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中文摘要 

神 經 退 行 性 疾 病 (Neurodegenerative Diseases)， 如 阿 爾 茨 海 默 症

（Alzheimer’s Disease）和帕金森病（Parkinson’s Disease），其特徵是神經元和突

觸的喪失，通常由於異常蛋白質沉積和神經炎症引起。TAOK1（一種絲氨酸/蘇

氨酸激酶）被確定為AD和 PD患者認知障礙的生物標誌物，並在血漿來源的細胞

外囊泡中積累。TAOK1 已知會促進細胞死亡、病理性 tau 蛋白磷酸化，進而調節

微管動態。儘管 TAOK1 在許多研究中與神經發育障礙有關，但其在神經退行性

疾病中的作用較少研究。在初步研究中，TAOK1過度表達會降低細胞活力和 ATP

產量，增加 tau 蛋白磷酸化，並增加可轉座元件（Transposable Elements）的活動

性。為了更好地研究 TAOK1在通過 tau蛋白誘導的微管失調和 TE釋放的神經毒

性後果中的作用，我們在人的神經母細胞瘤 SH-SY5Y細胞中建立了一個可誘導的

TAOK1過度表達細胞株。在本研究中，我們證明了 TAOK1過度表達促進了 tau蛋

白的過度磷酸化，可能導致微管的不穩定。這表現為在神經分化過程中無法維持

神經突起的生長。還觀察到了與突觸和微管相關基因表達的補償性變化。神經突

起的喪失，加上細胞凋亡的增加，表明 TAOK1 過度表達與神經毒性有關。進一

步分析發現，TAOK1過度表達的細胞在儘管抗氧化基因上調的情況持續顯示出活

性氧水平的升高，，這表明氧化壓力是促使炎症反應的驅動因素。還發現內質網

應激反應通路基因上調，暗示 TAOK1介導的 tau蛋白過度磷酸化在病理性蛋白質

聚集中的作用。此外，TAOK1 過度表達上調了幾個 TE 家族。隨著 STING 和

TBK1表達的增加，數據表明細胞質雙鏈 DNA的檢測增加，並可能通過 I型干擾

素通路激活炎症(IFN-I)反應，表明TE釋放的神經毒性後果。總體而言，這些發現
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闡明了 TAOK1 過度表達如何引起神經毒性並促進促炎機制，可能促進神經退行

性疾病的進展。 

關鍵字：神經退行性疾病，阿茲海默症，帕金森氏症，Tau 蛋白磷酸化，微管動

態，神經毒性，可轉座元件，氧化壓力，發炎反應  
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Abstract  

Neurodegenerative diseases (NDs) like Alzheimer’s (AD) and Parkinson’s (PD) 

are characterised by neuron and synapse loss, often due to abnormal protein deposition 

and neuroinflammation. TAOK1, a serine/threonine kinase, was identified as a biomarker 

for cognitive impairment in AD and PD, accumulating in plasma-derived extracellular 

vesicles. TAOK1 is known to contribute to cell death, pathological tau phosphorylation, 

and by extension, regulation of microtubule dynamics. While TAOK1 has been 

implicated in neurodevelopmental disorders in many studies, its role in 

neurodegeneration is less studied. In preliminary studies, TAOK1 overexpression reduces 

cell viability and ATP production, increases phosphorylated Tau, and transposable 

elements (TEs) derepression. To better investigate TAOK1’s role in inducing 

neurotoxicity, therefore promoting neuron and functional loss, we established an 

inducible TAOK1-overexpressing cell line in human neuroblastoma SH-SY5Y cells. In 

this study, we have demonstrated that TAOK1 overexpression increases phosphorylated 

Tau, potentially leading to the destabilisation of microtubules. This was evidenced by 

inability to maintain neurite outgrowths during neuronal differentiation accompanied by 

changes in expression of synapse and microtubule-associated genes. Neurite loss, coupled 

with increased apoptosis, indicates neurotoxic effects linked to TAOK1 overexpression. 

TAOK1-overexpressing cells also exhibited elevated reactive oxygen species coupled 

with downregulation of mitochondria protein-coding genes, suggesting mitochondrial 

dysfunction as a driver of oxidative stress and neurotoxicity. Upregulation of endoplasmic 

reticulum stress response pathway genes was also discovered, implicating TAOK1-

mediated tau hyperphosphorylation in pathological protein aggregation as a source of 

cellular stress. Additionally, TAOK1 overexpression upregulated several TE families. 

With increased STING and TBK1 expression, a heightened detection of cytosolic dsDNA 
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and potential activation of inflammatory responses via class I Interferon pathways may 

be occurring as potential neurotoxic consequences of TE de-repression. Collectively, 

these findings elucidate how TAOK1 overexpression induces neurotoxicity and promotes 

pro-inflammatory mechanisms, contributing to the progression of neurodegenerative 

diseases. 

Keywords: TAOK1, biomarker, cell death, neuron loss, neurite maintenance, abnormal 

protein deposition, tauopathy, tau phosphorylation, neurodegenerative diseases, dementia, 

cognitive impairment, neurotoxicity, neuroinflammation 
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1. Introduction 

1.1. Neurological Health and Neurodegenerative Diseases 

1.1.1. Introduction 

Throughout history, diseases have posed a significant threat, repeatedly 

devastating civilizations. When considering the burden of disease on life, one might first 

think of epidemics such as smallpox, the bubonic plague, or, more recently, the COVID-

19 pandemic. However, it is easy to overlook the more insidious players whose constant 

presence poses an increasing threat to human health. These persistent and often unnoticed 

diseases quietly but steadily impact our well-being, highlighting the need for ongoing 

vigilance and research to mitigate their effects.  

In 2024, a public health study on the Global Burden of Diseases (GBD) was 

published by The Lancet, detailing the health challenges faced by 204 countries and 

territories from 1990 to 2021. According to this study, approximately 3.4 billion people 

out of the global population of 7.9 billion in 2021 were affected by neurological disorders 

(GBD 2021 Nervous System Disorders Collaborators, 2024). Neurological disorders 

encompass a broad range of diseases, including neurodevelopmental disorders such as 

autism spectrum disorders (ASD) and attention deficit hyperactivity disorder (ADHD), 

and neurodegenerative diseases (NDs) such as multiple sclerosis, Parkinson’s disease 

(PD), Alzheimer’s disease (AD), and other dementias. Neurodegenerative diseases 

contribute substantially to the global burden, accounting for 14.5% of disability-adjusted 

life years (DALYs) and 30.9% of deaths within the neurological disorders group. 

Alarmingly, these values are expected to increase. As life expectancy rises due to 

advancements in various technologies, the burden of disorders that develop with aging is 

also likely to grow. For example, AD, which was ranked 22nd in the leading causes of 
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disease burden worldwide in 2022, is predicted to rise to 8th by 2050 (GBD 2021 

Forecasting Collaborators, 2024). These trends illustrate the pressing need to address the 

growing impact of neurodegenerative diseases on public health. 

1.1.2. Neurodegenerative Diseases & Diagnosis 

Brain-associated NDs are characterised by hallmarks such as inflammation, 

pathological protein aggregation, synaptic and neuronal network deficits and neuronal 

cell death. These contribute towards impairment in brain communication and regular 

brain function that could present as symptoms including cognitive impairment, 

behavioural changes and psychological disturbances (Wilson, et al. 2023). In the largest 

subgroup of NDs as detailed by the GBD study, AD and other dementias are primarily 

characterised by cognitive impairment in affected individuals. This are identified as 

deficits in various areas of cognition such as executive function, language, and memory 

(American Psychiatric Association, 2022).  

Current clinical diagnostic approaches include observing familial history, 

neuropsychological tests that assesses cognitive function, such as the mini-mental state 

examination (MMSE) and neuroimaging, where PET scans can identify protein deposits 

or neural injury (Hugo & Ganguli, et al. 2014). However, many of these methods are 

reactive towards the onset of cognitive symptoms that reached at a mid to late stages of 

degeneration (Malek-Ahmadi, et al. 2020). However, as scientific research advances, 

methods such as laboratory tests and genetic testing have emerged as a form of proactive 

screening to identify risk factors and changes in molecule deposition that can cause 

neurodegeneration. These are known as biomarkers and can be in the form of genetic 

biomarkers like genetic single nucleotide polymorphisms (SNPs), protein or metabolic 

biomarkers that reflect changes in gene expression and accumulation of proteins. These 
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may be identified through genetic testing, neuroimaging and detection through various 

body fluids. Genes such as ApoE4 and SNCA carry the potential for highlighting genetic 

susceptibility (Corder, et al. 1993; Polymeropoulos, et al. 1997). On the other hand, others 

such as TREM2 whose shifts in gene expression, reflects disease progression (Lue, et al. 

2015). Biomarkers that can accurately reflect specific disease subtypes or disease 

progression is critical in not only early detection, but also reduce misdiagnosis due to 

similar presentation of clinical symptoms. Hence, leading us to a discovery analysis for 

biomarkers that can identify cognitive impairment in diseased individuals to allow a more 

tailored approach to treatment. 

1.2. TAOK1: Discovery, Functions and Implications 

1.2.1. TAOK1 as a Protein Biomarker for Cognitive Impairments 

Thousand and one amino acid kinase 1 (TAOK1) was first regarded as a protein 

of interest in our laboratory during the discovery analysis of potential biomarkers that can 

differentiate dementia patients presenting cognitive impairments. It was found to be 

enriched in the extracellular vesicles (EV) in the blood of patients with AD and PD-

Dementia (PDD). Statistical analysis reveals a significant difference in TAOK1 

concentration in patient plasma EVs between those with cognitive impairment and 

healthy controls, as well as PD patients without cognitive impairment (Unpublished Data). 

These findings prompt an investigation into the molecular significance of TAOK1 in the 

neuronal context, which may contribute to shared characteristics observed between these 

patient groups. 

1.2.2. Functions of TAOK1 in the Neuronal Context 

TAOK1 is a serine-threonine protein kinase known primarily for its regulatory 

role in several cellular pathways such as the mitogen activated protein kinase (MAPK) 
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pathway and Hippo signalling pathways (Hutchison, Berman and Cobb, 1998; Zheng and 

Pan, 2019). TAOK1 plays a direct role in regulating cellular function Its ability to 

phosphorylate serine and threonine residues on proteins such as Tau, Rnd3, and MAP2Ks 

grants it significant regulatory functions in various pathways (Giacomini, et al. 2018; 

Gard, et al. 2020). Additionally, it is involved in programmed cell death (apoptosis) and 

mitotic segregation, processes that vital to cellular homeostasis and division (Byeon and 

Yadav 2024).  

In neurodevelopmental studies, TAOK1 has been implicated in neurite formation 

and development through its influence on microtubule dynamics. Depletion of TAOK1 

results in reduced axon and dendrite branching and impaired synapse establishment (van 

Woerden, et al. 2021). This may be through TAOK1 phosphorylation of synaptic proteins 

such as Septin 7, or through the regulation of Tau phosphorylation (Byeon & Yadav, 2021). 

Abnormal TAOK1 expression has been linked to impaired neurodevelopment and 

observed in numerous clinical studies of neurodevelopmental diseases, implicating it in 

deficits in neurodevelopment and behavioural changes. (Dulovic-Mahlow, et al. 2019; 

(Beeman, et al. 2023). TAOK1 itself is recognized as a potential candidate gene for 

neurodevelopmental disorders, with de novo variations coinciding with various 

developmental abnormalities (Hunter, et al. 2022). It is also through the regulation of Tau 

phosphorylation, that TAOK1 has been implicated in neurodegeneration, where TAOK1 

activity has been found to co-localise with pathological Tau aggregates (Giacomini, et al. 

2018). Taken together, these highlights the significance of TAOK1 in the neuronal context.  

1.2.3. TAOK1 and the MAPK Signalling Pathway 

The MAPK pathway is one of the pathways regulated by TAOK1 function. 

TAOK1 is a member of the MAPK kinase kinase (MAP3K) family, otherwise known as 
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MAP3K16. By phosphorylating downstream MAP2Ks, TAOK1 can function via the 

ERK, p38 and JNK-MAPK pathways, activating transcription factors such as TCF, SRF, 

AP1 and ATF2 to lead to downstream cellular processes (Nair, et al. 2010; Fang, et al. 

2020). Dysregulation in the MAPK pathway is known to promote various neurotoxic 

properties, including the activation of apoptotic pathways, dysregulated microtubule 

dynamics, synaptic plasticity, inflammation, redox homeostasis and mitochondrial 

dysfunction (Reszka, et al. 1995; Moens, Kostenko and Sveinbjørnsson 2013; Son, et al. 

2013; Yue and López 2020). These are processes that has the potential to contribute to 

neuronal loss and dysfunction. The MAPK signalling pathways are also highly conserved 

pathways that are pivotal to immune cell inflammatory responses, and their roles in 

immune cells have been widely studied to manipulate immune responses in various 

diseases. The activation of p38-MAPK, and JNK-MAPK signalling can regulate the 

expression of various pro-inflammatory cytokines through its downstream transcription 

factors. For example, the expression of various interleukin genes, including IL1A, IL1B, 

IL12, IL6, and type I interferons (IFN-Is), is widely known to be regulated by these 

MAPKs in response to upstream activation (Platanias 2003; Majoros, et al. 2017; Canovas 

and Nebreda 2021).  

MAPK signalling itself can be affected by various sources of cellular stress such 

as elevated ROS levels. For example, MAPK regulators, such as MAPK phosphatases 

(MKPs) or dual-specificity phosphatases (DUSPs), are not only dysregulated in 

neurological diseases but are also highly sensitive to changes in intracellular ROS levels 

(Low and Zhang 2016; Xu, et al. 2019). Elevated ROS levels can disrupt the balance of 

MAPK signalling by affecting the activity of these phosphatases, leading to aberrant 

MAPK pathway activation. Hence, increased oxidative stress mediated by TAOK1 
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overexpression can further exacerbate the cytotoxic consequences regulated by the 

MAPK signalling pathway. 

The extensiveness of the MAPK pathway in cellular health highlights the 

importance of its regulators and pathway components, such as TAOK1. Any 

abnormalities in its function could result in drastic consequences on neuronal health. 

Given TAOK1’s role within this pathway, abnormal expression of TAOK1 could trigger 

a cascade of events exacerbating neurotoxicity within the cell. Therefore, we aim to 

observe the effects of dysregulated TAOK1 expression on the various cellular pathways 

downstream in MAPK signalling. 

1.2.4. TAOK1, Tau Phosphorylation and Microtubule Dynamics 

TAOK1’s ability to phosphorylate Tau proteins directly or indirectly through 

kinases like MARK2 and PAR-1 has been well documented in several studies (Timm, et 

al. 2003; Tavares, et al. 2013). TAOK1 phosphorylation at its microtubule-binding 

domains and its flanking regions disrupts Tau binding to microtubules and consequently, 

regulating cytoskeletal dynamics (Gong and Iqbal 2008). 

Abnormal Tau aggregation underlies tauopathies like AD, where 

hyperphosphorylated tau dissociates from microtubules and forms neurofibrillary tangles 

(Tavares, et al. 2013; Huang, et al. 2021). TAOK1 may exacerbate this process promoting 

Tau hyperphosphorylation either directly or through intermediaries, disrupting neuronal 

function and contributing to disease progression. Most importantly, increased TAOK1 

activity and Tau hyperphosphorylation has been found by studies to correlate with 

neurodegenerative disorders such as AD (Giacomini, et al. 2018). However, specificities 

on how TAOK1 expression changes later in life due to neurodegenerative disease 

progression, and its direct effects on neuronal health, have yet to be properly established. 
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Further research is needed to elucidate the exact mechanisms and impact of TAOK1 in 

the progression of these diseases. 
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1.3. Protein Aggregation and its Effects on Neuronal Health 

Deficits in normal cellular function that contribute to neurodegeneration are often 

caused by the abnormal accumulation of cellular components. Misfolded proteins, 

resulting from genetic variations or defective protein clearance mechanisms, can 

accumulate due to genetic or environmental factors, leading to neuronal dysfunction and 

loss (Sweeney, et al. 2017). This accumulation of protein aggregates is implicated in 

many common neurodegenerative disorders, such as PD, AD and amyotrophic lateral 

sclerosis (ALS). In AD, hyperphosphorylated tau forms neurofibrillary tangles, while in 

PD, alpha-synuclein aggregates into fibrils (Thal and Tome 2022; Vidovic and Rikalovic 

2022). In ALS, TDP-43 aggregates accumulate in inclusion bodies within neurons 

(Prasad, et al. 2019). Aggregated proteins disrupt cellular processes by physically 

obstructing the cytoplasm and overwhelming the cell’s clearance systems, such as 

ubiquitination. This accumulation of misfolded proteins promotes cellular stress, 

particularly in the mitochondria and endoplasmic reticulum (ER). Mitochondrial stress 

exacerbates the production of reactive oxygen species (ROS), while ER stress triggers the 

unfolded protein response (UPR). Persistent cellular stress ultimately activates pro-

inflammatory responses and cell death pathways, contributing to the progressive 

neurodegeneration observed in the aforementioned diseases. 

TAOK1 regulates Tau phosphorylation, by the indirect or direct phosphorylation 

of serine/threonine at multiple sites either at or adjacent to its microtubule binding 

domains. Hyperphosphorylation can cause Tau detachment from microtubules and 

subsequent aggregation into neurofibrillary tangles. This abnormal tau 

hyperphosphorylation and tangle formation are hallmarks of AD and contribute to 
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neuronal dysfunction and degeneration. Therefore, it is crucial to elucidate TAOK1’s 

contributions to tau-mediated toxicity and its effects on neuronal health. 

1.4. Reactive Oxygen Species and Neurotoxicity 

Another source of cellular toxicity that is associated with abnormal protein 

accumulation is reactive oxygen species (ROS). ROS are chemically reactive molecules 

that are produced during regular cellular events that are essential to cellular function like 

aerobic respiration, or as part of host cell defences. Common ROS include hydrogen 

peroxide (H2O2), superoxide anions (O2●-) and hydroxyl radicals (●OH). ROS are 

closely associated with the mitochondria, as they are primarily generated as byproducts 

of the mitochondrial electron transport chain (ETC) during ATP production. However, 

they can also increase with sources of cellular stress like protein aggregates.  

The accumulation of misfolded proteins and aggregates in the cell can trigger the 

ER’s unfolded protein response (UPR) to restore normal function by enhancing protein 

folding and the degradation of misfolded proteins (Hetz, 2012). The protein folding 

process itself is a major source of ROS production during the formation of disulfide bonds, 

forming H2O2 as a byproduct (Cao and Kaufman, 2014). A contact site between the 

mitochondria and ER, known as the mitochondria-associated membrane (MAM), 

facilitates crosstalk between these organelles. (van Vilet & Agostinis, 2018). Through the 

MAM, stress signals are conducted between the organelles, and increased ER stress will 

inevitably promote mitochondria stress (van Vilet, Verfaille and Agostinis, 2014). Ca2+ 

leakage from the ER during stress, can also be taken up by mitochondria and promote 

ROS generation (Zeeshan, et al. 2016). Thus, abnormal protein aggregation is often 

associated with increased mitochondrial stress and increased ROS production in 

neurodegeneration (Abramov, et al. 2020). Additionally, pathological Tau 
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hyperphosphorylation in causing transposable element (TE) de-repression which has been 

gaining traction in recent years have also been found to be associated with increased 

oxidative stress (Ramirez, et al. 2022). TE de-repression of various families, such as the 

human endogenous retroviruses (HERVs) and Alu, can elevate ROS levels through 

mechanisms like deficits in iron trafficking and endolysosome deacidification responses 

(Halcrow, et al. 2024). 

Under normal circumstances, antioxidant pathways like the Nrf2 pathway, which 

is regulated by MAPK signalling, are upregulated, activating intrinsic antioxidants such 

as catalase, superoxide dismutases (SODs) and glutathione peroxidases (GPXs) to 

maintain stable ROS levels (Kovac, et al. 2015). This balance between ROS production 

and removal is known as redox homeostasis. However, these mechanisms can become 

overwhelmed or be disrupted by misfolded proteins like hyperphosphorylated Tau in AD 

(Tejo & Quintanilla, 2021). In dysregulated redox homeostasis, excessive ROS 

accumulate abnormally and result in prolonged oxidative stress. This can damage 

essential macromolecules such as nucleic acids, lipids, proteins, as well as the 

mitochondria (Pizzino, et al. 2017).  

Neurons are particularly vulnerable to ROS-induced damage due to their high 

energy requirements, making redox homeostasis critical for their survival and function 

(Olunfunmilayo, Gerke-Duncan & Holsinger, 2023). The accumulation of oxidative 

damage in neural cells, particularly in aging has been associated with impairment in 

cognitive function in AD (Massaad & Klann, 2011). Studies over the years have explored 

the use of various antioxidants introduced through the diet such as vitamin E, C, 

molecular hydrogen, caffeine and α-lipoic-acids, to mitigate oxidative damage and 

promote the activity of endogenous antioxidants (Moretti, Fraga & Rodrigues, 2017; 
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Casati, et al. 2020; Banks & Rhea, 2021; Pritam, et al. 2022; Ramanathan, et al. 2023). 

