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Abstract

Human tauopathies are characterized by intracellular aggregation of hyperphosphorylated tau
protein in neurons. Tau is involved in many cellular functions through its association with
microtubules and actin filaments. In tauopathies overstabilization of filamentous actin (f-actin)
leads to invagination of nuclear envelope. An intricate protein layer known as Nuclear Lamina
(NL) is located at the interface of inner layers of nuclear envelope and chromatin. NL is degraded
after nuclear envelope invagination, resulting in aberrant gene expression and re-emergence of
ancient retroviruses. It is not clear if inhibition of kinases involved in tau pathology can prevent
NL invagination and its downstream events.

In this study, we first established that overexpression of full-length tau (FL-Tau) and the 35kDa
C-terminal fragment (Tau35) in differentiated human neuroblastoma (dSH-SYS5Y) cell lines
enhanced nuclear lamina invagination and overstabilization of filamentous actin; however, these
changes were significantly exacerbated in Tau35-overexpressing cells.

Application of two small molecule inhibitors of c-Jun N-terminal kinase (JNK) and glycogen
synthase kinase-33 (GSK-3p) reduced the extent of damages in tau-overexpressing cells. JNK
inhibitor significantly decreased NL invagination in dSH-SYS5Y-FL-Tau and -Tau35 cells.
Furthermore, GSK-3f inhibition alleviated f-actin overstabilization in dSH-SY5Y-FL-Tau cells.
In conclusion, we identified that NL invagination and f-actin overstabilization could be modulated
by inhibition of involving kinases in tauopathies.

Keywords: Tau, Tauopathy, Neurodegeneration, Alzheimer’s disease, Dementia, Aging, MAPT,

Cytoskeleton.
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1 Chapter I: Introduction

1.1 Tauopathies, Types and Importance

Tauopathies are a group of progressive neurodegenerative diseases characterized by tau protein
inclusions in the human brain. Clinically, there are twenty-six different types of tauopathies that
are recognized by complicated neurodegenerative symptoms, including dementia. A series of
cognitive/behavioral and memory deficits manifest in individuals affected by tauopathies[3]. From
a clinical pathology perspective, those neurodegenerative diseases in which tau protein plays the
main pathophysiological role are classified as “primary tauopathies”. Pick’s disease (PiD),
progressive supranuclear palsy (PSP), argyrophilic grain disease (AGD), primary age-related
tauopathy (PART), neurofibrillary tangle dementia (NTD-dementia) and corticobasal
degeneration (CBD) are several examples of primary tauopathies. On the other hand, for the
“secondary tauopathies” tau protein aggregation is not the major neurodegenerative mechanism.
For instance, Alzheimer’s disease (AD), the most common form of dementia, is known as a
secondary tauopathy in which tau aggregation co-exists with accumulation of f-amyloid peptide
(AP) [4]. Chronic traumatic encephalopathy (CTE) is another form of secondary tauopathy in
which tau depositions are present in neurons, astrocytes and neurites around the blood vessels but
are associated with other pathophysiological features[5]. According to the World Health
Organization, nearly 50 million people are currently suffering from dementia, and each year,
around 10 million new cases are diagnosed with dementia. It is predicted that by 2050, the number
of patients will approximately reach 140 million worldwide. Due to the debilitating nature of
dementia, these patients require constant care, which significantly impacts their careers, their

families and society. In 2017, WHO proposed a “Global action plan on the public health response



to dementia 2017— 2025 in which dementia has been identified as a public health priority[6]. This
rationalizes the need for better understanding all aspects of dementia’s pathophysiology, including

tauopathies.
1.2 Tau

Tau protein, a member of the microtubule-associated protein family, is encoded by the
microtubule-associated protein tau gene (MAPT) (Gene ID: 4137), located on human chromosome
17g21.31. Tau is primarily responsible for maintaining microtubules’ stability and promoting their
assembly in axons. In the central nervous system (CNS), tau is mostly found in cortical and
hippocampal neurons and, to a lesser degree, in astrocytes and oligodendrocytes[7]. Tau is not
specific to the CNS, but it is also found in the peripheral nervous system (PNS), both intracellularly
and extracellularly. The presence of tau protein has been reported in the interstitial fluid and
cerebrospinal fluid (CSF)[8]. Structurally, there are four tau protein domains, including the N- and
C-terminal domains, the proline-rich domain and the microtubule-binding domain. The proline-
rich domain participates in the cell signaling process, as it is particularly the target of protein
kinases. Phosphorylation of serin and threonine residues, which are mainly located in this domain
can affect tau binding affinity in the microtubule-binding domain. The N-terminal domain may
regulate the distance between microtubules. In contrast, the C-terminal domain is involved in
microtubule polymerization[9].

The MAPT gene contains 16 exons [10] but its complex and highly regulated splicing results in a
variety of developmental stage-specific messenger RNA (mRNA) species, which are mostly present
in the brain tissue. In the adult human brain, this alternative splicing generates six isoforms,
ranging from 352 to 441 amino acids[11]. Alternative splicing in exons 2 and 3 leads to three

different isoforms, including ON, IN and 2N. Two additional isoforms, 3R and 4R, are also



generated when splicing occurs in exon 10, resulting in production of two proteins with three and
four microtubule-binding domains, respectively. The impact of MAPT alternative splicing on
human brain development and pathology has not been adequately investigated and may prove to
be important.

Expression levels of various tau isoforms reflect neuronal maturation state and axonal growth
capability. Lower levels of tau expression have been reported in immature regions of the human
brain such as ganglionic eminence and rhombic lip, while tau expression pattern and splicing could
be slightly different in more mature brain regions[12]. Additionally, in human prenatal brain, an
abrupt shift happens in MAPT exons 2 and 10 expressions. This shift is evolutionary conserved
and may be a crucial step in transition to the mature neurons. Exon 3 undergoes small temporal
variations compared to the exons 2 and 10[12]. Specifically, during early embryonic stages, the
predominant tau isoform is ON3R. Healthy adult human brain contains a balanced level of 4R and
3R isoforms. The other expressing human tau isoforms include 1N3R, 2N3R, ON4R, IN4R and
2N4R, which is the full-length form of tau protein. 2N4R isoform contains both inserts of exons 2
and 3 in the N terminal region and all four microtubule-binding domains in the C terminal domain.

Collectively, this longest tau isoform includes all 441 amino acids [13], (Figure 1-1).
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Figure 1-1: Human-specific tau isoforms (Created with BioRender.com)[1]. Schematic
diagram depicting the composition of different Tau isoforms. The shortest tau variant which is
mainly expressed during the human embryonic stage consists of 352 amino acids (ON3R) and the
full-length isoform (2N4R) includes all structural domains of tau protein and 441 amino acids.
Structurally, tau isoforms are comprised of N-terminus regions which contain two inserts, N1 and
N2. Tau N-terminals are followed by the proline-rich domains, the microtubule-binding regions
(MTBR) and the C-terminals. In the full-length tau isoform, all four repeat domains (R1-4) are
present in the MTBRs.

1.3 Physiologic Tau

Tau is an important component of the neuronal cytoskeletal compartment. The cellular skeleton is
mainly composed of microtubules and is vital for the regulation of critical cell processes, including
maintaining the cell shape, proper cell division, and healthy intracellular transport of organelles.
In neurons, microtubular organization is critical for axonal stability and the trafficking of materials
and organelles to and from the cell body. The dynamic of the cytoskeleton is highly dependent on
microtubule-associated proteins (MAPs)[14], and amongst these, tau protein plays a critical role.
Weingarten et al., in their milestone discovery, were able to identify tau protein as an essential
factor for microtubule polymerization and microtubule assembly and dynamics[15]. As the

microtubule dynamic network is essential for neurite formation and axonal pathfinding, the



importance of tau protein has also been reported during neuronal development and CNS
maintenance [16] [17]. While tau protein expression is sharply increased during embryonic stages,
this seems to reach a plateau in the mature rodent brain[18]. Authors showed that post-translational
modification (PTM) of tau and its site-specific phosphorylation were differentially regulated
between developing and mature brains. While some residues were more phosphorylated in mature
brain, overall, there was a decrease in tau phosphorylation in mature brain that might be due to an
increase in tau-specific phosphatases[18].

The microtubule-binding inserts in the C-terminal region of tau protein are the critical domains
not only for binding to the microtubules, but also for interacting with the actin filaments in the
cytoskeleton structure [19][20]. Actin bundling is regulated by short fragments of microtubule-
binding domain in the C-terminal region of tau protein. In cell free experiments, a synthetic version
of C-terminal region was able to bind to both monomeric and filamentous actin but this interaction
did not result in actin bundling. Authors showed that MAP2 and tau are capable of bundling actin
[21]. The tau/f-actin interaction is an important player in dendritic morphology and post-synaptic
structure, therefore directly affects synaptic stability [22]. Tau PTMs such as acetylation can
modulate actin polymerization and cause synaptic dysfunction [23]. Formation of f-actin bundles
is mainly produced by high-affinity interaction between proline-rich and microtubule-binding
domains on tau protein and f-actin. This is mediated by hydrophobic interactions between the tau
microtubule-binding domain and actin filaments. On the other hand, an electrostatic bond also
exists between tau proline-rich domain and f-actin. These offer a highly flexible interaction
between tau and f-actin complex, as the tau residues serve as “flexible linkers”. Structurally, one
tau molecule contains seven actin-binding regions and these “flexible linkers” are located between

these actin-binding sites. Conformational changes in the actin-binding segments have the



regulatory role for cross-linking between the three components of the cytoskeleton: tau, actin
filaments and microtubules. Many aspects of tau/f-actin complex, such as the exact binding sites,
the bundling mechanism and the cross-linking between actin, tau and microtubules are yet to be
understood [24].

