAGGAAGGARAACAGATAGAAACGCTGCTCCAAATCCTGCGAGGATCTGCTIGGTGTTCACGTACTCCCGA
CCAGGAARGGAAAACAGATAGAAACGCTGGTCCAAARTCCTGGAGGATCTGCTIGGTGTTICACGTACTCCGA
CCAGGAAGGAAAACAGATAGAAACGCTGCT CCAAATCCTGCGAGGATCTGCTGGTGTTCACGTACTCCCGA
CCAGGAAGGAAAACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTIGCTGGTGTTCACGTACTCCGA
CCAGGAAGGAAAACAGATAGAAACGCTGCTCCAAATCCTGCGAGGATCTGCTGGTIGTTCACGTACTICTGA

318 bp deletion

TIGATCGTICTTIGGACTCC
TTGATCGICTITGGACTCC
TIGATCGICITGGACTCC
TIGATCGTCTIGGACTCC

CCAGGAAGGAAAACAGATAGAARCGCTIGGTCCAARATCCTGGAGGATCTIGCTIGGTGTTCACGTACTICCGA
CCAGGAAGGAAARACAGATAGAAACGCTGCETCCAAATCCTGGAGGATCTGCTGGTGTTCACGTACTCCGA
CCAGGAAGGAAAACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTGCTGGTIGTTCACGTACTICCGA
CCAGGAAGGAAAACAGATAGAAACGCTGGTCCAACTCCTGGAGGATCTGCTGGTGTTCACGTACTCCGA
CCAGGAARGGRAAARACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTGCTGGTGTTCACGTACTCCGA
CCAGGAAGGAARACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTGCTGGTGTTCACGTACTCCGA

gRNA3
A

Qo
6"‘

1
PAM

AGTCAGGCTGAACAATGTCCAGG

CTTGATAGTCAGGCTGAACAAT(H
CTTGATAGTCAGGCTIGAACAAT(]
CTTGATAGTCAGGCTGAACAAT(]
GCTTGATAGTCAGGCTGAACAAT]
CTTGATAGTCAGGCTGAACAAT(G
GCTTGATAGTICAGGCTGAACAAT(]

GCTTGATAGICAGGCTIGAACAAT
CTTGATAGTCAGGCTGAACAAT

'TTGATCGTCTIGGACTCC
TTGATCGTCTIGGACTCC
TIGATCGICTITGGACTCC
TIGATCGTICTTIGGACTCC
TTIGATCGTCTIGGACTCC
TTGATCGTCTTIGGACTCC

CCTCTGTTGATCGTCTTGGACTC

PAM

k{g’l’OP

gRNA2

gRNA1

o

“ PAM

GTGTTCACGTACTCCGAGCGCGG
CTTGATAGTCAGGCTGAACAATGTCCAGGAAGGARAAACAGATAGAAACGCTGGTCCAAATCCT GGAGGATCTIGCTGGTGTTICACGTACTCCGAGCACGGTAATCACTTGAARA

GTTGATAGTCAGGCTGAACAATGTCCAGGAAGGAAAACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTGCTGGTGTTCACGTACTCCGAGCACGGTAATCACTTGAAA
GTTGATAGTCAGGCTGAACART Gmmm == == == = = m e e e e e e e e e GCACGGTAATCACTTGAAA
-------------------------------------------------------------------- GCACGGTAATCACTTGAAA
-------------------------------------------------------------------- GCACGGTAATCACTTGAAA
------------------------------------------------------------- GCACGGTAATCACTTGAAA
-------------------------------------------------------------------- GCACGGTAATCACTTGAAA
-------------------------------------------------------------------- GCACGGTAATCACTTGAAA
-------------------------------------------------------------------- GCACGGTAATCACTTGAAA
------------------------------------------------------------ GCACGGTAATCACTTGAAA
----------------------------------------------------------- EFGAAGGAAAACAGATAGAA
i

GCACGGTAATCACTTGAAR

2 bp insertion 1 bp insertion

257

70 bp deletion

1 bp insertion



D (i)

gRNA1

Sz

PAM

GTGTTCACGTACTCCGAGCGCGG

1. WI CCAGGAAGGARAACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTIGCTGGIGTTCACGTACTCCGA === ====co----o-----o
2. Mock KA ARG CARAACAGATAGARACGCTCCTCCARATCCICGAGGATCTIGCTGGTIGTTCACGTACTCCGA @~ =eemsmssecccco——=—-
3. D4-2 401 |CCAGGAARGGARAACAGATAGAARACGCTGGTCCARATCCTIGGAGGATCTGCTGGTGTTCACGTACTCCGA TTGATCGTICTTGGACTCC
4. D4-2 402 |CCAGGAAGGAAAACAGATAGARACGCTGGTCCARATCCTIGGAGGATCTIGCTIGETGTICACGTACTCCGA TTGATCGTCTTGGACTCC
5. Dd-2 403 K CAGGAAGCAAAACAGATAGARACGCTIGeTCCARATCCT GGAGGATCIGCTGETIGTICACGTACTCCGA ITGATCGICITGGACCCC
€. Dd-2 404 KCCAGGAAGGAAAACAGATAGARACGCIGGTICCARATCCTIGGAGGATCIGCTIGGIGTITICACGTACTICCGA 318 bp deletion TTGATCGICTITGGACTCC
7. D4-2 405 |CCAGGAAGGAAAACAGATAGARACGCTIGGTCCARATCCIGGAGGATCIGCTGETGTICACGTACTCCEA : TTGATCGTICTTGGACTCC
8. Di-2 406 |CCAGGAAGGAAAACAGATAGARACGCTGGTCCARATCCTIGGAGGATCTGCTGETGTTCACGTACTCCGA TTGATCGTICTTGGACTCC
9. Dd-2 407 K CAGGAAGGARAAAACAGATAGARACGCIGGICCARATCCTIGGAGGATCIGCTIGGIGTITICACGTACTCCGA ITGATCGICTITGGACTCC
10. D4-2 408 CCAGGAAGGAAAACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTGCTGETGTICACGTACTCCGA TTGATCGTICTTGGACTCC
11. D4-2 405 [CCAGGAAGGAAAACAGATAGAAACGCTGGTCCARATCCTIGGAGGATCTIGCTIGETGTICACGIGCTCCGA TTGATCGTICTTGGACTCC
12. Dd=2 410 CCAGGARAGGARAARACAGATAGARACGCTIGOTCCARATCCTGGAGGATCIGCTGGIGTICACGTACTCCGA TTGATCGICTITGGACTCC
CCTCTGTTGATCGTCTTGGACTC
pam  Astop
PAM k{ I
gRNA2
gRNA3 gRNA1
r : 1 " : '
= pam > PAM
— —
AGTCAGGCTGAACAATGTCCAGG GTGTTCACGTACTCCGAGCGCGG
1. WT A RGTIGATAGTI CAGG CT GAACAAT GTCCAGGAAGGAA A ACAGATAGAARCGCTGGTCCAAATCCIGGAGGATCIGCIGGTIGTITCACGTACTICCGAGCACGGTAATCACTITIGAARART
2. Mock R ARG T IGATAGCT CAGGCT GAACAAT G T CCAGGAAGGAARACAGATAGAARCGCT GG TCCAAATCCTIGGAGGATCIGCTIGGTICTICACGTACTCCGAGCACGGTAATCACTTGAAARAT
3. D4-2 €01 [RGARGTIGATAGTCAGGCTGAACART A - oo oo oo oo GCACGGTAATCACTTGARAAT
4. Di-2 602 RGARGTTGATAGTCAGGCTGAACAAT G- ==|-= === === - e eee e e eeeeeee——--e-e-e——-e--e-ee-e———————= GCACGGTAATCACTTGAAAAT
5. D4-2 €03 RGAAGTTGATAGTCAGGCTGAACAAT Al == === oo s o e e e e e e e e e e e e e e ee e GCACGGTAATCACTTGAAAAT
€. Di=-2 €04 [GAAGTTGATAGTCAGGCT GARCAAT Gmm === == === = = = = = e = GCACGGTAATCACTTGAARAT
7. D4-2 605 RGAAGTTGATAGTCAGGCTGAACAAT G- -=|-mmm- - e e e e eccecmecccc-e-ccsc---cc--s--csccss-as—===== GCACGGTAATCACTTGAAAAT
8. Di-2 €0 [RGAAGTTGATAGTCAGGCTGARCAAT Gmm === === === == e e e m e e e e e mm e e —— - e————— === == ————————— GCACGGTAATCACTTIGAARAT
5. D4-2 607 RGAAGTTIGATAGTCAGGCTGAACAATG--=|-m=-----cceccccceccccccc-ccs-cccc---s-ccs-s---c-ss----csss-cs====== GCACGGTAATCACTTGAAAAT
10. Dd=2 €038 RGAAGTTGATAGTCAGGCTGARCAAT Gmmm|m === === === = e e e e e e e ——— e e—————e—-———eem——m—eem——————— GCACGGTAATCACTTIGAAAAT
11. D4-2 €10 RGAARGTTGATAGTCAGGCTGARCART G —|mmm— = mmm m = o m oo o - GCACGGTAATCACTTGAAAAT
[ T J
v 70 bp deletion
1 bp insertion

258



E (i)

1l
2.
3.
4.

WI
Mock

D45 401

D45 402

D45 403

D45 404

D45 405

r [
8.

D45 406

D45 407
D45 408
D45 408
D45 410

+ 18
10.
e
12.

(ii

1.

gRNA1

< pAM

'

GTGTTCACGTACTCCGAGCGCGG

CCAGGAAGGAAAACAGAT AGRAACGCIGGTCCARATCCIGGAGGATCIGCIGGIGTICACGTACICCEA
CCAGGARAGGARAAACAGATAGARACGCTGGTCCARAATCCTIGGAGGATCTGCTGGTIGTTCACGTACTCCGA
K CAGCGAAGGAARARACAGATAGRAARACGCIGEICCAAATCCIGGAGGATCIGCIGGIGTITICACGTACICCGA
CCAGGAAGGAARAACAGATAGARACGCT GG TCCARATCCTIGGAGGATCTIGCTIGGIGTTICACGTACTICCGA
CCAGGAAGGAARAACAGATAGARACGCTIGETCCAAATCCTIGGAGGATCIGCTIGGIGCTICACGTACTICCGA
CCAGGAAGGAARACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCIGCTIGGIGTITICACGTACTCCGA

TTGATCGICITGGARCTICC
TTGATCGICITGGRCTCC
TTGATCGICITGGACTICC

318 bp ,d9|e°t'°" TTGATCGTCTTGGACTCC

CCAGGAAGGAAAACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTGCTGGTGTTCACGTACTCCGA'
CCAGGAAGGAAAACAGATAGAAACGCTGGTCCARAATCCTIGGAGGATCTIGCTGGTIGTTICACGTACTCCGA
CCAGGRAGGARARACAGATAGRARACGCTIGGETCCARATCCTIGGAGGATCIGCTGGIGTTICACGTACTICCGA
CCAGGARGGARA R ACAGATAGARACCGCTIGETCCARAATCCTIGGAGGATCTIGCTIGGTIGTTICACCGTACTICCGA
CCAGGRAGGAAAACAGATAGARAACGCIGGTCCARATCCTGGAGGATCIGCTIGGTIGITICACGTACTICCGA

WT

CCAGGAARGGARAACAGATAGAARCGCTGGTCCARATCCTGGAGGATCTGCTIGGTGTTICACGTACTCCGA

gRNA3
r . - l
< pAM
AGTCAGGCTGAACAATG'WCHS

Mock

ITTGATCGTICTITGAACTCC
TTIGATCGICITGGACTCC
TIGATICGICITGGACTICC
TTIGATCGTICITGGACTICC

TIGAICGICTITIGGACICC
TTIGATCGICTIGGACTICC
CCTCTGTTGATCGTCTTGGACTC
PAM STOP
= .
gRNA2
gRNA1
T = 1
S
5 PAM

GTGTTCACGTACTCCGAGCGCGG

A ARGTITGATAGT CAGGCTGARCART G T CCAGGARAGGARAACAGATAGRAARCGCT GGTCCAARTCCTIGGAGGATCT GCTGGTGTTICACGTACTCCGAGCACGGTAATCACTIGRRARTAAR
GAAGTTGATAGTCAGGCTGAACAATGTCCAGGAAGGAARACAGATAGARACGCTGGTCCARAARTCCTIGGAGGATCTGCTIGGTGTTICACGTACTCCGAGCACGGTAATCACTIGARARATAAR

3. D46 €01 |GAAGTTGATAGTICAGGCTGAACAATG--——--—mm-—mm - mmmmmmcmm e mcmmcmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm—m—m——mm e
4. Da5 €03 Guc;:r'rsnAcrcncscrcaacaa:@- -------------------------------------------------------------------
6. D45 €04 |CAAGTTGATAGTCAGGCTGARCAAT G  m=lmmm-c-cmcccccccccccccccccccccccc-cc-cmc-cccc-------m---eee-m-a==-—===
€. D45 605 |GAAGTTGATAGTCAGGCTGARCAATG=——jmmm==m=m - - e mmm e e e e e e mmmmmmmmmmmm—mm—mmmmmmmmmmmmmmmm—mmm——m e
7. D45 €06 cuc:rcuncrcncccrcnacu:@-— -------------------------------------------------------------------
8. D45 607 |GAAGTTGATAGTCAGGCTGAATAAT G = —|m === === mmmm s e e e e e e e e e e e e e mmmmmmmmmm e m e
9. D45 €08 |GAAGTTGATAGTCAGGCTGAACAATG/R alr=mmm - m - e e e e e ccmcccccmccmcmmcmmmmm——m——————— -
10. DME €08 CAAGCTTCATACTCAGCCCTCAACAAT G m =l e s s e s s s s s s e s s s s s s e s s s e s s s s s s s s e s e e s s E s s s e e -

11. 025 €10 BAAGT TGATAGTCAGGCTGARCAAT G == m|m - - e e e e e ccmmeccmmccecm-cc-cs-cc-c—o----a==
L

J

v 70 bp deletion
1 bp insertion

259

GCACGGTAATCACTTGARAAATAAR
GCACGGTAATCACTTGAARAATAAR
GCACGGTAATCACTITIGARAATAAR
GCACGGTAATCACTTGARAAATAAR
GCACGGTAATCACTTIGARAATAAR
GCACGGTAATCACTTGAARAARTAAR
GCACGGTAATCACTITIGAAAATAAR
GCACGGTAATCACTTIGARAATARAR
GCACGGTAATCACTTGAAAATAAR