Several of these antioxidants have yielded positive results against tau and Aβ-mediated 

neurotoxicity, further alluding to the synergistic relationship between pathological protein 

aggregation, oxidative stress and inflammation (Keshavarz, Farrokhi & Amiri, 2017; 

Nguyen, et al 2022). 

TAOK1 activity may exacerbate risk factors for oxidative stress, such as abnormal 

Tau phosphorylation, and at the same time, may be involved in pathways like MAPK-

Nrf2 that are responsive towards oxidative stress. Dysregulation in TAOK1 activity will 

create a vicious cycle that can generate more cellular stress and perpetuating cellular 

damage. Understanding TAOK1's role in redox homeostasis is crucial for elucidating its 

contribution to oxidative stress and neuronal damage in neurodegenerative disorders.  
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1.5. Transposable Elements and Cellular Function 

Transposable elements (TEs) are mobile DNA sequences that can move and 

integrate into various parts of the genome. TEs are found in virtually all organisms and 

are estimated to comprise of about 45% of the human genome (Hoyt, et al. 2022) In 

normal circumstances, TEs can help promote genetic variability, and are controlled 

through highly conserved pathways such as the PIWI-piRNA pathway. However, their 

activity can become dysregulated due to various factors including stress, aging and 

cellular events causing chromatin relaxation (Breton, Bettencourt and Gendrel 2024). 

When uncontrolled, TE de-repression is a source of major cellular stress and toxicity, not 

only through genetic instability, but also triggering of inflammatory pathways to drive 

cellular dysfunction and death (Bravo, et al. 2020).  

In recent years, many studies have observed dysregulated TE expression to not 

only coincide but drive neuronal dysfunction. Major families such line interspersed 

nuclear element 1 (LINE-1s), endogenous retroviruses (ERVs) and Alu were amongst the 

most affected by pathogenic tau aggregation (Guo, et al. 2018). This increased Tau burden 

was also associated with increased inflammation, and neurotoxicity (Sun, et al. 2018; 

Ochoa, et al. 2023). Other proteins aggregates in neurodegenerative diseases such as 

TDP-43 has also been associated with TE de-repression and neurotoxicity (Li, et al. 2012; 

Krug, et al. 2017). TAOK1 regulates several critical signalling pathways associated with 

cellular stress such as the MAPK and Hippo pathways, and at the same time, is closely 

associated with Tau phosphorylation. Hence, it is likely that TAOK1 may promote 

neurotoxicity through Tau-mediated dysregulation of TEs.  
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1.6. Neuroinflammation 

Neuroinflammation is the inflammatory response within the central nervous 

system (CNS) and is primarily mediated by glial cells, including microglia and astrocytes 

(Yang & Zhou, 2019). Neuroinflammatory responses in the CNS are primarily mediated 

by the secretion of pro-inflammatory cytokines, chemokines, ROS and prostaglandins by 

CNS cells like microglia and astrocytes (Norden, et al. 2017). These pro-inflammatory 

molecules can amplify inflammatory responses, recruit and activate additional immune 

cells to the site of inflammation. While many associate it with glial function, there are 

many intrinsic sources of neuroinflammation within neurons themselves. Abnormal 

protein accumulation, TE de-repression and increased oxidative stress can all promote the 

activation of pro-inflammatory pathways within neurons (Wu, et al. 2020; Mingione, et 

al. 2021; Nopparat, et al. 2023; Li, et al. 2023). Thus, underlying the importance of 

investigating its relevance in TAOK1-mediated neurotoxicity. While acute inflammation 

is a protective mechanism against infection and injuries, chronic inflammation associated 

with persistent activation of microglia and astrocytes is detrimental and can lead to 

behavioural deficits and impaired cognitive function particularly in the aged brain 

(DiSabato, Quan & Godbout, 2016; Xia, et al. 2023). 

Previous research suggests that TAOK1 relation to inflammatory responses is 

primarily associated with MAPK-NF-κB signalling and IL-17 signalling (Zhang, et al. 

2018). However, little is known about TAOK1’s association with inflammatory responses 

in neurons.   

In this study, we aim to take a more holistic approach to uncover the effects of 

TAOK1 activity on inflammatory responses through abnormal protein aggregation, 

oxidative stress and TE de-repression. Ultimately, understanding how TAOK1 can affect 
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various neuroinflammatory pathways is essential for elucidating TAOK1’s overall impact 

on neuronal health. 

1.6.1. The Inflammasome Signalling Pathway 

One of the pathways of the innate immune response against pathogens and cellular 

stress is the inflammasome signalling pathway. Inflammasomes are multiprotein 

complexes that ultimately lead to the cleavage and release of pro-inflammatory cytokines, 

such as interleukin-1β (IL-1β) and interleukin-18 (IL-18), and pyroptosis, a form of 

inflammatory cell death, through the activation of caspase-1 (Kelley, et al. 2019). The 

inflammasome pathway is often divided into two steps: priming and activation (Yang, et 

al. 2019). During the priming step, pattern recognition receptors (PRRs) can trigger 

various pathways to induce the transcription of pro-inflammatory genes, including those 

encoding cytokines and inflammasome components. This prepares the cell for a rapid 

response when it detects the activation signal (Gritsenko, et al. 2020). The activation step 

involves the detection of a second signal, which drives the formation of the 

inflammasome complex. This complex recruit and activates Caspase-1, leading to the 

cleavage and activation of pro-inflammatory cytokines and the induction of pyroptotic 

cell death. Increased TE transposition activity can lead to an accumulation of TE-derived 

nucleic acids in the cytoplasm (Miller, et al. 2021). These abnormal increase in cytosolic 

nucleic acids can be sensed by various nucleic sensors, such as cGAS and AIM2 for 

dsDNA. These receptors initiate a series of pro-inflammatory reactions like IFN-I 

responses and the activation of the canonical NLRP3 inflammasome pathway (Rathinam, 

et al. 2010; Pothlichet, et al. 2013; da Costa, et al. 2019; Radzikowska, et al. 2023; Liu, 

et al. 2024). For instance, Alu elements have been shown to induce NLRP3 
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inflammasome priming, increasing the expression of NLRP3 and IL-18 mRNA (Lee, et 

al. 2022).  

Given the associations between Tau and TE de-repression, we aim to investigate 

the NLRP3 inflammasome as a source of neuroinflammation mediated by TAOK1. 

Understanding how TAOK1 affects inflammasome signalling could provide insights into 

the mechanisms driving chronic neuroinflammation and neuronal damage.  

1.7. Neuron and Synapse Loss in Neurodegenerative Diseases 

The loss of neurons and synapses can lead to a loss of neural connectivity, 

affecting regular brain function, leading to cognitive and motor deficits observed in 

various neurodegenerative diseases. In AD, the loss of neurons and synapses in the 

hippocampus and cortex disrupts pathways critical for memory and learning, such as the 

glutamatergic signalling pathway (Fjell, et al. 2014). The accumulation of amyloid-beta 

plaques and Tau neurofibrillary tangles also interferes with synaptic function, leading to 

reduced synaptic plasticity and neuronal death (Spires-Jones and Hyman 2014). On the 

other hand, the degeneration of dopaminergic neurons in the substantia nigra impairs the 

dopaminergic pathway, which is essential to motor control, causing the characteristic 

symptoms of PD (Damier, et al. 1999). Neuron and synapse loss in different regions of 

the brain may be fostered by genetic variations that develop as these diseases progress. 

Although AD primarily affects the hippocampus and cortex and PD targets the substantia 

nigra, they are both plagued with neuronal and synaptic degeneration.  

This study proposes that TAOK1 overexpression could reflect general 

deterioration in neuronal health, which in vivo, may contribute to neurodegeneration in 

various brain regions depending on the specific disease. Thus, TAOK1 overexpression 

might not be confined to a single neurodegenerative disorder but could represent a 
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common pathway through which neuronal and synaptic loss occurs, regardless of the 

initial pathological trigger or the specific brain regions involved.  

At this point, we cannot yet determine the pathways where TAOK1 can directly 

or indirectly contribute towards the deterioration of neuronal health. However, it’s 

regulatory role in tau phosphorylation and involvement in the MAPK signalling pathway 

clues us into possible sources where it promote neuronal toxicity. Hence, this study aims 

to elucidate the effect of TAOK1 on neuronal health, exploring various neurotoxic 

pathways that may contribute towards neuronal and synaptic loss 

1.8. Preliminary Studies 

Preliminary studies were conducted in our lab by Pin-Jui Kung, to shed light on 

the molecular mechanisms behind the apparent TAOK1 accumulation in dementia 

patients. TAOK1 overexpression in differentiating SH-SY5Y was introduced through 

transient transfection of TAOK1-containing extracellular vesicles. Results from those 

studies were able to model the in vitro increase of phosphorylated Tau with TAOK1 

overexpression, reduce cell viability and ATP production. A reduction in neurite length 

was also observed, and it was suggested that TAOK1 may induce neurotoxicity through 

tau hyperphosphorylation to induce synaptic dysfunction through microtubule 

destabilisation and mitochondrial dysfunction. The expression of several transposable 

element (TE) families were also found to increase in cells overexpressing TAOK1. (Kung, 

2021) 

It was postulated that TAOK1 may contribute towards the tau-mediated increase 

in TE activation observed in other studies and promote downstream immune responses 

that is detrimental to neuronal health.   



doi:10.6342/NTU202402516

17 

 

1.9. Elucidating the Neurotoxic and Inflammatory Potential of TAOK1 

Overexpression in SH-SY5Y Neuroblastoma Cells 

1.9.1. Project Aims 

The function and impact of TAOK1 activity in neurons remain largely unexplored 

in the neurodegenerative context. TAOK1 is known for its regulatory role in various 

cellular pathways due to its ability to phosphorylate various targets. Microtubule 

destabilisation due to TAOK1 phosphorylation at microtubule binding sites of Tau has 

been implicated in neurodevelopmental diseases to affect neurite branching and synaptic 

establishment. Additionally, the propensity for hyperphosphorylated Tau to aggregate into 

neurofibrillary tangles are amongst the most well-known hallmarks of neurodegenerative 

diseases like AD. This abnormal protein aggregation can also promote cellular stress, 

increasing mitochondrial and ER burdens to disrupt redox homeostasis. TE de-repression 

can also be affected by this protein aggregation in several neurodegenerative diseases. 

Together, increased oxidative stress and TE de-repression can affect various cellular 

pathways to drive inflammatory processes. Additionally, TAOK1 can also operate 

through the MAPK signalling pathway to mediate cellular stress, cell survival and 

function. Hence, dysregulated TAOK1 activity can drive a cascade of neurotoxic events 

in the cell, contributing to the perpetuation of neurodegeneration in diseases (Figure 1). 

However, studies have yet to prove that TAOK1 can affect these cellular events to cause 

neurotoxicity in neurodegenerative diseases.  

We hypothesise that TAOK1 overexpression can induce neurotoxicity in the cell 

directly through Tau phosphorylation, and indirectly perpetuate cellular stress that can be 

identified through mitochondrial and ER stress, inducing inflammation and ultimately 

lead to loss of neuronal function and cell death.  
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This study aims to shed light on the effects of TAOK1 overexpression on neuronal 

health by looking at cell death and neuronal function. Hence, revealing the molecular 

mechanisms behind the neurotoxic consequences of TAOK1 accumulation in dementia 

patients experiencing cognitive impairment. Our objectives include:  

(1) Overexpressing TAOK1 endogenously in an inducible SH-SY5Y model to 

address deficits in transfection models 

(2) Characterizing cell death due to TAOK1-mediated pathways 

(3) Neurite maintenance in differentiating TAOK1-overexpressing cells and 

potential implications on neuronal function 

(4) Cellular stress and neurotoxic consequences caused by TAOK1-mediated 

pathways  
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Figure 1. Summary figure of the potential interplay between TAOK1 and 

neurodegeneration. TAOK1’s relationship with MAPK signalling and Tau 

phosphorylation, can be detrimental to neuronal health and function through 

interconnected pathways between MAPK signalling, Tau hyperphosphorylation, TE 

motility, mitochondria and the ER. (Created with BioRender.com)  
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1.9.2. Experimental Design 

In this study, we employed a Tet-On inducible system to overexpress TAOK1 in 

the SH-SY5Y neuroblastoma cell line. This endogenous TAOK1-inducible SH-SY5Y 

was generated by Pin-Jui Kung in our laboratory, up to the selection and expansion of 

single clones before the handover for this study (Kung, 2024).  

Mixed and single clones were cultured under both undifferentiated and 

differentiating conditions, followed by induction of TAOK1 overexpression with 

doxycycline treatment. Various assays were used to assess protein and RNA expression, 

including western blot, RT-qPCR, and transcriptome analysis through RNA sequencing. 

These techniques allowed us to quantify changes in gene and protein expression 

associated with neurotoxicity pathways, such as apoptosis, oxidative stress, and 

inflammation. Cell count, viability and ROS levels were measured using Trypan Blue, 

CCK-8 and DHE assays, respectively. The CCK-8 assay provided insights into cell 

viability and proliferation, while the DHE assay helped quantify ROS levels, indicating 

oxidative stress. Immunofluorescence microscopy was used for cell imaging, enabling us 

to visualize changes in cellular morphology and identify target structures. This approach 

allowed us to investigate the effects of TAOK1 overexpression on neuronal health and 

elucidate the underlying mechanisms of neurodegeneration (Figure 2).  
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Figure 2. Schematic of experimental workflow to assess effects of TAOK1 Overexpression on molecular and morphological 

characteristics. (A) Cell culture of TAOK1-inducible SH-SY5Y neuroblastoma cells and selection of clones. (B) Experimental procedures 

to assess RNA and protein expression, cell count and viability sampling, ROS quantification and immunocytochemistry. (1B Created with 

BioRender.com) 
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1.9.2.1. SH-SY5Y Neuroblastoma as a Neuronal Model 

This study uses the human neuroblastoma cell line SH-SY5Y as a neuronal model 

to examine the morphological and molecular changes that indicate and affect neuronal 

health in response to TAOK1 overexpression. The SH-SY5Y is a human-derived 

neuroblastoma cell line subcloned from the SK-N-SH cell line, originally isolated from 

the bone marrow biopsy of a four-year old (Biedler, et al. 1978). SH-SY5Y cells are 

adherent cells that can be distinguished into the more neuron-like neuroblastic (N) or the 

substrate adherent Wachwannian (S)-types (Quaglia and Manchester 1996). When treated 

with differentiation agents such as retinoic acid (RA), these N-type cells can differentiate 

into neuron-like cells, displaying morphology reflective of neuronal differentiation 

(Encinas, et al. 2000). These include the growth of neurite-like projections, which depend 

on the formation and stability of microtubule structures. In our study, when exposed to 

differentiation media for five to seven days, SH-SY5Y cells show a differentiated 

phenotype, with typical neuronal features such as visible neurite extension and the 

expression of differentiation marker TUBB3 (Figure 3). In this study, these cells will be 

referred to as “differentiating” rather than “differentiated” to acknowledge that they may 

not be terminally differentiated. Experiments will be conducted on differentiating SH-

SY5Y cells that exhibit and maintain these differentiated phenotypes.  

The differentiation into a more neuron-like phenotype provides a model for 

studying neuronal development and function, particularly processes such as neurite 

outgrowth during differentiation. This is particularly valuable for modelling 

neurodegenerative diseases like AD and PD, diseases whose mechanisms manifest after 

neuronal maturation. This will facilitate the study of cellular processes including protein 

aggregation and the activation of various pathways, and how they can progress into 

neuron and synapse loss. 
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Figure 3. Brightfield images of undifferentiated and differentiating SH-SY5Y cells. Differentiating SH-SY5Y cells exhibit a narrower 

cell body and significant neurite outgrowth compared to undifferentiated cells. (Top and bottom left: 10X objective magnification. Top and 

bottom middle: 20X objective magnification. Top and bottom right: magnified detail from 20X objective image).
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1.9.2.2. TAOK1 Overexpression in SH-SY5Y using the Tet-On System 

This study makes use of an endogenous expression system known as the Tet-On 

Inducible system in the SH-SY5Y cell model to overexpress TAOK1. This is in contrast 

to the transfection method used in the preliminary studies for elucidating the effects of 

TAOK1 overexpression in SH-SY5Y cells. 

In the preliminary studies, parental SH-SY5Y cells were transiently transfected 

with TAOK1-containing extracellular vesicles (EVs). However, using the Tet-On system, 

the gene of interest, TAOK1 is integrated into the host cell genome and placed under the 

control of a tetracycline-responsive promoter (TRE). Doxycycline, a tetracycline 

analogue can be introduced through the culture medium, and in its presence, it will 

undergo a conformation change and bind to the reverse tetracycline trans-activator which 

allows it to bind to the TRE and transcribe the gene of interest. Through this, we are able 

to overexpress TAOK1 at any time, allowing a high degree of temporal control over 

TAOK1 overexpression.  The system is also incredibly stable, allowing for the long-term 

expression of the gene of interest compared to the temporary expression in transient 

transfection. Selection of single clones also eliminates expression heterogeneity which is 

highly dependent on plasmid uptake by the cells, which we cannot control accurately in 

an experiment setting. This uniform expression will allow for more reliable results, where 

differences between clones can be attributed to differences in integration site. However, 

leaving us less variables. In addition, parts of this study assesses neuronal health in areas 

of cellular stress and neurotoxicity. Transient transfection procedures are known to induce 

cellular stress, creating artefacts when gathering results.  

Overall, making use of the Tet-On system, we are able to achieve better efficacy, 

stability and control while reducing variability affecting cellular health. This way, we can 
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produce more robust and reliable results that can be attributed to TAOK1 overexpression 

in SH-SY5Y.  
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2. Materials and Methods 

2.1. TAOK1-Overexpressing SH-SY5Y 

2.1.1. Tet-On System 

To study the effects of TAOK1 overexpression of SH-SY5Y cells, the Tet-On 

system was used as a means of driving TAOK1 overexpression at specific times. 

Transgene expression is driven by the TRE, through doxycycline in the culture medium. 

In this study, 5 µg/mL of doxycycline was added to the culture medium to induce the 

expression of TAOK1 at specific differentiation stages of SH-SY5Y cells. An M2 FLAG 

label was designed at the end of the TAOK1 sequence, allowing us to selectively identify 

TAOK1 that has been transcribed through this system. This would allow us to detect 

leakage in expression. To facilitate the selection of cells which has successfully integrated 

the system, we incorporated a puromycin resistance gene into the expression vector. 

Puromycin is an antibiotic that can effectively kill cells that do not carry any resistance 

gene. By introducing puromycin into the culture medium, we can eliminate any cells that 

do not carry the integrated system. This helps us establish a stable cell line that expresses 

TAOK1 under the Tet-On system, that we can ensure over several generations.  

2.1.2. Cell Culture and Maintenance 

Cells in this study were cultured on cell culture vessels containing appropriate 

volumes of culture medium of Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-

12 (DMEM/F-12; GibcoTM, #11320033) with 10% heat-inactivated FBS (GibcoTM, 

#10437-028). 1µg/mL puromycin was introduced into the medium of single and mixed 

clones of the TAOK1-inducible SH-SY5Y cell line to select for cells that express the 

integrated TAOK1 construct. Culture vessels were placed into humidified incubators 
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maintained at 37ºC and 10% CO2. Culture medium was replaced every 3 – 4 days and 

passaged at 70-80-% confluency if not subjected to experimental treatment.  

To culture undifferentiated cells, cryovials containing the desired cell line was 

thawed in a 37ºC water bath until visibly thawed. Contents of the cryovial was added into 

a 15 mL centrifuge tube containing 5 mL of culture media and centrifuged at 1000g for 5 

minutes at room temperature. Supernatant was removed, and the cell pellet was 

resuspended into appropriate volume of cell media before introduction into the 

appropriate culture vessel. Feed was conducted every 3 – 4 days with the complete 

replacement of fresh culture media. Passage was conducted when cells have reached 80 

– 90% confluency. In treatment groups, the culture was completely replaced with fresh 

media at 60-70% confluency, with the addition of 5ug/mL of doxycycline into the 

treatment group to induce TAOK1 overexpression. 

Differentiation was conducted by replacing the regular culture medium with 

NeurobasalTM Medium (GibcoTM, #21103049) containing 1X B-27TM (GibcoTM, 

#17504044), 1X GlutaMaxTM (GibcoTM, #35050061) and 10 uM of Retinoic Acid (RA) 

(Sigma, R2625), when undifferentiated cells in their culture vessels have reached 60 – 

70% confluency. Feed was conducted by replacing 50% of the culture medium with 

freshly prepared differentiation medium, to make 10 uM of RA. After 7 days, medium 

was completely replaced with fresh media, with the addition of 5 µg/mL of doxycycline 

into the treatment group to induce TAOK1 overexpression. 
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2.2. Cell Count & Viability Assays 

2.2.1. Trypan Blue Exclusion Method 

The trypan blue exclusion method was used as a cell count method during harvest. 