Neurons are structurally, morphologically and functionally distinct from any other cells. They have
developed long processes and maintain an intricate functional connection through synapses with
other proximal and distal target cells. This has evolutionally forced them to have a sophisticated
trafficking system for transport of nutrients, energy and synaptic vesicles. “Fast axonal transport”
is a complex intracellular trafficking process by which neurons transport the synthesized proteins
in somatodendritic compartment to the synapses or haul away the recycled materials and
organelles. Axonal microtubules through their molecular motors, kinesins and dyneins, play a
crucial role in this bidirectional transport. While kinesin is used for transporting the cargo towards
the cell periphery, dyneins are responsible for moving the cargo centrally towards the cell body,
allowing for bidirectional traffic and navigating the crowded cytoplasmic environment to correctly
conduct the transport tasks[25]. The connection between tau protein and microtubules can directly
regulate this special ability of kinesins and dyneins motors. This has been recently proposed to be
mediated by differential interaction of tau with different isoforms of dynein and kinesins. While
kinesin-1 is more sensitive to inhibition by tau, kinesisn-2 and dynein are only inhibited at very
high concentration of tau. The overall sum of connection between tau protein and microtubules
regulates the forward movement or processivity of kinesin and dynein and therefore can affect
directional bias of axonal trafficking [26]. Of note, this kinesin-driven transport is tau
phosphorylation-dependent and inhibition of glycogen synthase kinase-3f (GSK3p) and reduction

of tau phosphorylation is detrimental for axonal transport [27]. Increased GSK3p activity has been



documented in AD which can explain the hyperphosphorylation of tau and its detrimental effect
on intracellular traffic in neurodegenerative diseases. In this active transport mode that is mediated
by tau-bound microtubule/actin network, tau is assumed to be stationary, although in a dynamic
equilibrium with free tau molecules in the cytoplasm that are believed to be able to freely diffuse
in the cytosol and axoplasm. This form of diffusion is one-directional and is dependent upon the
existing microtubule network. There is no need for external energy sources and for short distances
up to 1 um, this form of tau diffusion is faster than the motor-driven active transport. In this model,
diffusing tau molecules occurs using the microtubules lattice and ensure proper distribution of tau
molecules at different sites, i.e., somatic or axonal ends. This ensures that tau is always available
for anterograde or retrograde transport systems [28].

Tau protein plays a critical role in post-synaptic scaffolding in dendrites. It interacts with the kinase
Fyn through its phosphatase activating domain (PAD) which is located on tau extreme N-terminal
domain. The tyrosine kinase Fyn is responsible for phosphorylation of N-methyl-D-aspartate
(NMDA) receptors, implying the impact of tau protein in synaptic signaling [29]. Moreover, in
oligodendrocytes, tau-Fyn interaction affects the process outgrowth and is important in the
initiation of axon myelination by oligodendrocytes[30].

Tau protein is not restricted to dendrites and axons, as it is also found in neuronal nuclei. In this
compartment, tau serves as a DNA protection element against peroxidation through co-localizing
with AT-rich heterochromatin regions of DNA and nucleoli; therefore, it contributes to the

genomic stability and preservation of genomic organization [31][32][33].
1.4 Pathologic tau

In 1906, Dr. Alois Alzheimer, a German psychiatrist and neuropathologist, described a five-year

study on a clinical case with peculiar neuroanatomic features. His 50-year-old female patient



suffered from paranoia, memory disturbance, sleep disorders and progressive confusion. After her
death, Dr. Alzheimer investigated her brain autopsy and discovered intracellular neurofibrillary
tangles (NFTs) and consequently, described AD as an “unusual illness of the cerebral cortex[34].
In 1963, these NFTs were characterized in the cerebral cortex neurons in AD cases. These studies
showed that NFTs are predominantly composed of insoluble fibers called paired helical filaments
(PHFs) [35]. Two decades later, immunological assessments showed that “hyperphosphorylated
tau aggregates” are the major components of PHFs [36]. Recent discoveries related to the tau
protein and its pathological forms confirmed its key role in modulation of neuronal physiology.
To gain a better understanding of tau pathology, various aspects of this protein should be
considered, including tau structure and distribution, its exact subcellular locations, possible

posttranslational modifications and disease-specific isoforms.

1.4.1 One protein and various conformers

Examination of tau aggregates obtained from different types of tauopathies revealed that tau
filaments and inclusions are widely different in various types of tauopathies. This observation
resulted in this hypothesis that variations in tauopathy-related symptoms and also disease
progression may be related to its pattern of tau aggregation. Tau filaments show astonishing
variation in aggregation patterns, both in in vitro cell-free conditions and different tauopathy cases
[37][38]. The predominant isoform of tau filaments in tau inclusions is used as a classification
method for different tauopathies (Figure 1-2)[39][40]. The complexity of different disease-specific

tau structures may be a contributing factor in complexity of tauopathies and finding treatments.
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Figure 1-2: Tauopathies are classified according the presence of 3R and 4R
isoforms in tau inclusions[1].

1.4.2 Abnormal post-translational modifications of tau

Tau protein is the target of many physiologic and pathologic post-translational modifications
(PTMs). The real complex pattern of tau PTMs is not fully elucidated due to the fact that observing
intermediate alterations in soluble human tau in the process of PHF formation and NFT
aggregation is not possible. Pathophysiologically, the formation of NFTs requires the release of
tau in a soluble (monomeric) form with lower affinity for the microtubules than the physiologic
tau. Hyperphosphorylation of specific tau residues strongly induces tau-microtubule dissociation
which leads to conformational changes. These alterations promote stable structures of anti-parallel
tau dimers, oligomers, protomers and ultimately turn into the PHFs and NFTs [41]. Structurally,

there are 85 phosphorylation sites on tau which are mainly serin, threonine and tyrosine



residues[13]. Hyperphosphorylation of tau residues (244-368) located in the microtubule-binding
domain can affect microtubule stability. In adjacent regions, phosphorylation of serin residues
(Ser262 and Ser356) correlates with tau-microtubule dissociation [42]. In contrast,
hyperphosphorylation of other residues, Ser214 and Thr231, can adversely affect tau affinity to
the microtubules. Collectively, in full-length tau, there are 45 serins, 35 threonine and 5 tyrosine
residues that are prone to the hyperphosphorylation [43](Figure 1-3). This adds another layer of

complexity to the heterogeneity of tauopathies.

N-terminus Proline-rich MTBR C-Terminus Amino Acid Isoform
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Figure 1-3: Tau phosphorylation sites which are predominantly located in the proline-rich
domain and C-terminal region of 2N4R isoform. In full-length tau, there are 45 serins (S), 35
threonine (T) and 5 tyrosine (Y) residues that are prone to the hyperphosphorylation[1]

Hyperphosphorylation of tau in neurons reflects abnormal activity of protein phosphatases and
dysregulation of kinases. According to the published literature, alterations in the levels of active
kinases are associated with tau hyperphosphorylation in tauopathies. For instance, aberrant

activation of cyclin-dependent-like kinase 5 (CDKSY), glycogen synthase kinase-3 (GSK3p), and

its regulator c-JUN N-terminal kinase (JNK) are associated with NFT formation[44][45][46].
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Dysfunction of protein phosphatase 2A (PP2A) has also been identified as another activator of tau
hyperphosphorylation. Reduced PP2A expression levels and upregulation of PP2A inhibitors
closely correlate with PP2A deregulation mechanisms in tauopathies. PP2A directly enhances tau
phosphorylation by preventing tau dephosphorylation and indirectly, by upregulation of tau
kinases [47].

In addition to the phosphorylation, tau can undergo other PTMs, including glycosylation,
glycation, nitration, truncation, ubiquitination, acetylation and methylation. The pie chart below
represents the proportion of PTM-related residues on tau protein (Figure 1-4) [48,49].
Additionally, abnormal acetylation and ubiquitination of tau can also contribute to

neurodegeneration [50].

Phosphorylation
Glycation
Glycosylation
Polyamination
Nitration
Truncation

Bl Ubiquitination
Aggregation
Sumoylation
Polyl-isomeration
Oxidation
Acetylation

El Methylation

Figure 1-4: Proportion of PTMs on tau protein according to the number of
targeted residues in tau 2N4R isoform|[1].

Oxidation is another form of tau PTMs that has been identified as the inducer of tau fibrilization
under oxidative stress conditions. This can affect five tyrosine residues in the 2N4R tau isoform,
at positions 18,29, 197,310 and 394 [51]. Under oxidative stress, these tyrosine residues are prone
to the formation of dityrosine (DiY) cross-links, which prevent tau elongation and form trapped,

stable and insoluble tau species, by which NFT formation can be promoted[52].
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Post-translational modification of tau, particularly tau phosphorylation and acetylation, can trigger
a tau condensation mechanism known as liquid-liquid phase separation (LLPS) in neurons. This
mechanism is reported in both physiological and pathological conditions and is regulated by
electrostatic interactions between oppositely charged regions of tau isoforms or between tau
proteins and RNA. LLPS leads to the formation of liquid droplets containing high levels of
concentrated tau, which can electrostatically interact with other tau isoforms or RNA molecules.
Although the mechanistic details of LLPS are poorly understood in neurons, it has been shown to

accelerate neuronal tau fibrilization and facilitate neurotoxicity in tauopathies[53][54].