F (i) , gRIAL .
5 pAM
V.
GTGTTCACGTACTCCGAGCGCGG
l. WT A AGGAAAACAGATAGAAACGCTIGGICCAAATCCTGGAGGATCTIGCTIGGTIGITCACGTACTCCGA 1 meemmmcmccmmmmmm e
2. Mock A AGGAAAACAGATAGRAACGCTGGTICCARATCCTGGAGGATCTGCTIGGTIGTTICACGTACTCCGA @ =eeccccccccee—————
3. D51 401 AGGAAARACAGATAGRAACGCTIGGICCAARATCCIGGAGGARATCIGCIGGTIGITICACGTIACICCGA TTIGATCGICITGGACTCC
4. D51 402 AGGAARACAGATAGRAACCGCTIGGTICCAAATCCT GGAGGATCTIGCIGGTIGTITICACGTACTCCGA TTIGATCGICITGGACTCC
6. D51 403 AAGGAAAACAGATAGAAACGCIGGTCCAAATCCTGGAGGATCTGCTGGTIGTTCACGTACTCCGA 318 bp deletion TTGATCGTCTTIGGACTCC
€. D51 404 RJ\GGhJUUlCiGJ\ThGthCGCTGGTCCﬁhhTCCTGGJ\GG&TCTGETGGTGTTChCGIhCTCCGhr 1 ICIGETCGTCTTGGJ\CTCC
7. D51 405 EJ\GGJHLAAC.RGJ\IAGRAACGCIGGICCAAJLICCIGGJ\GGAICIGCTGGIGTICRCGTACTCCG.‘R TTIGATCGICITIGGACTCC
8. D51 40& AGGAAARACAGATAGAAACGCTIGGTICCAAATCCTGGAGGATCTGCTIGGTGTITCACGTACTCCGA TIGATCGICITGGACTCC
5. D51 407 BRAGGAARARARCAGATAGRAACGCIGGTICCARATICCTIGGAGGARICIGCIGGIGTITCACGTACTCCGA TTGATCGICTITGGACTCC
10. D51l 4059 RAGGAARARRCAGATAGRAACGCIGGTICCAARATCCTIGGAGGARATCTIGCIGGTATICACGTACTCCGA TTIGATCGICITGGACTCC
1l. DSl 410 RAGGAARACAGAT AGRAACGCTIGGICCARATCCTIGRAGRATCTIGCTIGGIGTIICACGTACTICCGA ITIGATCGICITGGACTCC
CCTCTGTTGATCGTCTTGGACTC
— l —
PAM kéTDP
gRNA2
(ii) gRNA3 gRNAL
I i 1 r L 1
o PAM = PAM
Y — —
AGTCAGGCTGAACAATGTCCAGG GTGTTCACGTACTCCGAGCGCGG
1. WT B ARG T I GATAGTI CAG G CIGRACARTIGICCAGG ARG G AR A ACAGRAT AGRAARCGCIGGICCARATCCIGGAGGAICTIGCIGGIGTIICACGTACT CCGAGCACGETAATCACTIGRAAARARTARACTIGTIG
2. Mock R ARG T TGATAGTCAGGCT A ACART G T CCA GG AAGGAARAACAGATAGAAACGCT GG TCCAARAT CCTI GRAGGATCT GCT G T T I CACGTACTCCRAGCACGETAATCACTTGAARATARACTICTG
3. D51 €0l BRAGTTGATAGTCAGGCTIGARACARAT G- —-—— - - - - - mmmmcmmcmmcm e mm e C e mE e m e m e mmmmmmm s m e mmc—cc——— o= AGCACGGTAATCACTTIGAAAATARACTIGTG
4. DBl 602 |ACT T G AT AGCT CA G G U T G A A C A AT G = = = = o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o T o o o o o AGCACGGETAATCACTIGRAARARTAARACIGTIG
5. D51l €03 LAGTIGAIAGICRGGCIthﬂ.‘hh'."daAGGRA.RAC.I\GRIAG.\AACGCIGGTCCAAAICCIGGAGGhl‘l:'.I.'GCIGGTGITC.&CGILCICCL‘-ATT— ICGTICTIGGACTCCTATATGAGAGTICGCG
€. D51 €04 BAAGTTGATAGTCAGGCTIGAACAATG AGCACGGTAATCACTTIGAAAATARACTIGTG
7. D51 605 RAGTITGATAGTICAGGCIGRARCARATG AGCARCGGTAATCACTITGARAARARTARACIGIG
B. D51 606 RRAGTIGATAGTCAGGCIGARACARATG AGCACGGTAATCACTITIGRAARATARACIGTG
SRS TEEIINAAGCTI I CATAGTI CAGGCIGA~ -~~~ cccm s e s s e s s s e s s e s s e s e - -ICGICTITGGACTICCTATATGAGAGTICGCG
10. D51 €08 AAGTTGATAGTCAGGCTGAARCARATG AGCACGGTAATCACITGAAARATARACIGTG

1l. D51 €09 RAGTTGATAGTCAGGCIGAACARTG
1. E

2. D51 €10 RAAGTTIGATAGTICAGGCIGARACARTG

AGCACGGTAATCACTITIGRAAARARTARACIGTG
AGCACGGTAATCACTITIGAAARATAAACICGTG

67 bp insertion 1 bp insertion
. . \
69 bp deletion

T

76 bp deletion

260



G (i)

gRNA3
A

f \
< pAM

AGTCAGGCTGAACAAT&ECCAGG

ITCCAGGAAGGAAAAC--~-
TCCAGGAAGGAARAAC-=-=
ITGATCGICITIGGACICC
TIGGTCGICTITGGACTICC

TTGATCGICITGGACTICC
TTGATCGICTITGGACTICC
TTGATCGICTITGGACTCC
TTGATCGTCTTGGACTCC
TTGATCGICITGGACTICC

CCTCTGTTGATCGTCTTGGACTC

PAM -

L '

etion ITGATCGTICTIGGACTCCT

TTGATCGICIIGGACTCCT
ITGATCGICITIGGACTCCT

1. WI G C TG I CAGG G T G e GAAGAGRACGAGGRARACTICIGRAGAARGTTIGATAGTCAGGCIGARCAATG
2. Hock IGCTGTICAGGGCTCCGAAGAGGACGAGGAAACTCTIGAAGAAGTTIGATAGCTCAGGCTIGARCAATG
3. DElL 301 GCTIGICAGGGGTIGCGAAGAGGACGAGGAAACTICTIGARGAAGTTIGATAGTICAGGCTIGARCAATG
4. DElL 302 IGCTGTICAGG GG TGCGAAGAGGACGAGGAARCTCTGAAGAAGTITGATAGTICAGGCTGARCAATG
5. DElL 303 GCTGTICAGGGGIGCGAAGAGGACGAGGAAACTCTIGAAGAAGTTGATAGTCAGGCTGAACAATG 388 bp dEIEtIOI'I TTIGATICGICITGGACTICC
€. DEL 304 GCTGTCRGGGGTGCGE&GPAGGRCGBGCRR.\CTCTGARGZ\PAGTIG.\TthCAGGCTGRiCﬁﬁTG,—'—ﬂ’TGRIC‘;ICTTGGRCICC
T. Del 305 GCTIGTICAGGGGTIGCGRAGAGGRCGAGGARACTICTIGARAGAAGTTIGATAGTICAGGCTIGARCAATG
8. DElL 30€ IGCTGTCAGGGGTGCGARAAGAGGACGAGGAAACTICTGAAGAAGTTGATAGTICAGGCTGARCAATG
9. DEL 308 IGCTIGICAGGGGIGCGAAGAGGACGAGGAAACTCIGAAGAAGTIGATAGICAGGCTIGAACAATG
10. DEl 0S| GCTI GTICARGG GG T GCGRAAGAGGRC G AGGARARCTCIGRAAGAAGTTGATAGTICAGGCTIGRRACAATG
1l. DEl 310G CTIGICAGG GG T GC G RAAGAGGACGAGGRAARCT CTI GRAAGAAGTITGATAGICAGGCTGARCAATG
(i , gRNAL ,
S pam
'
GTGTTCACGTACTCCGAGCGCGE
1l. WT JAARCAGATAGAAARCGCTGGTCCAAATCCTGGAGGATCTGCTGGTGTTCACGTACTCCGA
2. Mock AACAGATAGAAARCGCTGGTICCAARATCCTIGGAGGATICTGCIGGTIGTTCACGTACTCCGA 318 b d I
3. DeEl 403 AR AC ARG ARTAGAARCGCT GG T CCRARA AT CCTI GG RAGGRAICTIGCIGGIGTITICACGTACTCCGA P K e
4. DElL 408 RACAGATAGAAARCGCTIGGICCARARATCCIGGAGGATICTIGCIGGIGTTICACGTACTCCGAS
5. DEl 406 BRACAGATAGAAACGCTIGETICCAAATCCIGGAGGATICTGCIGGIGTITCACGTACTCCGA
€. DEl 407 BRACRGATAGRAARCGCTIGGTICCAARATCCIGGAGGARAICTGCTIGGTIGTITCACGTACTCCGR

261

TTGRTCGICTIGGACTCCT
CCTCTGQIIGAILGIL] IGGALCILC
PAM A Stop

—

- @

gRNA2



(ii

1.
2. Mock

3. Del €01
4. Del €02
5. D€l €03
€. D€l €05
7. D€l €0€
8. DEl €07

Bl

S. D€l €08

10. D€l €0S

I

]

;

gRNA3
1

1

7 pam
 PosmmonoG
AGTCAGGCTGAACAATGTCCAGG

CGAGTTGATAGTCAGGCTGAACAAT

GAAGTTGATAGTCRGGCTCAACAATdTTGATCGTCTTGGACTCCTAF-

CAAGTTGATAGTCAGGCTGAACAATG -
CAAGTTGATAGTCAGGCTGAACAATG -~
CAAGTTGATAGTCAGGCCGAACAART

CAAGTTGATAGTCAGGCTGAACAATG -~
CAAATTGATAGTCAGGCTGAACAATG -~
CAAGTIGATAGTCAGGCTGAARCAATG -~

v
1 bp insertion
L

gRNAL
] — .
~  paM
GTGTTCACGTACTCCGAGCGCGG

G AAGTTGATAGTCAGGCTGAACAATGTCCAGGAAGGAAAACAGATAGAAACGCTGGTCCAAATCCTIGGAGGATCTGCTGGTGTTCACGTACTICCGAGCACGGTAATCACTTIGAAARTA
GAAGTTGATAGTCAGGCTGAACAATGTCCAGGAAGGAAAACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTGCTGGTGTTCACGTACTCCGAGCACGGTAATCACTTGAAAATA
------------------------------------------------------------------ GCACGGTAATCACTTGAAAATA

---4?ATGAGAGTCGCGAGIGTGCAGCAGGTAAAG#CATTGTTTTCACTTCAACTCA

51 bp insertion

------------------- GCACGGTAATCACTTGAAAATA
~GCACGGTAATCACTTIGAAGATA
~GCACGGTAATCACTTIGAAAATA
~GCACGGTAATCACTTGAARAATA
~GCACGGTAATCACTTGAAAATA
==GCACGGTARATCACTTGAAAATA

70 bp deletion

gRNA3
A

1

o< PAM

e
AGTCAG GCTGAACAATG"CC AGG
CAGCIGTICAGGGGTGCCAAGAGGACGAGGAAACTCTIGCAAGAAGTTCGATAGTCAGGCTGAACAATG
CAGCTGTCAGGGGTGCGAAGAGGACGAGGAAACTCTGAARGAAGTTGATAGTCAGGCTGAACAATG
CAGCIGTICAGGGGTGCCAAGAGGACGAGGAAACTCTGAAGAAGTTIGATAGTCAGGCTGAACARTG
CAGCTIGTCAGGCGTGCCAAGAGGACAAGGAAACTCTCAAGAAGTTCGATAGTCAGGCTGAACAATG
CAGCTIGTCAGGGGTGCGAAGAGGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGAACAATG 388bpdekﬁbnTTGATCGTCITGGRCTCCTATKTG
CAGCTGTCAGGGGTGCGAAGAGGACCGTGCGAAACTCTGAAGAAGTTGATAGTCAGGCTGAACARTG
CAGCTIGTCAGGGGTGCGAAGAGGACGAGGAAACTCTCGAAGAAGTTIGATAGTCAGGCTGAACAATG
CAGCTIGTCAGGGGTGCGARGAGGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGAACAATG
CAGCTGTCAGGGGTGCCARAGAGCACCGAGGAAACTCTGAAGAAGTTICGATAGTCAGGCTGAACAATG
ICAGCTGTCAGGGGTGCGAAGAGGACGAGGAAACTCTCGAAGAAGTTGATAGTCAGGCTGAACAATG
CAGCTIGTICAGGGGTGCGAAGAGGACGAGGAAACTCTIGAAGAAGTTIGATAGTCAGGCTGAACAATG
CAGCTGTCAGGGGTGCGAAGAGGACGAGGAAACTCTGARAGAAGTTGATAGTCAGGCTGAACARTG

262

TCCAGGAAGGAAAACAGATAGARAA
TCCAGGAAGGAAAACAGATAGARA
TIGATCGICTITGGACTCCTATATG
TIGATCCGTCTITGGACTCCTATATG

TTGATCGTCTTIGGACTCCTATATG
TTGATCGICTTGGACTCCTATATG
TIGATCGICTTIGGACTCCTATATG
TTIGATCGICTTGGACTCCTATATG
TTGATCGTCITGGACTCCTATATG
TIGATCGTICTITGGACTCCTATATG
TTIGATCGTCTTGGACTCCTATATG

CCTCTGTTGATCGTCTTGGACTC

PAM

]
>

gRNA2



1 (i gRNA1
S paM
==
GTGTTCACGTACTCCGAGCGCGG
LTLEWT CCAGGAAGGAAAACAGATAGAAACGCTGGTCCAAATCCTIGGAGGATCTGCTGGTGTTCACGTACTCCGA  mrmrmmmmmm=mmmmmm=--
2. Mock CCAGGAAGCGAAAACAGATAGAAACGCTIGGTCCAAATCCTIGGAGGATCTIGCTIGGTGTTCACGTACT CCGAM | m======— s mmmm
3. D71 401 KCAGGAAGGAAAACAGATAGAAACGCIGGTICCAAATCCTIGGAGGATCTIGCTIGGTIGTTCACGTACTCCCGA TIGATCGTICITGGACTCC
4. D71 402 KCCAGGAAGGAAAACAGATAGAAACGCIGGTCCAAATCCTGGAGGATCTIGCTGGTGTTCACGTACTCCCGA TIGATCGTICTTIGGACTCC
5. D71 403 KCCAGGAAGGAAAACAGATAGAAACGCTIGGTCCAAATCCTIGGAGGATCIGCTGGTGTTICACGTACTCCGA 318 bP deletion TIGATCGICTIGGACTICC
€. D71 404 KCCAGGAAGGAAAACAGATAGAAACGCTIGGTCCAAATCCTGGAGGATCIGCTIGGTGTTCACGTACTCCGAT L W TTGATCGTCTTGGACTCC
7. D71 40€ K CAGGAAGGAAAACAGATAGARAACGCTIGGTICCARATCCIGGAGGATCTIGCTIGGTIGTTICACGTACTCCCGA TTGATCGTCTTGGACTCC
8. D71 407 KCCAGGAAGGAAAACAGATAGAAACGCTIGGTICCAAATCCTGGAGGATCTIGCTGGTGTTCACGTACTCCGA TTGATCGTICTITGGACTCC
S. D71 408 KCCAGGAAGGAAAACAGATAGAAACGCTIGGTICCAAATCCTIGGAGGATCTIGCTIGGTGTTICACGTACTCCGA TTGATCGICTITGGACTCC
10. D71 409 CCAGGAAGGAAAACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTIGCTGGTGTTCACGTACTCCCGA ITGATICGICITGGACTICC
CCTCTGTTGATCGTCTTGGACTC
I =1
PAM méﬂ'OP
gRNA2
(ii gRNA3 ERNAL
f ) % ) £ . 1
°y PAM ) PAM
EsTeTw e
AGTCAGGCTGAACAATGTCCAGG GTGTTCACGTACTCCGAGCGCGG
1. WT G AGGAAACT CTGAAGAAGT TGATAGT CAG G CTGAACAAT GTC CAG GAAG GAAAACAGATAGAARCGCTIGGTCCAAATCCTI GGAG GATCTIGCTGGTGTICACGTACTCCGAGCACGGTAAT CACTT
2. Mock CGAGGAAACTCTI GAAGAAGTTGATAGT CAGGCTGAACAATGTCCAGGAAGGAAAACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTGCTGGTIGTTCACGTACTCCGAGCACGGTAATCACTT
3. D71 €01 [CGAGGARACTCTGAAGAAGTIGATAGTCAGGCTGAACAAT G-~ -~ - - - - e e e e e e e e e e e e e e e —————— GCACGGTAATCACTT
4. D71 €02 KCGAGGAAACTCTGAAGAAGTTIGATAGTCAGG T GAACAAT G == - === - e e e e e e e e e e e e e e m— e ———— - GCACGGTAATCACTT
5. D71 €03 KGAGGAAACTCTGAAGAAGTIGATAGT CAGG T GARCART Gmm = m = = m s s s e e e e e e e e e e e e e e e e e e e e m e m e m———— - GCACGGTAATCACTT
€. D71 €04 |CCAGGAAACTCTGAAGAAGT TCATAGT CAGG T GAACAAT Gmmm e e e e e e e e e e e e e e e e e e e e e e e e e e - GCACGGTAATCACTT
7. D71 €05 |CGAGGAAACTCTGAAGAAGTIGATAGT CAGG T GARACARAT G- mmmmmm s o e e e e e e e e e e e m GCACGGTAATCACTT
8. D71l €0€ |CGAGGAAACTCTGAAGAAGT TGATAGT CAGG T GARACAAT G m o mm e e e = e e e e e e e e GCACGGTAATCACTT
9. D71 €07 [KCGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGARCART G === m === = e = e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e — - ———— GCACGGTAATCACTT
10. D71 €08 CGAGGAAACTCCGAAGAAGTTGATAGT CAGG T GARCAAT Gor == == === = mm = e e e e e e e e e e e e e e e e e e e e e e e e e e e - GCACGGTAATCACTT
11. D71 €0S ccAccAAAcccrcAAcAAcncAIAcrcxcccrcAAcnxr@ -------------------------------------------------------------------- GCACGGTAATCACTT