Cells were harvested by aspirating spent culture media from the culture vessel, followed 

by washing with DPBS without Ca2+ and Mg2+. After aspirating the DPBS, TrypLE was 

added, ensuring complete coverage of the adherent cells and allowed to sit for a maximum 

of 10 minutes. Culture vessel was tapped lightly to encourage the detachment of cells, 

before being quenched with equal volume of cell culture media. Cell suspension was 

collected into a 15 mL centrifuge tube and mixed thoroughly to ensure homogeneity. A 

20 µL aliquot was taken into a new 1.5 mL microcentrifuge tube and mixed with an equal 

volume of trypan blue solution and incubated for 1 – 2 minutes at room temperature. 10 

µL of the mixture was loaded onto the hemacytometer chamber. Total cell concentration 

and viability were counted under a 10X objective lens under the following formulae: · 

𝑇𝑜𝑡𝑎𝑙 𝐶𝑒𝑙𝑙𝑠 𝑝𝑒𝑟 𝑚𝐿 = Average Cell Count per Square ×  Dilution Factor × 104 

𝑉𝑖𝑎𝑏𝑙𝑒 𝐶𝑒𝑙𝑙𝑠 (%) =  
𝑉𝑖𝑎𝑏𝑙𝑒 𝐶𝑒𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝐶𝑒𝑙𝑙𝑠
 ×  100 

 

2.2.2. Cell Counting Kit-8 Assay 

Cell viability was assessed using the Dojindo CCK-8 assay kit (CK04) based on 

vendor’s instructions. The CCK-8 assay is a colorimetric assay that can determine cell 

viability based on the cell’s dehydrogenase activity. In the assay’s dye, a water-soluble 

tetrazolium salt, WST-8, will be reduced by dehydrogenase in live cells. This would form 

a highly soluble formazan dye that can be measured using a microplate reader at 450 nm. 
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The amount of formazan is directly proportional to the number of viable cells in the well, 

which means that a higher absorbance is indicative of higher number of viable cells.  

In this study, 5,000 cells were seeded into each well of a 96-well plate. After an 

appropriate period of growth and treatment, 10 μL of the CCK-8 solution is added to each 

well containing 100 μL of culture medium. The plate was then incubated for 1 – 4 hours 

at 37°C. Following incubation, the absorbance of each well was measured at 450 nm 

using a microplate reader.  

2.3. RNA Expression 

The expression of specific genes were assessed using Reverse Transcription – 

quantitative Polymerase Chain Reaction (RT-qPCR) and rRNA-depletion RNA 

sequencing. 

2.3.1. RNA Extraction from Adherent Cells 

Total RNA was extracted from cells at 72 hours post-doxycycline treatment. After 

the aspiration of spent media, cells were washed twice with 0.22uM filtered 1X DPBS 

without Ca2+ and Mg2+. QIAzolTM was added directly onto the cells to lyse the cells for 

RNA purification using the Qiagen RNeasy Mini Kit (74104) according to 

manufacturer’s instructions. The lysate was either stored at -80°C for long-term storage 

or processed immediately. For phase separation, one-fifths volume of chloroform (140 

µL chloroform for every 700 µL of the sample) was added to the lysate. The mixture was 

incubated at room temperature for two to three minutes and then centrifuged at 12,000 x 

g for 15 minutes at 4°C. The aqueous layer was carefully removed and transferred to a 

new tube. To precipitate the RNA, 1.5X volumes of 100% ethanol were added to the 

aqueous phase and mixed thoroughly. A maximum of 700 µL of the mixture was then 

applied to the provided RNeasy spin column with a collection tube. The column was 
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centrifuged at ≥ 8000 x g for 15 seconds at room temperature, and the flow-through was 

discarded. This step was repeated until the entire sample had been processed. The column 

was then washed by adding 350 µL of RWT buffer and centrifuging for 15 seconds at ≥ 

8000 x g. For on-column DNase digestion, a mix of 10 µL DNase I and 70 µL RDD 

buffer was directly applied to the membrane and incubated at room temperature for 15 

minutes to remove any contaminating DNA. Following DNase treatment, 500 µL of RPE 

buffer was added to the column, which was then centrifuged for 15 seconds at ≥ 8000 x 

g. The flow-through was discarded, and an additional empty spin at maximum speed was 

performed to ensure all ethanol was removed. The RNA was eluted into a new collection 

tube by adding 35-50 µL of nuclease-free water directly to the membrane and centrifuging. 

The eluted RNA was kept on ice, and its concentration and purity were measured using a 

NanoDrop spectrophotometer. The RNA samples were then aliquoted and stored at -80°C 

for future use. 

2.3.2.  Quality Control Analysis via RNA Bioanalyzer 

In-house quality control (QC) was assessed using the Agilent 2100 Bioanalyzer 

following manufacturer’s instructions. Only RNA samples of RNA Integrity Number 

(RIN) of more than 8 was used in later RT-qPCR and sequencing work to ensure purity 

and integrity of the RNA samples. 

2.3.3. Reverse Transcription 

cDNA was generated from the purified RNA extracted from cells through reverse 

transcription using the SuperScriptTM IV Reverse Transcriptase system (Invitrogen, 

#18090010). 1000 ng of total RNA from the previous RNA extraction step was used as 

starting material for the reverse transcription. The RNA was topped up to a final volume 

of 8 µL with RNase-free water.  
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To ensure the removal of any contaminating genomic DNA, a DNase treatment 

was performed. The DNase treatment mixture consisted of 8 µL RNA sample, 1 µL 

DNase, and 1 µL RDD buffer (Qiagen, #79254). This mixture was incubated at room 

temperature (RTP) for 30 minutes. Following DNase treatment, the enzyme was 

inactivated by adding 1 µL of 25 mM Ethylenediaminetetraacetic acid (EDTA) to the 

sample, and the mixture was incubated at 75°C for 10 minutes using a polymerase chain 

reaction (PCR) machine (Biometra TAdvanced Twin PCT Thermal Cycler). This step 

ensured the complete inactivation of DNase before proceeding to the reverse transcription. 

EDTA is a chelating agent that chelates divalent cations such as Mg2+ and Ca2+, which are 

cofactors for DNase enzymatic activity that are present in the RDD buffer. Addition of 

EDTA will chelate and sequester these cations to inactivate DNase activity. For primer 

annealing, 1 µL of random primers/hexamers and 1 µL of deoxyribonucleotide 

triphosphate (dNTP) mix were added to the RNA sample. The mixture was incubated at 

65°C for 5 minutes using the PCR machine to allow the primers to anneal to the RNA 

template.  

To create a non-reverse transcription (non-RT) control, which is essential for 

verifying the absence of genomic DNA contamination, the following components were 

added to 13 µL of the treated RNA sample: 1 µL of Dithiothreitol (DTT), 4 µL of 5x 

SSIV Buffer, and 2 µL of RNase-free water. This control mixture did not contain the RT 

enzyme and was processed in parallel with the RT sample. DTT reduces disulfide bonds 

and can help stabilise RT to ensure the efficacy of the enzyme during the reverse 

transcription process. DTT can also help protect RNA molecules from oxidative damage 

and degradation by providing a reducing environment. Overall, creating an optimal 

environment for reverse transcription.  
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For the reverse transcription reaction, 1 µL of DTT, 4 µL of 5x SSIV Buffer, 1 

µL of SSIV reverse transcriptase, and 1 µL of RNase-free water were added to 13 µL of 

the treated RNA sample. The reaction mixture was then subjected to the following 

thermal cycling conditions in the PCR machine: 23°C for 10 minutes, 50°C for 30 minutes, 

80°C for 10 minutes, and finally cooled to hold at 4°C. These steps ensured the synthesis 

of complementary DNA (cDNA) from the RNA template, which was then ready for 

further downstream RT-qPCR. 

2.3.4. Real Time Quantitative Polymerase Chain Reaction (RT-qPCR) 

RT-qPCR was conducted using the cDNA synthesized in the earlier reverse 

transcription step. The cDNA was diluted to a concentration of 2 ng/µL with RNAse-free 

water. 

The forward primer (FP) and reverse primer (RP) were prepared in a 1:1 ratio with 

nuclease-free water to form the primer mix. The ratio of the primer mix was FP:RP:H2O 

(1:1:18). The prepared primer mix was then combined with SYBR Green Master Mix in 

a ratio of 1:9 to make the Primer-SYBR mixture. A 384-well PCR Plate was used for the 

reaction. For each well, 5 µL of the Primer-SYBR mixture was added. 5 µL of the diluted 

cDNA sample (2 ng/µL) was added to each well, bringing the total reaction volume to 10 

µL per well. Each condition included one non-RT control and three RT samples 

(triplicates). These samples were loaded onto a 384-well plate for analysis. The 384-well 

plate was sealed with an adhesive film to prevent evaporation and contamination. The 

plate was then gently tapped to thoroughly mix the reaction components. The sealed plate 

was centrifuged at 4°C at 1000g for 1 minute to ensure that the reaction components 

settled at the bottom of the wells and to eliminate any air bubbles. The prepared 384-well 

plate was then placed in a qPCR machine (Bio Rad C1000 TouchTM Thermal Cycler, 

CFX483TM Real-Time System) with the following cycling conditions:  
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The expression levels of target genes were normalised to the expression of 

housekeeping genes Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) and Xaa-

Pro Aminopeptidase 1 (XPNPEP1). The glycolytic pathway enzyme GAPDH is a popular 

housekeeping gene due to its ubiquitous expression in various cell and tissue types, and 

typically stable in response to experimental treatments. On the other hand, XPNPEP1 is 

another housekeeping gene known for its stability in human brain tissue and has no known 

neuroinflammatory or neurodegenerative associations (Durrenberger, et al. 2012), 

marking its suitability as an internal control. Relative gene expression was calculated 

using the ΔΔCt method, where Ct values of target genes were normalised to the Ct value 

of the housekeeping gene. Results are presented as fold changes in gene expression 

relative to the control group. 

2.3.5.  rRNA-Depletion RNA Sequencing 

RNA QC, library construction and subsequent Illumina rRNA-Depletion RNA 

sequencing (RNA-seq) of selected RNA samples were conducted by Jilong Mix 

Biotechnology Co., Ltd.  

rRNA-depletion RNA sequencing was used to analyse the gene expression 

changes between our control and TAOK1 overexpression groups. In this study, total RNA 

was extracted from the cells and subjected to rRNA depletion to enrich for messenger 

RNA and other non-ribosomal RNA species. rRNA constitutes majority of total RNA and 

can obscure the detection of less abundant transcripts like mRNA and piRNA, which can 

serve regulatory functions that are of interest to our study. Sequencing was performed on 

an Illumina commercial platform, with sequencing depth set to 20G reads per sample, the 

equivalent of 20 billion reads. This will ensure the detection of both highly expressed and 
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less abundant reads to increase the resolution and robustness of the data, allowing us to 

detect even minimal gene expression changes.  

Differential gene expression analysis was performed to compare the 

transcriptomes of the control and treatment groups with TAOK1 overexpression. For the 

analysis of individual clones in both undifferentiated and differentiating populations, the 

edgeR package was used to calculate the log2-fold change (log2FC) values and identify 

differentially expressed genes (DEGs). In parallel, DESeq2 was employed to analyse 

multiple single clones, treating them as biological replicates. For individual clones where 

we only have one matched control-treatment sample, edgeR was used as it can effectively 

handle small sample sizes and provide accurate normalisation using the trimmed mean of 

M-values (TMM). For the undifferentiated population where we have biological 

replicates in the form of multiple single clones, DESeq2 was used. DESeq2 is designed 

to handle biological variability and increases statistical power by treating the single clones 

as replicates. It uses the Wald test for significance and corrects for multiple tests with the 

Benjamini-Hochberg method. This combined approach allowed us to accurately identify 

differentially expressed genes in this study based on the log2FC value. A positive log2FC 

value indicates upregulation of a gene, while a negative log2FC value indicates 

downregulation. A log2FC value of 1 corresponds to a two-fold increase in gene 

expression, whereas a log2FC value of -1 corresponds to a two-fold decrease in gene 

expression. Similarly, a log2FC value of 2 indicates a four-fold increase, and a log2FC 

value of -2 indicates a four-fold decrease in gene expression. 

Hypothesis testing was conducted within the packages to obtain p-values for 

statistical significance. P-values are used to determine the statistical significance of the 

observed changes in gene expression. A lower p-value indicates that the observed change 

is less likely to be due to random variation. However, when conducting multiple 
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comparisons, the risk of false positives increases. To address this, adjusted p-values (padj) 

are calculated to control for the false discovery rate (FDR). Adjusted p-values provide a 

more stringent measure of significance by accounting for the number of tests performed. 

In our analysis, we consider genes with a padj value of less than 0.05 to be differentially 

expressed. 
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2.4. Western Blot Analysis 

2.4.1. Protein Extraction from Adherent Cells 

The lysis buffer was prepared using 100 µL of 10X RIPA buffer, 10 µL of 

phosphatase inhibitor A (PhIA), 10 µL of phosphatase inhibitor B (PhIB), 10 µL of 

protease inhibitor (ProI), 10 µL of PMSF, and 860 µL of water were combined to a total 

volume of 1000 µL.   

The cell culture medium was aspirated from the culture vessel, and the cells were 

washed twice with the addition of ice-cold DPBS without Ca2+ and Mg2+. For protein 

extraction, 250 - 500 µL of ice-cold lysis buffer was added directly onto the cells, ensuring 

full coverage with the lysis buffer. After a short period of incubation, the cells were 

scraped using a clean plastic cell scraper, and cell suspension was collected into 

microcentrifuge tubes. The contents of the microcentrifuge tubes were sonicated for 10 

minutes on high for two cycles. Following this, the tubes were centrifuged at 16,000 x g 

for 20 minutes at 4°C. The supernatant was collected in a fresh tube and placed on ice, 

while the pellet was discarded. 

2.4.2. Bicinchoninic acid Assay (BCA) 

The PierceTM BCA Protein Assay Kit (Thermo Scientific, #23225) was used 

quantify the protein concentration of the supernatant collected in the previous section, 

based on manufacturer’s instructions.  

To generate a standard curve, a series of bovine serum albumin (BSA) standards 

were prepared at the following concentrations: 2000 ng/mL, 500 ng/mL, 125 ng/mL, 

31.25 ng/mL, 0 ng/mL, and a blank. The BCA working reagent was prepared by mixing 

reagent A and reagent B in a 25:1 ratio. 200 µL of the working reagent was added to 15 

µL of each protein sample and standard. Protein samples were prepared at 1X and 5X 
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dilutions, to ensure that the protein concentrations fell within the range of the standard 

curve. 

15 µL of each protein sample was mixed with 200 µL of the BCA working reagent 

in a microplate well and mixed carefully with a pipette to ensure homogeneity. The 

microplate was incubated at 37°C for 30 minutes for the reaction to occur. The absorbance 

of each well was measured at 562 nm using a microplate reader. A standard curve was 

plotted using the absorbance values of the BSA standards and used to determine the 

protein concentrations of the unknown samples.  

2.4.3. SDS-PAGE & Western Blot 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was 

used to separate proteins based on their molecular weight. Depending on the molecular 

weight of the target protein, 10%, 12%, and 15% polyacrylamide gels were prepared. 

Protein samples, ranging from 10-20 ng, were prepared by adding loading dye at a 

concentration of (stock: 2-mercaptoethanol 3:1) in a 1:4 ratio to the protein sample. The 

mixture was then heated on a heat block at 90°C for 10 minutes to denature the proteins. 

After denaturation, the samples were loaded into the wells of a 10- or 15-well gel. 5 µL 

of PageRulerTM Prestained Protein Ladder (Thermo ScientificTM, #26616) was added to 

the first lane of the well. Gel electrophoresis was performed at 80V for 20 minutes 

followed by 110V for 1 hour in 1XSDS running buffer (Omics Bio, #IB3372) to separate 

the proteins based on their size. 

Following SDS-PAGE, the proteins were transferred to a polyvinylidene 

difluoride (PVDF) membrane (0.2 µm & 0.45 µm pore size). The PVDF membrane was 

first activated by soaking it in 100% methanol for 5-10 minutes. The protein transfer was 

conducted in 1X Transfer Buffer (Omics Bio, #IB3352) at 0.25A for 60 minutes. After 

the transfer, the membrane was blocked for 1 hour in blocking buffer of 5% BSA 
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dissolved in PBST (1X PBS with 0.1% Tween-20), or 5% skimmed milk in TBST (1X 

TBS with 0.1% Tween-20) at room temperature with gentle shaking to prevent non-

specific binding of antibodies. The membrane was then washed three times for 5-10 

minutes each with PBST. The membrane was incubated overnight at 4°C with the primary 

antibody diluted in blocking buffer. The next day, the membrane was washed three times 

for 5-10 minutes each with PBST to remove any unbound primary antibody. The 

membrane was then incubated for 1 hour at room temperature with the secondary 

antibody diluted in the blocking buffer. Following secondary antibody incubation, the 

membrane was washed three times for 5-10 minutes each with PBST. For detection, a 

chemiluminescence reagent was prepared by mixing equal volumes of the Enhanced 

Luminol Reagent and the Oxidizing Reagent and added to the membrane (PerkinElmer 

Western LightningTM Plus, PK-NEL105). The membrane was incubated in the 

chemiluminescence reagent for one minute with gentle agitation. Excess reagent was 

removed by draining or blotting, and the membrane was then placed on an appropriate 

surface for imaging. The membrane was imaged using the GeneGenome XRQ-

chemiluminescence imaging system. Intensities of western blot bands were quantified 

using ImageJ. 

For re-probing, the membrane was stripped by adding stripping buffer (Omics Bio, 

AR0001) to the membrane and incubated for 20 minutes at room temperature with 

shaking. The membrane was then washed three times for 10 minutes each with PBST, 

followed by blocking and re-incubation with primary and secondary antibodies as 

described previously. 

 

  



doi:10.6342/NTU202402516

39 

 

2.5. Microscopy 

2.5.1. Brightfield Imaging 

Brightfield imaging was used to visualise the morphological features of the cells 

in their respective culture vessels during culture. The Leica DFC360 FX microscope was 

used to view and take images under 4x, 10x and 20x objective lens.  

2.5.2. Immunocytochemistry 

For immunocytochemistry, cells were cultured on 100 mm glass discs in a 

standard culture vessel. Glass discs containing adherent cells were washed three times 

with PBS without Ca2+ and Mg2+, then followed by fixing in 4% (v/v) paraformaldehyde 

(PFA) for 20 minutes. Following fixing, the samples were washed again with PBS. Next, 

the samples permeabilized with 0.5% Tween-20 in PBST for 20 minutes. They were then 

washed with PBS prior to clocking with 1% BSA in PBST for one hour at room 

temperature. After washing with PBS, the slides were incubated with primary antibodies 

(Table 1) overnight at 4ºC. Next, the glass discs were washed with PBST, then incubated 

with secondary antibodies for one hour at room temperature in the dark (Table 2). 

Hoechst was added along with the secondary antibody to counterstain the nuclei.  Finally, 

the glass discs were washed in PBS with increasing wash times (5 minutes, 10 minutes, 

and 15 minutes) on a shaker to ensure thorough removal of unbound primary antibody.  

Ca²⁺ and Mg²⁺ can promote cell-cell adhesion by stabilising cadherin-mediated 

junctions and other cell adhesion molecules. Removal of these ions prevents unwanted 

cell aggregation and detachment. During permeabilization step, the absence of Ca²⁺ and 

Mg²⁺ helps to ensure increased cell membrane permeability to detergents such as Tween-

20. This allows for more effective entry of antibodies into the cell.  
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2.6. Dihydroethidium Assay 

The DHE assay was conducted using abcam’s DHE (Dihydroethidium) Assay Kit 

– Reactive Oxygen Species (ab236206), with reagent preparation following 

manufacturer’s instructions. 5,000 cells were seeded into each well of a 96-well cell 

culture plate. The spent media was aspirated from each well, followed by the addition of 

150 μL of Cell-Based Assay Buffer, which was subsequently aspirated, leaving 10-20 μL 

in each well. Next, 130 μL of ROS Staining Buffer was added to each well, and 10 μL of 

N-acetyl Cysteine Assay Reagent was added to the designated negative control wells. The 

plate was covered and incubated for 30 minutes at 37°C in a humidified chamber, 

protected from light. Following this, 10 μL of Antimycin A Working Reagent was added 

to the designated positive control wells and incubated for 1 hour at 37°C, protected from 

light. After incubation, the ROS Staining Buffer was aspirated, and 100 μL of Cell-Based 

Assay Buffer was added to each well. Fluorescence was measured using a fluorescent 

plate reader with an excitation wavelength between 480-520 nm and an emission 

wavelength between 570-600 nm.  

DHE is a fluorescent probe that detects superoxide anions, a primary form of ROS. 