1.4.3 Inducers of pathologic tau, upstream mechanisms of tau dysfunction

There are approximately 57 neurodegenerative-related mutations on MAPT gene, which were
mainly discovered in pedigrees with familial frontotemporal lobar degeneration (FTLD).
Predominantly, inherited mutations in MAPT gene (FTDP-17) are associated with neuronal and
glial tau inclusions in FTLD individuals[55]. The mutation site has been shown to affect the
outcome. For instance, mutations in exon 10 can affect microtubule-binding affinity of the protein
and consequently, changes the ratio of 3R:4R in adults. Even intronic mutations (e.g., intron 10)
may affect tau protein structure and the isoform ratio, demonstrating MAPT mutations are
sufficient to stimulate pathogenic tau formation [56][57]. To date, no association between MAPT
mutations and PTMs in tau protein has been discovered [58].

The second identified cause of pathogenic tau is chronic traumatic encephalopathy which is also
listed as a type of progressive neurodegenerative tauopathy. Mechanistically, brain injury can
induce tau cleavage, its aberrant phosphorylation and aggregate formation. These processes can

adversely affect axonal microtubule organization, resulting in tau-microtubule dissociation and
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subsequent tau accumulation in axons. The key link between brain injury and tau
hyperphosphorylation is attributed to the reduction in alkaline phosphatase levels which is mainly
responsible for tau dephosphorylation. All these pathophysiological conditions can ultimately
trigger chronic inflammation and apoptosis and neuronal degeneration in the brain tissue[25].
Accumulation of pathologic tau also occurs as part of normal aging as it has been detected in
temporal neocortex of people over the age of 65. This condition, known as “primary age-related
tauopathy” is a normal senescence feature in primates [59].

In addition to the aforementioned stimulators, pathogenic tau can also be induced in people with
metabolic syndrome. Examination of in vitro, in vivo and post-mortem reports depict a strong
relationship between tauopathy and the neurons with increased levels of phosphorylated insulin
receptor substrate-1. This results in impaired insulin signaling which can drive pathogenic tau
aggregation through reducing phosphoinositide 3-kinase—Akt activity and activating GSK3p.
GSK3p activation induces tau hyperphosphorylation and its dissociation from microtubules [60],
(Figure 1-5).

Additionally, pathogenic tau formation is shown to be triggered through neuron-to-neuron
transmission, in a prion-like manner. Various mechanisms are identified as the stimulator of this
type of pathogenic tau aggregation. For instance, the pathogenic tau spreads trans-synaptically
from one cell to another or through “exosomes” which are present in CSF and plasma [61][62].
These secretory extracellular micro-vesicles that contain hyperphosphorylated tau aggregates
might be released from affected neurons or microglia [63]. The other factor in this type of
pathogenic tau propagation are ectosomes: larger vesicles than micro-vesicles which are packaged
in the affected cells via plasma membrane budding. These vesicles participate in the pathological

spreading of tau protein [64].
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The mechanistic target of rapamycin (mTOR) has been identified as another potential driver of
pathogenic tau formation. This Serin/Threonine protein kinase plays a crucial role in neuronal
growth and maintenance. In neurons, mTOR regulates prominent cellular functions including
autophagy, signal transduction, metabolism and cytoskeletal dynamics[65]. Hyperactivation of
mTOR can induce tau expression and abnormal tau phosphorylation. It has been also revealed that
mTOR activation can adversely affect autophagy rate that subsequently reduces pathogenic tau

clearance in neurons [66].

1.4.4 Pathologic tau and cell toxicity, downstream events of tau dysfunction

The association of pathogenic tau with neuronal toxicity and disruption of neuronal networks, as
well as glial damage, has been well documented in the literature. However, the exact mechanisms
and physiological events that link pathogenic tau formation to neurotoxicity and cell death remain
unknown. As AD is well-characterized microscopically by the combined presence of intracellular
NFT aggregates and extracellular AP plaques, inevitably, the tauopathy-related studies are vastly
focused on AD models. The impact of tau pathology on the cellular cytoskeleton and its negative
effect on intracellular traffic of synapse machinery were discussed previously. We know that
hyperphosphorylated tau can stabilize dendritic microtubules and induce synaptic dysfunction
[67]. These peri-synaptic alterations induce synaptic malfunction by adversely affecting synaptic
anchoring and glutamate receptor trafficking[68]. In addition to the peri-synaptic alterations,
pathogenic tau might disrupt dendritic spines. Recent proteomic data obtained from an in vivo
study on Tau-P301S transgenic mice demonstrated that several proteins and pathways may change
in post-synaptic densities (PSDs). For instance, the levels of GTPase-regulatory proteins which

participate in cytoskeletal actin dynamics and dendritic spine stability may decline significantly.
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Although synapse loss is identified as an early event and direct consequence of tau pathology, how
exactly the pathogenic tau induces synapse loss is yet to be understood [69].

Impaired axonal transport is another identified pathologic event that is attributed to tau toxicity.
“Long-range transport” in neurons is mediated by kinesin motors which can be inhibited by tau
protein. Mechanistically, tau can limit the cargo travel distance by reducing kinesin velocity [70].
Under pathologic condition in soma, tau traps kinesin adaptor-molecule c- JNK interacting protein
1(JIP-1) and prevents long-range transport. On the other hand, kinesin deficiency can trigger tau
hyperphosphorylation which further exacerbates the transport efficiency[71].

The impact of oxidative stress in neurodegenerative diseases, including AD, has been

well recognized; however, it is not clear whether tau-aggregation results in excessive production
of reactive oxygen species (ROS) or whether tau hyperphosphorylation is mediated by ROS levels.
It has been shown that neurons containing tau aggregates produce high levels of ROS and
externalize a considerable amount of phosphatidylserine. Microglial cells can detect the aberrant
levels of phosphatidylserine and phagocytose both the affected neurons and tau aggregates.
Additionally, microglia can release opsonin milk fat globule EGF-factor-8 (MFGES) and nitric
oxide (NO), which helps facilitate the engulfment process[72]. In another study the leading role of
ROS is suggested by induction of tauopathy in Drosophila model in which downregulation of
thioredoxin-1 or superoxide dismutase was associated with increased tau hyperphosphorylation.
Activation of JNKs has been reported after decreased thioredoxin activity[73]. Activation of JNKs
has been reported after decreased thioredoxin activity[74][75].

Tau-mediated neurotoxicity can also be mediated by overstabilization of actin filaments which
ultimately disrupts the cytoskeleton and synaptic plasticity. Recent findings demonstrate that

pathologic tau formation triggers f-actin stabilization, weakens the nuclear pore
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localization/function and disrupts nucleocytoplasmic trafficking [76][77]. Consequently, f-actin
bundling can also affect mitochondrial dynamics and induce elevated levels of ROS [78]. Some
evidence suggests the involvement of epigenetic changes with tau-hyperphosphorylation.
Overstabilization of f-actin has been shown to exert pressure on the nuclear envelope, resulting in
invagination of nuclear envelope and proteolytic degradation of nuclear lamina. Structurally,
nuclear lamina serves as a strong scaffold for DNA and is important for DNA
heterochromatin/euchromatin ratio. Damage to nuclear lamina will result in changes in
heterochromatin relaxation and transcription of the normally dormant/silenced regions of DNA.
An elegant example of these changes is the re-expression of cell cycle entry-related proteins in
postmitotic and fully-differentiated neurons which is a strong signal for apoptotic cell death[79].
In parallel with chromatin changes, the expression patterns of RNA is also affected that may
promote RNA instability and activate transposable elements[79]. Overexpression of tau in
Drosophila and mice models of tauopathy was shown to activate the normally silenced
retrotransposons. These results were also confirmed in the post-mortem brains obtained from AD

and progressive supranuclear palsy (PSP) patients[80][81][82] (Figure 1-5)
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Figure 1-5: Pathogenic tau, upstream and downstream events (Created with
BioRender.com)[1]. In healthy neurons (left), physiologic tau is responsible for microtubule
assembly and maintenance of critical cellular components such as cytoskeleton, nucleoskeleton
and DNA integrity. Under pathologic conditions (right), PTMs can alter tau functions. For
instance, activated ERK, JNK or GSK3p induces tau hyperphosphorylation which is the main
trigger of tau aggregation and NFT formation in the neurons. Consequently, this may lead to the
microtubule disassembly, actin overstabilization and nuclear lamina invagination. These
circumstances can dysregulate genomic DNA integrity. Moreover, extracellular release of NFTs
facilitates their neuron-to-neuron transmission. These pathophysiological events ultimately result
in progressive neurodegeneration.

1.5 Diagnosis and therapeutic strategies for tauopathies

Accurate diagnosis of tauopathies has been made possible by tau positron emission tomography
(PET) scans. Tau-PET scan allows for detection of tau deposition in the patient’s brain. Using this
technique allows detection of tauopathy severity and progression and can also be used for

monitoring the efficacy of therapeutic interventions. The growing list of tau-PET tracers is a
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promising tool for tauopathy discrimination, among which THK5317, THK5351 and PBB3s are
available for clinical assessments [83]. Additionally, ['*F]GTP1, ['®F]flortaucipir, ['*FIMK-6240,
and ['*FJR0O948 tau-PET have been studied as other tau tracers [84]. ['®F]-flortaucipir (AV1451)
is a first-generation FDA-approved tau tracer that strongly correlates with identifying NFT
distribution in AD[3].