1 bplinsertion

70 bp deletion

263



—
—
—

o< PAM
emnE
AGTCAGGCTGAACAATG"CCAGG
1. wr [FTGGCAGCTGTCAGGGGTGCGARGAGGACGAGGARACTCTGAAGARGTTGATAGTCAGGCTGAACAATG TCCAGGAAGGAAARAC----AGAT-AGA
2. Mock TGGCAGCTGTCAGGGGTGCGAAGAGGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGARCAATG TCCAGGAAGGAAAAC----AGAT-AGA
3. D7-2 301 |TGGCAGCTGTCAGGGGTGCGAAGAGGACGAGGAAACTCTGAAGAAGTIGATAGTCAGGCTGAACAATG TTGATCGTCTTGGACTCCTATATGAGA
4. D7-2 302 |GTGGCAGCTGTCAGGGGTGCGAAGAGGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGAACAATG 388 bp deletion TTGATCGTCTTGGACTCCTATATGAGA
§. D7-2 303 |6TGGCAGCTGTCAGGGGTGCGAAGAGGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGAACAATG TTGATCGTCTTGGACTCCTATATGAGA
€. D7-2 304 |STGGCAGCTGTCAGGGGTGCGAAGAGGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGAACAATG TTGATCGTCTTGGACTCCTATATGAGA
7. D7-2 305 |GTGGCAGCTGTCAGGGGTGCGAAGAGGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTG TTGATCGTCTTGGACTCCTATATGAGA
8. D7-2 306 |STGGCAGCTGTCAGGGGTGCGAAGAGGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGAACAATG TTGATCGTCTTGGACTCCTATATGAGA
9. D7-2 307 |TGGCAGCTGTCAGGGGTGCGAAGAGGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGAACHATG TTGATCGTCTTGGACTCCTATATGAGA
10. D7-2 308 K TGGCAGCTGTCAGGGGTGCGAAGAGGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGAACAATG TTGATCGTCTTGGACTCCTATATGAGA
11. D7-2 309 K TGGCAGCTGTCAGGGGTGCGAAGAGGACGGGGAAACTCTGAAGAAGTTGATAGTCAGGCTGAACAATG TTGATCGTCTIGGACTCCTATATGAGA
12. D7-2 310 sTGGCAGCTGTCAGGGGTGCGAAGAGGACGAGGAAACTCTCAAGAAGTTGATAGTCAGGCTGAACHATG TTGATCGTCTTGGACTCCTATATGAGA
CCTCTGTTGATCGTCTTGGACTC
=
7 bp deletion PAM ..o
gRNA2
( .
S pam

&l

;

w
o

D7-2 401
- D7-2 402
5. D7-2 403
€. D7-2 404
7. D7-2 405
- D7-2 406
S. D7-2 407
10. D7-2 408
11. D7-2 405

£

gRNA3
)

1

GTGTTCACGTACTCCGA'GCGCGG

CCAGGAAGGARAACAGATAGARACGCTGGTCCAAATCCTIGGAGGATCTIGCTGGTGTTCACGTACTCCGA
CCAGGAAGGAAAACAGATAGARAACGCTGGTCCAAATCCTIGGAGGATCTIGCTGGTGTTCACGTACTCCCGA
CCAGGAAGGAAAACAGATAGAAACGCTIGGTCCAAATCCTIGGAGGATCTIGCTGGTGTTICACGTACTCCGA
ICCAGGAAGGAAAACAGATAGAAACGCTIGGTCCAAATCCTIGGAGGATCTIGCTGGTGTTICACGTACTCCGA
CCAGGAAGGARAACAGATAGAAACGCTIGGTCCARATCCTIGGAGGATCTIGCTGGTGTTICACGTACTCCGA

318 bp deletion

TIGATCGTICTTIGGACTCCT
TTIGATCGTCTTIGGACTCCT
TIGATCGTICTTIGGACTCCT

CCAGGAAGGARAACAGATAGAAACGCTGGTCAARATCCTGGAGGATCTGCTGGTGTTCACGTACTCCGAT
CCAGGAAGGAARAACAGATAGARACGCTGGTCCARAATCCTIGGAGGATCTIGCTIGGTGTTICACGTACTCCCGA
- --=-GAAGGAAAACAGATAGAAACGCTGGTCCARATCCTGGAGGATCTGCTGGTGTTCACGTACTCCCGA
CCAGGAAGGAARACAAATAGAAACGCTGGTCAAAATCCTGGAGGATCTGCTGGTGTTICACGTACTCCGA
CCAGGAAGGAAAACAGATAGARACGCTGGTCCAGATCCTGGAGGATCTGCTGGTGTTCACGTACTCCCGA
CCAGGAAGGAAAACAGATAGAAACGCTIGGTCCAAATCCTIGGAGGATCTGCTIGGTGTTICACGTACTICCGA

12. D7-2 410

CCAGGAAGGAAARACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTGCTGGTGTTCACGTACTCCGA

264

TTGATCGICTITGGACTCCT
TIGATCGICTTIGGACTCCT
TTGATCGCCTTGGACTCCT
TTGATCGTICTITIGGACTCCT
TTIGATCGICTTIGGACTCCT
TIGATCGICTIGGACTCCT
TTGATCGTCTITGGACTCCT

CCTCTGTTGATCGTCTTGGACTC

== ‘ o
PAM STOP
. > X
gRNA2



(iii

12. D7-3 410

gRNA3 gRNA1

[ L \ T L 1
S pAM = pam

(,!r — Emzrrooy
AGTCAGGCTGAACAATGTCCAGG GTGTTCACGTACTCCGAGCGCGG

AGAAGTTGATAGTCAGGCTGAACAATGTCCAGGAAGGAAAACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTGCTGGTGTTCACGTACTCCGAGCACGGTAATCACTTGAAAATAAR
AGAAGTIGATAGTCAGGCTGAACAATGTCCAGGAAGGAAAACAGATAGARACGCTGGTCCAAATCCTGGAGGATCTGCTGGTGTTCACGTACTCCGAGCACGGTAATCACTIGAAAATAAR
AGAAGTTGATAGTCAGGCTGAACART Gor === == === = = m e e e e e e e e e e ===~ - GCACGGTAATCACTTGAAAATAARA

AGAAGTTIGATAGTCAGGCTGAACAAT

AGAAGTTIGATAGTICAGGCTGAACAATG -~

AGAAGTTGATAGTCAGGCTGAACAAT
AGAAGTTGATAGTCAGGCTGAACAAT

AGAAGTTGATAGTCAGGCTGAACAATG--~
AGAAGTTIGATAGTCAGGCTGAACAATG-~-~
AGAAGTTGATAGTCAGGCTGAACAATG--~
GGRAAGTIGATAGTICAGGCTGAACAATG-~~

AGAAGTTGATAGTCAGGCTGAACAAT

e mmm e — e e e ————————— GCACGGTAATCACTTGAAAATAAA
------------------------------------------------------------------- GCACGGTAATCACTTGAAAATAARA
e e e m e e e e e e === GCACGGTAATCACTTGAAAATAAA
------------------------------------------------------------------- GCACGGTAATCACTTGAAAATAAA
------------------------------------------------------------------- GCACGGTAATCACTTGAAARATAAA
------- e e e e e e ==~ GCACGGTAATCACTTGAAAATAAA
------------------------------------------------------------------- GCACGGTAATCACTTGAAAATAAA
------------------------------------------------------------------- GCRCGGTAATCACTTGAARATARA
e e m GCACGGTAATCACTTGAAAATAAA

v
1 bp insertion 70 bp deletion

gRNA1
. - ,
<5 pAM
el
GTGTTCACGTACTCCGAGCGCGE

GGCARAACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTIGCTIGGTGTTCACGTACTCCGA @ =meeeemecccccccccee=-

GCARARCAGATAGAAACGCTGGTICCAAATCCTGGAGGATCTIGCTIGGTGTTCACGTACTCCGA @ === ececcccecccccc===-

CeARAACAGATAGAAACGCTGGTCCAAATCCT GGAGGATCTGCTGGTGTTCACGTACTCCGA TTGATCGTCTITGGACTCCT

GGAAAACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTGCTGGTGTTCACGTACTCCGA TTGATCGTCTTIGGACTCCT

CCARAACAGATAGAAACGCTIGGTICCAAATCCTIGGAGGATCTIGCTIGGTGTTICACGTACTCCGA 318bpdekﬁbn TTGATCGICTTIGGACTICCT
1

CGARRACAGATAGAAARCGCTGGTCCAAATCCTGGAGGATCTGCTGGTGTTCACGTACTCCGA

ZITTGATCGTCTITGGACTCCT

GeARAAACAGATAGAAACGCTGCETICCAAATCCT GGAGGATCTIGCTGGTIGTTCACGTACTCCCGA TTGATCGICTITIGGACTCCT
GCGARAAACAGATAGARACGCTGGTCCAAATCCTGGAGGAACTGCTGGTGTTCACGTACTCCGA TTGATCGTCTITGGACTCCT
GGARAACAGATAGARACGCTGGTCCAAARTCCTGGAGGATCTGCTGGTGTTICACGTACTCCCGA TIGATCGTICTTIGGACTCCT
GCGARAACAGATAGARACGCTGGTCCAAATCCTGGAGGATCTIGCTGGTGTTCACGTACTCCGA TTGATCGTCTTIGGACTCCT
GCGAAAACAGATAGAAACGCTGGTCCAAATCCTGGAGCGATCTGCTGGTIGTTICACGTACTCCGA TTGATCGTICTITGGACTCCT

GGARAACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTGCTGGTGTTICACGTACTCCCGA

TCGATCGICTTGGACTCCT
CCTCTGTTGATCGTCTTGGACTC

PAM )‘(gSTOP

gRNA2

265



(ii

1. WT
2. Mock

3. D7-3 €01
4. D7-3 €02
5. D7-3 €03
€. D7-3 €04
7. D7-3 €0S
8. D7-3 €0€

S. D7-3 €07

10. D7-3 €08
11. D7-3 €0S
12. D7-3 €10

gRNA3
r L e 3 |
S5 PAM

A
AGTCAGGCTGAACAATGTCCAGG

CTGAAGAAGTTGATAGTCAGGCIGARCAAT'n
CTGAAGAAGTTGATAGTCAGGCTGAACARAT
CTGAAGAAGTTGATAGTCAGGCTGAACARTG
ICTGAAGAAGTTIGATAGTCAGGCTGAACAATG
ICTGAAGAAGTTIGATAGTCAGGCTGAACARTG

CIGAAGAAGTIGATRGTCAGGCTGAACAATfu
CTGAAGAAGTTIGATAGTCAGGCTGAACAAT

CTGAAGAAGTTIGATAGTCAGGCTGAACAATG--

gRNA1
L

1
2

S pam

—
GTGTTCACGTACTCCGAGCGCGG

cTGAAGAAGTTGATAGTCAGGCTGAACAATGTCCAGGAAGGAARACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTGCTGGTGTTCACGTACTCCGAGCACGGTAATCACTTGAARAAT
CTGAAGAAGTTIGATAGTCAGGCTGARCAATGICCAGGARGGAAAACAGATAGARACGCTGGTCCARATCCTGGAGGATCTGCTGGTGTTCACGTACTCCGAGCACGGTAATCACTTGARAAT
------------------------------------------------------------------- GCACGGTAATCACTTGAAAAT
------------------------------------------------------------------- GCACGGTAATCACTTGAAAAT
-------------------------------------------------------------------- GCACGGTAATCACTTGAAAAT
-------------------------------------------------------------------- GCACGGTAATCACTTGAAAAT
-------------------------------------------------------------------- GCGCGGTAATCACTTGAAAAT
T GAAGAARGTTGGTAGT CAGGCTGARCART Gom == = == == = m e o e e e e e e e GCACGGTAATCACTTGAAAAT
-------------------------------------------------------------------- GCACGGTAATCACTTGAAAAT
---------------------------------------------------------------------- GCACGGTAATCACTTGAARAAT
T GAAGAAGT TGATAGT CAGGCT GARACART Gmmofm = == = = m o o e e GCACGGTAATCACTTGARAAT
------------------------------------------------------------------- GCACGGTAATCACTTGAAAAT

1 bp insertion

gRNA3
).

70 bp deletion

o=

1
PAM

AGTCAGGCTGAACAATGTCCAGG

GGGGTGCGAAGAGGACGAGGAAACTCTGAAGAAGTTIGATAGTCAGGCTGAACAATG
GGGGTGCCGAAGAGGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGAACAATG
GGGGTGCCGAAGAGGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGAACAATG

GGGGTGCGAAGAGGACGAGGARACTCTGAAGAAGTTGATAGTCAGGCTGAACARTG
GCGGGTGCGAAGAGGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGAACAATG
GGGGTGCGAAGAGGACGAGGAARCTCTGAAGAACGTTGATAGTCAGGCTGAACAATG
GGGGTGCGAAGAGGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGAACAATG
GGGGTGCGAAGAGGACGAGGARACTCTGAAGAAGTTIGATAGTCAGGCTGAACAATG
GGGGTGCGAAGAGGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGARCAATG
GCCGGTGCGAAGAGGACGAGGAAACTCTIGAAGAAGTTGGTAGTCAGGCTGAACGATG
GGGGTGCGAAGAGGACGAGGARAACTCTGAAGAAGTTGATAGTCAGGCTGAACAATG

266

TCCA--GGAAGGAAAACAG
TCCA--GGAAGGAAAACAG
TITGATCGTCTTIGGACTCCT

GGGGTGCGAAGAGGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGAACAATG388bpddabnTTGATCGTCTTGGACTCCC

ITGATCGTCTTIGGACTCCT
TTGATCGTCTTIGGACTCCT
TTGATCGTICTTIGGACTCCT
TIGATCGTICTTIGGACTCCT
TTGATCGTICTITIGGACTCCT
TTGATCGTCTTGGACTCCT
TIGATCGTICTITIGGACTCCT
TTGATCGTCTTIGGACTCCT

CCTCTGTTGATCGTCTTGGACTC
—
PAM .o

L

gRNA2



(ii

1. WI
2. Mock

3. Wl-1 €01
4. Wl-1 €02
5. Wl-1 €03
€. Wl-1 €04
7. Wl-1 €05

gRNA3 gRNAL
| I 1

I 1
5 pam = PAM
— I
AGTCAGGCTGAACAATG'TCCAGG GTGTTCACGTACTCCGAGCGCGG

FTTGATAGTCAGGCTGARCAATGTCCAGGARAGCARARACAGATAGAAACGCTGGICCAAATCCTIGGAGGATCTIGCTGGTIGTITCACGTACTCCGAGCACGGTAATCACTTIGAAAATAAR
FTTGATAGT CAGGCTGARCAAT T CCAGG ARG AR R A CAGATAGAAACGCTGETICCAAATCCTGGAGGATCTIGCTGGTIGTTCACGTACTCCGAGCACGETAATCACTTIGAARATAAR