When DHE enters the cell, the reaction between superoxide anions and DHE generates a 

highly specific red fluorescent product, 2-hydroxyethidium (2-OH-E+), to produce a red 

fluorescent signal. The intensity of this fluorescence is directly proportional to the amount 

of superoxide present, allowing for quantitative measurement of ROS levels. While more 

specific towards superoxide anions, DHE can also react with other ROS like H2O2 and 

hydroxyl radicals. Hence DHE staining is widely regarded as a reliable indication of the 

overall ROS levels within cells.  
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2.7. TUNEL Assay 

The TUNEL assay was performed using the Click-iT™ Plus TUNEL Assay Kit 

(C10617) for In Situ Apoptosis Detection (Alexa FluorTM 647) to detect apoptotic cells. 

Cells were cultured on 100 mm glass discs in a standard culture vessel. The cells were 

fixed with 4% (v/v) PFA in PBS for 15 minutes at room temperature. Following fixation, 

the cells were washed twice with PBS without Ca2+ and Mg2+. Next, the cells were 

permeabilized with 0.25% Tween-20 in PBS for 20 minutes at room temperature. The 

permeabilization step was followed by washing the cells twice with PBS. The reaction 

buffers, mixtures and cocktail was prepared according to the manufacturer's instructions. 

100 µL of TdT reaction buffer was added to each sample, followed by a 10-minute 

incubation at 37°C in a humidified chamber protected from light. The buffer was then 

aspirated, and 50 µL of TdT reaction mix (TdT reaction buffer, EdUTP, TdT enzyme) 

and incubated for 60 minutes at 37°C. Following this, the slides were washed with 3% 

BSA in PBST (0.1% Tween-20) for 5 minutes. The TUNEL reaction cocktail, consisting 

of TUNEL Supermix (1X reaction buffer, copper protectant, AlexaFluorTM 647 picolyl 

azide) and 10X reaction buffer additive, was prepared and 50 µL of this cocktail was 

added to each sample. The samples were incubated for 30 minutes at 37°C in the dark to 

facilitate the labelling of DNA strand breaks. After this incubation, the slides were washed 

with 3% BSA in PBS for 5 minutes, followed by a 1X PBS rinse. 

For antibody staining, the cells were blocked with 3% BSA in 1X PBS for 1 hour 

at room temperature. Following the blocking step, the slides were washed with 3% BSA 

in PBS. The primary antibody was then applied and incubated overnight at 4°C. The next 

day, the slides were washed with PBS and incubated with the secondary antibody for 1 

hour at room temperature in the dark. Hoechst stain was added together with the 

secondary antibody to counterstain the nuclei. Finally, the glass discs were mounted on 
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glass slides using an antifade mounting medium (ProLongTM Gold, #P36934) to preserve 

the fluorescence signal. The slides were then examined under a fluorescence microscope 

using the appropriate filter settings for Alexa FluorTM 647 and Hoechst to detect TUNEL-

positive cells and visualize the nuclei, respectively. 

2.8. Statistical Analysis 

Statistical analysis was performed to assess the significance of the experimental 

results. For comparisons between two independent groups, the non-parametric Mann-

Whitney unpaired t-test was utilized. All statistical analyses were conducted using 

GraphPad Prism. A p-value of less than 0.05 was considered statistically significant.   
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2.9. Antibodies 

Table 1. Primary Antibodies used in Western Blot and Immunocytochemistry 

(ICC) 

Antibody 

Target 

Specie

s of 

Origin 

Catalogu

e Number 

Manufacture

r 

Application Dilutio

n 

TAOK1 Mouse 26250-1-

AP 

Santa Cruz Western Blot 1:100 

TAOK1 Rabbit sc136094 Proteintech Western Blot 1:1000 

M2 FLAG 

Mouse F2165 

Sigma 

Aldrich 

Western Blot 

1:1200 

M2 FLAG 

Rabbit #2368 

Cell 

Signalling 

Technology 

Western Blot 

1:1000 

Cleaved 

Caspase-3 

Rabbit #9662 Cell 

Signalling 

Technology 

Western Blot 1:1000 

Caspase-3  Rabbit 25546-1-

AP 

Proteintech Western Blot 1:500 

Caspase-1 Mouse sc56036 Santa Cruz Western Blot 1:200 

P-Tau (Ser 

262) 

Rabbit GTX5017

5 

GeneTex Western Blot 1:1000 

TUBB3/Tuj

1 

Mouse 66375-1-

Ig 

Proteintech Western Blot 

/Immunocytochemist

ry 

1:5000 

(WB) 

1:500 

(ICC) 

a-Tubulin Mouse Ab7291 AbCam Immunocytochemistr

y 

1:1000 
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β-actin Rabbit IR2-7 iReal Western Blot 1:10000 

GAPDH Mouse 60004-1-

Ig 

Proteintech Western Blot 1:5000 

 

Table 2. Secondary Antibodies & Hoechst used in Western Blot and ICC 

Antibody Name Species of 

Origin 

Manufacturer Catalogue 

Number 

Dilution 

(Usage) 

Mouse IgG HRP Goat ThermoFisher 31430 1:5000 

(WB) 

Rabbit IgG HRP Goat ThermoFisher 31460 1:5000 

(WB) 

Alexa fluor Mouse 

488 

Goat Invitrogen A11029 1:800 (ICC) 

Alexa fluor Rabbit 

546 

Goat Invirtogen A11035 1:800 (ICC) 

Hoechst  Sigma 14533 1:500 (ICC) 
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2.10. Primers 

Table 3. Primer Sequences used in RT-qPCR1 

Gene Symbol  Primer Pair 

GAPDH F GGA GCG AGA TCC CTC CAA AAT 

R GGC TGT TGT CAT ACT TCT CAT GG 

TAOK1 F GGC GTC ATA ACT TAG AGC AGG AC 

R TTG TGT TGA GGT GGC GGA ACT C 

Caspase-3 F GGA AGC GAA TCA ATG GAC TCT GG 

R GCA TCG ACA TCT GTA CCA GAC C 

TDP43 F CAA GCC ATT CAG GGC CTT TG  

R TGC TTA GGT TCG GCA TTG GA 

STING F CCT GAG TCT CAG AAC AAC TGC C 

R GGT CTT CAA GCT GCC CAC AGT A 

XPNPEP1 F GAC AAA GCT GAG GAG TTT CGC AG 

R GAC AAG GTC CTA TTC GTC TCA GG 

HERV-k-gag F AGC AGG TCA GGT GCC TGT AAC ATT 

R TGG TGC CGT AGG ATT AAG TCT CCT 

HERV-Fc1 F TTG TCA GAG GCG AGG CAA AT 

R TTA ACG GCA AGA GAG GCT GG 

L1HS F ACC AGA GGT ACA AGG AGG AA 

R CTC TGC CTG GCT TTG GTA TAA 

L1MB4 F AGA CCA CCT AAA GCC TGG GA 

R GGC ACT CCC CTT CAA CAC TT 

AluSX F TGG CCA ACA CGG TGA AA 

R TCA AGC AAT TCT CCC ACC TC 

AluYc5 F GGA GAT CGA GAC CAC GGT GA 

R ACT GCA AGC TCC GCC TTC CG 

1All primers were synthesised by Jilong Mix Biotechnology Co., Ltd. 

  



doi:10.6342/NTU202402516

46 

 

3. Results 

3.1. TAOK1 Overexpression can be Stably Induced through Doxycycline 

Treatment throughout Differentiation 

In order to verify stable TAOK1 overexpression through doxycycline in our cell 

model, we conducted a western blot analysis and RT-qPCR to identify and quantify 

TAOK1 expression at both the protein and mRNA level. Firstly, we had to verify if 

doxycycline treatment of SH-SY5Y cells can cause significant toxicity to the cells that 

may affect later analysis of cell death. Treatment of both undifferentiated and 

differentiating parental SH-SY5Y at concentrations 0.0, 2.5, 5.0, 7.5 and 10.0 µg/mL of 

doxycycline revealed a slight decrease in cell count from 7.5 towards 10.0 µg/mL of 

doxycycline (Supplementary Figure 1). Hence, cells in this study was subjected to 5.0 

µg/mL of doxycycline for treatment. 

Western blot analysis revealed an increase in TAOK1’s protein expression levels 

after doxycycline treatment across multiple single clones and in the mixed clone 

population regardless of differentiation status (Figure 4A, B). The M2-FLAG which was 

introduced at the end of the transgene sequence, was identified only in only the treatment 

group. RT-qPCR analysis has also shown the relative increase in TAOK1 mRNA 

expression levels in the treatment group compared to the non-treated control group 

(Figure 4C, D). Taken together, our model for TAOK1 overexpression in SH-SY5Y 

neuroblastoma is able to stably overexpress TAOK1 across multiple clones and 

differentiation statuses with the introduction of 5 µg/mL doxycycline in the cell culture 

media.  
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Figure 4. TAOK1 overexpression was maintained stably across multiple clones in the TAOK1-inducible SH-SY5Y cell line throughout 

differentiation without leakage. (A, B) Doxycycline exposure at 5ug/mL increased protein levels of TAOK1, with successful induction of 

TAOK1 identified via a M2-FLAG tag. (C, D) RT-qPCR analysis shows increase in relative gene expression of TAOK1 with 5 ug/mL 

doxycycline treatment of SH-SY5Y in both undifferentiated and differentiating SH-SY5Y. 
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3.2. TAOK1 Overexpression results in Neuron loss 

Having established that our model is able to stably overexpress TAOK1 across 

differentiation statuses, we wanted to observe if TAOK1 overexpression in our neuronal 

model is sufficient to induce neurotoxicity.  

Overexpressing TAOK1 in undifferentiated SH-SY5Y has reduced confluency 

and harvest cell counts of multiple single clones in this study (Figure 5B). Assessment of 

cell viability using the CCK-8 assay has also revealed a significant reduction in cell 

viability in mixed clones overexpressing TAOK1 after three days of induction (Figure 

5D). To model the effect of TAOK1 in differentiating neurons, we also conducted the 

same observations after seven days of differentiation. Initial observation of the cells 

through brightfield imaging show an obvious reduction in cell confluency, and a relative 

reduction in harvest cell count in the TAOK1 overexpressing group after two to three days 

of induction (Figure 5A, C). Cell viability has also significantly reduced as seen in the 

CCK-8 assay (Figure 5E). Taken together, the data suggest that TAOK1 overexpression 

in our endogenous TAOK1 overexpression SH-SY5Y neuronal cell model is sufficient to 

promote neuronal death. 
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Figure 5. TAOK1 overexpression promotes cell death in both undifferentiated and differentiating SH-SY5Y. (A) Brightfield imaging shows a marked reduction in 

confluency in TAOK1 overexpressing cell populations regardless of differentiation status. (B) Harvest cell count was also significantly 

reduced in TAOK1 overexpressing groups of undifferentiated SH-SY5Y 3 days of doxycycline induction, and in (C) differentiating SH-

SY5Y 2 days after induction. (D, E) CCK-8 Cell viability assay performed on undifferentiated and differentiating mixed clones reflects 

reduced absorbance, indicating lowered cell viability after TAOK1 overexpression.
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3.3. TAOK1 Overexpression Promotes Cell Death via Programmed Cell Death 

While earlier results clearly demonstrate that TAOK1 overexpression induces 

neuronal loss, we aimed to accurately determine the mechanism of cell death to better 

characterize our cell model. Given the known involvement of TAOK1 in Caspase-3 

signalling and its role in inducing apoptotic cell death, we first sought to verify if this 

pathway is activated in our model.  

Through RT-qPCR, we observed an increase in the relative gene expression of 

Caspase-3 in both undifferentiated and differentiating cells with TAOK1 overexpression 

(Figure 6D, E). Western blot analysis also showed an increase in pro-Caspase-3 protein 

levels (Figure 6C). However, we were unable to identify cleaved Caspase-3, the active 

form of Caspase-3 in the western blot analysis. Thus, a TUNEL assay was conducted to 

stain for double-stranded breaks (DSBs) that are characteristic of apoptotic cell death. 

TUNEL assay results reflect a significant increase in apoptosis in our differentiating 

TAOK1-overexpressing cells compared to controls (Figure 6A, B).  

As a preliminary study to elucidate the mechanisms behind this apoptotic cell 

death, we proceeded to assess the changes in gene expression of BCL-2 pathway proteins 

using RNA-seq analysis. These included the pro-apoptotic members, BAX, BAK and 

BOK, and anti-apoptotic BCL-2. In both undifferentiated and differentiating cells, RNA-

seq analysis revealed a downregulation in BAX, BAK1 and BOK expression, and an 

upregulation of BCL2 (Figure 7A, B). BAX, BAK and BOK are pro-apoptotic proteins, 

while BCL-2 is considered an anti-apoptotic regulator of the pathway. Taken together, 

there is a shift towards cell survival mechanisms through this pathway. 

While this is inconsistent with the observation of increased cell death in TAOK1 

overexpressing cells, we considered the possibility of TAOK1 regulation through cellular 
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pathways that governs cellular survival, and the activation of other pro-apoptotic 

pathways. Amongst which is the MAPK-Mef2 signalling. The expression of Mef2 

transcription factors were assessed through RNA-seq analysis. The Mef2 family of 

transcription factors function downstream of p38-MAPK signalling and play crucial roles 

in regulating gene expression related to cellular survival and apoptosis (Lisek, et al. 2023).  

In undifferentiated cells, the expression of MEF2A, MEF2B and MEF2C were 

upregulated, while MEF2D was downregulated (Figure 8A). This expression profile was 

consistent in that of differentiating SH-SY5Y clone 18 overexpressing TAOK1 (Figure 

8B). Mef2 family of transcription factors are known to be pro-apoptotic in circumstances 

of high cellular stress, hence, potentially contributing to the apoptotic events in this study. 

Further RNA-seq analysis of selected Mef2a and Mef2b target genes such as CASP3, 

BCLAF1 and DNAJB4, genes whose upregulation is associated with increased apoptosis, 

were upregulated in TAOK1 overexpressing cells (Figure 8D). This trend of MEF2A, 

MEF2B, and MEF2C upregulation and MEF2D downregulation with TAOK1 

overexpression, may reflect a TAOK1-associated pathway that is gradually shifting the 

cells towards apoptosis.  

Overall, TAOK1 overexpressing cells undergo an increase in apoptosis, as 

evidenced by elevated Caspase-3 activity, reduced cell reduced confluency, cell viability 

observed in trypan blue and CCK-8 assays, and the increase in TUNEL-positive cells 

following TAOK1 overexpression. In preliminary RNA-seq analysis, the potential pro-

survival signalling as seen in BCL-2 associated gene expression accompanied by the 

upregulation of several Mef2s and that of several pro-apoptotic target genes suggests a 

nuanced relationship between cell survival and cell death. 
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Figure 6. TAOK1 overexpression promotes apoptotic cell death in both undifferentiated and differentiating SH-SY5Y. (A, B) 

Immunofluorescence image of TUNEL-stained differentiating cells shows increase in TUNEL-positive cells (white arrows) with TAOK1 

overexpression. (C) Western blots show upregulation pro-Caspase-3 with TAOK1 overexpression in both undifferentiated and differentiating 

SH-SY5Y. (D) CASP3 was also upregulated in undifferentiated and (E) differentiating cells overexpressing TAOK1. (Scale Bar: 50µm) 
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Figure 7. RNA sequencing analysis reveals potential downregulation of BCL-2 pathway of cell death. (A) Log 

2-Fold Change from DeSeq2 analysis of multiple undifferentiated clones overexpressing 

TAOK1 shows that expression of pro-apoptotic proteins BAX, BAK1 and BOK were 

decreased while BCL2 increased. (B) Log 2-Fold Change from EdgeR analysis of 

differentiating single clone 18 overexpressing TAOK1 shows that BAX and BOK 

expression were decreased while BAK1 was unchanged and BCL2 expression was 

upregulated. (C) Schematic illustrating the BCL-2 apoptotic pathway (Created with 

BioRender.com). (ns p > 0.05)  
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Figure 8. RNA sequencing analysis suggests potential dysregulation of apoptosis and 

cytoskeletal integrity regulators, Mef2 transcription factor family genes. (A) Log 2-

Fold Change from DeSeq2 analysis of multiple undifferentiated clones overexpressing 

TAOK1 shows that MEF2A, MEF2B and MEF2C were upregulated while MEF2D was 

downregulated non-significantly. (B) Log 2-Fold Change from EdgeR analysis of 

differentiating single clone 18 overexpressing TAOK1 Expression of MEF2A and 

MEF2B were increased, while MEF2C and MEF2D were decreased. (C) TAOK1 

overexpression was accompanied by upregulation of genes encoding pro-apoptotic 

proteins BCLAF1, DNAJB4 and CASP4 targeted by Mef2a and Mef2c transcription 

factors. (D) Schematic illustrating the Mef2 signalling pathway (Created with BioRender). 

(ns p > 0.05) 
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3.4. TAOK1 Overexpression Drives Neurite Loss in Differentiating SH-SY5Y 

after branch formation 

Besides neuronal loss, synapse loss is also a major hallmark of neurodegenerative 

diseases that is critical to healthy neuronal function. This is associated with microtubule 

instability which can lead neurite loss. While studies in neurodevelopment have shown 

that TAOK1 mutants can restrict neurite branching in developing neurons, little is known 

about branch loss in mature neurons. Given that TAOK1 overexpression increases Tau 

phosphorylation, we proceeded to assess its effects on neurite maintenance in our model. 

TAOK1 overexpression was induced in differentiating cells that has visibly 

established neurite branching, specified in this study at 7 days after the start of 

differentiation. Changes in neurite length in differentiating cells was identified through 

immunofluorescence staining of β-Tubulin III (TUBB3), a differentiation marker that 

stains the β-tubulin subunit, and α-Tubulin of microtubules. Immunofluorescence 

imaging revealed shortened neurites in TAOK1 overexpressing cells compared to the 

control (Figure 9A, B). Neurites that were maintained in both populations prior to 

induction in the TAOK1 overexpressing group, became visibly reduced in the TAOK1 

overexpressing group (Figure 9C – E). This shows that TAOK1 overexpression can drive 

neurite breakdown after TAOK1 induction, suggesting deficits in neurite maintenance. 
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Figure 9. Reduction in neurite length following TAOK1 overexpression in 

differentiating SH-SY5Y. (A) Immunofluorescence imaging of differentiation 

and cytoskeletal marker TUBB3 (green) and Hoechst (blue), shows reduction in 

neurite length in differentiating SH-SY5Y after TAOK1 overexpression. (B) 

This is mirrored by α-tubulin (white) reduction. (C, D) Brightfield imaging 

shows failure to maintain neurite lengths after 3 days of TAOK1 overexpression. 

(E) Brightfield imaging shows reduction in neurite length, quantified in (F). 

(**** P ≤ 0.0001; Scale Bar: 50µm)
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3.4.1. TAOK1 Overexpression Increases Tau Phosphorylation 

TAOK1 is known to promote Tau hyperphosphorylation, and that Tau binding is 

heavily associated with neuronal branching in neurodevelopment. Hence, we hypothesise 

that in this model, TAOK1 increases Tau phosphorylation, and these hyperphosphorylated 

Tau may dissociate from microtubules, resulting in increased microtubule instability and 

subsequent neurite breakdown. 

Phosphorylated Tau was quantified through western blot analysis, specifically 

targeting the phosphorylated Tau at Serine 262, a TAOK1 phosphorylation site that 

known to inhibit microtubule binding. The results revealed that TAOK1 overexpression 

significantly increases Tau phosphorylation specific to the TAOK1 phosphorylation site 

at serine 262 (Figure 10).  

This supports the hypothesis that TAOK1-induced Tau hyperphosphorylation may 

be contributing towards microtubule dissociation and cytoskeletal stability to cause 

neurite breakdown in differentiating neurons. 
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Figure 10. Tau phosphorylation was increased in both undifferentiated and 

differentiating SH-SY5Y following TAOK1 overexpression. (A) Western blot shows 

increase in phosphorylated Tau (Ser 262) in undifferentiated and differentiating cells after 

2 days of doxycycline induction to overexpress TAOK1. (B, C) Densitometric 

quantification of relative intensity of western blot bands in multiple single clones. (D) 

Illustration of how Tau hyperphosphorylation can lead to microtubule destabilisation 

(Created with BioRender) (* p ≤ 0.05)  
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3.4.2. Neurofilament expression may be upregulated to counteract microtubule 

destabilisation in TAOK1-overexpressing cells 

Next, we also wanted to further identify the consequential changes in cytoskeletal 

stability. Besides microtubules, neurofilaments are part of the neuronal cytoskeleton that 

provides structural support for neurites, specifically in axons. A preliminary RNA-seq 

analysis revealed an upregulation of the genes encoding neurofilament light and heavy 

chains, NEFL and NEFM, while the heavy chain (NEFH) was downregulated in the 

differentiating cells overexpressing TAOK1 (Figure 11). This hints at a potential 

compensatory mechanism to counteract microtubule destabilisation in differentiating 

cells overexpressing TAOK1. 
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Figure 11. RNA sequencing analysis shows that TAOK1 overexpression promotes 

neurofilament subunit genes NEFL, NEFM upregulation and minimal NEFH 

downregulation in differentiating SH-SY5Y. Log 2-Fold Change from EdgeR analysis 

of differentiating single clone 18 overexpressing TAOK1 shows that genes encoding 

neurofilament subunits NEFM and NEFL were upregulated, while NEFH coincided with 

a smaller degree of downregulation in differentiating cells which have already shown 

significant neurite outgrowth.  
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3.4.3. Synaptic activity may be dysregulated through microtubule-associated 

synaptic proteins in TAOK1-overexpressing cells 

While SH-SY5Y are unable to form mature synaptic connections, we wanted to 

assess possible influences in synaptic activity, through the expression of microtubule-

synapse proteins, and TAOK1 targets. These included Septin 7 (SEPTIN7), a known 

TAOK1 phosphorylation target associated with synaptic cytoskeleton, GRIA2, encodes 

for the GluR2 subunit for the AMPA receptor involved in synaptic transmission through 

calcium signalling, and Syntabulin (SYBU) a protein associated with microtubular 

transport and mitochondria tethering to microtubules. SEPTIN7 along with GRIA2 were 

upregulated in TAOK1 overexpressing cells. On the other hand, the expression of SYBU 

was found to be downregulated (Figure 12A). This gene expression profile was mirrored 

in undifferentiated cells as well.  