The complexity and multifactorial nature of tauopathies is the major obstacle in better
understanding the pathology and designing new therapeutic interventions for slowing the disease’s
progress. The current clinical tools cannot be used for the detection of early-stage diseases, and
the diagnosis can only occur in the late stages, when the currently prescribed drugs can only treat
the symptoms. There is an urgent need for developing early diagnosis tools and developing
disease-modifying drugs and, accordingly, many preclinical and clinical trials are currently in
progress. Since AD is the most common form of tauopathy, the efforts to discover novel
therapeutic interventions have also been mostly focused on this disease. However, considering the
complexity of tau isoforms and inclusion bodies, it is not clear whether an effective drug for AD-
associated tauopathies can also cure other forms of tauopathies. Whether treatments targeted for
tauopathies may need to be personalized remains to be investigated. The timing of the application
of any potential treatments represents the next challenge in human diseases. Notably, the
pathologic events in tauopathies, including tau hyperphosphorylation and protein aggregation,
occur a long time before the possibility of a clinical diagnosis, when experimental treatments are
proven to be ineffective. These limitations urge the need for the discovery of novel biomarkers to
allow diagnosis at earlier stages of the diseases. Two categories of tau biomarkers have been
identified in CSF and blood. In CSF, increased levels of phosphorylated tau at residue 217 (p-

tau217) and p-tau235 as well as p-tau231 are shown to be correlated with the early stages of AD
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[85], while p-taul81 can be used as a prognostic tool for the advanced phases of AD[86]. The
presence of axonal protein Neurofilament Light chain (NfL) in CSF has also been identified as a
promising diagnostic tool for AD and FTLD[87]. Targeting CSF biomarkers has various
limitations as obtaining CSF is relatively invasive, and can be performed in more advanced clinical
centers. This makes it not very cost-effective that can be widely used for all patients[88].
Identification of Plasma biomarkers such as p-taul81 [89] and p-tau217 [90] in plasma can be
alternative and reliable biomarkers for AD. Interestingly, plasma p-tau217 is not associated with
non-AD tauopathies and helps to discriminate AD from the other forms of tauopathies [91].
Critiques for plasma biomarkers argue that they may not properly reflect the CNS
pathophysiological changes, since these proteins are degraded in kidney and liver which may affect
their reliability [88].

Numerous studies have demonstrated evidence of considerable achievement in designing
therapeutic interventions for tauopathies. Proper identification of druggable pathophysiological
mechanisms in tauopathies is fundamental to this achievement. Some of the potential mechanisms
that can be targeted for this purpose include: (1) tau PTMs, particularly tau hyperphosphorylation,
by phosphatase modifiers and kinase inhibitors, (2) targeting cytoskeleton/nuclear disruption and
genomic architecture dysfunction and (3) reducing tau expression levels with small interfering
RNA (siRNA) and antisense oligonucleotides (ASOs). Additional approaches include reducing the
levels of plasma tau, inhibiting the aggregation of different forms of pathogenic tau such as PHFs,
NFTs and small oligomeric tau aggregates, as well as enhancing tau clearance by active and

passive tau immunization[92] (Figure 1-6).
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Figure 1-6: Tau-related therapeutic interventions (Created with BioRender.com)[1].
Clinical trials and preclinical studies on tauopathies mainly focus on various aspects of pathogenic
tau and its consequences, including modulating tau hyperphosphorylation and inhibiting other
PTMs such as O-deglycosylation, preventing tau aggregation or stimulating tau clearance by
autophagy modulators or proteasomal degradation, active or passive immunotherapies, applying

microtubule stabilizers and reducing MAPT gene expression levels.

Passive immunotherapy has been the focus of tau clinical trials, with the aim of slowing

neurodegeneration process through preventing the spread of pathogenic tau and removing its

extracellular aggregates. The main barrier to finding an effective treatment for clinical purposes is

finding a suitable epitope on tau protein that is commonly present in all patients despite their

genetic background or the specific type of tauopathy disease. Active tau immunotherapy has also

been explored. AADvacl is a therapeutic tau vaccine candidate that has shown successful
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reduction of neurofilament light chain (NfL) in plasma and CSF in AD patients by recognizing a
12-amino acid sequence (KDNIKHVPGGGS) in tau MTBR. Reported results from its phase I
clinical trial have raised hope for tauopathy treatment. According to these results, AADvacl leads
to reduced cognitive decline and lower brain atrophy in AD patients in mild to moderate

stages[93][94][95]. Obtained results from its phase Il trials confirmed its safety and well-tolerance;
however, it was not completely successful in cognition improvement[96]. The other candidate tau-
targeted vaccine for patients with early AD is ACI-35. This immunotherapy vaccine can target the
pathological tau phosphorylation at S396 and S404. This phase I/II clinical trial is expected to be
completed before October 2023[96][97]. Among the wide range of tau therapeutic approaches,
clinical trials for developing effective tau ASO therapeutics are also ongoing, now. Tau antisense
oligonucleotides (ASOs) are short single-stranded DNA-like molecules synthesized to target tau
mRNA in a highly selective mode which consequently can reduce both intercellular and
extracellular tau levels. Although they are highly selective and safe, ASOs cannot cross the blood
brain barrier (BBB) and they need to be administrated intrathecally[98]. IONIS-MAPTRx (BIIB080)
is the first clinical trial of tau ASOs which aims to reduce MAPT mRNA in the patients with mild

AD[99]. A list of most recent therapeutic interventions for tauopathies is presented in Table-1.
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Model/ Cell Line

Therapeutic

Intended Mechanism

Potential Target

Reference

Intervention
Inhibiting tau aggregation by
Human patients with Hydromethylth targeting pathological tau oligomers .
probable lfD or MCI-AD iofline mes;/late an§ ﬁla;gngnts ¢ ¢ Tau aggregation [100]
-In Phase 3 clinical trial.
Tau expression and
Human patients with Cerebrolysin®™
mild to advanced AD & Donepezil Unknown tau phosphorylation [101]
. Not slowing tau accumulation
Prqdromal to mild AD Semorinemab  pathology (not effective), No change Oligomeric tau [102]
patients . .. .
in clinical AD progression.
Cyno monkeys, . . .
PAC transgenic mice, ASO-001933 Tau aggregation [103]
hESC line SA001 cell (LNA)-
. modified ASOs
ine
Diminishing tau phosphorylation
3xTg mice model Norvaline levels Phosphorylated tau  [104]
Murine polytrauma Propranolol Decreasing hippocampal  p-tau Accumulation of [105]
mouse model accumulation phosphorylated tau
. Promotigg tau clearance gnd Lysosomal  two-
Tyl—hTau.PSOlS mice & Tetrandrine degradation via agtophagy, rescuing pore channel 2 [106]
SH-SYS5Y cell line lysosomal Ca homeostasis, (TPC2)
diminishing NFT development
Tau oligomer
Htau and JNPL3 mouse monoclonal Reducing tau oligomers levels by tau  Tau oligomeric [107]
models antibodies passive immunotherapy strains
(TOMAs)
Decreasing  GSK3B, increasing
phosphorylated-AKT/total-AKT,
increasing PP2A, normalizing of
P301S mice model Glimepiride CDK5 lévels . . Phosphorylated tau [108]
Decreasing neuroinflammation and
apoptosis by reducing NF-kB, TNF-
o and caspase 3 levels
Human AD patients Donanemab Slowing tau accumulation Tau accumulation H?g}’
Etanercept & Re.ducir%g .phosphoryla.ted tau and
PS19 mice model TfRMAb- microgliosis, increasing = PSD9S g o (ponibitors)  [111]
TNFR expression and attenuating
hippocampal neuron loss
Inducing tau O-Glc-N-Acylation
modification, reducing tau
AAVhTau mice model Di.hydroartemis phosphorylation, improving learn%ng PTM§ on tau [12]
inin (DHA) and memory, increasing  protein
hippocampal CAl long-term
potentiation (LTP)
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inhibiting tau aggregation and its

oligomer-induced cytotoxicity,
Tau-P301S mouse model Rutin reducing production of Tau aggregation [113]
proinflammatory  cytokines and
preserving neurons
Reducing tau  phosphorylation,
rTg4510 mouse model BSc3094 improving cognition and reducing Tau aggregation [114]
anxiety-like behavior
Inhibiting glycation, modulating tau
Nelér?blaStoT}? Eleli Epigallocatechi phosphorylation, enhancing actin- Cvioskelet
model — (wi ety n-3-gallate rich neuritic extensions and oo ccton [115]
glyoxal (MG)-induced . . . stabilizer
Tau glycation) (EGCQG) preserving actin and  tubulin
cytoskeleton
SH-SY5Y & HEK293 . D
cell lines Promoting tau ublqultlnaqon—
hTau-transgenic, C004019 proteasgme—dependent proteolys.1§ Tau clearance [116]
tauP301L and 3xTg-AD Imprgvmg synaptic and cognitive
mice models functions in animal models
Intravenous Decreasing pathological
administration
3xTg-AD mouse model  of tau phosphorylation at T205, S214, Phosphorylated tau [117]
mesenchymal ~ T231 and S396 but not levels of AB-
stem cells 42
Decreasing unbound N-terminal tau
in CSF
-In spite of this effect, gosuranemab
Human PSP patients Gosuranemab did not showed clinical efficacy in N-terminal tau [118]

PSP patients.
-Phase 2 clinical trial is completed.

Table 1-1: Recent preclinical and clinical therapeutic interventions for tauopathies[1].

1.6 Summary and Conclusion

Dementia is an umbrella term for many neurodegenerative diseases. As we age longer, the rate of

dementia is exponentially increasing, imposing a significant emotional cost for the family and

financial burden for the human societies. Tauopathies are a major contributor to dementia and

despite extensive research, the underlying neurodegenerative mechanism remain to be elucidated.