T TGATAGTCAGGCTGARCAAT G- === === == e e s s s e e e eSS eSS EE s s s sEEsEs—s==————— GCACGGTAATCACTTIGAAARATARA
T TG AT AGTCAGE T EAACART Gmmmm = = = = = = = = = o GCACGGTAATCACTTGAGAATARA
T TGATAGTCAGGCTGARCART Gmmm = = = = = = = = = = o e GCACGGTAATCACTTGAAAATARA

T TGATAGTCAGGCTCARCART Gmmm = = = = = = = e o GCACGGTAATCACTTGAAAATARA
T T GATAGTCAGGCT GARCART Gmmm = = = = == = = e e e e e e e e e o GCACGGTAATCACTTGAAAATARA

8. Wl-1 €06 |CTTGATAGTCAGGCTGAACARAT G- mmmm - - - - - m e e c e e e e e e e m e m e e mm e —mmm—mmmmmm——m = GCACGGTAATCACTIGAAAATARAA
5. Wl-1 €07 |GTTGATAGTCAGGCTEAACARAT B mm - = e mm e e e e e e e e GCACGGTAATCACTTIGAAAATAAR
N = NSUBIG TTGAT AGTCAGGCTGAACAATG -~~~ === == cccccccs s s s ss s s s s sc s sssscssssessssssscsss==== GCACGGTAATCACTTGARAATAAR
11, Wl-l €08 CTTGATAGT CAGGC TG AACARAT G- - - s mm e e C e C e C e C e e Cmm e e m e mcccccccccccccccccaoooo GCACGGTAATCACTIGAAAATAAAR
12, Wi-l €10 BT TGATAGTCAGG T AR ART G = oo oo oo oo oo oo oo oo o--o--—---oo-----— GCACGCTAATCACTTGARAATARA
T
70 bp deletion
(i) gRI:IAS
f !
5 pam
—
AGTCAGGCTGAACAATG'[CCAGG
1. WT A GTGGCAGCTGTCAGGGGTGCGAAGAGGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGAACAATE TCCA--GGAAGGAARACAGATA
2. Mock RGTGGCAGCTGTCAGGGGTGCGAAGAGGACGAGGARACTCTGAAGAAGTTGATAGTCAGGCTGAACAATG TCCA--GGRAGGARARACAGATAR
3. W2-1 301 RGTGGCAGCTIGICAGGGGTIGCGAAGAGGACGAGGAARCTCTIGAAGAAGTTIGATAGTICAGGCTGAACARTG TTCGATCGICTTGGACTCCTATA
4. W2-1 302 [ACTGCCAGCTECTCACGCCTGCCAACACCACCACGCARACTCTCARCGAACTTCGATACGTCAGECTGARCAATE 388 bp deletion TTGATCGTCTTGGACTCCTATA
5. W2-1 303 [AGTGGCAGCTGTCAGGGGTGCGAAGAGGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGARCARTG—————TTGATCGTCTTGGACTCCTATA
€. W2=1 304 PPGTGGCAGCTIGICAGGGGTIGCGAAGAGGACGAGGAAACTCTGAAGAAGTIGATAGTCAGGCTGAACAATG TTGATCGTICITGGACTCCTIATA
7. W2-1 305 AGTGGCAGCTGTCAGGGGTIGCGAAGAGGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGAACAATE TIGATCGICTIGGACTCCTATA
8. W2-1 306 BRGTGGCAGCTGTICAGGGGTGCGARGAGGACGAGGARACTCTGAAGARGTTGATAGTCAGGCTGAACAATG ITGATCGICTITGGACTCCTATA
6§, M2-1 307 MGTGGCAGCTGICAGGGGTIGCGAAGAGGACGAGGAAACTCTIGAAGAAGTTGATAGTICAGGCTGAACAATG TTGATCGTICITGGACTCCTATA
10. W2-1 308 AGTGGCAGCTGTCAGGGGTGCGAAGAGGACGAGGAARCTCTGAAGRAGTTGATAGTCAGGCTGAACAATG TIGATCGTICTTGGACTCCTATA
11. W2-1 305 RGTGGCAGCTGTCAGGGGTGCGAAGAGGACGAGGAAARCTCTGAAGAAGTTGATAGTCAGGCTGAACARTG ITGATCGICITGGARCTICCTIATR
12. W2-1 310 RGTGGCAGCTGTCAGGGGTGCGAAGAGGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGAACAATG TTGATCGTCITGGACTCCTATA
CCTCTGTTGATCGTCTTGGACTC
I
PAM -
\ A
¥
gRNA2

267



gRNA1
5 pam
TR
GTGTTCACGTACTCCGAGCGCRE

P T GAAGGAARAACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTGCTGGTGTTCACGTACTCCGA | mm=mm=m—mmmmcmmm———
2. Mock CAAGGARARAACAGATAGAAACGCTIGGTCCAAATCCTIGGAGGATCTGCTGGTGTTICACGTACTCCCEA R T R o e
3. W2-1 401 KGAAGGAARAACAGATAGAAACGCTIGGTCCAAATCCIGGAGGATCTIGCTIGGTGTTCACGTACTCCGA TTGATCGTICTTIGGACTCC
4. W2-1 402 IGAARGGAAAACAGATAGAAACGCTGGTCCAAATCCTIGGAGGATCTIGCTGGTGTTCACGTACTCCCGA TTGATCGTICTTIGGACTCC
5. W2-1 403 GAAGGAAAACAGATAGAAACGCTIGGTCCAAATCCTIGGAGGATCTIGCTGGTGTTICACGTACTCCCGA 318 bP deletion TIGATCGTICTITGGACTCC
€. W2-1 404 |ICAAGGAARACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTGCTGETGTTCACGTACTCCC Gy L YITGATCGTICTITIGGACTCC
7. W2-1 40€ IGAAGGAARACAGATAGAAACGCTGGTCCAAATCCTGGAGGATCTGCTIGGTIGTTCACGTACTCCCGA ITGATCGICITIGGACTCC
8. W2-1 408 |IGAAGGAAAACAGATAGAAACGCTIGGTCCAAATCCTIGGAGGATCTIGCTGGTIGTTCACGTACTCCCGA TTGATCGTCTTGGACTCC
S. W2-1 408 |ICAAGGAAAACAGATAGAAACGCTIGGTICAAAATCCTIGGAGGATCTIGCTIGGTGTTICACGTACTCCCGA ITTGATCGTICTTIGGACTCC
10. W2-1 410 IGAAGGAAAACAGATAGAAACGCTGGTCCARAATCCTIGGAGGATCTIGCTIGGTGTTCACGTACTCCCGA TTIGATCGTCTTIGGACTCC
CCTCTGTTGATCGTCTTGGACTC
= ‘—
PAM STOP
: = i
T
gRNA2
(iii gRNA3 gRNAL
r 1 \ r 1
2C pAM > PAM
— —
AGTCAGGCTGAACAATGTCCAGG GTGTTCACGTACTCCGAGCGCGG
1. WT CGACGAGGARACTCT GAAGAARGT IGATAGT CAG G CT GAACAATGT CCAGGAAGGAAA A C AGATAGAAMCGCTIGGTCCAAATCCTIGGAGGATCTIGCTGGTGTTICACGTACTCCGAGCACGET
2. Mock GG ACGAGGAAACT CTGAAGAARGT TGATAGTCAGGCTGAACAATGCTCCAGGAAGGAAAACAGATAGAAACGCTIGGTCCAAATCCTGGAGGATCTGCTIGGTIGTTCACGTACTCCGAGCACGET
3. W2-1 €01 |GGACGAGGAAACTCTIGAAGAAGTTGATAGT CAGGCTGAACAAT Gmmm === == === = m = e e e e e e e e e e GCACGGT
4. W2-1 €02 |GGACGAGGGAACTCTGAAGAAGTTGATAGTCAGGCTGAACAAT Gmmmmmmm === == == = e e e e e e e e e e GCACGGT
S. W2-1 €03 |GGACGAGGGAACTCTGAAGAAGT TGATAGT CAGG T GAACART Gmmmmmm === = = = e e e CACGGT
€. W2-1 €04 |GGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGAACAAT Gmmmmmmm === == == e e e e e e e e e e e e m e e | --—GCACGGT
7. W2-1 €05 |GGACGAGGAAACTCTGAAGAAGTTGATAGT CAGGCTGAACAAT Gmmmm == = === mmm = e e e e e e e e e — ] - CACGGT
8. W2-1 €0€ |GGACGAGGAAACTCTGAAGAAGTTIGATAGTCAGGCTGAACAAT Gom === === === = = = = == e e e e e e e e e e e e e e e e mmm e e e o] —4ABCACGGT
9. W2-1 €07 |GGACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGAACAAT -n ---------------------------------------------------------------- --=-GCACGGT
10. W2-1 €08 JGGACGAGGAAACTCTGAAGAAGT TGATAGTCAGGCTGARCAAT Gom—lmm === = = == e e e e e e e e e e e e e e e e ---GCACGGT
11. W2-1 €09 [6GACGAGGAAACTCTGAAGAAGTTGATAGTCAGGCTGAACAAT .E ---------------------------------------------------------------- ---GCACGGT
12. W2-1 €10 JGGACGAGGAAACTCTGAAGAAGT TGATAGTCAGGCTGAACAAT G mmlm === == = = m = e e e e e e e e e e e e e e ---GCACGGT
L v ]
l 70 bp deletion v
by e 1 bp insertion
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APPENDIX B
E-MAIL CORRESPONDENCE WITH PROFESSOR ROBERT ROSS IN

FORDHAM UNIVERSITY, NEW YORK, USA

Note: Professor Robert Ross is the pioneer in the study of neuroblastoma

interconversion

Hui Lan Jong <jonghl@utar.edwmy>

—

Morphology of neuroblastoma cells (SH-SY5Y)

Robert Ross <moss@fordham.edu= Thu, Jul 11, 2024 at 10:57 PM
To: Hui Lan Jong <jonghl@utar edu my=

Dear Hui Lan Jong,

Please forgive my delay in responding to your email. | would say that the morphologies of the three KO clones
appear to represent either "I" or "S" cells. My question to you would be - are you atfributing the KO of your gene o
the phenotypic change? Since in many neurcblastoma cell lines, and in the SK-N-SH line in particular, there is
spontaneous interconversion of the three morphologies, it is important to make sure that the selection process used to
derive the KO clones was not selecting for a particular phenotype that already existed.

| have been retired from acfive research for over a decade and have not retained copies of the manuscripts you
requested. | wish you the best of luck in your research and career.

Sincerely,
Dr. Robert Ross

On Mon, Jul 1, 2024 at 11:12 AM Hui Lan Jong <jonghl@utar.edu.my= wrote:
Dear Prof Robert,

Good day.

| hope this email finds you well. | am a PhD student from Malaysia currently engaged in neurcbiology research,
where | have utilized CRISPR/Cas9 to knock out a specific gene in neuroblastoma cells (SH-5Y5Y). The
morphology of these knockout (KO) clones is markedly different from that of the wildtype cells. Intrigued by these
observations, | came across your seminal paper titled "Coordinate morphological and biochemical interconversion
of human neuroblastoma cells," published in 1983. | have noticed that the morphology of my KO clones bears a
striking resemblance to the epitheliaHike or intermediate clones (SH-EPISH-IN) you described in your work. For
your convenience, | have attached a PDF file containing images of my KO clones, for your reference.

Given your extensive expertise in the interconversion of neuroblastoma cells, | would greatly appreciate your
insights on whether the morphologies of my KO clones align with those of the epitheliaHike (SH-EP) or intermediate
(SH-IN) clones as described in your influential study.

KO Clone 1 = Intermediate (SH-IN)?

KO Clone 2 = Epithelial-like (SH-EP)?

KO Clone 3 =2 (I'm not sure about this clone)
Thank you very much for considering my inguiry.

Best Regards,
Jong Hui Lan (Grace)

Science Officer

Postgraduate Laboratories

M. Kandiah Faculty of Medicine and Health Sciences

Universiti Tunku Abdul Rahman

Lot PT21144, Jalan Sungai Long,

Bandar Sungai Long, Cheras

43000 Kajang,

Selangor, Malaysia

Phone: +603 - 90860288 Ext. 192 (office) / +6017- 2488365 (handphone)
= UTAR Website: hitps:/futar. edu.my

. UTAR Facebook page: hitps:ffwww facebook. com/UTARNet
. UTAR Twitter: hitps:/fiwitter. com/UTARnet

. UTAR YouTube: hitps:/fwww.youtube com/user/UTARNet
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Abstract

Leucine-rich repeat kinase 2 (LRRK2) is associated with Parkinson's disease,
despite its low expression in the brain. Pathogenic mutations in LRRK?2 enhance
kinase activity and contribute to the disease’s pathogenesis. Neuroblastoma SH-
SYS5Y cells, which also exhibit low LRRK2 expression, are extensively used as
a model for Parkinson’s disease. While less prominent, low-expression genes can
play crucial roles in cellular processes, development, and disease. Knocking out
such genes poses specific challenges, including difficulties in detection. incomplete
knockout, and compensatory mechanisms that can obscure phenotypic changes. This
study develops a strategy to knockout low-expression LRRK2 in SH-SY5Y cells
eftectively. Our approach employs a double-cut and multiple guide RNAs strategy,
optimized electroporation parameters to enhance CRISPR/Cas9 plasmid delivery,
refined clonal expansion technique, and a sensitive protein detection protocol. We
successfully generate LRRK2 knockout SH-SYSY cells using CRISPR/Cas9, with
the knockout efficiency validated by PCR analysis, sequencing, and Western blot
analysis.

Extended author information available on the last page of the article
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low expression in neuronal tissues (Tolosa et al. 2020 Rocha et al. 2022; Simpson
et al. 2022; Taymans et al. 2023). Neuroblastoma cell hine SH-5H5Y, a neuronal
cell ling, is one of the cell lines that exhibit low expression of LRRK?2 (Biskup et al.
20077.

The neuroblastoma SH-SY5Y cell line is widely used as a model for Parkin-
son's disease research due to its human origin and neuronal characteristics (Biedler
et al. 1973, 1978). Compared to primary neurons, SH-SY5Y cells are relatively
easy and cost-effective to culture, express various human-specific proteins and iso-
forms absent in rodent primary cells, are amenable to genetic manipulation. and can
undergo large-scale expansion before differentiation. In addition, they can be dif-
terentiated into dopaminergic neurons. making them particularly relevant for Par-
kinson's disease studies (Kovalevich et al. 2013; Rodriguez-Losada et al. 2020;
Ioghen et al. 2023). These properties make SH-SY5Y cells a valuable tool for inves-
tigating Parkinson's disease mechanisms and testing potential therapies. In recent
years, various LRRK2 knockout cell models have been developed. including human-
induced pluripotent stem cells (iPSCs) (Chen et al. 2020), microglial cells {Zhang
et al. 2022). macrophages (Almudimeegh 2022). and human embryonic kidney
(HEK-293) cells {Quintero-Espinosa et al. 2023). While iPSCs derived from Par-
kinson's patient fibroblasts can be ditferentiated into dopaminergic neurons, making
them a physiologically relevant model that retains patient-specific genetic variants,
they are costly to maintain, labor-intensive to culture, and require careful handling,
despite ongoing efforts to simplify their culturing process and reduce labor de mands
(Chang et al. 2015; Ghaedi et al. 2016; Cheng et al. 2023). In contrast, the LRRK2
knockout SH-SY5Y cell model generated in this study is significantly more cost-
effective and easier to maintain. In addition, SH-SY5Y cells possess neuronal char-
acteristics, making them relevant for Parkinson’s disease research, unlike HEK-293
cells, which, while easier to transfect and culture than SH-SYS5Y cells, lack neu-
ronal properties (Ioghen et al. 2023). Although LRRK2 knockout microglial cells
and macrophages are valuable for studying neurcinflammation-related processes,
such as aggregate clearance (Gao et al. 2023), LRRK2 knockout SH-5Y35Y cells
offer a broader research scope. including synaptic transmission studies. In addi-
tion, SH-SYS5Y cells are widely used to investigate cellular responses to neurotoxi-
cants and genetic mutations associated with Parkinson's disease (Rakotoarisoa et al.
2019; Ramalingam et al. 2019; Rodriguez-Losada et al. 2020; Zhao et al. 2020; Xu
etal. 2021: Luo et al. 2023). Despite their advantages, SH-SY5Y cells have notable
limitations, including their cancerous origin, genomic instability (Hoffmann et al.
2023; loghen et al. 2023), potential conversion to an epithelial phenotype (Ross
et al. 1983; Ioghen et al. 2023), and low expression of certain Parkinson’s disease-
related proteins, such as LRRK2 (Snoderly-Foster et al. 2022). These factors can
limit their applicability in specific studies. However, researchers continue to use SH-
SYSY cells as a valuable and accessible platform for initial screenings and mecha-
nistic studies, bridging the gap between simpler in vitro systems and more complex
in vivo models.