Taken together, TAOK1 overexpression may lead to changes in the expression of 

several proteins associated with synaptic activity and microtubule dynamics. Given the 

close relationship between microtubules and neurofilaments in the growth and 

maintenance of neurites, changes in the expression of genes encoding neurofilament 

proteins is heavily reflective of alterations to the cytoskeleton. Overall, TAOK1 

overexpression results in significant alterations to the gene expression profile of these 

cytoskeletal and synaptic proteins. This may either reflect or drive the observed neurite 

loss in differentiating cells. 
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Figure 12.  RNA sequencing analysis of genes encoding cytoskeletal protein 

SEPTIN7, glutamate receptor GluA2 (GRIA2) and microtubular transport protein 

Syntabulin (SYBU) shows variable expression patterns while consistent 

upregulation and downregulation are observed in differentiating SH-SY5Y. (A) Log 

2-Fold Change from EdgeR analysis of differentiating clone 18 cells, shows that SEPT7 

and GRIA2 were upregulated, while SYBU was downregulated with TAOK1 

overexpression. (B) Log 2-Fold Change from DeSeq2 analysis of multiple 

undifferentiated clones shows that TAOK1 overexpression led to upregulation of 

SEPTIN7 and GRIA2 but downregulation in SYBU. (ns: p > 0.05; * p ≤ 0.05) 
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3.4.4. TAOK1 Overexpression Increases ROS levels 

The increase in neuron death is often accompanied by, and contributed to by, 

increased cellular stress. Given that we have observed a reduction in ATP production in 

preliminary studies, we suspect that TAOK1 may be causing some degree of 

mitochondrial dysfunction in neurons. To investigate this, we measured ROS levels in our 

cells to determine if TAOK1 overexpression is sufficient to increase oxidative stress by 

measuring ROS levels in our cells.  

Quantification of ROS levels through dihydroethidium (DHE) staining revealed 

an increase in superoxide and hydrogen peroxide in undifferentiated and differentiating 

TAOK1-overexpressing cells compared to the control (Figure 13). This increase was 

observed across multiple single clones and mixed clone populations. These findings 

suggest that TAOK1 overexpression is sufficient to induce oxidative stress in neurons.  
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Figure 13. Quantification of ROS through DHE staining of live SH-SY5Y show 

increased ROS levels in TAOK1 overexpressing cells compared to control. (A) DHE 

fluorescence increased after TAOK1 overexpression of undifferentiated mixed clones 

normalised against CCK-8 Cell count. (B) DHE fluorescence of differentiating clone 11 

and (C) clone 18 were both increased significantly after TAOK1 overexpression. (* p ≤ 

0.05; ** p ≤ 0.01; *** p ≤ 0.001) 
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3.4.5. Increased ROS levels has limited effects on Nrf2 Signalling 

To further elucidate the mechanisms behind the increased ROS levels in TAOK1 

overexpressing SH-SY5Y cells, we analysed the expression of several proteins associated 

with mitochondrial function and redox homeostasis. RNA-seq analysis showed an 

upregulation of the gene encoding major antioxidant pathway transcription factor Nrf2 

(NFE2L2). Nrf2 activity is known to be upregulated by high ROS levels to activate 

downstream antioxidant activity against oxidative stress and is regulated as part of MAPK 

signalling pathways (Kobayashi, et al. 2006; Hammad, et al. 2023).  

Under high oxidative stress, Nrf2 signalling will upregulate the expression of 

various antioxidants. Analysis of its target genes that encode antioxidants showed an 

upregulation of Catalase (CAT) and Superoxide Dismutase 1 (SOD1) in undifferentiated 

cells, but only Catalase was upregulated in differentiating cells overexpressing TAOK1. 

However, both antioxidant genes GPX1, and GPX4, which are also Nrf2 targets, were 

downregulated in both undifferentiated and differentiating populations (Figure 14).  
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Figure 14. RNA sequencing analysis shows that TAOK1 overexpression upregulates 

NFE2L2 gene encoding antioxidant regulator Nrf2 and targeted antioxidants genes 

CAT and SOD1, but a downregulation of GPX4 and GPX1. (A) From the log 2-Fold 

Change from DeSeq2 analysis of multiple undifferentiated clones overexpressing, 

NFE2L2 was upregulated together with its targeted SOD1 and CAT. However, GPX1 and 

GPX4 were downregulated. (B) Log 2-Fold Change from EdgeR analysis of 

differentiating clone 18, only CAT was upregulated with NFE2L2, but GPX1, GPX4 and 

SOD were downregulated with TAOK1 overexpression. (C) Schematic illustrating Nrf2 

antioxidant pathway (Created with BioRender). (ns: p > 0.05; * p ≤ 0.05) 
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3.4.6. Increased ROS levels in TAOK1 overexpressing cells coincides with potential 

mitochondrial dysfunction 

As redox homeostasis requires a balance between antioxidants activity and ROS 

production, we hypothesised that this dysregulation may also be caused by mitochondria 

dysfunction. In the earlier preliminary studies, ATP production was found to be reduced, 

but we also wanted to observe the expression of mitochondrial protein-coding genes. Out 

of the 13 known protein coding genes, RNA-seq analysis revealed a downregulation in 

the expression of 12 of these genes in undifferentiated cells (Figure 15A), and 4 in 

differentiating cells overexpressing TAOK1 (Figure 15B). This suggests a potential 

impairment in mitochondria dysfunction associated with cellular toxicity and 

dysregulation of redox homeostasis.  
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Figure 15. RNA Sequencing analysis of mitochondrial protein-coding genes suggests 

mitochondria dysfunction in TAOK1-overexpressing cells. (A) Log 2-Fold Change 

from DeSeq2 analysis of multiple undifferentiated clones overexpressing TAOK1 shows 

a downregulation in the expression of 12 out of 13 known protein-coding genes. (B) On 

the other hand, 4 were found to be downregulated, while 6 had minimal change from 

baseline, as seen from the log 2-Fold Change from EdgeR analysis of differentiating 

single clone 18 overexpressing TAOK1.   



doi:10.6342/NTU202402516

70 

 

3.4.7. Increased ROS levels in TAOK1 overexpressing cells may be associated with 

increased ER stress caused by abnormal protein aggregation 

To identify sources where TAOK1 may be promoting this increase in ROS, we 

look back into Tau. Abnormal Tau hyperphosphorylation and neurofibrillary tangle 

formation is known to contribute towards ER stress through the unfolded protein response 

(UPR), increasing ROS production and driving apoptosis (Salminen, et al. 2009; 

Ajoolabady, et al. 2022). To identify the ER stress responses, we look into the expression 

of genes that are upregulated during ER stress. 

RNA-seq analysis revealed the upregulation of genes encoding ER chaperone 

proteins Clusterin (CLU) and ER degradation enhancing alpha-mannosidase 3 (EDEM3) 

in differentiating cells overexpressing TAOK1 (Figure 16B).  However, only EDEM3 

was upregulated whilst CLU was downregulated in undifferentiated cells (Figure 16A). 

These are known proteins that are upregulated by ER stress caused by increase in 

misfolded proteins (Satapathy, et al. 2023). CREBRF, a negative regulator of the UPR 

was also upregulated. Together, this gene expression profile suggests a potential increase 

in ER stress responses, potentially consequential of increased sensing of misfolded 

proteins in the cytoplasm. However, the increase in CREBRF expression also presents a 

possibility of the cell’s shift towards recovery mechanisms during cellular stress.  
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Figure 16. RNA sequencing analysis shows that TAOK1 overexpression promotes 

the expression of ER stress pathway genes CLU, CREBRF and EDEM3 in SH-SY5Y. 

(A) Log 2-Fold Change from DeSeq2 analysis of multiple undifferentiated clones 

overexpressing TAOK1 shows that EDEM3 and CREBRF were upregulated, but CLU 

was downregulated. (B) Expression of CLU, CREBRF and EDEM3 increased with 

TAOK1 overexpression in differentiating SH-SY5Y overexpressing TAOK1 as seen from 

the log 2-Fold Change from EdgeR analysis of differentiating single clone 18. (ns: p > 

0.05; * p ≤ 0.05) 
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3.5. TAOK1 Overexpression Drives Transposable Element De-Repression 

Given the known contributions of Tau phosphorylation and ROS in driving 

aberrant TE de-repression, we hypothesized that TAOK1 overexpression might contribute 

to TE de-repression. By analysing TE expression through RT-qPCR, we aimed to 

determine if TAOK1 overexpression correlates with increased TE activity. 

Through RT-qPCR analysis, we observed an increase in the transcripts of HERVs, 

Alu, and LINE-1 family members in both undifferentiated and differentiating cells with 

TAOK1 overexpression (Figure 17A – D). However, these families were downregulated 

in single clone 11, contrary to the other clone groups in this study (Figure 17E). 

The observed TE de-repression indicates a potential mechanism by which TAOK1 

contributes to genomic instability and neuronal dysfunction. Given earlier observations 

of increased Tau phosphorylation and ROS levels, TAOK1 may induce this increase in 

TE motility through Tau-mediated mechanisms or the activation of the MAPK signalling 

pathways.  
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Figure 17. TAOK1 Overexpression resulted in de-repression in several transposable 

element families across most single clones. RT-qPCR shows increase in relative gene 

expression of TE transcripts of HERV-k-gag, HERV-FC1, L1HS/L1MB4, AluSX and 

AluYC5 in (A – C) undifferentiated mixed clones, 17 and 18 and mixed clones. (D) This 
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upregulation was also found in differentiating clone 18 overexpressing TAOK1. (E) 

However, in the undifferentiated clone 11, TAOK1 overexpression had led to the 

downregulation of the same TE transcripts. (F, G) Relative gene expression of TAOK1 in 

undifferentiated mixed clones, 11, 17 and 18, and differentiating clone 18.  
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3.5.1. TAOK1 Overexpression may influence cGAS-STING Pathway activity 

To understand the potential neurotoxic pathways associated with aberrant TE de-

repression, we examined the cGAS-STING signalling pathway, which is known to be 

activated by cytoplasmic DNA. The cGAS-STING pathway detects cytosolic DNA, 

which can arise from various sources, including aberrant TE de-repression. Upon sensing 

DNA, cyclic GMP-AMP synthase (cGAS) catalyses the formation of cyclic GMP-AMP 

(cGAMP), which binds to and activates the stimulator of interferon genes (STING). This 

activation triggers a cascade of downstream signalling events, leading to the production 

of type I interferons and other pro-inflammatory cytokines. 

Our analysis revealed an increase in the relative mRNA levels of STING in both 

differentiating and undifferentiated cells with TAOK1 overexpression (Figure 18A, B). 

Additionally, analysis of RNA-seq data also shows an upregulation of TBK1, a target of 

STING activity that can phosphorylate interferon regulatory transcription factors (IRFs) 

to promote IFN-I responses (Figure 19A, B). However, IFI6 and IFIT1, which are 

downstream of IFN-I signaling were downregulated in differentiating SH-SY5Y clone 18 

overexpressing TAOK1, but IFIT1 was upregulated in the undifferentiated single clones 

(Figure 19A, B). Together, the upregulation of STING and TBK1 suggests the activation 

of the cGAS-STING pathway in response to TAOK1 overexpression. This may be due to 

the presence of TE-derived cytoplasmic DNA. The activation of this pathway indicates a 

link between TE de-repression and the induction of neuroinflammatory responses. 
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Figure 18. TAOK1 overexpression promotes STING expression in undifferentiated 

and differentiating SH-SY5Y. RT-qPCR reveals increase in relative gene expression of 

STING in (A) undifferentiated and (B) differentiating SH-SY5Y overexpressing TAOK1. 
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Figure 19. RNA sequencing analysis shows limited promotion of IFN-I response with 

downregulation interferon-stimulated genes IFI6 and IFIT1 and upregulation of 

interferon regulator TBK1. (A) Log 2-Fold Change from DeSeq2 analysis of multiple 

undifferentiated clones overexpressing TAOK1 shows that there was a non-significant 

downregulation of IFI6 and upregulation of IFIT1. However, the expression of STING 

target, interferon regulator TBK1 was upregulated. (C) Log 2-Fold Change from EdgeR 

analysis of differentiating single clone 18 overexpressing TAOK1 shows that IFI6 and 

IFIT1 were both downregulated but an upregulation in TBK1 expression. (ns: p > 0.05; * 

p ≤ 0.05) 
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3.5.2. TAOK1 Overexpression has limited effects on PIWI-piRNA Pathway 

To understand the significance of TE activation and its potential neurotoxic effects, 

it is important to explore the regulatory mechanisms that normally suppress TE activity, 

such as the PIWI-piRNA pathway. This pathway plays a crucial role in maintaining 

genomic stability by silencing TEs, and its disruption could contribute to the neurotoxicity 

observed in our model. To further investigate the regulatory mechanisms behind TE 

activation, we examined the expression of key components of the PIWI-piRNA pathway, 

specifically PIWIL1 and PIWIL4, through western blot analysis. However, our results 

show that the levels of PIWIL1 and PIWIL4 do not increase in response to TAOK1 

overexpression (Supplementary Figure 2).  
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3.6. TAOK1 Overexpression has limited influence on NLRP3 Inflammasome 

Signalling 

Given the activation of the cGAS-STING pathway observed with TAOK1 

overexpression, we next investigated neuroinflammatory processes known to be 

downstream of this pathway, specifically focusing on the NLRP3 inflammasome 

signalling. Additionally, inflammasome signalling can be upregulated by increased ROS 

levels and is known to be activated by TEs like Alu, both of which have been associated 

observed in our model.  

To assess the involvement of NLRP3 inflammasome signalling in our model, we 

examined the expression levels of various components of the inflammasome pathway, 

including caspase-1, NLRP3, and IL-1β. We hypothesized that the activation of the 

cGAS-STING pathway, triggered by TE de-repression and subsequent cytoplasmic DNA 

accumulation, along with elevated ROS levels, could lead to the activation of the NLRP3 

inflammasome. This activation would contribute to neuroinflammation and neurotoxicity 

in TAOK1-overexpressing cells. Western blot analysis revealed no significant difference 

in the levels of pro-caspase-1, and NLRP3 between TAOK1-overexpressing cells and 

controls (Supplementary Figure 3). Quantification of IL-1β in the culture medium of 

TAOK1 overexpressing cells also found no significant difference (Supplementary 

Figure 3). Despite the increase in ROS levels and TE activity associated with TAOK1 

overexpression, these findings indicate that TAOK1 overexpression is unlikely to activate 

canonical inflammasome signalling to increase pro-inflammatory cytokine release and 

pyroptosis.  
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4. Discussion 

4.1. Regulation of TAOK1 expression is crucial for Neuron Survival 

Our study reveals that overexpression of TAOK1 in SH-SY5Y cells results in a 

significant decrease in cell confluency and harvest cell count (Figure 5). This reduction 

in cell viability was further confirmed by CCK-8 assays, which consistently demonstrated 

lower viability in TAOK1-overexpressing cells (Figure 5). These findings led us to 

investigate the mechanisms underlying this decrease in neuron survival. In a previous 

study, TAOK1 expression has been associated with increased apoptotic cell death via 

Caspase-3, prompting us to kickstart this investigation from apoptotic cell death (Wu & 

Wang, 2008). 

Western blot analysis and RT-qPCR revealed an upregulation of the gene 

encoding Caspase-3, a protein involved in the execution of apoptosis (Figure 6C – E). 

This upregulation was accompanied by a notable increase in markers of apoptotic cell 

death. While we were unable to identify cleaved Capase-3 in the western blot analysis, 

we observed a higher percentage of TUNEL-positive cells, indicative of DNA 

fragmentation, a hallmark of apoptosis, in TAOK1-overexpressing cells (Figure 6A, B). 

Our results suggest that TAOK1 overexpression activates apoptotic pathways, 

contributing to increased neuronal death. The marked increase in Caspase-3 expression 

and TUNEL positive cells supports the role of TAOK1 in promoting apoptosis. These 

findings provide insights into the cellular mechanisms by which TAOK1 influences 

neuron survival and the potential of targeting TAOK1 in therapeutic strategies aimed at 

reducing neuronal loss in neurodegenerative diseases. Further research is necessary to 
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elucidate the precise molecular interactions between TAOK1 and apoptotic signalling 

pathways. 

4.1.1. BCL-2 Signalling is unlikely to promote TAOK1-mediated cell death 

Given the increased cell death observed, along with the potential for 

mitochondrial dysfunction indicated by elevated ROS levels, and reduced ATP 

production in preliminary studies, we examined the expression of proteins associated with 

the BCL-2 signalling pathway (Figure 7). This pathway involves various pro-apoptotic 

and anti-apoptotic proteins localised to the mitochondrial outer membrane, which 

regulate mitochondrial-associated apoptotic responses (Moldoveanu and Czabotar, 2020). 

Pro-apoptotic members such as Bax, Bak, and Bok are localised to the mitochondrial 

outer membrane and induce apoptosis via the activation of caspase-9 and caspase-3. The 

translocation and co-localisation of Bax and Bak to the mitochondrial membrane drive 

mitochondrial membrane permeabilization, leading to the release of cytochrome C into 

the cytosol. Cytochrome C then binds to and activates Apaf1-Caspase-9, which in turn 

activates caspase-3, resulting in apoptosis (Wolf, Shoeniger, and Edlich, 2022). Our 

investigation into the BCL-2 signalling pathway aims to elucidate the mechanisms 

underlying the observed increase in cell death and to understand the role of mitochondrial 

dysfunction in this process.  

The expression of Bax, Bak1 and Bok were found to be downregulated with 

TAOK1 overexpression, while BCL2 was upregulated. This reflects an anti-apoptotic 

response from the BCL-2 signalling pathway to temper apoptosis. More experiments 

should be conducted with higher replicate count to obtain significance for this finding. 

The downregulation of Bax, Bak and Bok reflects a shift towards cellular survival. This 

is corroborated by the upregulation of anti-apoptotic protein BCL2, indicating a cellular 
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response to temper apoptosis and promoting cell survival. In other studies, Bax and Bak 

have been implicated to modulate cell survival when experiencing increased oxidative 

stress and ER stress (Seervi, et al. 2018; White, et al. 2020). The gene expression profile 

may be reflective of a pro-survival response upon cellular stress through BCL-2 signalling. 

However, these gene expression are only preliminary, and is not fully reflective 

of cellular status. It is necessary to observe the changes in protein expression through 

western blot analysis, and protein localisation of Bax and Bak through 

immunofluorescence staining and imaging. Additionally, the release of cytochrome C 

from the mitochondria into the cytoplasm is a characteristic of Bax/Bak pro-apoptotic 

signalling. Hence, by observing the changes in localisation of cytochrome in TAOK1 

overexpression versus a control, will provide insights into this pathway. 
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4.1.2. TAOK1 may mediate cell survival through Mef2-MAPK signalling 

To explore other pathways whereby changes in TAOK1 expression may affect 

neuronal survival, we look into the MAPK pathway. TAOK1 activity functions upstream 

of the p38 MAPK signalling pathways to promote the activation of various transcription 

factors involved in cellular functions. Amongst which is the family of Mef2s, a group of 

transcription factors that can become upregulated with the activation of the p38-MAPK 

signalling pathway. Mef2s are known to regulate neuronal survival through apoptosis and 

can regulate synaptic activity through the scaffolding protein PSD95 (Lisek, et al. 2023). 

In terms of neuronal survival, the Mef2-p38 pathway is recognised to be pro-apoptotic in 

mature neurons when faced with high cellular stress, but anti-apoptotic during 

development (Kawasaki, et al. 1997; Akhtar, et al. 2012; Okamoto, et al. 2000).  

Furthermore, dysregulation in Mef2s have also been associated with AD and PD 

pathology (Yin, et al. 2012; Ren, et al. 2022).  

In RNA-seq analysis, the expression of MEF2A, MEF2B and MEF2C were found 

to be upregulated, and MEF2D downregulated in both undifferentiated and differentiating 

clones TAOK1 overexpressing SH-SY5Y (Figure 8A, B).  