Tauopathy diseases present extensive neuropathological and phenotypical differences which

impose considerable challenges in developing diagnostic and therapeutic strategies. Despite

significant transformative achievements in the field of tauopathy, several fundamental questions
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remain to be addressed. Novel drugs are in clinical trial phases with some promising outcome,
however, proving their safety and efficacy will require large human studies that may take several
years to complete. Preclinical studies in Drosophila and mice models of tauopathy has revealed a
new aspect of tauopathy which is characterized with nuclear envelope invagination and changes
in gene expression. Interestingly, nuclear envelope invagination has also been confirmed in human
post-mortem brain tissue which results in re-emergence of endogenous ancient retroviruses.
Calorie restriction in Drosophila effectively attenuated the endogenous retroviral expression[73].
The protective effect of calorie restriction has been related to decrease in tau hyperphosphorylation
in Drosophila [73] and in ApoE-deficient mouse model of neurodegeneration[119] as well as in
Tg4510 mouse model of tau deposition[120]. While there is no information on similar impact in
human, these data indicate that changes in life style may be an effective preventive way to decrease
the impact of age-associated diseases. With the application of new imaging tools such as Tau-PET
tracers, it will be possible to diagnose the patients in earlier stages of the disease that may respond
better to the available treatments. Alongside these changes, the need for identification of new
biomarkers is a high priority that will ultimately improve patient’s response to drugs and their

quality of life.

1.7 Study rational, hypothesis and research objectives

1.7.1 Study Rational

Despite numerous research, tauopathies remain incurable and their etiology is largely unknown.
Accumulating evidence suggests that deposition of abnormally phosphorylated tau protein in
neurons is the histopathological signature of tauopathies[121]. Pathophysiologically, NFT
aggregation causes impaired axonal transport, loss of synaptic connections and f-actin

overstabilization which ultimately triggers neurodegeneration and apoptosis [122]. Multiple
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studies have reported that NFTs can induce nuclear lamina invagination, that is linked with
epigenetic alterations, heterochromatin relaxation and aberrant gene expression in neurons,
including those associated with cell cycle re-entry [79]. In AD, which is one of the most common
forms of tauopathies, aggregated NFT and AP plaques have been identified as the pathological
hallmarks [123]. Recent discoveries from our laboratory and other groups revealed that nuclear
lamina invagination is a new feature of AD-affected neurons [124][125]. Using mouse models of
AD (3xTg and APP/PS1) and an in vitro model of AB42 toxicity in primary neuronal cultures and
SH-SYS5Y neuroblastoma cells, our laboratory has shown that nuclear lamina invagination is
mediated by two enzymes: Caspase-6 [126] and cathepsin L [125]. Whether nuclear lamina
invagination and f-actin overstabilization can be alleviated by application of pharmaceutical

approaches remains to be examined.

1.7.2 Hypothesis

I hypothesized that overexpression of FL-Tau and the pathogenic fragment of tau protein (Tau35)
is sufficient to induce downstream events of tauopathy, including tau hyperphosphorylation,

cytoskeletal alteration, nuclear lamina disruption and heterochromatin relaxation.

1.7.3 Research Objectives

Aim 1: To generate a model of tauopathy in differentiated SH-SYSY (dSH-SYS5Y) cells.

I will characterize the effect of full-length tau (FL-Tau) and pathologic Tau35 overexpression in
human neuroblastoma cells from different aspects upstream and downstream of tau
overexpression. These features, upstream-to-downstream, include changes in tau phosphorylation
levels, autophagy-lysosomal pathway, f-actin stability status, nuclear lamina integrity, nuclear

envelope morphology and DNA methylation levels.
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Aim 2: To examine whether tau phosphorylation, nuclear lamina damage and f-actin
overstabilization can be inhibited/reversed. After characterizing this cellular model of tauopathy,
two small molecules which are recognized as kinase inhibitors will be used to examine whether

tauopathy-related properties can be attenuated or not.
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2 Chapter II: Materials & Methods

2.1 Materials

Cell Culture

SH-SYS5Y Proliferation Medium (100ml)

86.5 mL Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco #11960-051)

2 mL Glutamine (Gibco #35050-061)

500 pL Sodium Pyruvate

10 ml Fetal Bovine Serum (FBS) (Gibco #12483-020)

1 mL Penicillin/Streptomycin (Gibco #15640-055)

SH-SYS5Y Differentiation Medium

95.5 mL DMEM-F-12 (Gibco #11320-033)
2 mL glutamine

500 pL Sodium Pyruvate

1 mL Bovine Serum (FBS)

1 mL Penicillin/Streptomycin

10 uM Retinoic Acid (Sigma #R2625)

TrypLe Gibco (#12604-021)

Trypan blue 0.4% (w/v) Trypan blue solution
Dimethyl sulfoxide Sigma (#SHBHS5547V)
TurboFect Transfection reagent TurboFect (#R0531)

G418 Sulfate (Neomycin)

Goldbio (#108321-42-2)

SP600125 Sigma (#SLCF3483)

AR-A014418 Sigma (#164384)

DQ Red BSA Molecular Probes

Cell Counting Kit Dojindo Molecular Technologies (#CK04)

Protein Extraction

Protein Lysis Buffer (NP-40)

50 mM Tris HCI pH 8 (Sigma)

150 mM NaCl (Sigma)

5 mM EDTA (Inhibitor cocktail)

1% NP-40 with protease and phosphatase inhibitors
(Thermo scientific)
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Phosphate-buffered saline (PBS)

137mM NaCl

2.7mM KCI

10mM disodium phosphate (Na2HPO4)
2mM monopotassium phosphate (KH2PO4)
pH: 7.4

Pierce BCA Protein Assay Kit

(Thermo scientific)

Immunoblotting

Resolving gel

10% (w/v) acrylamide (BIO-RAD)

25% (v/v) resolving buffer

0.01% (w/v) ammonium persulphate (APS)
0.1%(v/v)

N,N,N’,N’, Tetramethylethylendiamine
(TEMED) (Fisher Bioreagents)

pH 8.8

Stacking gel

4% (w/v) acrylamide
25% (v/v) stacking buffer
0.075% (w/v) APS
0.15% (v/v) TEMED

pH 6.8

Electrophoresis molecular weight markers
(Protein Ladder)

Bio-Helix

Tris-buffered saline (TBS)

50mM Tris-HCl
150mM NacCl
pH: 7.6

Protein Running buffer

25mM Tris base

192mM glycine

0.1% (w/v) SDS (Fisher Bioreagents)
pH 6.8

Transfer buffer

20% (v/v) Transfer buffer (5X) (BIO-RAD)
20% (V/V) Ethanol 100%

Blocking solution (milk)

5% (w/v) skimmed milk powder in TBS +
0.1% (v/v) Tween 20 (Thermo scientific)

Blocking solution (BSA)

5% (w/v) bovine serum albumin (BSA) (Sigma) in TBS

Wash solution

TBS + 0.1% (v/v) Tween 20

Clarity Max Western ECL substrate

BIO-RAD (#1705061) and (#1705062)

Immunocytochemistry
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o .
Fixation solution (PFA) 4% paraformaldehyde (PFA) in PBS

pH 7.4
Blocking solution (BSA) 1% (w/v) bovine serum albumin (BSA) in PBS
Permeabilizing solution 0.5% (v/v) Triton-X100 (Fisher scientific) in PBS
DNA Extraction
DNA Extraction Kit Pure link genomic DNA kit (Invitrogen)

Agarose gel electrophoresis

40 mM Tris, pH 7.6

. 20 mM Acetic acid
50x TAE bufter (Tris-acetate-EDTA) 1 mM EDTA
pH 8.0
Agarose Fisher bioreagents

1 kb DNA ladder (New England Biolabs)

Nuclear acid molecular weight marker Molecular weight sizes: 0.5, 1, 2, 3,4, 5, 6, 8
and 10kb
LINE-1 Bisulfite Pyrosequencing EZ DNA Methylation-Gold™ Kit (D5005, D5006)

Table 2-1: Reagents, buffers and kits used in this project.
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Primary Antibodies

Antibody Antigen/Epitope WB ICC Source Identifier
Tau Total Tau 1:10,000 1:1000 DAKO A0024
Tau phosphorylated at
PHF-1 1:5000 - Professor P. Davies[127]
S396/5404
Phosphorylated Tau at
AT180 1:500 1:200 Invitrogen MN1040
Thr231
Phosphorylated Tau at
ATS 1:500 1:200 Invitrogen MN1020B
Ser202/Thr205
Lamin B1 Lamin B1 - 1:250 Abcam ab16048
Actin
Filamentous actin - 1:400 Invitrogen A30107
Phalloidin
p-Tubulin III  B-Tubulin III - 1:600 Sigma T8660
Growth associated
GAP43 - 1:500 Sigma G9264
protein 43
microtubule-associated
MAP2A - 1:500 Millipore MAB3418
protein 2A
NF-200 Neurofilament 200 - 1:500 Sigma N4142
BD
Ki67 Human Ki67 - 1:50 550609
Pharmingen™
p-Histone Phosphorylated Histone Cell Signaling
- 1:1000 9718T
H2A.X at Ser139 Technology
Millipore
DAPI Nucleic Acid - 1:10000 D9542
Sigma
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Sequestosomel Cell Signaling
p62 1:1000 - 51148
(SQSTMI, p62) Technology
Millipore
LC3B LC3B 1:4000 - L7543
Sigma
Histone H3 Histone H3 1:2500 - Abcam ab32521
Santa Cruz
B-Actin Actin 1:4000 - sc-47778
Biotechnology
Santa Cruz
Lamin B1 Lmin B1 1:1000 - sc-377000
Biotechnology
Santa Cruz
LAMP-2 LAMP-2 1:1000 - sc-19991
Biotechnology
Cell Signaling
S5mC 5-methylcytosine 1:1000 - D3S27
Technology
5- Cell Signaling
ShmC 1:1000 - AMC31
hydroxymethylcytosine Technology
Secondary Antibodies
Antibody Species Reactivity WB ICC Source Identifier
HRP -
conjugated Anti-Mouse IgG 1:2500 - Bio-Rad 170-6516
secondary
HRP -
conjugated Anti-Rabbit [gG 1:2500 - Cell Signaling 7074S
Tecjnology
secondary
Alexa Flour
Anti-Mouse IgG - 1:500 Invitrogen A11029

488
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Alexa Flour

Anti-Mouse IgG - 1:500 Invitrogen A11031
568
Alexa Flour

Anti-Mouse IgG - 1:500 Invitrogen A21236
647
Alexa Flour

Anti-Rabbit [gG - 1:500 Invitrogen A11034
488
Alexa Flour

Anti-Rabbit [gG - 1:500 Invitrogen A11036
568
Alexa Flour

Anti-Rabbit [gG - 1:500 Invitrogen A21245
647

Table 2-2: Primary and secondary antibodies used in this project.