Knocking out genes with low expression levels presents several challenges due to
their minimal baseline activity and subtle impact on cellular functions. These genes
are often difficult to detect and quantify, making it challenging to confirm successful
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knockout (Biskup et al. 2007; Fernindez et al. 2022). In addition. low-expression
genes may not produce easily observable phenotypic changes when disrupted, com-
plicating the assessment of knockout efficacy (Schapansky et al. 2014; Snoderly-
Foster et al. 2022). Earlier investigation revealed that the LRRK2 knockout leads
to significant changes in the kidney, likely because LRRK?2 is normally expressed
at approximately 6.2 times higher levels in the kidney compared to the brain and
other organs (Tong et al. 2010). Furthermore, compensatory mechanisms within the
cell can mask the effects of the knockout by upregulating alternative pathways or
redundant genes, thereby obscuring the intended outcomes (El-Brolosy et al. 2017;
Giaime et al. 2017; Araki et al. 2018). Previous studies have demonstrated that func-
tions of LRRK2 are redundant, and can be compensated by its homolog LRRKI
(Tong et al. 2010; Giaime et al. 2017: Araki et al. 2018; Erb et al. 2020). In tis-
sues with lower LRRK2 expression, such as the heart and brain, LRRK2 knock-
out animals show no noticeable endolysosomal pathology (Erb et al. 2020). The
inherent difficulties in achieving complete knockout and the potential for compen-
satory adaptations necessitate carefully optimized techniques and sensitive detec-
tion methods to accurately evaluate the impact of disrupting low-expression genes.
The challenge of detecting endogenous LRRK2 protein by Western blotting and
immunocytochemistry is heightened by the combination of a poorly expressed tran-
script and an unusually large, seemingly unstable protein, even though LRRK?2 is
highly soluble (Biskup et al. 2007). LRRK2 knockout models have been established
in animals (Lee et al. 2007; Tong et al. 2010, 2012; Hinkle et al. 2012: Baptista
et al. 2013: Ness et al. 2013; @stergaard 2024), stem cells (Bahnassawy et al. 2013;
Chen et al. 2020), and cell lines (Kim et al. 2019; Quintero-Espinosa et al. 2023).
LRRK?2 knockout SH-SY 5Y models remain rare, despite the widespread use of SH-
SY5Y cells in Parkinson's disease research. To the best of our knowledge, only one
LRRK? knockout SH-SY5Y cell line has been reported, generated by Tombesi et al.
(Tombesi et al. 2024). However, a detailed, step-by-step protocol for its generation
has not been available. This study is the first to provide a comprehensive protocol for
senerating LRRK 2 knockout SH-SY5Y cells, along with essential tips and strategies
to overcome associated challenges.

CRISPR/Cas9 is a revolutionary genome editing technology that allows perma-
nent and precise modifications to DMNA by harnessing the cellular double-strand
breaks repair pathways, i.e.. non-homologous end joining or homology-directed
repair (Lander 2016; Moon et al. 2019). This tool offers significant advantages,
including high specificity, efficiency, ease of use, and versatility. making it widely
applicable to genetic research (Moon et al. 2019). Notably, CRISPR/Cas9 has
been successfully employed to manipulate genes across various expression levels,
including those with low expression (Deleuze et al. 2024). While targeting low-
expression genes is challenging due to their subtle effects on cellular phenotypes,
CRISPR/Cas9 provides a powerful approach for precise gene modifications. Apply-
ing CRISPR/Cas9 in neuronal cells presents both challenges and advantages. One
major hurdle is the efficient delivery of CRISPR/Cas9 components. Neurons are
post-mitotic and have a limited capacity for plasmid uptake, while certain neuronal
cell lines, such as SH-SYS5Y, PC12. Neuro-2A, are notoriously difficult to transfect
(Jordan et al. 2008; Covello et al. 2014; Yin et al. 2014). Viral vectors, particularly

ﬂ Springer

275



Biochemical Genetics

adeno-associated viruses (AAVs), are commonly used for delivery but have cargo
size limitations (Karra et al. 2010). In addition, oft-target effects remain a concern,
especially in neuronal cells, where precision is critical for maintaining cellular func-
tion (Arango et al. 2021). Despite these challenges, CRISPR/Cas9 has proven inval-
uable for studying neuronal function and disease. Optimizing guide RNA design
(Joberty et al. 2020), delivery methods (Lattanzi et al. 2019; Yip 2020; Sinclair et al.
2023), and detection techniques (Deleuze et al. 2024; Navarro-Guerrero et al. 2024)
has enhanced its effectiveness. particularly for investigating low-expression genes.
CRISPR/Cas9 enables researchers to model neurodegenerative disorders, study gene
function. and explore potential therapeutic strategies. Compared to traditional gene
editing methods, it is faster, more efficient, and cost-effective (Gupta et al. 2014).
Moreover, its adaptability for in vivo studies makes it a powerful tool for neurosci-
ence research (Macarrén Palacios et al. 2024,

The present study aimed to develop an eftective strategy for knocking out low-
expression LRRK2 in SH-SY5Y cells. We utilized a dual-cut approach with mul-
tiple guide RNAs, optimized electroporation parameters to improve CRISPR/Cas9
plasmid delivery, refined clonal expansion techniques, and established a sensitive
protein detection protocol. Using this strategy, we successfully generated LRRK2
knockout SH-SYSY cells, with knockout efficiency validated through PCR analysis,
sequencing, and Western blot analysis.

Materials and Methods

The overall worktlow for LRRK2 gene knockout using CRISPR/Cas? in SH-SYSY
cells is outlined in Fig. 1.

Designing of gRNAs

1. Designthe gRNAs using a web tool, CHOPCHOP (https://chopchop.cbu.uib.no/).
CHOPCHOP is a tool designed to identity single-gRNA targets for CRISPR/Cas
systems. The parameters used to design gRNAs for knockout of the LRRK?2 are
detailed in Table 1.

FEEEEES

Fig. 1 Workflow for LRRK2 gene knockout using CRISPR/Cas9 in SH-8Y5Y cells. We describe proto-
cols for designing and cloning gRMNA s, optimizing the electroporation procedure, electroporating PX458
plasmids into SH-5Y 3Y cells, conducting fluorescence-activated cell sorting, cultivating sorted cells, and
validating the LRRK2 knockout
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Table 1 The parameters used to

design gRNAs Parameter Input
Target LERKZ
In Homo sapiens
(hg3sr
GRCh3R)
Using CRISPR/Cast
For Knockout

Tip: There are many web-based tools available for designing gRNAs, each utiliz-
ing different algorithms to provide gRNA sequences and predict oft-target sites. One
of the highly recommended and commonly used tools is CHOPCHOP (Hwang et al.
2021).

2. Select three gRNAs from the list of gRNAs designed by CHOPCHOP (Supple-
mentary File 2) and name them as gRNA1, gRNA2, and gRNA3J.

Tip: Select the gRMNAs that fulfill the following criteria

1. 20 base pairs in length
1. Targef exon(s) in the early coding region
iil. Guanine-cytosine (GC) content of 40-60%
wv. Low number of mismatches (1.e., number of off-target transeripts that the gRNA
miay bind to, outside of the target gene).

Cloning of gRNAs

1. Construct PX458-gRNA 1, PX458-gRNA2 and PX458-gRNA3 by inserting the
respective gRNA sequence into pSpCas9(BB -2A-GFP (PX458) plasmids. The
PX458 plasmids were a gift from Feng Zhang ( Addgene plasmid # 48,138; http://
n2t.net/addgene:451358; RRID: Addgene_48138) (Ran et al. 2013).

The cloning of gRNAs involves the following steps:

Preparation of competent cells

Digestion of PX458 plasmids

Purification of the digested PX458 plasmids

Annealing of gRNA oligos

Ligation of gRNA oligos and PX458 plasmids

Transformation of ligation products into competent cells

Extraction of PX458 plasmids

R R R

Preparation of Competent Cells

1. Prepare RF1 and RF2 solutions. The RF 1 solution consists of 100 mM potassium
chloride (Merck, USA), 50 mM manganese (11) chloride (Merck, USA), 30 mM
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b

potassium acetate (Merck, USA), 10 mM calcium chloride (Merck, USA), and
15%viv glycerol (MP Biomedicals, USA). The RF2 solution contains 10 mM
3-(4-Morpholino) propane sulfonic acid (MOPS) (Fisher Scientific, USA), 10 mM
potassium chloride, 75 mM calcium chloride, and 15%v/v glycerol.

Adjust the pH of both RF1 and RF2 solutions to 5.8 using hydrochloric acid (R
& M Chemicals, Malaysia).

Autoclave the RF2 solution after its preparation.

Tip: You may keep both RF1 and RF2 solutions at room temperature after

yvou prepare them. Chill both solutions in the refrigerator before the preparation
of the competent cells.

4.

wn

1.
12.
13.

Inoculate a single colony of E. coli (commonly used strains are DHSa/ DHI10B)
into 4 ml LB broth (Condalab, Spain). Incubate the culture at 37 °C with shaking
(250 rpm) overnight.

Transfer 2 ml overnight culture into 100 ml LB broth.

Incubate the culture at 37 °C with shaking (250 rpm) until it reaches an optical
density (OD 550) of 0.3-0.5.

Transfer the culture into a 50 ml conical tube and centrifuge at 5000 rpm, 5 min,
4°C.

Remove the supernatant and resuspend the pellet in 1/3 volume of ice-cold RF1
solution (e.g.. 33 ml ice-cold RF1 solution for 100 ml culture).

Tip: Avoid pipetting up and down. Resuspend by inverting the tube gently.

Centrifuge the cells at 5000 rpm, 5 min, 4 °C.

Remove the supernatant, resuspend the pelletin 1/12.5 volume of ice-cold RF2
solution (e.g.. 8 ml ice-cold RF2 solution for 100 ml culture), and mix.
Incubate the cells on ice for 15 min.

Aliquot competent cells into 1.5 ml microcentrifuge tubes.

Snap freeze the aliquoted competent cells in liguid nitrogen and store them at
—80°C.

Tip: If liguid nitrogen is not available, you may store the competent cells at

— B0 °C directly, but their competency will be lower.

Digestion of PX458 Plasmids

1o =

Perform restriction enzy me digestion to linearize the PX458 plasmids.

For each restriction enzyme digestion reaction, add 1 pg (1 unit) Bbsl enzyme
{New England Biolabs, USA) into a 1.5 ml microcentrifuge tube containing 5 pg
PX 458 plasmids and incubate for 16 h at 37 °C.
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Purification of the Digested PX458 Plasmids

il

Run digested PX 458 plasmids on 1% agarose gel at 80 V for 30 min.

Excise the DNA band from the gel.

Purity the gel slice (containing the digested PX458 plasmid) using Wizard SV
Gel and PCR Clean-Up System (Promega, USA) following the manufacturer’s
instructions.

Keep the purified plasmids at — 20 °C until further use.

Annealing of gRNA Oligos

[

Order single-stranded gRNA oligos from a supplier. The gRNA oligos used in
this study were synthesized by Integrated DNA Technologies (IDT. Singapore),
the sequences are as in Table 2.

Prepare an annealing mix by combining 1.5 pl of 100 pM gRNA oligo (sense),
1.5 pl of 100 pM gRNA oligo (anti-sense), 1.0 pl of 10 X PCR bufter, and 6.0 pl
of nuclease-free water (Sigma-Aldrich, USA).

Tip: You may use 10X PCR butter of any brand.

Anneal each pair of gRNA oligos using a thermal cycler (Applied Biosystems,
USA) with the following temperature cycle: 95 °C for 5 min, 90 °C for 5 min,
85 °C for 5 min, 80 °C for 5 min, 75 °C for 5 min, 70 °C for 5 min, 65 °C for
5 min and 60 “C for 20 min.

Ligation of gRNA Oligos and PX458 Plasmids

b

Table 2 gRNAs sequence

Ligate each pair of annealed gRNA oligos into Bbsl-digested PX458 plasmids.
Prepare a ligation mix which consists of 4.0 pl of 100 pM annealed gRNA oligo,
1.0 pl of Bbsl-digested PX458 plasmid, 1.0 pl of 10 X ligation buffer (New Eng-
land Biolabs, USA), 1.0 pl of T4 DNA ligase (Thermo Fisher Scientific, USA),
and 3.0 pl of nuclease-free water.

Incubate the ligation mix at room temperature for 10 min.

gRNA Sequence (5'-37)

gRNA | sense CACCGTGTTCACGTACTCCGAGCG
gRNA | anti-sense AAACCGCTCGOAGTACGTGAACAC
gRNA 2 sense CACCGAGTCCAAGACGATCAACAG
gRNA 2 anti-sense AAACCTGTTGATCGTCTTGGACTC
gRNA 3 sense CACCGAGTCAGGCTGAACAATGTCC
gRNA 3 anti-sense AAACGGACATTGTTCAGCCTGACTC
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Transformation of Ligation Products into Competent Cells

I. Add 10 pl ligation product into 100 pl competent cells and incubate on ice for
30 min.

2. Heat-shock the competent cells at 42 “C for 90 s and chill on ice immediately for
3 min.

Tip: The temperature is critical. Confirm the water bath temperature using a
thermometer before performing the heat shock.

3. Recover competent cells using LB broth and incubate them at 37 “C with shaking
(250 rpm) for 1 h.

4, After recovery, spread the competent cells on an LB agar plate (Condalab, Spain)
with Ampicillin {100 pg/ml) (Nacalai Tesque, Japan) and incubate at 37 °C over-
night.

5. Pick colonies the next day, inoculate each colony with 1 ml LB broth with Ampi-
cillin (100 pg/ml), and incubate at 37 °C with shaking (250 rpm) for 3 h.

6. After 3 h of incubation, harvest 500 pl culture and send it to the service provider
tfor Sanger sequencing to verify the gRNA sequence in the PX458 plasmids.

7. Afterverification. inoculate 100 pl culture into 100 ml LB broth with Ampicillin
(100 pg/ml) and incubate at 37 °C with shaking (250 rpm) overnight.

Extraction of PX458 Plasmids

1. Extract the plasmids from overnight culture using Nucleobond Xtra Midi Plus

(Macherey—Nagel, Germany ) following the manufacturer’s protocol.

Determine the plasmids yield using a NanoQuant Plate on a microplate reader

(Tecan, Switzerland).

3. Confirm the plasmids’ integrity by running the plasmids on 1% agarose gel at
B0 WV for 1 h.

4. Keep the extracted plasmids at — 20 °C until further use.

b

Optimization of Electroporation Protocol

The electroporation protocol is optimized to identify the most effective electropo-
ration parameters for SH-SY5Y cells (ATCC, Manassas. VA, USA, Cat# CRL-
2266, RRID: CVCL_0019). This optimization is crucial for ensuring efficient
genome editing and high cell viability. Detailed optimization parameters are pro-
vided in Table 3.
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Table 3 Electroporation optimization parameters

Sample Well number Pulse voltage (V) Pulse width (ms) Pulse number
1 Al None (control without electroporation)

2 A2 1400 20 1
3 A3 1500 20 1
4 Ad 1600 20 1
5 A3 1700 20 1
6 Ab 1100 30 1
7 Bl 1200 30 1
B B2 1300 30 1
9 B2 1400 30 1
10 B4 10 40 1
11 B3 1100 40 1
12 B6 1200 40 1
13 Cl 1100 20 2
14 2 1200 20 2
15 C3 1300 .l 2
16 4 1400 20 2
17 C5 850 30 2
18 Ch 950 30 2
19 D1 1050 30 2
20 D2 1150 30 2
21 D3 1300 10 3
22 D4 14000 10 3
23 D5 1500 10 3
24 D6 1600 10 3

1. Electroporate the cells using the reagents and consumables provided in the
Neon™ Transfection System 10 pL Kit and the Neon Transfection System
(Thermo Fisher Scientific, USA). following the manufacturer’s protocol.