The expression of MEF2A has been identified as a possible risk factor in AD 

development influencing neuroinflammation and cell death, and its silencing has been 

explored as a therapy to improve neuronal survival (González, et al. 2007; Welsbie, et al. 

2017; Natarajaseenivasan, et al. 2020). Though, the roles that Mef2s play in neuronal 

survival is complicated and can be neurotoxic or neuroprotective in different contexts. 

Mef2A has been implicated in AD pathology where it was suggested to be associated 

with increased risk of late-onset AD (LOAD), that is commonly attributed to impaired 

amyloid-β clearance (González, et al. 2007; Dong, et al. 2017). It was also implicated in 



doi:10.6342/NTU202402516

84 

 

neuroinflammatory, where p38-induced Mef2A activation was found to promote the 

particularly interesting new cysteine histidine-rich (PINCH) protein expression in 

neurons and can disrupt actin cytoskeleton and mitochondria mis-localisation to cause 

toxicity (Natarajaseenivasan, et al. 2020). Meanwhile Mef2C can regulate a wide range 

of genes that is associated with various neurological defects in diseases, majority of which, 

are associated with deficits in synaptic activity and dendritic branching (Lisek, et al. 2023).  

A recent study has also demonstrated that IFN-I response through tau activation of cGAS-

STING downregulates Mef2C to reduce cognitive resilience and promote synapse loss. 

Therefore, proposing that Mef2C is essential for cognitive resilience against tau 

pathology (Udeochu, et al. 2023). While Mef2B’s role in neuronal cells are not as well 

studied as the other members of the Mef2 transcription factor family, studies have 

suggested that it plays a similar role to other members.  

As Mef2 family of proteins are transcriptional factors, we also identified some 

pro-apoptotic genes whose promoters are targeted by Mef2a and Mef2b. We not only 

found the upregulation of CASP3, but also BCLAF1 and DNAJB4 in TAOK1 

overexpressing cells (Figure 8D). BCLAF1 is a BCL-2 associated transcription factor 

that is known to promote apoptosis, while DNAJB4 is a heat shock protein that is 

associated with Hsp70. 

While we did not see an upregulation in the pro-apoptotic members of the BCL-2 

signalling family, we may wish to consider that the BCL-2 associated pro-apoptotic 

response may have yet to be triggered, or that it is suppressed in another way. 

Alternatively, we may also wish to observe the protein expression of BCLAF1 through 

western blot analysis and changes in its nuclear localisation through immunofluorescence 

imaging to determine its relevance. On the other hand, DNAJB4 is a co-chaperone of 
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Hsp70, a major heat shock protein that is responsible for promoting protein refolding and 

degradation as part of the heat shock response (Mayer & Gierasch, 2019). An 

upregulation in various heat shock proteins is known to occur downstream of increased 

cellular stress due to protein aggregation (Collier & Benesch, 2020). This suggests that 

there is increased cellular stress in the cell, during TAOK1 overexpression, potentially 

through increased protein aggregation.  

This upregulation of MEF2A, MEF2B and MEF2C may reflect an increased 

neurotoxic in the cell that can affect cellular survivability. Whilst preliminary, the 

upregulation in several of its gene targets associated with cell survival and cellular stress 

hints at a TAOK1-associated mediation of cell survival responses.  

Overall, as a serine/threonine kinase, TAOK1 is known for many regulatory roles 

in various cellular pathways like MAPK, which is associated with cell survival and 

maintenance, making its dysregulation a critical factor in neuronal cell death. In this study, 

we have observed increased apoptotic cell death, but a conclusive pathway where TAOK1 

activity can consistently promote apoptosis remains elusive. More work is necessary to 

elucidate these pathways whereby TAOK1 may be regulating cellular survival.  
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4.2. TAOK1 Expression is critical to Neurite Maintenance in Differentiating 

Neurons 

Neurons possess protoplasmic processes known as axons and dendrites that 

extend from the cell body that are responsible for transmitting or receiving electrical 

impulses, respectively. A neuron possess a single axon and multiple dendrites, and the 

establishment of neuronal polarity is critical for synaptic transmission. Neuronal 

polarisation is a tightly regulated process and is highly affected by changes in microtubule 

dynamics, where microtubule polymerisation and depolymerisation must be properly 

maintained to ensure proper cell function (Baas, et al. 2016; Conde and Cáceres 2009). 

Amongst the most important factors that regulates microtubule stability are microtubule-

associated proteins (MAPs), which includes Tau (Barbier, et al. 2019). Tau 

phosphorylation by TAOK1 to regulate axonal and dendritic growth and branch has been 

extensively studied in the context of neurodevelopment. Tau binding to microtubules are 

regulated through phosphorylation to mediate microtubule dynamics, and TAOK1 can 

promote phosphorylation of residues located at microtubule binding domains and its 

adjacent sites (Tavares, et al. 2013). Consequentially, spine and synapse formation and 

activity in dendrites have been found to be highly dependent on TAOK1-mediated 

phosphorylation of Tau either directly, or through MARK and PAR-1 (Biernat, et al. 2002; 

Timm, et al. 2003; Liu, et al. 2010). 

However, little is known about the precise mechanisms underlying TAOK1-

mediated kinase activity in the maintenance of neurites and synapses in 

neurodegenerative diseases. Most hypotheses stem from indirect and speculative 

relationships through tau phosphorylation and known synaptic protein targets like Septin 

7 (Byeon, et al. 2022). The maintenance of axon and dendrite branches is critical for 
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ensuring synaptic plasticity and normal brain function. Failure to maintain these 

connections can result in diminished neuronal function, and the progressive loss of 

cognitive abilities in patients suffering from neurodegenerative diseases (Lin and Koleske 

2010; Gcwensa, et al. 2021). This study aims to not only establish a distinction in neurite 

dynamics in this neurodegenerative context, but to uncover the molecular mechanisms 

behind this event.  

To investigate the effects of TAOK1 overexpression on neurite maintenance in 

differentiating neurons, we induced TAOK1 overexpression after the cells had already 

exhibited significant neurite growth. This was standardised across our experiments at 7 

days of culture in differentiation media. Observations using brightfield imaging revealed 

a reduction in the length of neuronal processes in differentiating neurons following 

TAOK1 overexpression. Neurite establishment in these cells was confirmed through 

immunofluorescence staining of class III β-tubulin (TUBB3) and α-tubulin. α- and β-

tubulins are essential components of microtubules that heterodimerize and assemble into 

microtubules (Binarová and Tuszynski 2019). TUBB3 in particular, expressing 

predominantly in neurons, is often used as a marker for neuronal differentiation (Duly, et 

al. 2022). The reduction in neurite length was evident following TAOK1 overexpression 

in differentiating cells, in stark contrast to the control population, which maintained their 

neurites over the same culture duration (Figure 9). This finding demonstrates that 

TAOK1 overexpression specifically disrupts neurite stability and maintenance after 

neurite outgrowth. Neurites are critical for neuronal connectivity and communication 

through the formation of synapses. The observed reduction in neurite length has 

significant implications for the maintenance of neuronal connectivity and synaptic 

plasticity, highlighting the potential role of TAOK1 in neurodegenerative processes.  
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We hypothesize that the abnormal hyperphosphorylation of Tau by increased 

TAOK1 activity could increase the susceptibility of the cell to form protein aggregates. 

This could disrupt axonal and dendritic transport, and with the destabilisation of 

microtubules. neurite breakdown will be promoted (Combs, et al. 2019). TAOK1’s 

phosphorylation of Tau and other targets, which promotes neurite extension and synapse 

formation during development, can, when dysregulated later in life, result in neurite loss 

and synaptic breakdown, thereby promoting neurodegeneration.  

4.2.1. TAOK1-mediated Tau Hyperphosphorylation may disrupt neurite 

maintenance in differentiating SH-SY5Y via microtubule destabilisation 

Over the past three decades, pathological tau hyperphosphorylation has been 

increasingly implicated to drive synaptic dysfunction in neurodegenerative diseases. Tau 

has been known to promote the loss of synaptic proteins, cause microtubule 

destabilisation to disrupt mitochondrial transport and impair synapse activity (Callahan 

and Coleman 1995; Wu, et al. 2021). Interestingly, increased TAOK1 activity has also 

been observed in brain regions most vulnerable to AD-associated degeneration and 

abnormal tau hyperphosphorylation (Caušević, et al. 2010; Tavares, et al. 2013). Hence, 

we hypothesize that neurite breakdown in TAOK1 overexpressing cells is through 

pathological tau hyperphosphorylation and may contribute to neuron and function loss. 

To further investigate the relationship between TAOK1 and tau in causing neurite 

instability, we first wanted to identify if TAOK1 overexpression can increase tau 

phosphorylation in our model. Using western blot analysis, we identified and increase in 

phosphorylated serine 262 (ser262), a known target of TAOK1 activity (Figure 10). 

Amongst the known TAOK1 phosphorylation sites, ser262 is known to affect tau ability 

to bind to microtubules (Gong and Iqbal 2008). Thus, supporting that hypothesis that the 
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reduction in neurite length observed in this study may be through increased Tau 

phosphorylation, inhibiting its ability to bind to and stabilise microtubules.  

To further validate TAOK1’s direct role in Tau detachment from microtubules 

from hyperphosphorylation, we may investigate other phosphorylation sites targeted by 

TAOK1, especially those located at or adjacent to microtubule binding sites. Known 

phosphorylation sites like Ser356 and Thr231, are critical for Tau's binding affinity to 

microtubules and dysregulate (Yang, et al. 2014). Assessing the phosphorylation status 

of these sites through western blotting and mass spectrometry can help determine if 

TAOK1 overexpression inhibits Tau binding to microtubules. Verification that 

phosphorylation at or adjacent to microtubule binding sites will strengthen the hypothesis 

that TAOK1 overexpression promotes microtubule destabilisation and cause neurite 

breakdown through tau hyperphosphorylation. 

4.2.2. Compensatory upregulation of neurofilament proteins may occur in 

response to Neurite instability caused by TAOK1-mediated tau 

hyperphosphorylation 

Neurofilaments are major cytoskeletal components of neurons and are essential to 

the growth and maintenance of neurites, particularly axons (Yuan, et al. 2012). 

Dysregulation in neurofilament proteins could reflect neurite health and stability and shed 

light into the mechanisms behind the neurite loss in differentiating cells overexpressing 

TAOK1. Neurofilaments are composed of three proteins, neurofilament light chain, 

heavy chain, and medium chain. Through RNA seq analysis, we found the upregulation 

of the gene encoding the neurofilament medium and light chains (NEFM & NEFL) with 

TAOK1 overexpression (Figure 11). This upregulation of NEFM and NEFL may 

represents a compensatory mechanism to stabilise the neuronal cytoskeleton in response 
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to microtubular instability induced by TAOK1 overexpression. Neurofilaments, play a 

critical role in providing structural support for the neuron. However, the gene encoding 

the heavy chain, NEFH did not see the same degree of upregulation as the other two 

subunits, and instead was mildly downregulated. The specific upregulation of NEFL and 

NEFM without a corresponding increase in NEFH might suggest that the cells are 

attempting to rapidly assemble neurofilaments to counteract the destabilising effects of 

Tau hyperphosphorylation. However, the lack of NEFH upregulation could have 

implications on the proper formation of neurofilaments. The specific upregulation of 

NEFL and NEFM, but not NEFH, might be related to their distinct roles within the 

neurofilament network.  

During neurofilament assembly, NEFL self assembles to form the core structural 

backbone, before NEFM comes in to elongate and stabilise the filaments by interacting 

with NEFL, and NEFH is the last to be incorporated (Shea, et al. 1997; Laser-Azogui, et 

al. 2015; Uchida, Peng and Brown, 2023). The upregulation in NEFL and NEFM may be 

indicative of rapid assembly of neurofilaments in response to cellular stress. The lack of 

NEFH upregulation in the face of increased NEFL and NEFM expression suggests an 

early stage where the cells are beginning to assemble more neurofilaments to counteract 

the destabilising effects of tau hyperphosphorylation. This compensatory response 

highlights the cell's attempt to maintain cytoskeletal stability during neurotoxic 

conditions caused by TAOK1 overexpression. 

4.2.3. TAOK1-mediated tau hyperphosphorylation may dysregulate synaptic 

activity through microtubule-associated synaptic proteins 

SH-SY5Y cells are a useful model for investigating neuronal differentiation and 

the consequences of TAOK1 overexpression, but there are certain limitations. One major 
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drawback is that they cannot establish mature synaptic connections, which makes it 

challenging to directly examine if the reduction of neurites observed in this model is 

linked to synaptic loss. However, we can still observe other molecular mechanisms 

associated with neurite loss. One possible alternative to explore potential synaptic 

dysfunction through altered synaptic protein activity.  

Alongside tubulins and neurofilaments, septins are regarded as another filament 

protein that is heavily associated with the synapse cytoskeleton scaffold. Septin 7 in 

particular is a cytoskeletal GTP-binding protein that is crucial to dendritic growth and the 

maintenance of synaptic plasticity and activity (Marttinen, et al. 2015). It is also a known 

target of TAOK1 phosphorylation at Thr426 (Werner and Yadav 2022). Its 

phosphorylation drives its translocation from the base of dendritic protrusions to dendritic 

spine heads, promoting spine and synapse maturation through the stabilization of PSD-

95 (Byeon, et al. 2022). Reduction or dysregulation in the expression and activity synaptic 

proteins and changes in their phosphorylation status will indicate synaptic dysfunction, 

even in the absence of actual synaptic activity in this cell model. The gene expression of 

these proteins were assessed through the analysis of RNA-seq data. Septin 7 was found 

to be upregulated in both undifferentiated and differentiating SH-SY5Y overexpressing 

TAOK1 (Figure 12). This upregulation of may be a compensatory response to maintain 

synaptic stability given the breakdown of the main tubulin cytoskeletal structure resultant 

of TAOK1 overexpression.  

Next, we have also discovered the downregulation of Syntabulin (SYBU) 

expression (Figure 12). Syntabulin is a microtubule-associated protein that plays an 

important role in neuronal excitation and inhibition by facilitating mitochondrial transport 

on microtubules. Syntabulin is responsible for the binding of Syntaxin-1B (STX1B) to 
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microtubules for transport to synapses to form the SNARE complex essential to synaptic 

vesicle fusion and neurotransmitter release at the synapse (Ke, et al. 2023). This 

downregulation in SYBU may reflect impaired microtubular trafficking and contribute to 

impaired synaptic function that may be associated with increased microtubular instability. 

When looking at other synaptic proteins, we have also discovered an upregulation 

in GRIA2, the gene encoding the GluA2 subunit of the AMPA receptor (Figure 12). 

AMPA receptors are critical for synaptic transmission by facilitating the influx of cations 

like Na+ to promote rapid synaptic depolarisation in response to glutamate binding. The 

GluA2 subunit is particularly responsible for regulating Ca2+ permeability of the AMPA 

receptor, and its dysregulation could impair neurotransmission and affect Ca2+ 

permeability. Therefore, if the upregulation in GRIA2 expression is accompanied by an 

equivalent GluA2 protein upregulation, it may contribute towards increased Ca2+ 

permeability and accumulation in the cell, presenting another source of cellular stress and 

toxicity (Cerella, Diederich and Ghibelli, 2010). Through PICK1 interaction, GluA2 also 

plays an important role in the regulation of AMPA receptor endocytosis to manage long-

term depression. Their dysregulation have also been associated with the pathogenesis of 

several neurological diseases associated with dysregulation in neural excitability such as 

Epilepsy and Autism Spectrum Disorder (ASD), highlight their importance in neuronal 

function (Salpietro, et al. 2019; Ke, et al. 2023). An upregulation in GluA2 may be a 

compensatory response to plausible synaptic dysfunction. In the event of neurite loss or 

reduction in synaptic activity, the upregulation of GluA2 in addition to Septin 7 may 

compensate for the destabilisation of synaptic structures.  

Future experiments may observe other microtubule-associated synaptic proteins 

to assess possible dysregulations resultant of TAOK1-associated pathological conditions. 
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For example, PSD-95, a scaffold protein involved in postsynaptic signalling and synaptic 

plasticity. Its degradation is known to be promoted by Mef2s, which is regulated through 

TAOK1-associated p38-MAPK signalling (Tsai, et al. 2012). Also, synaptophysin (SYP) 

is a pre-synaptic protein whose synthesis is associated with tau hyperphosphorylation and 

p38-MAPK signalling (Li, et al. 2003). Their gene and protein expression and 

phosphorylation statuses may be assessed through RT-qPCR and western blotting. While 

SH-SY5Y are unable to form mature synaptic connections, observing the statuses of 

synaptic proteins may be able to give insights into plausible implications on synaptic 

activity due to TAOK1 overexpression.  

The downregulation of Septin 7, Syntabulin and GluR2 reflects a disruption in 

synaptic activity. Meanwhile, the upregulation of NEFL and NEFM may be indicative of 

a compensatory mechanism to maintain neurite integrity during cellular stress. Although 

SH-SY5Y cannot form mature synaptic connections, changes in the expression of 

synaptic proteins and components associated with neurite cytoskeletal structure can 

reflect the detrimental effects of TAOK1 overexpression on neuronal health. Our current 

data have demonstrated that TAOK1 overexpression in differentiating neurons leads to a 

reduction in neurite length. This is likely due to microtubule instability caused by aberrant 

tau hyperphosphorylation at microtubule binding sites such as Ser262. The gene 

expression profile of that encoding the neurofilament subunits, SEPTIN7, GRIA2 and 

SYBU are also reflective of compensatory mechanisms and deficits in synaptic activity in 

differentiating neurons due to TAOK1 overexpression.  
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4.3. TAOK1 Overexpression Dysregulates Redox Homeostasis 

Intracellular ROS levels have also been known to influence MAPK signalling 

through oxidative modifications of MAPK pathway members, and associated proteins 

like dual-specificity phosphatases (DUSPs) (Son, et al. 2011; Takata, et al. 2020). As a 

member of this pathway, TAOK1 has also been implicated in redox homeostasis, where 

oxidative stress-activated MAPK phosphorylation was found to coincide with increased 

TAOK1 protein levels in human hepatocytes (Yin, et al. 2016). However, the 

directionality of TAOK1 expression and ROS levels is unclear beyond this limited context. 

 In this study, TAOK1 overexpression has led to abnormal tau 

hyperphosphorylation, which is known to lead to protein aggregation. The formation of 

protein aggregates are known to increase mitochondrial and ER stress, and this can be 

reflected in the cell as mitochondrial dysfunction, impairing ATP production and 

increasing ROS levels. As preliminary studies had demonstrated a reduction in ATP 

production, we questioned if TAOK1-mediated toxicity could affect mitochondrial 

function and perpetuate neurotoxicity by dysregulating redox homeostasis.  

Cellular ROS levels was measured using a DHE staining of ROS such as 

intracellular superoxide anions and hydrogen peroxide. A significant increase in ROS 

levels was found in both undifferentiated and differentiating cells compared to the control 

when TAOK1 overexpression was induced (Figure 13).  

As redox homeostasis relies on an intricate balance between ROS production and 

ROS scavenging by antioxidants, cellular stressors that disrupts mitochondria function, 

such as protein aggregates can promote ROS production and tip this balance. Hence, a 

detectable increase in ROS levels is representative of dysregulated redox homeostasis, 

and can have drastic consequences on cellular activity, including genomic instability and 
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inflammation. With this, we hypothesise that TAOK1-mediated Tau 

hyperphosphorylation may cause mitochondrial dysfunction and promote neurotoxicity 

by promoting ROS production.  

4.3.1. Mitochondria impairment is associated with increased ROS levels in 

TAOK1-overexpressing cells 

As the major site for intracellular ROS production, dysfunction in the 

mitochondria can be a major source of increased ROS in the cell (Palma, et al. 2024). To 

elucidate this, we looked into the expression of mitochondrial protein-coding genes as a 

readout of mitochondrial function. Through RNA-seq analysis, we have discovered the 

downregulation of various mitochondrial protein-coding genes. Out of the 13, 10 of the 

mitochondrial protein-coding genes were downregulated in undifferentiated cells and 4 

in differentiating cells overexpressing TAOK1 (Figure 15).  

The alteration of mitochondrial gene expression suggests a possibility 

mitochondria DNA damage. Most importantly, these genes encode subunits of the 

complexes found in the electron transport chain that is responsible for ATP production in 

the mitochondria (Zhai, et al. 2023). Deficiencies in ATP production and its depletion can 

promote cellular death and has drastic consequences on neurons which have high energy 

demands (Eguchi & Tsujimoto, 1997; Kushnareva & Newmeyer, 2010; Fricker, et al. 

2018). While we cannot yet determine the directionality of ROS production and 

mitochondria dysfunction, these results presents a possibility of a vicious cycle whereby 

increased oxidative stress can cause mitochondria damage, and further promote oxidative 

stress. However, it is highly likely that mitochondria dysfunction has occurred 

downstream of TAOK1 overexpression and possesses a high potential for promoting 

neurotoxicity through increased oxidative stress.  
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Nevertheless, more experiments will be required to assess the degree 

mitochondria dysfunction. This may be done through the measurement of ATP levels to 

determine mitochondrial function. Additionally, one may also look at mitochondrial 

membrane potential using fluorescent dyes such as JC-1 and TMRE, which can reveal 

disruptions in mitochondrial integrity. A decrease in mitochondrial potential will reflect 

mitochondrial dysfunction. In addition, Also, to obtain significance for the RNA 

sequencing data, future experiments with more biological replicates should be conducted. 