2.2 Methods

2.2.1 Plasmids

Plasmids for this study were kind gifts from Prof. Diane P. Hanger (King’s College, London,
UK)[128]. These plasmids encode full-length human tau isoform (FL-Tau) and the 35 kDa C-
terminus region of this isoform (Tau35) regulated by CMV promoters. They were generated in

pcDNA 3.1D/V5-His-TOPO vector (Invitrogen) carrying the Neomycin resistance gene (Figure

2-1).
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Figure 2-1: Plasmids a: Protein sequence of full-length isoform of human tau and its 35 kDa
fragment containing majority of proline-rich domain, MTB and the C-terminal regions (residues
187-441 of FL-tau). b: Amino acid sequence of FL-Tau, Tau35 sequence is presented in red[129].
c: pcDNA 3.1D/V5-His-TOPO vector (Invitrogen), FL-Tau and Tau35 sequences were inserted
into this plasmid which carries Neomycin resistance gene.

2.2.2 Generation of stable tau-expressing SH-SYSY cell line
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The human neuroblastoma cell line SH-SY5Y (purchased from ATCC® - Cedarlane, Canada) were
grown in supplemented SH-SYSY proliferative medium in a humidified incubator containing 5% CO»
at 37°C. Pre-confluent cells (70-80% confluence) between passages 5-10 were used for these
experiments. 24 hours before stable transfection, cells were seeded at the density of 4 x 10*
cells/cm? in 6-well plates. SH-SYSY cells were transiently transfected with plasmids (2mg/well)
using TurboFect Transfection reagent according to the manufacturer’s instruction. Non-transfected
cells were included as control group. To generate stable SH-SYSY cell lines expressing FL-Tau
and Tau35, 48 hours after transfection, the medium was switched to the Neomycin-containing
media. 600 pg/mL G418 was added to media for selecting stable colonies. From the second week,
G418-resistant cells were transferred to the T-75 flasks containing media with 300 pg/mL G418
antibiotic for the future experiments. The isolated stable colonies expressing full-length tau, the c-
terminal tau domain and non-transfected cells were named pSH-SY5Y-FL, pSH-SY5Y-Tau35 and

pSH-SY5Y-CTL, respectively.

2.2.3 Cell culture

Obtained stable lines, pSH-SYS5Y-FL, pSH-SY5Y-Tau35 and pSH-SY5Y-CTL were maintained
in supplemented SH-SYSY proliferative medium at the confluency of 70-80%. To passage the
confluent flasks, prior to splitting the cells into the new flasks, they were treated with pre-warmed
TrypLE and incubated at 37°C, for 5 min. To obtain the exact density, 10 ul of cell suspension was
diluted in 90 pl of Trypan Blue solution. 10 pl of this mixture was loaded on a hemocytometer. To
calculate cell density, the following formula was used:

Total number of cells

Cell density in 1 ml = 10°

Number of squares counted
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For long-term storage, 10% (v/v) cell suspension containing 1 million cells was resuspended in
DMSO and aliquoted in cryogenic tubes. Tubes were transferred to -20°C and kept for 5 hours.

Before transferring to liquid nitrogen, they were maintained at -80°C, overnight.

2.2.4 Neuronal differentiation of stable SH-SYSY cells (dASH-SYSY)

To induce differentiation process in SH-SYSY cells, pSH-SYS5Y-FL, pSH-SY5Y-Tau35 and pSH-
SY5Y-CTL were plated at the density of 4 x 10* cells/cm?in 100mm dishes for cell harvesting and
on glass coverslips for immunocytochemistry. After 24 hours, the medium was replaced with pre-
warmed differentiation medium containing retinoic acid (RA) at the concentration of 10 uM for 7
days in low-serum supplemented media (FBS, 1%). 50% of medium was refreshed every three
days. The differentiated cells were named dSH-SYS5Y-FL, dSH-SY5Y-Tau35 and dSH-SYS5Y-

CTL.

2.2.5 Cell treatments and determination of cell viability

Proliferative non-transfected and transfected SH-SYSY cells, including pSH-SY5Y-CTL, pSH-
SY5Y-FL and pSH-SY5Y-Tau35, were seeded in 96-well plates at the density of 8000 cells/well.
After 24 hours, cells were treated with kinase inhibitors, SP600125 (10 and 20 uM), AR-A014418
(10 and 20 uM), and 0.2% DMSO as vehicles, for 4 h. Following the treatment, 10ul of Cell
Counting Kit-8 reagent was added to each well and incubated for 4 h at 37°C to determine cell
survival. Absorbance at 450 nm was measured using Synergy H1 Hybrid Reader (BioTeK
Instruments, USA) and the absorbance at 650 nm was used for background correction. The relative

cell viability as percentage of control is presented.

2.2.6 Inhibition of protein kinases
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Both non-differentiated and differentiated cells were treated with 10 pM c-Jun N-terminal kinase
(JNK) inhibitor, SP600125, and 10 uM glycogen synthase kinase-3p (GSK-3f) inhibitor, AR-

A014418, and 0.2% DMSO as vehicles, for 4 h.

2.2.7 Immunoblotting

For western blot analysis, cells were scraped and collected by centrifugation at 7000 g for 2 min
at 4°C. The collected cell pellets were washed once with ice-cold PBS and lysed in NP-40 lysis
buffer. Protein extraction process was followed by sonicating the cell pellets in the lysis buffer,
three times and for 5 sec, on ice. Then, sonicated mixture centrifuged at 12,500 g for 15 min at
4°C. The obtained supernatants were transferred to the clean tubes and the protein concentration
in the cell extracts were measured using Pierce BCA Protein Assay Kit.

Western blotting was performed using the routine protocols. Briefly, extracted proteins were
separated on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Electrophoresed proteins were transferred onto polyvinylidene fluoride (PVDF) membrane.
Membranes were blocked with 5% (w/v) bovine serum albumin (BSA) in Tris-buffered saline
containing 0.2% Tween 20 (TBS-T) for one hour at ambient temperature. Then, membranes were
incubated overnight in the primary antibodies in 1% BSA in TBST, overnight at 4°C. After
washing, membranes were incubated in the appropriate HRP-conjugated secondary antibodies for
two hours, at ambient temperature. Actin and Histon.H3 were used for loading controls. The
antigens were visualized using Clarity™ and Clarity Max™ ECL Western blotting Substrates.
Images were analyzed using ImagelJ software (version 1.0) and were normalized to appropriate

loading controls.
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2.2.8 Immunocytochemistry

2.2.8.1 Neuronal, Nuclear and Tau Immunostaining

Cells were seeded at the density of 50,000 cells/well on glass coverslips. After differentiation
according to the abovementioned protocol, cells were washed with pre-warmed PBS and fixed
with cold Methanol for 10 min at -20°C. Proliferative cells were fixed after 48h of seeding. Then,
they were washed twice with ice-cold PBS. Fixed cells were permeabilized using 0.25% (v/v)
Triton X-100 in PBS for 10 min at ambient temperature and washed with PBS. Next, they were
incubated with blocking buffer (10% (v/v) FBS in PBS, pH7.4), for 30 min at ambient
temperature. Cells were incubated with the primary antibodies overnight at 4°C. After three washes
with PBS, this process was followed by incubation in respective Alexa flour conjugated secondary
antibodies for one hour at ambient temperature. Nuclei were stained using DAPI for 8 min at
ambient temperature. Finally, all coverslips were mounted onto glass slides with Mowiol.

2.2.8.2 DQ-BSA Immunostaining

Cells were incubated with 10 ng/ml DQ-BSA Red reagent, for 4 h at 37 °C followed by 3 PBS
washes. Then, they were fixed with 4%(w/v) paraformaldehyde in PBS and stained with DAPI.
Confocal imaging was carried out for all samples and red fluorescence intensity was measured by
Image] software.

2.2.8.3 Actin Phalloidin Immunostaining

For actin phalloidin immunostaining, cells were fixed with 4%(w/v) paraformaldehyde in PBS
after washing twice with PBS and incubated at ambient temperature for 15 min. Then, they were
permeabilized with 0.1% (v/v) Triton X-100 in PBS and incubated for 15 min. Next, they were
blocked with 1% (w/v) BSA in PBS for 30-40 min. 0.5 pl 400x actin phalloidin antibody was

added in 200 pl blocking solution for each coverslip and incubated for one hour at ambient
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temperature. After washing twice, next primary/secondary antibodies and DAPI were added.

Stained coverslips were mounted with Mowiol.