Tip:

1. Use PX458 plasmids without gRNA for this optimization.
ii. Use 5% 10° cells and 2 ug of plasmids per electroporation reaction

&)

After electroporation, incubate the cells in a CO, incubator (Esco, Singapore) for
72 h to allow for recovery.

3. After 72 h recovery. observe the cells using a fluorescence microscope with a
FITC filter (Carl Zeiss, Germany). capture an image for each well, and evaluate
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electroporation efficiency by estimating the intensity of green fluorescence protein
(GFP).

4. Assess cell viability based on cell morphology.

5. Determine the optimal electroporation parameters for SH-SYS5Y cells.

Electroporation of PX458 Plasmids into SH-SY5Y Cells

1. Electroporate the cells using the reagents and consumables provided in the
Neon™ Transfection System 100 pL Kit and the Neon Transfection System
(Thermo Fisher Scientific, USA). following the manufacturer’s protocol.

Tip:

i. To electroporate more cells, use the Neon™ Transfection System 100 pL Kit,

instead of the 10 pL Kit.

ii. Use 5% 107 cells per electroporation reaction

iii. Each electroporation reaction for LRRK2 knockout consists of PX458-gRNA
(6.67 pg), PX458-gRNA2 (6.67 pg) and PX458-gRNA3 (6.67 pg). whereas the
mock control contains 20 pg PX458 (without gRNA).

iv. The optimal electroporation parameters for SH-SY5Y cells are 1400 V, 20 ms,
and 1 pulse.

2. Incubate the plate containing transtected cells in a CO, incubator for 72 h to allow
cell recovery.

Fluorescence-Activated Cell Sorting (FACS)

After 72 h recovery in a 6-well plate, the electroporated cells were brought to a cell
sorting facility for FACS.

Harvest the cells using Accutase (Merck, USA).

Wash the cells with 1 X PBS (Amresco, USA) and centrifuge at 300 x g for 5 min.
Remove the 1 X PBS and resuspend the cell pellet in 1 X sorting buffer. The 1
X sorting buffer consists of 1X Hanks' balanced salt solution (HBSS) (Gibco,
USA), 2% fetal bovine serum (FBS) (Gibco, USA) and 10 mM of N-2-hydroxy-
ethylpiperazine-N-ethanesulfonic acid (HEPES) (Sigma-Aldrich, USA).

il

Tip: Filter the 1 X sorting buffer using a 0.22 pm syringe filter (Whatman, USA)
before use.

4. Perform cell count using the trypan blue exclusion method.
5. Stain the cells with 2 pg/ml propidium iodide (PI) (BD Biosciences, USA) per
1 % 10° cells, for 10 min in the dark. Do not wash the stained cells.
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Tip: PI was used to differentiate live cells from dead cells during cell sorting.

6. Filter the cells through 40 pm cell strainers (BD Biosciences, USA) to obtain
single-cell suspension and transfer the cells to 5 ml polypropylene round-bottom
tubes (BD Biosciences, USA).

Tip: Due to budget constraints, we opted for polystyvrene tubes as we had
remaining stock in the lab. However, it is important to note that cells tend to
adhere to polystyrene, and these tubes are more susceptible to breakage under
the high pressures from the cell sorters. Therefore, we recommend using poly-
propylene tubes.

7. Sort the cells using BD FACS Aria SORP cell sorter (BD Biosciences, USA)
into a 96-well plate (single cell in each well) and 15 ml conical tube (100 or 200
cells in a tube). Autoclaved and filtered 1 X PBS solution is used as sheath buffer.
Collect the PI-negative and GFP-positive cells.

Tip:

i. Based on our observations, SH-S8Y5Y cells have considerable difficulty pro-
liferating from a single cell. To maximize clone yield, we employed both bulk
sorting (sorting 100 or 200 cells into a 15 ml conical tube) and single-cell sort-
ing (sorting individual cells into each well of a 96-well plate).

il. Alternatively, BD FACSFlow can be used as sheath buffer. It has been shown
not to compromise the growth and/or downstream applications of post-sorted
cells.

=

Transfer the 96-well plate to the CO, incubator once the sorting is completed.
9. Transfer 100 or 200 cells from the 15 ml conical tube to a 10 cm cell culture dish
containing supplemented media once the sorting is completed, and return the dish
containing 100 or 200 cells to the CO, incubator.

Cultivation and Expansion of Clones
Clones from Single-Cell Sorting
I. When the clones grow to an appropriate size. harvest the clones from the 96-well

plate using 0.25 % trypsin-EDTA (Gibco, USA).
2. Transfer them to a 24-well plate.

3. Expand the clones by plating them into progressively larger vessels until there
are sufficient cells for downstream assay.
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Clones from Bulk Sorting

L.

&)

When the clones grow to a reasonable size, 1solate them using the single-cell 150-
lation technique (filter paper method) as described in Yuen et al. (20174, 2017b),
Section 3.2, Step No. 7 and 5.

Expand the clones by plating them into progressively larger vessels until there
are sufficient cells for downstream assay.

Verification of LRRK2 Knockout

Extraction of Total Genomic DNA

Extract the total genomic DNA using a Wizard Genomic DNA extraction kit
(Promega, USA) according to the manufacturer’s protocol.

2. Determine the DNA concentration and purity using NanoQuant Plate on a micro-
plate reader (Tecan, Switzerland).

3. Stored the DNA at-207 until further use.

PCR

A pair of primers flanking the target site was used in the PCR:

Forward primer (pLKO_F): 5’-CTGAGCAGCGGACGTTCAT- 37
Reverse primer (pLKO_R): 5"-CTCTTCATCCCGTTTACATTGCG-3"

Prepare a PCR reaction mixture which consists of 12.50 pl of 2X GoTag Hot
Start Master Mix (Promega, USA), 1.25 pl of 10 pM of forward primer, 1.25 pl
of 10 uM of reverse primer, 1.0 pl of 100 ng/pl DNA template, and 9.0 pl of
nuclease-free water.

2. Mix the PCR reaction gently and centrifuge to bring the solution to the bottom
of the tube.

3. Runthe PCR on a Veriti 96-well thermal cycler (Thermo Fisher Scientific, USA)
using the following cycling parameters: 95 “C for 2 min; 35 cycles of 95 “C for
15 5, 59.3 °C for 30 s, 72 °C for 1 min; followed by final extension at 72 C for
3 min.

TA Cloning

Perform the TA cloning using the pGEM-T vector system (Promega. USA) fol-
lowing the manutfacturer’s protocol.
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e

Spread 20 pl of isopropyl-p-d-thiogalactopyranoside (IPTG) (Biosynth Carbo-
synth, UK) and 100 pl of 5-bromo-4-chloro-3-indolyl-beta-D- galacto-pyranoside
(X-gal) (J & K Scientific, USA) on a LB agar plate with Ampicillin (100 pg/ml).
After 1 h of incubation, add the ligation products to 100 pl competent cells.
Perform transformation following the steps outlined in the *Transformation of
ligation products into competent cells™ section.

After overnight incubation, pick the white colonies from the plates, inoculate
them in 5 ml LB broth with Ampicillin (100 pg/ml), and culture overnight.

Extraction of Plasmids

]

Extract the plasmids from 5 ml culture using FavorPrep™ Plasmid DNA Extrac-
tion Mini Kit (Favorgen, Taiwan) following the manufacturer’s protocol.
Determine the plasmid concentration and purity using Nano(Quant Plate on a
microplate reader (Tecan, Switzerland).

Stored the DNA at — 20 °C until further use.

Sanger Sequencing

Wk =

Send plasmids to a service provider (Apical Pvt. Ltd.) for Sanger sequencing.
The primers for sequencing are the same as those listed in the *PCR™ section.
Analyze the Sanger sequencing results using Molecular Evolutionary Genetics
Analysis (MEGA) software version 5.2 by performing manual alignments of
sequences from the wild-type and knockout clones.

Extraction of Protein Lysates

=

Extract protein lysates from cells using the NE-PER Nuclear and Cytoplasmic
Extraction Reagent (Thermo Fisher Scientific, USA) according to the manufac-
furer’s protocol.

Quantify the protein lysate concentration using Pierce 660 nm Protein Assay Rea-
gent (Thermo Fisher Scientific, USA) following the manufacturer’s instructions.
Store the protein lysates at — 20 “C until further use.

Western Blot

L.

Load the 20 pg of each protein lysate and ExcelBand™ 3-color extra range protein
marker (SMOBIO, Taiwan) on a 4-20% tris—glycine gel.

Tip: For guidance on hand-casting a gradient gel, please refer to Lorberbaum

(2013).
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b2

o

1.
12.
13.

14.

Run the gel in 1 X tris—glycine-sodium dodecyl sulfate (TG-SDS) buffer (1st
BASE, Singapore) using a vertical polyacrylamide gel electrophoresis system
(Bio-Rad, USA) at 20 mA, for 3 h.

Transfer the proteins from the gel to a polyvinylidene fluoride (PVDF) membrane
(Merck, USA) in 1 X tris—glycine (TG) buffer ( 1st BASE, Singapore) using a wet
transfer system (Bio-Rad. USA) at 30 V, overnight at 4 °C.

Disassemble the transter sandwich and examine that the ExcelBand™ 3-color
extra range protein marker has been completely transferred to the membrane.
Stain the membrane with Ponceau S staining solution and the gel with Coomassie
Blue solution.

Tip:

Ensure that there are no or very few protein bands on the Coomassie Blue-stained
gel. The presence of protein bands indicates incomplete transfer of proteins from
the gel to the membrane.

Werify that protein bands are visible on the Ponceau S-stained membrane. The
absence or minimal visibility of protein bands suggests that proteins have been
either under-transferred or over-transferred.

Place the membrane in a clean container and incubate it with 5% bovine serum
albumin (BSA) (Merck, USA) in 1 X tris-buffered saline (1 X TBST) at room
temperature for 1 h.

Cut the membrane and incubate it with the primary antibody [anti-LRRK 2 anti-
body (Abcam Cat# ab133474, RRID: AB_2713963) and anti-GAPDH antibody
{Abcam Cat# abl1 81602, RRID: AB_2630338)] in two different containers (one
primary antibody in each of the containers) overnight at 4 °C with rocking. The
anti-LRRK 2 and anti-GAPDH antibodies were used at dilutions of 1:20,000 and
1:10.000, respectively.

Remove the primary antibody solution.

Wash the membrane with 1 X TBST 3 times (5 min each).

Incubate the membrane with secondary antibody [goat anti-rabbit 1eG (H+L)
secondary antibody, HRP conjugate (Thermo Fisher Scientific Cat# 31,460,
RRID: AB_228341)] at room temperature for 1.5 h. The goat anti-rabbit IgG
(H+L) HRP-conjugated secondary antibody was used at a dilution of 1:100,000
for the membrane previously incubated with anti-LRRK2 antibody, and 1:10,000
for that incubated with anti-GAPDH antibody.

Remove the secondary antibody solution.

Wash the membrane with 1 X TBST 3 times (5 min each).

Incubate the membrane with WesternBright Sirius chemiluminescent HRP sub-
strate (Advansta, USA) for 2 min.

Capture an image of the membrane using the Azure 600 Gel Imaging System
{Azure, USA). In the software, select “Chemi blot™ as the protocol type, “Manu-
ally image™ as the capture type. “3 % 3" for pixel binning, “Manual™ for the
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exposure type. “Chemiluminescence™ as the channel name, “Cumulative™ for the
imaging mode, 30 s for the exposure interval, “50™ as the maximum number
of images, “ECL" for the light source, “No filter” for the filter, “Maximum™ for
the aperture, and “Top shelf” for the tray type.

Verification of gRNAs Off-Targets
Extraction of Total Genomic DNA

Please refer to the protocol in the “Extraction of total genomic DNA™ section.

PCR

The off-target locations, number of mismatches and sequences as well as the primer
sequences and their annealing temperatures are detailed in Table 4.

I. Prepare a PCR reaction mixture which consists of 10 pl of 2X Phusion High
Fidelity PCR master mix (Thermo Fisher Scientific. USA), 2 pl of 10 pM forward
primer, 2 pl of 10 pM reverse primer, 1 pl of 100 ng/pl DNA template, and 5 pl
of nuclease-free water.

Mix the PCR reaction gently and centrifuge to bring the solution to the bottom

of the tube.

3. Perform the PCR on a Veriti 96-well thermal cycler (Thermo Fisher Scientific,
USA) using the following cycling parameters: 98 °C for 30 s; 35 cycles of 98 °C
for 10 s, xx °C for 30 s, 72 °C for 30 s: followed by final extension at 72 °C for
10 min. “xx™ is the annealing temperature indicated in Table 4.

[

Sanger Sequencing

I. Send plasmids to a service provider (Apical Pvt. Ltd.) for Sanger sequencing.
2. The primers for sequencing are listed in Table 4.

PlEOE  gEMAY gRHAL gRRAZ  pLROE
=3 il —
[ Eaa | L I Esan ¥ | a3  E—
o~ -q,_.
o . . Frssrsaty FULERLERTET R LR R R R A
80728181 rorrrrrerrrrre T i HIEIH o l_.-:?l.-w 75 g TR i e Prrcenmans frrvepees z
’.. T :<- 7] _:. 211 :_.-- sreen : : TTLL . L T I-. : A 55D L Tean s ereacan 11 R L L

Fig. 2 Sequence and binding sites of gRNAL, sRNAZ, and gRNA3 in the exon | and 2 of the LRRK2
gene. PAM motifs are highlighted in red color
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3. Analyze the Sanger sequencing results using Molecular Evolutionary Genetics
Analysis (MEGA) software version 5.2 by performing manual alignments of
sequences from the wild-type and knockout clones.

Results
Double-Cut and Multiple gRNAs Strategy

To enhance editing efficiency, we adapted the double-cut approach described by
Yuen et al. (Yuen et al. 2017a, 2017b), utilizing two gRNAs to excise the target
region rather than relying on the conventional single-gRNA method. In this study,
we emploved three gRNAs to maximize the likelihood of achieving a complete
knockout of the low-expression LRRK2 gene. To attain complete abrogation of
the LRRK2 protein, we selected gRNAs targeting exon | and exon 2. Sequences
and binding sites of gRNAs are shown in Fig. 2.

The double-cut approach not only improves editing efficiency but also simpli-
fies subsequent screening. The spliced-out target region, approximately 100 bp to
400 bp in length, can be easily detected by conventional PCR. We designed a pair
of primers (pLKO_F and pLKO_R) flanking the putative target sites of gRNA 1,
gRNA 2, and gRNA 3 for use in PCR analysis (Fig. 2). The amplicon length is
determined by the combination of gRNAs that directs CRISPR/Cas9 to the tar-
get site for double cutting. CRISPR/Cas9 induces cuts 3 to 4 bp upstream of the
PAM sequence, followed by repair via non-homologous end joining (NHEJ) or
homology-directed repair (HDR). NHE] is the canonical pathway used to repair
double-stranded breaks in DNA and typically introduces small insertions or dele-
tions, making precise amplicon lengths difficult to predict before Sanger sequenc-
ing. The potential amplicon lengths resulting from double cuts led by either two
gRNAs are summarized in Table 5.