4.3.2. Nrf2 antioxidant pathway activity may be potentiated by TAOK1 

overexpression, but insufficient to alleviate oxidative stress 

The accumulation of oxidative stress causing cellular toxicity is often dependent 

on whether endogenous antioxidative pathways can handle the increased oxidative load. 

Given our current hypothesis that mitochondrial dysfunction increases ROS production, 

we also wanted to investigate the integrity of endogenous antioxidants and regulatory 

pathways that may be activated during oxidative stress. One of the most common 

antioxidant pathways is the Nrf2 signalling pathway, regulated by p38/JNK/ERK-MAPK 

signalling to maintain redox homeostasis in the cell (Pan, et al. 2016). During oxidative 

stress, the activity and expression of nuclear factor erythroid 2 p45-related factor 2 (Nrf2) 

is known to be upregulated (Kasai, et al. 2020). Nrf2 is a transcription factor that serves 

as a major antioxidant pathway regulator that promotes the transcription of various 

antioxidants such as SODs, CAT and GPXs to counteract high cellular oxidative stress 

(Hammad, et al. 2023). In normal conditions, Keap1, an Nrf2 inhibitor, will binds and tag 

Nrf2 for proteasomal degradation. However, under oxidative stress, Keap1 loses its 

ubiquitination activity and can lead to the release of Nrf2 to translocate into the nucleus 

to promote antioxidant gene expression (Kobayashi, et al. 2005).  
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To investigate if this pathway can become activated, we used RNA-seq analysis 

to observe the expression of the gene encoding Nrf2, NFE2L2, and that of several of its 

downstream targets. In both undifferentiated and differentiating cells, NFE2L2 was found 

to be upregulated in TAOK1 overexpressing cells compared to the control (Figure 14). 

However, when observing the expression of its downstream antioxidant gene targets, we 

only found a mild upregulation in its downstream targets antioxidants, Catalase (CAT) 

and SOD1 in TAOK1 overexpressing undifferentiated cells, and only CAT was 

upregulated in differentiating cells.  

While an upregulation in NFE2L2 gene expression can be taken to signify 

increased sensing of intracellular oxidative stress, the lack of consistent upregulation 

across Nrf2-targeted antioxidant genes may represent a disconnection in this pathway. It 

is likely that the initial increase in oxidative stress may be due to TAOK1-mediated Tau 

hyperphosphorylation. This increased oxidative stress may then activate Nrf2 signalling 

as represented by the upregulation in NFE2L2 expression, potentiated by TAOK1 through 

the MAPK signalling pathway.  

It is necessary to further characterise this pathway and identify if there is an 

impairment in Nrf2 pathway activity that can disrupt the activation of antioxidants.  This 

may occur during Nrf2 nuclear translocation, interaction with target genes, or impairment 

in Keap1 activity. Protein expression of Nrf2, and its target antioxidants such as the 

aforementioned GPXs, SODs and CAT, should be assessed through western blot analysis. 

Visualising Keap1-Nrf2 co-localisation and Nrf2 localisation through 

immunofluorescence microscopy will also provide insights into the integrity of Nrf2 

function in response to oxidative stress in the cell.  
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Overall, this study has shown that TAOK1 overexpression can increase ROS 

levels in SH-SY5Y, and trigger antioxidant pathways like Nrf2 to restore redox 

homeostasis. However, the downregulation of various antioxidant genes despite high 

ROS levels leaves the cells at a vulnerable state where the persistent oxidative stress can 

damage cellular components including the mitochondria itself, creating a vicious cycle of 

increased oxidative stress and mitochondria damage. Eventually, not only impairing cell 

function but also cause cell death.  

More experiments would be necessary to properly validate the mitochondria 

damage downstream of TAOK1 overexpression, how intracellular antioxidant pathways 

are affected, and the possible neurotoxicity to the cell.  
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4.3.3. Oxidative Stress in TAOK1 Overexpression may be associated with ER Stress 

Response Mechanisms 

To identify how TAOK1 overexpression can drive mitochondrial dysfunction and 

aberrant ROS production, we looked further into how TAOK1-mediated Tau 

hyperphosphorylation may contribute to this event. The accumulation of misfolded 

proteins and aggregates including Tau can increase endoplasmic reticulum (ER) stress 

and upregulate stress responses like the unfolded protein response (UPR). This period of 

prolonged stress promotes mitochondria stress and dysfunction, and increased ROS 

through the mitochondria-associated membrane (MAM) between the mitochondria and 

ER (Cao & Kaufman, 2014; Zeeshan, et al. 2016).  

To identify ER stress responses, we looked into genes that encode proteins that 

are known to be upregulated during ER stress. Through RNA-seq analysis, CLU, 

CREBRF and EDEM3 were found to be upregulated following TAOK1 overexpression 

in differentiating cells (Figure 16B). While CREBRF and EDEM3 were upregulated, but 

CLU downregulated in undifferentiated cells overexpressing TAOK1 (Figure 16A).  

Clusterin (CLU) is an ER chaperone protein that directs misfolded proteins for 

degradation. CLU expression is known to be upregulated by increased ER stress induced 

by increased detection of misfolded proteins in the cytosol. CLU is also a major genetic 

risk factor for LOAD by its role in Aβ aggregation and clearance (Moon, Herring & Zhao, 

2021; Foster, et al. 2019). An upregulation in CLU expression is an indicator of increased 

ER stress due to misfolded proteins to avoid pathological accumulation that can cause 

neuronal dysfunction. Additionally, EDEM3 is another ER protein that promotes ER-

associated degradation (ERAD), a pathway that targets misfolded proteins for ER 
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degradation, hence indicating increased sensing of misfolded proteins in the cell (Hirao, 

et al. 2006). 

CREB3 regulatory factor (CREBRF) regulates the ER’s UPR by negatively 

regulating CREB3 during UPR. CREB3 is a transcription factor that is upregulated by 

ER stress to activate the UPR to reduce ER stress or promote cell death through 

karyoptosis (Lee, et al. 2024). CREBRF functions by suppressing CREB3 activity and 

promoting its degradation by binding and sequestering it into discrete nuclear foci (Wong, 

et al. 2018). Hence, an upregulation in CREBRF is an indication of increased ER stress 

and the need to suppress the cytotoxic UPR. Together, this gene expression profile reflects 

increased ER stress caused by misfolded proteins, and an upregulation of cellular activity 

to suppress UPR. Together, the upregulation in EDEM3, CLU and CREBRF expression 

highlights the toxicity posed by TAOK1-mediated tau phosphorylation, and potential for 

pathological consequences when current UPR responses may be insufficient. 

However, to fully understand how TAOK1 overexpression may drive ER stress 

and if UPR is neurotoxic in this context, more experiments are necessary. The expression 

of various endoplasmic stress response element (ERSE) containing genes, which are 

upregulated by ER stress, and can induce cytotoxic responses like apoptosis may be 

assessed. These includes c-Jun, c-FOS, which forms the Activator Protein 1 (AP-1), that 

can drive downstream responses like inflammation and apoptosis. Additionally, 

validation of the protein expression of CLU, EDEM3 and CREBRF through western blot 

analysis and localisation in immunofluorescence microscopy can verify their activity and 

relevance to our study. 

Overall, TAOK1 overexpression increases oxidative stress, likely due to 

mitochondrial dysfunction and a dysregulation of redox homeostasis. This may be 
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exacerbated by TAOK1-mediated Tau hyperphosphorylation, which promotes 

mitochondrial and ER stress through UPR, overwhelming the cell’s stress responses. 

However, more experiments are necessary to elucidate mitochondria and ER dysfunction, 

and the contributions of increased oxidative stress on deteriorating neuronal health.   
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4.4. TAOK1 Expression drives Transposable Element De-Repression 

Tau-mediated toxicity in animal models and in dementia patients have been 

attributed to a variety of pathways such as causing mitochondrial and ER stress as 

explored in the previous section. When it comes to aging, genomic instability have been 

proposed as a source of pathological consequence from pathological Tau 

hyperphosphorylation (Colnaghi, et al. 2020). With literature over the years 

demonstrating the potential of Tau-mediated activation of TEs in both animal models in 

AD patients. Besides contributing to mitochondrial stress, increased neurofibrillary tangle 

burden from abnormal tau hyperphosphorylation is also a source of increased TE de-

repression (Guo, et al. 2018). Given the observations of increased Tau phosphorylation 

due to TAOK1 overexpression, it is plausible that the upregulation of TE transcripts may 

be caused by Tau hyperphosphorylation as well. Hence, we looked to see if this 

neurotoxicity may be replicated in our cellular model 

The expression of several TE families, namely HERV, LINE-1 and Alu, were 

investigated for their known dysregulation by pathological protein aggregation and 

increased oxidative stress that has been observed in our study, in various neurological 

contexts (Giorgi, Marcantonio and Del Re 2011; Guo, et al. 2018; de Oliveira, et al. 2021). 

The harmful consequences of dysregulated TEs in neurodegenerative disorders have been 

increasingly studied over the years. While increased TE transposition is known for driving 

DNA damage and genomic instability, inflammation and neurotoxicity have also been 

promoted by abnormal TE de-repression (Jönsson, et al. 2020; Chesnokova, Beletskiy 

and Kolosov, 2022; Singh, Borkar and Bhatt 2024). 

Analysis of gene expression of RT-qPCR data reveals an increase in expression of 

TE transcripts in TAOK1 overexpressing neurons regardless of differentiation status in 
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most clones, suggesting that TAOK1 overexpression contributes to TE de-repression 

(Figure 17). TEs, which are typically silenced in the genome, can become reactivated 

under conditions of cellular stress, contributing to genomic instability and inflammation. 

The observed de-repression of TEs in our model aligns with findings from tauopathy 

models, where abnormal Tau phosphorylation and aggregation are associated with TE 

activation. 

Overall, this increase in TE de-repression may most likely be due to the abnormal 

Tau hyperphosphorylation driven by increased TAOK1 activity from its overexpression.  

4.4.1. Perspectives: TAOK1-induced Oxidative Stress may promote TE De-

repression by inducing genomic instability 

Earlier in this study, we have demonstrated increased ROS levels in TAOK1 

overexpressing cells. Oxidative stress is another known activator of TEs, and the elevated 

ROS levels observed in our model may further exacerbate TE de-repression. This creates 

a vicious cycle where TE activation leads to increased genomic instability and cellular 

stress, perpetuating neuronal damage. To further investigate the relation between 

oxidative stress and dysregulated TEs, treatment of cell groups using antioxidants to 

mitigate oxidative stress may be conducted to observe its effects on TE activity.  

This may be conducted by adding ascorbic acid (vitamin C), a potent antioxidant, 

into the culture medium of TAOK1 overexpressing cells. If antioxidant treatment with 

ascorbic acid effectively reduces ROS levels and leads to a corresponding decrease in TE 

transcripts, it would provide strong evidence that oxidative stress is a key driver of TE 

activation in TAOK1 overexpressing cells. This also highlights the importance of 

oxidative stress in genomic stability and the reduction of oxidative stress could be a 

potential therapy to mitigate TE-mediated toxicity in neurodegenerative diseases. 
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4.4.2. Perspectives: Relevance of the PIWI-piRNA Pathway 

In this study, an increase in TE transcripts from RT-qPCR was observed after 

TAOK1 induction, driving the question to the mechanism behind this de-repression event. 

As mentioned in the earlier sections, TE de-repression may occur  

The PIWI-piRNA pathway is one of the most well-conserved mechanisms across 

eukaryotes involved in the suppression of abnormal transposable element (TE) expression 

through transcriptional and post-transcriptional gene silencing (TGS and PTGS).   

TE de-repression can indicate a compromised TE silencing pathway. PIWI 

proteins encode for a heavily conserved subfamily of proteins that bind to Piwi-

interacting RNAs (piRNAs), which mainly target TEs for degradation. PIWIL1, PIWIL2, 

and PIWIL4 are known to be expressed in the human brain and are involved in neuronal 

differentiation and axon regeneration. In a recent study, the expression of PIWIL1 and 

piRNA transcripts has also been observed to increase in AD models, possibly due to 

heterochromatin decondensation mediated by pathological tau hyperphosphorylation 

(Sato, Takayama and Inoue, 2023).  

However, in both western blot analysis and RNA-sequencing data, we were 

unable to observe any significant changes in the expression of the PIWI proteins PIWIL1, 

2, and 4 at both the RNA and protein levels (Supplementary Figure 2). This lack of 

change suggests that the PIWI-piRNA pathway may not be the primary mechanism of TE 

regulation in this model, or it may indicate that the pathway's activity is regulated post-

transcriptionally or post-translationally in a manner not detectable by these methods. 

Small RNA sequencing to observe the changes in piRNA populations, including 

looking for piRNA cluster activity, or increase in piRNA transcripts. By comparing the 
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abundance of piRNA transcripts between TAOK1 overexpression and control, we may 

identify the presence of increased PIWI-piRNA pathway activity through PTGS. 
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5. Future Work & Perspectives 

5.1. Pro-Inflammatory Consequences of TAOK1 Overexpression 

5.1.1. TAOK1-induced TE De-repression may promote inflammation through 

Interferon responses via the cGAS-STING pathway 

The increase in TE transcripts observed in TAOK1 overexpressing SH-SY5Y cells 

has other implications for inflammation, through the accumulation of cytosolic DNA. 

Amongst the various pathological effects of TE de-repression is the generation of nucleic 

acids through retrotranposition. Class I TEs, also known as retrotransposons, are known 

for their able to undergo reverse transcription to convert their RNA transcripts into DNA 

om the cytoplasm and integrate themselves back into the organism genome (Bourque, et 

al. 2018). When silenced retrotransposons become de-repressed, such as in the case of 

pathological tau hyperphosphorylation, their activity increases, and inevitably results in 

the accumulation of cytosolic DNA in the cytoplasm (Miller, et al. 2021). These 

transcripts may be misidentified by antiviral pathways due to their structural similarities 

to viral nucleic acids and activate innate immune response pathways. Over the years, 

various studies have implicated pathological retrotransposon activation to be capable of 

activating innate immune response pathways through increased cytosolic nucleic acid 

sensing (Gazquez-Gutierrez, et al. 2021; Russ & Iordanskiy, 2023;). Interestingly, this 

study had identified several retrotransposon families, including HERVs, LINE-1 and Alu 

TEs to be upregulated in TAOK1 overexpressing SH-SY5Y regardless of differentiation 

status. Hence, we wished to explore the possibility of aberrant TE de-repression driving 

inflammation through antiviral defences in this cell model.  

The IFN-I response is amongst the best activated innate immune responses from 

increased sensing of cytosolic nucleic acids. One of the better characterised dsDNA 
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sensors, is the cyclic GMP-AMP synthase (cGAS). cGAS-STING pathway activation by 

LINE-1, HERV and Alu have been observed to trigger IFN-I response and drive 

inflammation in various cell types (Li, et al. 2022; Li, et al. 2023; Mathavarajah & 

Dellaire, 2024). Additionally, the cGAS-STING pathway has been increasingly 

implicated in inflammation to promote neurodegeneration in several aging-associated 

diseases (Paul, Snyder & Bohr, 2021; Gulen, et al. 2023). To explore this possibility, we 

next analysed the expression of STING in TAOK1 overexpressing cells. Increased mRNA 

expression of STING was discovered through RT-qPCR, suggesting the potential 

upregulation of the cGAS-STING pathway activity (Figure 18). The activation of the 

cGAS-STING pathway is known to trigger the production of IFN-Is and other pro-

inflammatory cytokines, initiating an inflammatory response that can exacerbate neuronal 

damage. Thus, we proceeded to observe the downstream effectors of the cGAS-STING 

pathway affected by IFN-I activity. 

Through RNA-seq analysis, we have identified differentially expressed genes that 

are known to be interferon-stimulated genes (ISGs). These include IFIT1 and IFI6. In 

differentiating cells overexpressing TAOK1, IFIT1 and IFI6 were discovered to be 

downregulated (Figure 19B). On the other hand, IFIT1 was found to be upregulated and 

IFI6 downregulated in the undifferentiated population overexpressing TAOK1 (Figure 

19A).  The gene encoding TBK1, which is a target of STING, was found to be upregulated 

in both undifferentiated and differentiating SH-SY5Y overexpressing TAOK1. 

Interferon-induced protein with tetratricopeptide repeats 1 (IFIT6) is a well-

known ISG that are induced by the IFN-Is IFN-α and IFN-β. They can inhibit viral 

replication by recognising viral-like mRNA patterns and binding to these mRNA, and by 

binding to eukaryotic translation initiation factors (Diamond & Farzan, 2013; Franco, 

Chattopadhyay & Pan, 2023). In other studies, upregulated IFITs have also been identified 
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to coincide with increased TE activity (Kuriyama, et al. 2021). The upregulation of IFIT1 

could indicate an anti-viral response in the cell due to TE de-repression causing increased 

cytosolic nucleic acids. Meanwhile, Interferon Alpha-Inducible protein 6 (IFI6) is another 

ISG that can be induced by IFN-α and has been observed in studies to coincide with 

cGAS-STING pathway activation (Sajid, et al. 2021; Frittoli, et al. 2022). IFI6 is a protein 

localised to the mitochondria that is upregulated during viral infections to serve an anti-

apoptotic function through Bcl-2/Bax regulation (Qi, et al. 2015). This can be a protective 

mechanism to allow other immune responses to act against the infection. In other studies, 

IFI6 upregulation has been found to accompany TE dysregulation in lung cells even in 

the absence of viral infections, (Rostami & Bradic, 2021). However, the lack of IFI6 

upregulation and inconsistent upregulation of IFIT6 suggests that it is unlikely that there 

is a sustainable IFN-I response via this pathway. 

On the other hand, TANK binding kinase 1 (TBK1) is a key player of the IFN-I 

pathway and is activated by STING to phosphorylate downstream interferon regulatory 

factors (IRF) to activate them (Yum, et al. 2021). Heightened TBK1 activity can be an 

indicator of IFN-I response through IRF3 and NF-κB pathways to mediate immune 

responses within the cell. Together with the lack of consistent ISG upregulation, this may 

be indicative of early IFN-I pathway activation. 

In future experiments, we may also quantify the levels of various IFN-Is such as 

IFN-α and IFN-βs, and other pro-inflammatory cytokines in the culture media of TAOK1 

overexpressing cells. It is also crucial to assess the phosphorylation statuses of TBK1 

targets like IRF3 and IRF7 through western blot analysis or immunocytochemistry can 

provide further evidence of cGAS-STING pathway activation. This can be achieved 

through ELISA or multiplex cytokine assays. Together, they can help determine the pro-

inflammatory effects of TAOK1 mediated TE-derepression.  
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Additionally, to investigate the activation of not only cGAS-STING, but other 

nucleic acid sensor pathways like AIM2, from increased cytosolic nucleic acids due to 

TE activity, we may also measure their levels in the cytoplasm. This may be done through 

immunostaining using commercially available antibodies against dsDNA.  

Overall, in this study, our findings reveal an increase in TE transcripts from HERV, 

LINE-1 and Alu families, in both undifferentiated and differentiating cells overexpressing 

TAOK1. This upregulation suggests a disruption in the cellular mechanisms responsible 

for maintaining TE silencing. The increased TE activity observed may be a consequence 

of heightened cellular stress, including oxidative stress and ER stress, both of which are 

known to activate TEs. This is supported by the upregulation of ROS and the potential 

involvement of the cGAS-STING pathway, which could link TE activity to inflammatory 

responses. Future experiments should focus on understanding the exact mechanisms by 

which TAOK1 overexpression leads to TE activation. Understanding these mechanisms 

will provide deeper insights into the cellular responses to TAOK1 overexpression and its 

implications in neurodegenerative diseases 

5.1.2. Limited Effects on NLRP3 Inflammasome Signalling 

The canonical inflammasome pathway is the NLRP3 inflammasome signalling 

pathway. The NLRP3 inflammasome is known to be activated by the TE family Alu, and 

by IFN-I signalling via STAT1 (Kopitar-Jerala 2017; Lee, et al. 2022). In our experiments, 

we have observed Alu to be amongst the upregulated TEs by TAOK1 overexpression in 

both undifferentiated and differentiating cells. Furthermore, ROS is also known to be able 

to promote NLRP3 inflammasome activation. With these observations, we hypothesised 

if TAOK1 overexpression may promote inflammation through the NLRP3 inflammasome 

signalling pathway.  
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To answer these, we looked into the expression of various key NLRP3 

inflammasome pathway proteins, and the secretion of pro-inflammatory cytokine IL-1B. 

However, western blot analysis did not observe any significant increase in pro-caspase-1, 

NLRP3 or IL-1β protein levels (Supplementary Figure 3). Quantification of IL-1β 

secreted into the culture medium was also unable to reveal any meaningful differences in 

TAOK1 overexpressing cells.  