2.2.9 DNA Methylation Assessment

2.2.9.1 DNA dot blot assay for SmC and ShmC

To assess general DNA methylation levels in the experimental groups, genomic DNA was
extracted from cell lysates of pSH-SY5Y and dSH-SYS5Y cells using Pure link genomic DNA kit
(Invitrogen) according to the manufacturer’s instructions. For DNA dot blot assessment, 250 ng
of DNA was added to sodium hydroxide (NaOH, 0.4 M), ethylenediaminetetraacetic acid (EDTA,
10 mM) and neutralized with ice-cold ammonium acetate (2 M, pH 7.0). Prepared mixture was
heat-denatured at 100°C for 10 min. Using dot blot apparatus (Bio Rad), denatured DNA was
loaded on Zeta-Probe GT blotting membrane (Bio Rad). Then, the membranes were subjected to
UV cross-linking. To block the membranes, they were kept at 3% BSA in TBST for 3 h, at ambient
temperature. They were also overnight-incubated in primary antibodies, SmC or ShmC in TBST.
After three washes, they were incubated in secondary HRP-conjugated antibodies for 2 h, at room
temperature. Signals were visualized by enhanced chemiluminescence. To quantify total DNA, the
membranes were stained with methylene blue (MB, 0.02%) in sodium acetate (0.3 M, pH 5.2).

Fiji-ImageJ was used for blot quantifications.

2.2.9.2 LINE-1 Bisulfate Pyrosequencing

500 ng of isolated DNA of all experimental groups, including pSH-SY5Y and dSH-SYS5Y cells
were bisulfite-converted. Using PCR, amplification of a 92-base pair long region of the LINE-1
promoter was carried out. PCR amplification condition was the following: PCR activation at 95°C
for 15 min, 45 cycles including denaturation at 95°C for 30 s, annealing at 58°C for 30 s and 30 s

extension at 72°C, final extension lasting for 5 min at 72°C. To examine PCR product specificity,
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gel electrophoresis on 2% agarose gel was carried out. To assess CpG levels of the LINE-1 retro-
transposonic sequence, PCR-pyrosequencing was caried out using EZ DNA Methylation-Gold™
Kit, according to the manufacturer’s protocols. To ensure the success of pyrosequencing and
completion of bisulfite modification, 5 groups of high/low standard methylated controls were
included. In addition to the methylated controls, negative controls were also included to ensure
purity of samples. In these control groups, DNA was replaced by water. This experiment was
performed on both proliferative and differentiated SH-SYSY cells, and on two independent

experimental points.

Sequence
LINE-1 Forward Primers ATTTTGGTGTTATGAATTTGATTTGAA
LINE-1 Reverse Primers CTAATCCACTAAACTACTTACCAAATCTC
Sequencing Primers GAGTAGATTAGAGTTTTGTT

Table 1-3: PCR-specific primers for human LINE-1

2.2.10 Data Analysis

2.2.10.1 Western blot analysis

Western blots were quantified using Fiji-ImageJ. To quantify the expression levels of total tau in
pSH-SYS5Y and dSH-SYS5Y cells, measured signal from the whole lane was normalized to its
Histone.H3 or B-actin signal (Figure 2-2). This analysis on the entire lane has been carried out as
a basic step only to validate the expression levels of total tau protein in the experimental groups,

including the controls.
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Figure 2-2: Quantification of tau expression levels in transfected cells and the
control group. Measured signal from the whole lane was normalized to its housekeeping
protein, Histone.H3 or Actin signal as the internal loading controls.

To quantify phosphorylation levels of PHF-1, AT180 and AT8 epitopes in the experimental
groups, signals in FL- and Tau35- corresponding regions were measured around 70 kDa for FL
and the region around 35 kDa for Tau35-expressing cells. The obtained quantity was divided by
the same regions on the second step of staining with total tau. To obtain relative quantitation,
housekeeping proteins, Histone.H3 or Actin, have been used as the internal loading controls

(Figure 2-3).
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Figure 2-3: Quantification of tau phosphorylation levels in transfected cells.
Measured signals around 70 kDa for FL-Tau and the region around 35 kDa for Tau35-expressing
cells were divided by the same regions on total tau-stained blots. Housekeeping protein was
included as the internal loading control.

2.2.10.2 Image Analysis

Confocal microscopy of the stained cells was performed using LSM710 Zeiss confocal microscope
(Zeiss, Germany). ImagelJ software (version 1.0) was used for analyzing images. Changes in f-
actin distribution and structure have been analyzed using a Fiji Macro[130]. To assess f-actin
distribution, phalloidin actin intensity was measured through the cell by 2-D confocal microscopy.
To normalize the effect of differences in the cell size, cell shape and nuclear position, a line was
automatically drawn perpendicular to the major (long) axis of the cell and over the nucleus (Figure
2-4a). This line divided the cytoplasm area into ten equal bins (Figure 2-4b). This specific feature
provided equal and unbiased quantification of actin intensity over the cell[130]. Image analysis
has been caried out on approximately 100 cells in 50 fields, and all experiments have been repeated

three times and reported as three independent replicates.
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Grouped f-actin Intensity
n-0 10.0162  15.6100
124157 13.9648
107693  14.6870
n-3 14.5015 7.6777
Bin-4 16.5219  10.3152
18.4048  10.3369

in-6 14.9764 9.2818

Bi
Bi
Bin-7 12.8985 8.6818
Bin-8 11.7079 11.7965
Bi

in-9 8.2653 6.5352

Figure 2-4: Quantification of f-actin distribution. a: The Fiji Macro by drawing a line
perpendicular through the cell and over the nucleus could quantify the actin intensity in the cell.
b: As the cells are not equal in size and morphology, macro automatically splited the pixel intensity
data obtained from the line into 10 equal bins, meaning that the first bin is the first outer 10% of
the cell. ¢: According to the defined channels for the macro, by passing over the nucleus, it could
also measure the actin intensity over the nucleus.

2.2.10.3 Statistical Analysis

Quantitative analyses were performed using GraphPad Prism (Version 8.4.3). All obtained results
were expressed as mean =SEM. Two-tailed unpaired Student’s t test was used to compare two
means and one-way or two-way analyses of variance (ANOVA) with Tukey’s post-hoc test was
used to compare multiple means, as appropriate. Differences were considered statistically

significant at p values less than 0.05.
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3 Chapter III: Results

3.1 Retinoic Acid treatment induces neuronal-like phenotypes in SH-SYSY
cells.

Aiming to develop this cellular model of tauopathy, I selected SH-SY5Y human neuroblastoma
cells. Human neuroblastoma cell line is an in vitro model widely used in the neuroscience research.
Differentiated SH-SYSY cells possess fundamental biochemical and functional features of neurons
[131][132]. Retinoic acid (RA) is one of the best-characterized methods to induce differentiation
process in SH-SYSY cells. This vitamin A-derivative is an effective growth inhibitor and
differentiation inducer[133][134]. In my experimental model, RA treatment could successfully
induce neurite outgrowth after 7 days (Figure 3-1a). To understand how the differentiation
processes affected these cells, I performed immunostaining. Labeling differentiated SH-SYS5Y
cells with neuron-specific markers confirmed expressions of 3-Tubulin III, GAP43, MAP2A and
NF-200 in dSH-SYS5Y cells (Figure 3-1b). Further investigations and labeling with proliferation-
related marker, Ki67, reveled reduced expression of this protein in differentiated cells compared

to the proliferative SH-SYSY cells (Figure 3-1c).
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Figure 3-1: Retinoic Acid treatment induces neuronal-like phenotypes in SH-
SYSY cells. a: Phase contrast microscopy of SH-SYSY cells representing a 7-day RA treatment
(10uM) can lead to developing outgrowth dendritic/axonal processes in these cells (shown by red
arrows). b: Confocal microscopic micrographs depicting expression of neuronal markers in
differentiated SH-SYSY cells: DAPI (blue), B-Tubulin III (green), GAP43, MAP2A, NF-200 (red).
c: Confocal microscopy demonstrating effects of RA treatment on cellular morphology and
proliferation levels. In the growth media, SH-SYS5Y cells expressing Ki67 marker (red) but not
high levels of B-Tubulin III (green) (left). After RA treatment, SH-SYSY cells expressing [3-
Tubulin III but not Ki67 marker (right). Scale bar 100 pum.
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3.2 SH-SYSY cells can express high levels of FL-Tau and Tau3S by transient

transfection

Guo et al. previously demonstrated inducing stable expression of human FL-Tau and Tau35 in
Chinese hamster ovary (CHO) cells can provide a tool for evaluating the functional effects and
signaling outcomes following pathogenic cleavage of tau protein. According to their results, CHO
cells expressing Tau35 showed aberrant tau phosphorylation and less microtubule binding affinity
which in turn led to defective microtubule organization. Moreover, Tau35 fragment affected
upstream signaling pathways. Through gaining toxic functions and perturbation of Akt signaling
pathway, Tau35 overexpression led to activation of GSK-3B, which is the stimulator of tau
hyperphosphorylation [128]. To generate the cellular model of tauopathy, I transiently transfected
human neuroblastoma cells (SH-SY5Y) with the same constructs, human FL-Tau and the 35 kDa
C-terminal fragment of FL-Tau protein (Tau35). Administration of RA (10 uM) in growth medium
containing 1% FBS for 7 days has been previously shown to induce post-mitotic neuronal-like
phenotypes in SH-SYS5Y cells[135]. Following the same protocol, I induced transfected cells.
Morphologically, RA treatment developed longer neurites in dSH-SYS5Y-CTL cells compared to
the two groups of transfected cells. However, during RA treatment, SH-SYS5Y-FL and -Tau35
appeared to maintain their proliferation abilities in comparison with SH-SY5Y-CTLs (Figure 3-

2).
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Figure 3-2: Differentiation of SH-SYSY cells with retinoic acid (RA). Bright field
images representing SH-SY5Y cells morphology before (/RA) and after (/RA") treating with 10
uM retinoic acid for 7 days. Three groups of proliferative cells (pSH-SY5Y) were plated on desired
dishes at the same density. After 24h, growth media have been switched with differentiation media.
After 7 days, these cells have been named as dSH-SYSY cells and used for future experiments.