Table 5 Estimated amplicon

length resulting from double cut Clone (Abrpnjphcon length  gRNAs
led by either two gRNAS
WT T46 M/A
Maock T46 MN/A
LRRK 2 knockout 3xx ERNA 24 2RNA 3
4xx gRNA 1+gRNA 2
BXx aRNA 1 +gRNA 3

N/A, not applicable

“xx” indicates the approximate value (e.g., 6xx indicates approxi-
mately six hundred)
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Fig. 3 Optimization of electroporation using the Neon transfection system. Twenty-three different pulse
voltages, widths, and numbers were tested. Images of SH-3Y5Y cells with GFP signals wemre captured
48 h post-glectroporation (Well A2 to Well D6). Well Al is a control without electroporation
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Optimization of Electroporation Protocol

Delivering large plasmids into mammalian cells 15 widely recognized as a challenge,
especially with hard-to-transfect cells like SH-SY5Y. The CRISPR/Cas9 plasmids used
in this study are particularly large, measuring 9288 bp. Since each plasmid contains a
single gRNA, this study required the transfection of three individual plasmids in a sin-
gle reaction. Consequently, our initial focus was to optimize the transfection protocol.
Given that chemical transfection reagents are generally less harmful to cells, we first
tested Lipofectamine 3000 (Thermo Fisher Scientific, USA) and Geneluice (Merck,
USA). However. based on our visual estimation of the percentage of GFP-expressing
cells under the fluorescence microscope, neither reagent yielded a transtection effi-
clency greater than 1%. As a result, we chose to proceed with the electroporation
method, despite 1ts higher cost.

We refined the electroporation protocol by meticulously adjusting three key param-
eters: pulse voltage, pulse width, and pulse number (Table 3). Based on qualitative
assessments of cell viability and GFP intensity (Fig. 3 and Table 6), we identified four
promising protocols that demonstrated high GFP levels while maintaining acceptable
cell viability, as seen in wells A2, A3, A4, and C3. Ulimately, we selected the protocol
yielding the best results: 1400 V, 20 ms, and | pulse, which exhibited optimal GFP
expression and cell viability for downstream ex periments.
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Table 6 Qualitative

. ' o Well number % viable cells GFP intensity Short-
evaluation of cell viability

and GFP intensity following ;ﬁodm]
clc:ctrpp'.:-ratiu.n. and the (Yes. Y/
shortlisting of protocol No. N)

Al High None N/ A

A2 Medium High Y

A3 Medium High Y

Ad Medium High Y

AS Low Low N

A Low Medium N

Bl High Low N

B2 High Medium N

E3 Medium Low N

B4 Low Medium N

B3 Medium Medium N

E6 Medium Medium N

Cl Low Medium N

C2 Medium Medium N

C3 Medium High Y

4 Low Low N

C5 Low Medium N

Cé Medium Medium N

D1 High Medium N

D2 Low Low M

D3 High Medium N

D4 Medium Medium N

D5 Medium Medium N

D6 Low Medium N

N/A, not applicable

Table 7 Success rate of the refined clonal expansion technigue

Type of cell culture Number of cells Mumber  Total num-  Total number Success rate
vessel sorted into the ves-  of vessels  berofcells  of clones (D) (E)
sel (A) (B} <)
S6-well plate | cell per well 5 480 2 0.4%
10 cm culture dish 100 cells per dish 5 SO0 21 4.2%
10 cm culture dish 200 cells per dish 2 400 10 2.5%
C=A*B
E=D/C *100%
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Fig.4 PCR analysis of LRRK2 WT Mock LKO1 LKO2 LKO3
knockout (LKO) clones
800 =

700 mp
600 =»

500 =
400 =»

300 =

Table 8 Estimated amplicon

tenath for LRRK? knockout Clone Amplicon length (bp) gRNAS
clones WT 746 N/A
Mock T46 N/A
LEOI 4xx gRNA | +oRNAZ
fxx gRNA 1+gRNAS
LKO2 Ixx gRNA 2+ pRNAZ
fax gRNA 1+gRNAS
LKO3 Ixx gRNA I+ gRNA3

N/A, not applicable

Refined Clonal Expansion Technique

Many cell lines struggle to survive as single cells in vitro, and our experience
suggests that SH-SY 5Y cells may not be an exception, particularly after undergo-
ing multiple stresses such as electroporation, transportation {(which required the
cells to be outside the CO, incubator for several hours, while being transported to
a cell sorter facility located approximately 50 km away), and cell sorting. How-
ever, to produce homogeneous knockout clones, we need to culture SH-SYS5Y
cells from single cells post-editing.

To address this challenge, we conducted trials by seeding single cells into each
well of a 96-well plate, as well as seeding 100 to 200 cells in a 10 cm culture
dish. The trial results indicated that SH-SYS5Y cells had difficulty growing into
clones from single cells in the 96-well plates. Conversely, isolating clones from
10 cm culture dishes presented a challenge due to potential cross-contamination
between clones.

Given these findings, we decided to pursue both methods to maximize the suc-
cess rate of obtaining homogeneous knockout clones. Ultimately, we were able to
obtain a total of 2 clones from 480 cells sorted into 96-well plates, resulting in a
success rate of 0.4%. However. the success rate was significantly higher, ie.. 6 to
10 fimes greater, when we sorted the cells into 10 cm culture dishes, achieving
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Fig.5 DNA sequence of the edited LRRK2 gene in A LKO1 where (i) a premature stop codon was gen-
erated, (ii) 70 bp or (iii) 71 bp were deleted, respectively; B LKO2 where (i) 388 bp or (ii) 70 bp were
deleted, respectively: C (i) LKO3 where 388 bp were deleted

Table 9 The amplicon length, combination of gRNAs involved in the genome editing. number of bases
deleted, and the resulting mutation(s) in LKO1, LKO2 and LKO3

Clone Amplicon kength (bp) 2RNAs Number of bases Mutation
deleted
WT 746 N/A N/A NA
Mock 746 N/A N/A N/A
LKOI 428 2RNA 1+gRNA2 318 Generation of
premature stop
codon
676 or 675 2RNA [+gRNA3 70 or71 Frameshift deletion
LKO2 358 2RNA 2+gRNA3 388 Frameshift deletion
676 2RNA 1+2RNA3 70 Frameshift deletion
LKO3 358 2RNA 2+gRNA3 388 Frameshift deletion
N/A, not applicable

success rates of 2.5% (for 200 cells per dish) and 4.2% (for 100 cells per dish)
(see Table 7). This aligns with the results from our trial run, confirming that sort-
ing 100 cells into a 15 ml conical tube followed by transferring them to a 10 cm
dish with supplemented media is the most effective approach.

PCR Analysis

The clones were screened using PCR analysis. From the screening, three representa-
tive LRRK2 KO clones (hereafter named LKOI1, LKO2 and LKO3) were selected
for further validation. LKO1 and LKO3 were derived from bulk sorting (100 and
200 cells per dish, respectively), while LKO2 was obtained from single-cell sorting
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245 | — —— LRREZ

35 | —— e— em— — w— am— | CAPDH

Fig. & Western blot validation of LRRK2 knockout (LKO) clones. GAPDH was used as a loading control

(1 cell per well). PCR analysis revealed that the LKO1 clone has two amplicons of
4xx bp and 6xx bp, the LKO2 clone has two amplicons of 3xx bp and 6xx bp. and
LKO3 has a single amplicon of 3xx bp (Fig. 4 and Table 8).

TA Cloning and Sanger Sequencing

To verify the DNA sequence editing by CRISPR/Cas9, the PCR products from three
representative clones (LKO1, LKO2, and LKO3) were further validated using TA
cloning and Sanger sequencing. Sequencing results revealed that the 428 bp ampli-
con in the LKO1 clone resulted from a 318 bp deletion and the formation of a pre-
mature stop codon during rejoining of the double-stranded break, while the 676 bp
or 675 bp amplicon arose from a 70 bp or 71 bp deletion [Fig. 3A(i) to (iii) and
Table 9]. In the LKO2 clone. the 358 bp and 676 bp amplicons were due to deletions
of 388 bp and 70 bp, respectively [Fig. 5B(i) to (ii) and Table 9]. For LKO3, there
was a single amplicon of 358 bp, resulting from a 388 bp deletion [Fig. 5C(i) and
Table 9].

Optimized Protein Detection Protocol

To confirm the ablation of the LRRK2 protein, we performed the Western blot
analysis to verify its absence. The results demonstrated a loss of LRRKZ2 protein in
LKOI1, LKO2, and LKO3 (Fig. 6). Detecting low-expression proteins poses well-
known challenges, so we optimized several critical steps in the Western blot proto-
col. This included ensuring efficient protein extraction, eftective protein separation,
and complete protein transfer. We employed primary antibodies with high specificity
and a sensitive chemiluminescent substrate, while carefully adjusting image acquisi-
tion parameters to achieve strong signal intensity.

Due to budget constraints, we utilized the remaining protein extraction kit avail-
able in the lab. The NE-PER Nuclear and Cytoplasmic Extraction Kit allows for
the separation of nuclear and cytoplasmic protein lysates, although it is not neces-
sary in our study, as LRRK?2 is expressed in both cellular compartments. To assess
the kit's efficacy bevond its expiration date, we compared the lysate obtained with
that extracted using fresh reagents. The protein quantification results indicated that
both reagents performed equally well. The protein concentration extracted using the
expired protein extraction kit is 2092 pg/ml, while the concentration from the new
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kit is 2334 pg/ml. In addition, we successfully detected the LRRK?2 protein in both
the nuclear and cytoplasmic lysates. confirming its presence in both cellular com-
partments. Since LRRK2 is a low-abundance protein, we recommend concentrat-
ing the lysate using the minimum amount of lysis buffer and the maximum number
of cells. This approach will allow us to load more protein when running the gel,
despite the limited volume we can load per well. LRRK2 is a relatively large protein
(286 kDa), while GAPDH, our loading control for normalization in Western blot-
ting, is a smaller protein with a molecular weight of 44 kDa. To ensure effective pro-
tein separation, we chose to use a gradient gel. Given the financial constraints, we
hand-cast the gradient gel and optimized its concentration by testing several ranges:

A chr10:124442476: aAGaCCAAGACGACCAACAGAGG
Wl S TACTIAATACAAAGGGAAAGAAGACCAAGACGACCANCACGAGGCTIGAGGAACTGTCCTGGGCT w3
Mock 5 T ACTTAATACAAAGGGAAAGCAAGACCAAGACGACCAACAGAGGCTGAGGAACTGTOCTGEGCT .3
K01 5. TACTTAATACAAAGGGAAAGAAGACCAAGACGACCAACAGAGGCTIGAGGAACTGTCCTGGGET .Y
K02 5 TACTTAATACAAAGGCAAAGCAAGACCAAGACGACCAACAGAGCCTGAGCAACTETCCTSEGCT .8
KO3 &' . TACTTAATACAAAGGGAAAGAAGACCAAGACGACCAACAGAGGCTIGAGGAACTGTCCTIGGECT .3

B E chrl0:75876195: AGTCAGcCTGAAgAgTGTCCTGG

5"'CCACGTCCACCTCAC;CTGC‘c‘c‘cccrcuelct‘rccrcccCK""C3 GOCTAAGGAATTIGS w3
Mock 5. G CAGETCCAGCTCACGCTGCAGTCAGCETGAAGAGTGTCETOBCCACCTGGCTAAGCAATTGE -
k01 s"’CCAC;TCCKCCTCA‘:';CYcClcrc‘ccc’cuc‘crctccfc‘cclcc?CCCT&XGCKI?TCC wy
K02 5. G CAGGTGCAGCTGAGGCTGCAGTCAGCCTGAAGAGTGTCCTGGCGAGCTIGGCTAAGGAATTSCG ¥
K03 5. GCAGETGCAGCTGAGGCTGCAGTCAGCCTGAACAGTGTCCTGRCGAGCTIGECTAAGGAATICE o3

C chr13:89431766: AGTgAaGCTGAACAATGTCIAGG
W S CAATIGCAGTGEATCAT I TCACTCAAGCTCARCAATGTCTAGCATGGTAGCCACTAACAAATA -3
Mok 5 A ATTGCAGCTGGATCAT I TGAGTGAAGCTGAACAATGTCTAGCATGGTAGCTACTAACAAATA .3
KOl 5. CAATTIGCAGTGGATCAT I TGACTCAAGCTGAACAATGTCTAGCCATGGTAGCCACTAACAAATA 3
K02 5 CARTTGCAGTIGGATCATITGAGTGAAGCTGARCAATGTCTAGGATGGTAGCCACTAACRAATA .3
KO3 &, CAATIGCAGTGGATCATITGAGTGAAGCTGAACAATGTCTAGGATGGTAGCCACTAACAAATA .3

D ¢chrd:73126296: AGTCAGGCTGAALAATacCCAGG
WT S AGGAAAGGACCACCACAGACACTCAGGCTCAATAATACCCAGGECTCACACCGAGCOAGEAAT -3
Mock S AGGAAAGGACCACCAGAGACACTCACCCTCAATAATACCCAGCGCTCACACGGAGCCAGGAAT Y
LKOL 5. AGEAAAGGACCACCAGAGAGAGTCAGECTCAATARTACCCAGGGTTICACACGCAGCCAGGAAT -3
LKD2 5. AGGAAAGGACCACCAGAGAGAGTCAGGCTGAATAATACCCAGGGCTCACACGGAGCCAGGAAT _3
KO3 5. AGGARAGGACCACCATAGAGAGTCAGGCTCAATAATACCCAGEGCTCACACGGAGCCAGGAAT 3

E chrd:83762058: CCAGGACATTGeTCAGCCTeACe
WIS GCAGCAGGCTGAGCTGTGCCECACEACATTCCTCAGCCICACCTAGTIGCACTCIGTGGCCCAC-Y
Mock & GCAGCAGGCTGAGCTGTGCCCCACCACATTIGCTCAGCCTICACCTAGTGCACTCTIGTGGCCCAL..Y
01 5 GCAGCAGCCTGAGCTCTCCCCCACCACATTGCTCAGCCTICACCTAGTIGCACTCIGTGGCCCAC.T
K02 S . GCAGCAGGCTGAGCTGTGCCCCAGGACATTCCTICAGCCTICACCTAGTGCACTCTIGTIGGCCCAC..Y
03 5§ GCAGCAGGCTIGAGCTIGTGCCCCAGGACAT TG CTCAGCCTICACCTAGTIGCACTCTIGTIGGCCCAC.LY

F i chr6:154976916: CCAcGALATTGCTCAGCCTGACT

S - ITTGTIGTACACACAGGCTICCCACGATATTGCTCAGCCTGACTTAARCTCCTAGCTCCAAGCA S
Motk 5 1T CT TG TACAGACAGSCTCCOACGATATTGCCTCAGCCTEACT IAARCTCCTAGCTCCAAGEA Y
KOl 5 1T TGTITGTAGAGACAGGGTCCCACGATATIGCTCAGCCTGACTTAAACTCCTAGCTCCAAGTA Y
W02 5 - I TIGTTGTAGAGACAGGGTCCCACGATATTGCTCAGCCTGACTTAAACTCCTAGCTCCAAGCA -3
IX03 5’ TTTGTIIGTAGAGACAGGGTCCCACCATATTGCTCAGCCTIGACTIARACTICCTAGCTCCARGCA .Y

G . chr8:27216984: AGTCAaGCTHACAATGTCCAGG
Wl S ACTAGCRATAARACTTTAAAGTCAAGEE T T ACARTCTEEAGECACATCTICATITIGECTAGE 3
Mock S A CTAGCAATAAAACTITAARGTCAAGCT TTACAATETCCAGGCACATCTCATTITTIGCCTAGE -3
LXO1 5 . A A CTAGGAATAAAACTTTAAAGCTCAACCTTIACAATGTCCAGGCACATCTICATTITIGCCTAGE -3
K02 5 e A CTAGGAATARAACTTTAARGTCAAGCTTIACAATGTCCAGGCACATCTCATITIGCCTAGE .Y
KO3 S . AACTAGCAATAAAARCT I TARARGTCAAGCTITTACAATGTOCAGGCACATCTICATTITITIGOCTAGT .3

Fig. 7 Evaluation of off-targets. DNA sequences of one (A) and six (B—G) potential off-target sites of
2RNA 2 and gRNA 3, respectively. in WT, mock, LKO1, LKO2 and LKO3. gRNA | has no ofi-target
sile
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4-12%, 6-12%, 4-15%, and 4-20%. Both 4-15% and 4-20% gels provided better
protein separation than 4-12% and 6-12%, with good resolution in the 245-310 kDa
and 35-45 kDa ranges (Fig. S1). However, considering that the same blot would
also be used to detect a 22 kDa protein (data not shown). the 4-20% gel was chosen,
as it offered a better resolution in the 20-25 kDa range compared to the 4-15% gel.