While our results did not show significant activation of the NLRP3 inflammasome 

pathway, it is important to consider the potential for TAOK1 to mediate inflammasome 

priming. Inflammasome activation requires both priming and activation signals.  

Although no significant increase in pro-caspase-1, NLRP3, or IL-1β protein levels was 

observed, the increase in ROS and TE activity suggests a potential for priming. Priming 

involves the upregulation of inflammasome components without their immediate 

activation, regulating the NLRP3 inflammasome activation (Kelley, et al. 2019). This 

suggests that TAOK1 may sensitize neurons to inflammatory stimuli, potentially 

contributing to a heightened state of neuroinflammatory readiness that could exacerbate 

neurodegenerative processes under certain conditions.  

As with other pathways, the activity of the NLRP3 inflammasome is not just 

limited to activation by triggering signals, but also subject to regulation from associated 

pathways. One of which, is through Nrf2 signalling. Earlier in this study, we have found 

a significant upregulation of the gene encoding Nrf2, NFE2L2 in TAOK1-overexpressing 

cells. As discussed earlier, Nrf2 is a major antioxidant regulator that can mediate anti-

inflammatory responses during oxidating stress. During oxidative stress, Nrf2 is able to 

prevent the expression of various pro-inflammatory cytokines to modulate inflammation 

(Ahmed, et al. 2017). Amongst which is IL-1β, one of the characteristic cytokines that is 

upregulated as part of the NLRP3 inflammasome pathway. Additionally, in macrophages, 
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Nrf2 can further inhibit ROS activated NLRP3 inflammasome activity by inducing NQO1 

expression to inhibit the cleavage of pro-caspase 1 and IL-1β transcription (Liu, et al. 

2017). However, analysis of NQO1 expression from RNA-seq data showed a non-

significant and mild increase in undifferentiated cells and decrease in differentiating cells 

even with NFE2L2 upregulation (Supplementary Figure 4). Hence, it may be necessary 

to conduct more experiments with increased samples, and through other methods such as 

RT-qPCR and western blot analysis to verify if Nrf2-mediated NQO1 activity may inhibit 

NLRP3 inflammasome activity.   

Additionally, it may also be relevant to investigate non-canonical inflammasome 

signalling pathways such as the caspase-4 inflammasome signalling pathway. Localised 

to the ER, multiple studies have also suggested that caspase-4 may be activated by 

through UPR with chronic ER stress (Hitomi, et al. 2004). Scientists using the SH-SY5Y 

cell line has demonstrated that under ER stress, caspase-4 can become activated and 

contribute towards neuronal apoptosis through caspase-9 (Yamamuro, et al. 2010). This 

is in alignment with the hypothesis that TAOK1-mediated tau hyperphosphorylation may 

increase ER stress to cause neurotoxicity. Caspase-4 is also known to be involved in non-

canonical inflammasome signalling pathway, most commonly in response to microbial 

lipopolysaccharides (LPS) in the cytoplasm (Martinon and Tschopp 2007; Al Mamun, et 

al. 2021). In the non-canonical inflammasome pathway, caspase-4 activation recognised 

to promote pyroptosis through gasdermin D (GSDMD) cleavage, to generate the pore-

forming complex independently of NLRP3 activity (Schmid-Burgk, et al. 2015). Taken 

the known caspase-4 pathways, it is plausible that ER stress mediated caspase-4 

activation may be promoting pyroptosis instead of apoptosis. And this ER stress could be 

mediated by TAOK1-induced tau phosphorylation. However, more experiments are 

necessary to verify the validity of a non-canonical inflammasome signalling pathway.  
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Additionally, identification of GSDMD cleavage, through western blot analysis, and ASC 

speck formation through flow cytometry and immunofluorescence microscopy will also 

reveal more information on this pathway. 
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5.2. Dose-Dependent effects of TAOK1-Associated Neurotoxicity 

The discovery of TAOK1 as a protein biomarker emerged due to its accumulation 

in the plasma extracellular vesicles of PDD and AD-MCI patients. This led us to consider 

the possibility that TAOK1 levels correlate with the degree of neurotoxicity in the 

neuronal population. In this study, we utilised several TAOK1-inducible single clones to 

investigate the neurotoxic effects on our cell model. As outlined in the materials and 

methods section, the generation of these stable, TAOK1-inducible single clones, and their 

expression of TAOK1, depends on the insertion of the TAOK1-containing construct into 

their genome. Insertion sites near regulatory regions or within highly active genomic loci 

may lead to higher expression levels of TAOK1, while insertion in less active regions may 

result in lower expression. Secondly, clonal differences in the cellular machinery and 

intrinsic genetic variability can also contribute to differential gene expression. These 

inherent differences between clones can affect how each cell line responds to TAOK1 

induction, leading to variability in downstream effects. As such, the effects of TAOK1 

expression can vary between different single clones. 

Using selected single clones increases replicability between batches of cell 

cultures and allows us to pool them together to avoid clonal biases while maintaining a 

high degree of control. Whoever, another advantage is the ability to study the potential 

dose-dependent correlation between TAOK1 and neurotoxic effects in a neuronal cell 

model.  

In earlier results, we observed a difference in the degree of cell death through 

confluency changes, over the same period of TAOK1 induction in both undifferentiated 

and differentiating cells (Figure 5A). Similarly, we observed differences in relative gene 

expression for each single clone's matched non-induction controls, such as in genes like 
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CASP3 (Figure 6D). This was especially noticiable in the relative gene expression of TE 

transcripts, where undifferentiated clone 11 showed a decrease in relative gene expression 

compared to other clones like 18, which showed an increase (Figure 17B, E). To better 

understand this phenomenon, we conducted RNA sequencing analysis on individual 

undifferentiated single clones using EdgeR to observe differential gene expression 

visualised through log 2-fold values of selected genes in the pathways observed 

throughout this study (Supplementary Figure 5). This analysis differed from the 

previous analyses done for the undifferentiated cells, which used RNA sequencing raw 

values of each individual clone as biological replicates during analysis, employing 

DeSeq2 to examine differential gene expression. 

We identified observable variability in the differential gene expression between 

individual undifferentiated single clones 11, 17, and 18. In undifferentiated clone 11, 16 

out of 40 of the differentially expressed genes selected for analysis showed the greatest 

degree of variation among the three clones. Conversely, in clone 18, exhibited the smallest 

degree of variation in 20 of the 40 genes. This prompted us to examine the variability of 

TAOK1 expression from the same set of RNA sequencing results (Supplementary 

Figure 5H).  

Interestingly, we found that the highest upregulation of TAOK1, compared to its 

control, was in single clone 18, followed by clones 17 and 11 (Supplementary Figure 

5H). Despite this, clone 11 exhibits the most significant changes in the expression of 

genes in various pathways, suggesting that even moderate increases in TAOK1 can 

profoundly affect cellular functions. Based on these results, it is unlikely that there is a 

direct inverse relationship between TAOK1 expression and gene expression changes in 

the selected pathways, where increased TAOK1 expression would equate to a greater 

degree of differential gene expression. However, the fact that clone 18 has the highest 
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TAOK1 expression but shows less variability in gene expression changes suggests that 

high levels of TAOK1 might lead to cellular mechanisms that dampen the response to 

avoid excessive stress. 

We can conclude that there are inherent differences between different single 

clones, which may be associated with differences in TAOK1 expression. However, more 

experiments may be conducted to analyse the relation between TAOK1 dosage and the 

progression of neurotoxicity in neurons with higher statistical relevance.  
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5.3. Repressing TAOK1 Expression to Suppress Neurodegeneration 

In our study, we have demonstrated that TAOK1 overexpression drives 

neurotoxicity and neurite loss, suggesting that TAOK1 could be a viable target for 

therapeutic intervention in neurodegenerative diseases, aimed at mitigating neuronal 

damage and promoting neuronal health.  However, reckless inhibition of TAOK1 

expression is not a solution for controlling neurodegenerative processes driven by its 

overexpression. TAOK1 plays a critical role in various cellular functions, and its normal 

expression is essential for maintaining cellular homeostasis. Deficits in TAOK1 

expression have been linked to neurodevelopmental disorders, indicating that an optimal 

level of TAOK1 is crucial for regular cell activity and neuronal development (Byeon and 

Yadav, 2024). To develop effective therapies, it is important to consider the balance 

required in regulating TAOK1 expression. Complete inhibition of TAOK1 such as 

genetic ablation could lead to adverse effects on neurodevelopment and other cellular 

processes, while partial repression like pharmaceutical treatment might be sufficient to 

mitigate the neurotoxic effects observed in neurodegenerative conditions without 

disrupting its essential functions. 

As a starting point, future experiments may be conducted using our cell model, 

but with dosage treatment of selective TAOK kinase inhibitors such as compound-43 

(CP-43, CAS No. 850467-66-2), on TAOK1 overexpressing cells (Giacomini, et al. 2018). 

A rescue of the morphological or molecular changes closer to the control levels could be 

indicative of a possibility of using TAOK1 inhibitors as a form of treatment in early 

neurodegeneration. 
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6. Conclusion 

Neurodegeneration involves numerous pathological disruptions in regular cellular 

pathways. A single dysregulated gene can trigger a cascade of toxic effects within a cell, 

which, when accumulated, can lead to disease. In this study, we observed that TAOK1 

overexpression promotes increased neuronal death through apoptosis. This effect is 

potentially mediated by various interrelated pathways, such as MAPK signalling, which 

involves TAOK1 and can upregulate transcription factors associated with cell survival, 

inflammation, and stress responses. The inability to maintain neurites in differentiating 

cells following TAOK1 overexpression may be due to TAOK1-dependent tau 

phosphorylation, which causes microtubule destabilisation. Additionally, increased 

cellular toxicity may result from potential tau aggregation, contributing to mitochondrial 

dysfunction and ER stress. This is visualised through the increase in ROS levels, 

downregulation of mitochondrial protein-coding genes, and upregulation of ER stress 

genes following TAOK1 overexpression. TAOK1 overexpression also led to the increase 

in TE transcripts, which may not only cause DNA damage and genetic instability, but 

also carries the potential to promote inflammation through cGAS-STING pathway 

activation. Overall, TAOK1 overexpression can promote neuronal and functional loss 

through various neurotoxic pathways by increasing tau phosphorylation, promoting 

neurite loss, inducing cellular stress, and causing TE de-repression. These individual 

pathways may also be regulated by TAOK1 through MAPK signalling (Figure 20). 

While many plausible pathways associated with neurotoxicity and inflammation 

have been uncovered, these findings remain preliminary. Further studies are necessary to 

establish their significance. Over time, these findings set the foundation for understanding 

the precise mechanisms by which TAOK1 modulates neurotoxic pathways and assist in 

the development of targeted interventions for neurodegenerative diseases.
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Figure 20. Schematic diagram of neurotoxic mechanisms mediated by TAOK1 Overexpression. TAOK1 overexpression is able to affect 

MAPK signalling pathways, tau phosphorylation to destabilise microtubules and cause neurite loss, TE de-repression, oxidative and ER stress. 

These interconnected pathways highlight how dysregulated TAOK1 can drive neurotoxicity and neurodegeneration. (Created with 

BioRender.com) 
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8. Appendix 

 

Supplementary Figure 1. Doxycycline treatment at varying concentrations shows limited effects on cell count, confluency, and 

morphology in undifferentiated and differentiating parental SH-SY5Y cells. (A) Three days of doxycycline exposure at concentrations 

from 0.0 to 10.0 µg/mL show limited changes in cell growth and morphology, with visible reduction in cell confluency at 10.0 µg/mL. (B) 

Harvest cell counts of undifferentiated SH-SY5Y cells remain consistent up to 7.5 µg/mL after 2 days before decreasing with increased 

exposure time and concentration. (C) Harvest cell counts of differentiating SH-SY5Y cells show a similar trend to the undifferentiated group.  
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Supplementary Figure 2. Western blot analysis of PIWIL1 and PIWIL4. Protein expression levels of PIWIL1 and PIWIL4 remained 

unchanged with TAOK1 overexpression in differentiating SH-SY5Y cells clone 11. 
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Supplementary Figure 3. The protein expression of Caspase 1 and NLRP3, and quantification of cytokine IL-1β in TAOK1 

overexpressing SH-SY5Y. (A, B) Western blot analysis of Caspase 1 in undifferentiated and differentiating SH-SY5Y did not see significant 

change with TAOK1 overexpression. (C) Densitometry of Pro-Caspase 1 western blot from (A, B). (D) Western blot analysis of 

inflammasome protein NLRP3 did not see any significant change with TAOK1 overexpression in differentiating SH-SY5Y (E) ProQuantum 

Immunoassay to quantify IL-1β in culture medium after 2 days of doxycycline induction to overexpress TAOK1 in undifferentiated cells did 

not observe any significant changes from control. 
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Supplementary Figure 4. NQO1 & NFE2L2 Log 2-Fold Change values from RNA 

sequencing analysis. Log 2-Fold change of undifferentiated and differentiating single 

clones were generated individually using EdgeR, while that of the undifferentiated 

combined group was generated separately using DeSeq2, from raw data of 

undifferentiated single clones. 
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Supplementary Figure 5. RNA sequencing analysis using EdgeR to produce Log 2-

Fold Change of selected genes of each observed pathway in single clones given 

TAOK1 overexpression. (A – G) Log 2-Fold change values of undifferentiated single 

clones overexpressing TAOK1. (A) Selected BCL2 pathway genes. (B) Selected Mef2 
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transcription factor family genes. (C) Selected synapse-associated genes (D) Selected 

antioxidant genes upregulated by Nrf2, and Nrf2-coding gene NFE2L2. (E) Mitochondria 

protein-coding genes. (F) Selected ER-stress response pathway genes containing ERSE 

in their promoters. (G) Selected IFN-I associated genes, IFI6 and IFIT1 as interferon-

stimulated genes, and TBK1 upstream of IFN-responses. (H) Log 2-Fold change values 

of TAOK1 in undifferentiated and differentiating single clones. 
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Supplementary Table 1. Log 2-fold change and p-adjusted values from RNA-sequencing analysis of selected genes1   

  Clone 18 Differentiating Clone 18 Undifferentiated Clone 17 Undifferentiated Clone 11 Undifferentiated Undifferentiated (n=3) 

Gene Log2FC padj Log2FC padj Log2FC padj Log2FC padj Log2FC padj 

TAOK1 1.034437529 0.000398337 1.382836236 8.88135E-08 1.351792269 1.44119E-08 1.29305741 6.61549E-09 1.275157186 0.012511873 

CASP3 0.375416288 0.624807495 0.362738767 1 0.180068769 0.000504138 0.754117912 1.4061E-10  -  - 

BCL2 0.313422145 0.709837938 0.273543781 0.67452843 0.996316669 6.19908E-05 1.021985273 7.54784E-06 0.71316986 0.173359786 

BAX -0.207811658 0.863302894 -0.016871505 1 -0.208253666 0.566025312 -0.841594504 0.000375113 -0.37536831 0.462330424 

BAK1 0.008123125 1 -0.139023089 0.917508307 -0.59372753 0.03431939 -1.021823869 1.54024E-05 -0.60343499 0.229588517 

BOK -0.606325722 0.373603011 -0.013060137 1 0.126638669 0.87400525 -1.155500436 6.75958E-06 -0.69207948 0.457579704 

MEF2A 0.533735337 0.338855029 0.555951321 0.217208676 1.067090717 3.23481E-05 1.291116242 2.1634E-08 0.92242393 0.060743537 

MEF2B 5.663944626 0.480946484 1.229845255 0.911358911 1.250400677 0.468069677 0.422846284 1 1.061791  - 

MEF2C -0.01399448 1 -0.215263287 0.908783128 0.894707713 0.00382366 1.814979401 1.3442E-13 1.13164595 0.231149625 

MEF2D -0.156954695 0.92303217 -0.066163507 1 -0.295625745 0.361607931 -0.465917381 0.057663311 -0.34199455 0.484699243 

CASP3 0.375416 0.624807 0.075152 1 0.922632 0.000504 1.491152 1.41E-10 0.787539 0.163885 

BCLAF1 0.317375 0.708854 0.338367 0.556178 1.569023 5.3E-11 2.757118 2.53E-33 1.752112 0.019466 

DNAJB4 0.520711 0.538377 0.789551 0.174932 1.363727 5.61E-06 1.977308 2.53E-15 1.491476 0.03925 

CAT 0.27357901 0.834483581 -0.231848896 0.792764113 0.386629804 0.234448275 0.589527851 0.017308337 0.23119433 0.681651126 

GPX4 -0.320340004 0.708795159 -0.194130057 0.813386874 -0.132036785 0.746925444 -0.990838268 1.25452E-05 -0.47850755 0.390982045 

GPX1 -0.390845507 0.579344337 -0.266003357 0.673108837 -0.459526723 0.110531508 -1.223510953 4.70636E-08 -0.61487961 0.330455139 

SOD1 -0.192060574 0.88052373 -0.218383456 0.766624636 0.396152355 0.19024511 0.251685917 0.339495407 0.05855277 0.909349003 

COX1 0.061873 -0.63006 -0.87942 0.004394 -1.28186 6.16E-08 0.542933 0.02047 -0.63006 0.387811 

COX2 0.001493 -0.50761 -0.40162 0.40119 -0.80657 0.001264 -0.09484 0.758751 -0.50761 1 

COX3 -0.09433 -0.43701 -0.41972 0.37389 -0.53159 0.053944 -0.14182 0.618605 -0.43701 1 

CYTB 0.006393 -0.43701 -0.35421 0.499885 -0.40934 0.162343 0.232357 0.372625 -0.43701 1 

ND1 0.284463 -0.25962 -0.13505 0.911359 -0.44406 0.122474 -0.05626 0.875776 -0.25962 1 

ND2 0.054776 -0.29986 0.589868 0.130454 0.488546 0.083206 -0.50793 0.031953 -0.29986 0.10354 
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ND3 -0.37244 -0.63753 -0.58074 0.137583 -0.56939 0.036063 -0.57677 0.013555 -0.63753 1 

ND4L -0.29764 -0.13102 -0.02306 1 -0.39089 0.189712 0.285865 0.261653 -0.13102 1 

ND5 -0.16833 -0.41813 -0.58014 0.139384 -1.05749 1.15E-05 0.907427 6.43E-05 -0.41813 1 

ND6 0.587103 0.103254 1.078485 0.000126 0.642198 0.015386 -1.25601 1.81E-08 0.103254 0.002419 

RNR2 0.011811 -0.26486 -0.52693 0.195954 -0.51987 0.060705 0.506444 0.031637 -0.26486 1 

ATP8 0.270893 -0.14063 0.361018 0.499367 -0.08955 0.854062 -0.54215 0.022532 -0.14063 0.042438 

ATP6 0.403571 -0.17655 0.238349 0.725387 -0.20666 0.549692 -0.41186 0.086737 -0.17655 1 

CLU 1.234858802 9.74629E-06 0.951886871 0.005967972 0.752724821 0.011318933 -1.24084355 4.11008E-08 -0.59025217 0.777016794 

CREBRF 0.895609082 0.033948609 0.030939636 0.007658806 0.0001524 0.00375096 -1.854837029 1.50685E-13 1.30109745 0.030050768 

EDEM3 0.541554951 0.341051557 0.788233759 0.028075419 1.284293405 1.98481E-07 2.292829375 1.56095E-23 1.51518557 0.014368445 

SEPTIN7 0.542521375 0.310622787 0.564518813 0.197505313 1.519222346 3.64396E-10 2.315315743 1.81657E-24 1.62661484 0.018966644 

GRIA2 1.42749363 0.003324495 0.013212191 1 4.582111202 0.484937557 2.039070371 2.0328E-13 1.54115637 0.689397242 

SYBU -0.99329555 0.017227995 0.651300104 0.082159211 1.526827796 0.235716186 1.487869292 0.916132029 -0.46794156 0.533779853 

NEFL 0.446083 0.471724892         

NEFM 1.543813894 2.00562E-09 -0.357740052 0.004119596 0.177783 0.323593167 -0.315748921 1.73399E-11 0.54051566 0.846159213 

NEFH -0.05024 0.01130893         

IFI6 -1.674770489 3.53237E-11 -0.436120745 0.522984914 -0.110833858 0.861579277 -0.720962752 0.00412274 -0.57761487 0.459471511 

IFIT1 -1.636058888 0.924905981 1.248142088 1 0.584763114 0.521295738 0.846873058 0.04778507 0.78606225  - 

TBK1 0.765599604 0.131710047 0.641805562 0.24173163 0.928113933 0.000970447 2.009230115 2.14683E-16 1.257842483 0.034992973 

NFE2L2 0.330146305 0.727741675 0.757702368 0.070352661 0.989841326 0.00012206 1.731902041 2.42515E-13 1.115990896 0.030009355 

1Log 2-Fold Change and p-adjusted values of selected genes were generated using EdgeR and DeSeq2, comparing between TAOK1-

overexpressing SH-SY5Y and matched clone without TAOK1 overexpression.  