To ensure the complete transfer of large LRRK2 protein without over-transferring
the small GAPDH protein, we performed Coomassie blue staining on the gel and
Ponceau S staining on the membrane after the overnight transfer. We visually veri-
fied that no significant amounts of large proteins remained on the Coomassie blue-
stained gel. We also confirmed that both large and small proteins were present on
the Ponceau S-stained membrane.

The LRRK?2 primary antibody used in this study was obtained from a reliable
source and demonstrated high specificity (i.e., knockout-validated). The human lung
cancer cell line A549, known for its high levels of LRRK2 protein, served as a posi-
tive control. To enhance detection sensitivity, we utilized a highly sensitive chemi-
luminescent substrate from a reputable brand capable of detecting proteins at the
femtogram level.

For image acquisition, we emploved a digital imaging system with a high-reso-
lution CCD camera. Given the weak signal for low-expression LRRK2 protein, we
used a cumulative capture mode, capturing multiple images at set time intervals and
combining the signals to generate a final image with increased intensity.

Off-Target Validation

Off-target effects are defined as unintended cleavages or genetic modifications at
sites with sequences that are similar, but not identical, to the target site (Modrzejew-
ski et al. 2019). In this study, off-target prediction was performed using a web-based
tool, CHOPCHOP (https:/chopchop.cbu.uib.no/) (Labun et al. 2019). According to
CHOPCHOP, scRNAT1 does not have any oft-targets, while gRNA2 and gRNA3 have
two and six off-targets, respectively. PCR and Sanger sequencing were performed to

Table 10 Off-target prediction

gRNA Sequence IDT CRISPR Cas9 gRNA
1;bj.]_lrJl:ll:EI:Tr{Z'F:ISPF: Cas9 gRNA checker
On-target score Off-

target
score

l glgticacgtactccgagepcgg 44 e

gagtccaagacgalcaacagags B3 76

aplcagocioaacaatetccags s 36

On-target score: The predicted editing performance of the gRNA at
the intended target site. A higher value is better

Off-target score: A higher value indicates lower off-target. Score is
from O to 100

@ Springer

296



Biochemical Genetics

evaluate the off-targets. Sequencing results demonstrated that there was no off-target
in LKOI, LKO2, and LKO3 (Fig. TA-G). In addition to the predicted non-specific
binding provided by CHOPCHOP, we also assessed the non-specific binding of the
gRNAs using the IDT CRISPR Cas9 gRNA checker (https://sg.idtdna.com/site/
order/designtool/index/CRISPR_SEQUENCE) (Table 10).

Discussion

As the global population ages at an unprecedented pace, the community is in dire
need of eftective treatments for neurodegenerative diseases. Could LRRK2 kinase
inhibitor be the long-awaited cure for Parkinson's disease? Previous studies have
shown conflicting results. Many studies have observed adverse effects associated
with LRRK2 knockout (Lee et al. 2007; Tong et al. 2010, 2012; Hinkle et al. 2012;
Baptista et al. 2013; Ness et al. 2013; Pellegrini et al. 2018; Gu et al. 2023). A
LRRK?2 knockout model is a valuable tool for deciphering the mechanisms underly-
ing the detrimental effects following the loss of LRRKZ.

Despite the SH-5Y5Y human neuroblastoma cell line being a widely used model
for Parkinson's disease, a detailed step-by-step protocol for low-expression gene
knockout using CRISPR/Cas9 has not yet been made available for novices. To
address this gap, we provide an optimized protocol and strategy for knocking out the
low-expression LRRK2 gene in SH-5YS5Y cells. Using CRISPR/Cas9, we success-
tully edited exons 1 and 2 of the LRRK?Z gene, leading to a premature stop codon and
trameshift mutation that resulted in loss of LRRK2 protein ex pression.

In this study. a double-cut strategy using multiple gRNAs was emploved to
achieve a complete knockout of the low-expression LRRK2 gepe (Yuen et al
2017a, 2017b). Consistent with previous findings, this approach enables highly effi-
cient gene knockout. Joberty et al. demonstrated that using dual gRNAs to gener-
ate knockout clones has synergistic effects compared to the traditional single-gRNA
approach. When two gRNAs target sequences in close proximity (ideally within
40-300 bp), the indel rate significantly increases, with allele editing reaching up to
95% in most cases. Moreover, tandem gRNAs enable highly efficient gene knock-
out even in primary cells, such as T cells, which typically proliferate inefficiently in
culture (Joberty et al. 2020). The effectiveness of dual gRNAs has also been dem-
onstrated in plant genome editing. In soybeans, an allotetraploid crop known for its
transformation difficulty, dual gRNAs guided Cas9 to cleave two sites 1 kb apart,
successfully generating double homozygous mutations in the GmFAD2-1A and
GmFAD2-1B genes (Do et al. 2019). In addition, Liu et al. showed that packaging
tandem gRNAs along with single-stranded annealing-based surrogate reporter cas-
settes into CRISPR/Cas® vectors enhanced gene editing efficiency by up to 6.31-fold
(Liu et al. 2018). This study utilized three gRNAs instead of the commonly used
two, resulting in three potential double cuts, further enhancing editing efficiency.

Electroporation involves applying high-voltage electric pulses to cells, tempo-
rarily disrupting the cell membrane. This increased permeability facilitates the
efficient delivery of plasmids into the cells (Fus-Kujawa et al. 2021). Three key
parameters i.e., pulse voltage, pulse width, and pulse number, were optimized for
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electroporation using the Neon Transfection System. Achieving maximum elec-
troporation efficiency often comes at the expense of cell viability, and vice versa
(Skruber et al. 2021). In this study, electroporation efficiency was prioritized over
cell viability to ensure the successful delivery of CRISPR/Cas9 plasmids into SH-
SYSY cells. High electroporation efficiency increases the likelihood that a signifi-
cant proportion of SH-SY3Y cells will take up the CRISPR/Cas? plasmids, which
is crucial for achieving an effective knockout in hard-to-transfect cells. While this
approach results in lower cell viability, it is an acceptable trade-oft, as generating
knockout clones in actively proliferating cells may require only a small number of
viable cells. These cells are expected to proliferate post-transfection and can subse-
quently undergo clonal expansion and screening.

Clonal expansion is a critical vet challenging step in the genome editing work-
fow. It begins with the isolation of a single edited cell, followed by its expansion
to generate a homogeneous cell population (Bernhard et al. 2022). Several common
methods for clonal isolation include fluorescence-activated cell sorting (FACS). lim-
iting dilution, and clonal picking, which can be combined to enrich cultures with the
desired cell population (Martin 2011). Many cell lines, including SH-SY5Y cells,
struggle to survive as single cells in vitro, making clonal expansion particularly dif-
ficult. These challenges were further exacerbated in this study, as the edited SH-
SYSY cells were subjected to multiple stresses before clonal expansion, including
electroporation, prolonged exposure outside the CO, incubator, and FACS sorting.
To mitigate these issues, both bulk sorting and single-cell sorting methods were
employed. Bulk sorting involved sorting 100 or 200 cells into a 15 ml conical tube,
followed by transfer to a 10 cm dish, while single-cell sorting involved isolating
individual cells into wells of a 96-well plate. The refined clonal expansion strategy
used in this study, i.e., bulk sorting followed by clonal picking in a 10 cm dish. sig-
nificantly enhanced cell proliferation. This improvement is likely due to the presence
of supportive signals or growth factors from neighboring cells, which promote cell
attachment and proliferation (Kovalevich et al. 2013; Jiao et al. 2017; Li et al. 2023).

Detection is the final and one of the most critical steps in Western blotting.
Chemiluminescence detection is highly sensitive, relying on enzymatic reactions to
generate signals. However, because these reactions are dynamic, signal intensity can
fluctuate over time. Thus, selecting the appropriate chemiluminescent substrate and
optimizing both the reaction duration and imaging process is essential (Mathews
et al. 2009). In this study, to maximize signal detection for the low-abundance
LRRK2 protein. a highly sensitive chemiluminescent substrate from a reputable
brand. capable of detecting proteins at the femtogram level, was used. Imaging was
performed using a high-resolution CCD camera, with optimized capture parameters.
Specifically, cumulative capture mode was utilized, allowing the merging of multi-
ple images to generate a final image with improved intensity.

The SH-SYS5Y cell line is known for its heterogeneity, which may explain the
limited publications on genome editing in this model. Numerous studies have docu-
mented the bidirectional interconversion of neuroblastoma cells from neuroblastic-
like (N-type) to intermediate (I-type) or epithelial-like/ substrate-adherent (S-type)
phenotypes (Biedler et al. 1973, 1978; Ross et al. 1983; DeClerck et al. 1987; Cic-
carone et al. 1989; La Quaglia et al. 1996). Therefore, it is essential to include mock
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controls in genome editing experiments to account for this variability. In addition,
mock controls are crucial for ensuring that any downstream functional or phenotypic
changes are not the result of off-target effects from CRISPR/Cas9 or stress experi-
enced by the cells during the genome editing workflow.

Owr optimized protocol and strategy are particularly well-suited for laboratories
with limited funding. as it is cost-effective. We successfully performed many steps
in-house at minimal cost, including the preparation of competent cells, cloning of
gRMNAs into PX458 plasmids, isolation of clones using the filter paper method, and
hand-casting gradient gels for Western blot analysis.

Conclusion

Knocking out a gene with low endogenous expression is feasible, but it requires
caretul planning and consideration of the potential compensatory mechanisms and
detection challenges. Advances in genome editing technologies and detection meth-
ods have made it increasingly possible to study these challenging genes.

To the best of our knowledge, this study is the first to provide a comprehensive
protocol for generating LRRK2 knockout SH-SYS5Y cells. Our protocol provides a
strate gy, along with helpful tips and tricks, to effectively knockout the low-expres-
sion LRRK2 gene in the hard-to-transfect SH-SYSY cells. This protocol can also be
easily adapted for other low-expression genes in different hard-to-transfect cell lines.
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Leucine-rich repeat kinase 2 (Irrk2) knockout induces spontaneous
interconversion and senescence in sh-sy5y neuroblastoma cells
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Soon-Keng Cheong2
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Presenter: Hui-Lan Jong

An increase in LRRK2 kinase activity contributes to Parkinson's disease (PD) pathogenesis.
LRRKZ2 kinase inhibition is a promising therapeutic approach, but LRRK2 knockout (KO)
animal models show abnormal phenotypes. Therefore, evaluating the adverse effects of
LRRKZ2 loss is crucial to ensure the safety of LRRKZ kinase inhibitors. We previously
developed LRRKZ2 KO SH-SY5Y neuroblastoma cells (LKO cells) to gain a deeper
understanding of the consequences of LRRK2 loss. This study further characterizes these
cells. Morphological changes in LKO cells were assessed, along with cell-substrate
adhesion strength. Cumulative population doubling was used to assess cell proliferation.
Senescence-associated beta-galactosidase (SA-B-gal) staining and autophagy vacuole
detection were performed. Mitochondrial respiration was evaluated using a real-time
metabolic analyzer. LKO cells converted into I- and S-type neuroblastoma cells, exhibiting
senescence characteristics, including increased size (p < 0.001), flattening, loss of
neurite-like processes, and stronger adhesion to the substrate compared to wild-type (WT)
and mock cells. Over 35 days, LKO cells proliferated slower or ceased to proliferate.
Mycoplasma testing confirmed no contamination. The percentage of SA-B-gal positive cells
in LKO cells increased significantly (p < 0.001). Autophagy and mitochondrial respiration
were markedly reduced in LKO cells (p < 0.001 and p < 0.01, respectively). Loss of LRRK2
may drive neuroblastoma cell interconversion and induce senescence. Future research
should investigate transcriptional and epigenetic alterations related to LRRKZ2 loss to
understand its role in these processes.
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MG0L. Leucme-Rich Repeat Kinaze 2 (LRREKI) Knockout Leads to Senescence-Like Phenotypes in SH-SYFY Neuroblastoma
Call:

Hui-Lag Jopg®. Eat-San Yuen', g-Yan Jin', Yang-Mooi Lom®, Susan Ling Ling Hoe®, Aim Idens’, Chee-Hong Tan®, Sau-Euen
Lam’, Soon-Eeng Cheong'
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Molecular Pathelogy Unit, Cancer Research Centre, Institute for Medical Reseavch, National Institutes of Health Malaysia,
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Inroduction: Autosomal demumant missense mutztions within the lencine-rich repeat kinase 2 (LRRE2) gene are the most commeon
zenehe cause of Parkmson’s disease (PDY). An abemant increase m LRREE? activity contributes to the pathogenesis of PD. The
present study was undertaken to generate LRREE? knockout neuroblastoma SH-5Y5Y (LEO) cells which can be leveraged to gam
comprehensive msights into the impact of LRBE? loss. Materials and Methods : LEQ cells were generated usmg the CRISPR/
Cas9 genome editing tool. DMNA sequencing and Western blot were performed to confirm the LRFE? knockout and protein
ablation, respectively. Subsequently, cell morphological chanpes were examined under a cell imaging system, and cell size was
measured using an sutomated cell counter The cunmlatrve population doubling of cells was caleulated to plot the growth kinetics.
Senescence-associated beta-galactosidase (SA-f-gal) staming was performed to determine the percentage of the positively stained
population. Mitochondnal finchon was assessed using a real-time cell metabelic analyser Results: CRISPR/Cas9-mediated the
introduction of frameshuft mutation and premature stop codon led to knockout of LRRED. The LEQ cells were significantly larper
{p=10.001), exhubrted loss of neunte-like processes, and proliferated slower than WT and mock cells. Besides that in L EQ cells, the
percentage of the 5.A-f-gal posifive population increzsed sigmficantly (p<0.001) while mitochondrial respiration reduced markedly
(p=10.01). Disenssion’ Conclusion: Loss of LREE? led to senescence-like phenotypes m SH-5Y5Y. A comprehensive assessment
of phenotypic changes resulting from mhibiion of LERED 1s essenfial to ensure the safety of LREE? mhibitors.
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Generation of LRRK2 knockout neuroblastoma cells by CRISPR/Cas9-mediated genome
editing
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To date, there is no disease-modifying treatment for Parkinsoris disease (FD). Abnormal elevation in leucine rich repeat
kinasa (LRRKZ) activity contributes to pathogenesis of PD. The presant study was undertakan to genarate LRRKZ KO SH-
SY5Y cells (hareafter named as LKO calls), which can be used for an indepth study of adversa effects of loss of LRRKZ.

CRISPR/CasS was used to generate LKO cells. Sequencing was utilized to confinm the deletion of target ragion. Call
morphology, size, proliferation rate and number of autophagic vacuocles of wildtype (WT) and LKO calls were assessed.
qPCRwas performed to evaluate the expression of autophagy, cell cycle and apoptosis markers.

CRISPR/CasS removed 69 bp in LRRKZ exon 1. Resulting LKO calls showed altered morphological characteristics,
number of autophagic vacucles and proliferation ratewhich distinguished them from WT cells. Autophagy markers
(BECM1, AMPE, LC31|, p62 and mTOR) expressionwere dysregulated, hence indicating that LERKZ might play arolein
thea regulation of autophagy. mRMA a<pression of call cycle markers (CCNAZ, CCNBT and CCMND1) were significantly
downragulated. This is in line with the lower cell prolifaration rate obsewved in LKO calls. BAX and BCLZ mRNA
axpression ware upregulated and downregulated, respectively. Both CASP3 and CASP2 mRNA expression ware
upregulated, suggesting that apoptosis might be elevated in LKO cells.

LKEC cells are a valuable tool for elucidating the role of LRRK2 in PD. Thorough evaluation of phenoty pic changes due to
loss of LRRK2 is indispensable to ensure the safety of LRRKZ inhibitors.
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