To confirm the successful transfection and evaluate the expression levels of FL-Tau and Tau35,
after antibiotic-selection of colonies, western blotting has been carried out on the cell lysates
obtained from generated cell lines. Blots were labeled with the human-specific anti-tau antibody.
According to the blot analysis, FL-Tau stable transfection was confirmed by the presence of a band
near 70 kDa in FL-expressing cells, and Tau35-transfected cells showed a prominent band at 35
kDa but multiple bands ranging from 25 kDa to 37 kDa were also detected with an antibody against
total Tau. Quantitative immunoblotting carried out to validate FL-Tau and Tau35 levels in
transfected cells (pSH-YSY-FL, pSH-SY5Y-Tau35) compared with the non-transfected cells
(pSH-SY5Y-CTL). These western blot analyses showed stronger human tau expression levels in

transfected cells compared to the control group (p=0.2699 for pSH-FL and p=0.0090 for pSH-

Tau35)(Figure 3-3a).
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After seven days of RA treatment and differentiation, tau expression levels were assessed using
western blotting and immunocytochemistry. According to these results, human tau expression
levels in dSH-SYS5Y-FL and dSH-SY5Y-Tau35 were higher than control group (p=0.0028 for
dSH-FL and p=0.2538 for dSH-Tau35 in western blot analysis and p<0.0001 for dSH-FL and
p=0.0010 for dSH-Tau35 obtained from ICC) (Figure 3-3b/d). As the positive controls, I tested
two antibodies on normal and AD human brain samples. Representative blots exhibited a band for
human total tau below 70 kDa and for PHF-1 at the same region only for human AD samples

(Figure 3-3c¢).
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Figure 3-3: Higher Tau expression has been detected in the transfected groups
compared to the controls. a: Western blot of pSH-SYSY cell lysates probed with anti-total
tau antibody depicted total tau expression is higher in both transfected groups (pSH-SYS5Y-FL,
pSH-SY5Y-Tau35) compared with the control group (pSH-SYS5Y-CTL). b: Same analysis on
dSH-SYS5Y cells confirmed that transfected cells retain their higher tau expression after
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differentiation. ¢: Representative western blots to compare normal and AD human brain samples
with my experimental groups (dSH-SYSY cells). d: Immunofluorescence of dSH-SYSY cells
labeled with total tau (red) and DAPI (blue, nuclei) showing differences in tau intensity between
experimental groups. Scale bar 50 um. Values represent mean = SEM., N=3, one-way ANOVA,
*p<0.05 is considered as significant difference.

3.3 Tau phosphorylation levels did not increase significantly in this cellular

model of tauopathy.

Tau hyperphosphorylation has often been considered as one of the main causes of pathology
associated with tauopathy, and it was recently shown that overexpression of Tau-35 fragment is
sufficient to induce more severe molecular changes in CHO-cells[ 128]. I first examined the status
of tau hyperphosphorylation after overexpression of these two constructs in SH-SY5Y cells. 1
focused on three specific residues located at the C-terminal domain of full-length isoform of tau,
Thr231, Ser202/Thr205 and S396/S404. Aberrant phosphorylation of these three residues is
associated with development of human tauopathy phenotypes[136]. Both proliferative and
differentiated cells were labeled with three phospho-dependent tau antibodies, AT180, AT8 and
PHF-1 that recognize p-Thr231, p-Ser202/Thr205 and p-S396/S404 residues, respectively.

Guo et al. previously demonstrated that overexpression of Tau35 fragment in CHO cells correlates
with elevated phosphorylation at Thr231, Ser202/Thr205 and S396/S404 epitopes compared to the
FL-expressing cells. According to their western blot analysis, CHO-FL cells showed modest or
negligible immunoreactivity of these three epitopes while CHO-Tau35 cells showed multiple
bands in 35 kDa region, indicating exacerbated tau phosphorylation after pathologic tau
overexpression. Gel densitometry revealed that Tau35 phosphorylation was approximately 2-3-
fold higher than FL-tau. In my experimental model, although I observed some increased
phosphorylation of Thr231, Ser202/Thr205 residues in proliferative and differentiated SH-SYS5Y

cells, these increases were not statistically significant, (p>0.05 for p-Thr231 epitope and p-
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Ser202/Thr205 residue) (Figure 3-4 a/b). Additionally, immunoblotting against p-S396/S404 and
labeling with PHF-1 antibody demonstrated phosphorylation levels of this residue is higher in
differentiated FL-tau expressing cells compared to dSH-SYS5Y-Tau35 cells. This difference was

not significant (p=0.6737) (Figure 3-4c).
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Figure 3-4: The effect of FL-Tau and Tau35 overexpression on tau
phosphorylation a: Representative western blots showing phosphorylation levels of human tau
at three residues, AT180 and ATS8 in proliferative cells, pSH-SY5Y-FL and pSH-SYS5Y-Tau35.
Quantification of p-Tau/Total Tau is shown in transfected cells, (70 kDa in SH-SY5Y-FL and 35
kDa in SH-SY5Y-Tau35). (n=6 independent experiments) data shown as mean + SEM, unpaired
Student’s t test, *p<0.05 is considered as significant difference. b: Same assessments on dSH-
SYS5Y-FL and dSH-SYS5Y-Tau35 were carried out. PHF-1 antibody has been also used in
differentiated cells.

To test whether the discrepancies between my results and those reported by Guo et al. in CHO
cells [128] is indicative or the cell type, I also performed these experiments in CHO cells but did
not observe any significant difference between the two different cell types (p=0.5353) (Figure 3-

3).
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Figure 3-5: The effect of FL-Tau and Tau35 overexpression on tau
phosphorylation in CHO cells. Representative western blots showing phosphorylation levels
of human tau AT180 CHO cells. Quantification of p-Tau/Total Tau is shown in transfected cells,
(70 kDa in CHO-FL and 35 kDa in CHO-Tau35). (n=3 independent experiments) data shown as
mean + SEM, unpaired Student’s t test, *p<0.05 is considered as significant difference.

Moreover, I applied the same commercial antibodies used in the abovementioned research. It is

possible that the differences are indicative lot differences between these antibodies.

3.4 Autophagy-lysosomal pathway was unaffected in pSH-SYSY and dSH-

SYSY tauopathy model
Dysfunction of autophagy-lysosomal pathway (ALP), known as macrophagy, is another hallmark
of human tauopathies[137]. In healthy neurons, dysfunctional tau is primarily cleared by
autophagy[138] and tau toxicity could be the contributor or a consequence of impaired

autophagy[139][140]. Therefore, in my experimental model, I assessed various major ALP

51



indicators, including the substrate selection and autophagosome biogenesis marker, microtubule-
associated protein 1-light chain 3 (LC3-II/LC3-I), ubiquitin-binding autophagy receptor protein
p62, lysosome-associated membrane glycoproteins-2 (LAMP2), and lysosomal activity.

In autophagy, cargo targeted for lysosomal degradation is packed with phagophore, a membranous
vesicle that is coated by LC3-II. LC3-II is generated by conjugation of cytosolic form of LC3-I to
phosphatidylethanolamine [141][142]. Additional tag for identification of macro autophagy targets
is p62 which transports cargo into the autophagosomes by interacting with LC3-II [143]. The ratio
of LC3-II/LC3-I and p62 levels in the cells are indicators of autophagy progression. Using western
blotting, I found a significant accumulation of LC3-II/LC3-I in pSH-SY5Y-FL (p=0.0209) and
dSH-SY5Y-Tau35 cells (p=0.0147) compared to their controls; however, there were no significant
changes in the expression levels of p62 in all experimental groups. This can indicate an increase

in cargo turnover without significant changes in autophagosome clearance (Figure 3-6).
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Figure 3-6: Autophagosome clearance was not affected in this cellular model of
tauopathy model. Western blot analysis depicting the cellular levels of LC3-II/LC3-I ratio and
p62 in pSH-SYS5Y (a) and dSH-SYS5Y (b) cells. The data represent mean+ SEM., (n=3
proliferative cells, n=6 dSH-SYS5Y cells), one-way ANOVA, *p<0.05 is considered as significant
difference.
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To further examine lysosomal activity involved in this process, I opted to measure the protein
degradation capacity of lysosomes in pSH-SYS5Y cells. DQ-BSA is a fluorescent reagent that is
activated in the acidic environment of lysosomes and therefore is used as an indicator of lysosomal
activity [137]. While control and Tau-FL overexpressing cells did not show significant differential
DQ-BSA fluorescence activities, the Tau35 overexpression in pSH-SYS5Y cells induced a
significant increase in fluorescence indicating enhanced lysosomal activity (p=0.0088 vs. pSH-

SY5Y-CTLs and p=0.0190 vs. pSH-SY5Y-FLs) (Figure 3-7).
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Figure 3-7: Tau35 overexpression enhances lysosomal activity in comparison
with Tau-FL and control proliferative SH-SYSY cells. All three proliferative
experimental groups were loaded with DQ-BSA (10ug/ml). Representative confocal microscopic
micrographs depicting degradation of DQ-BSA (green signal) in pSH-SY5Y-CTL, -FL and-Tau35
cells. Scale bar 50 um. DQ-BSA fluorescence normalized to per cell are shown. Values represent
mean + SEM., n=3, ~90 cells/group, one-way ANOVA, *p <0.05 is considered as significant
difference.
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To examine the increased lysosomal activity observed in Tau-35 cells, I opted to compare the
levels of lysosomal membrane associated protein 2 (LAMP2) which is a prominent component of
lysosomal membrane and its role in autophagy and lysosomal membrane permeabilization (LMP)
has been confirmed [144]. However, using western blot analysis on pSH-SY5Y cells did not show
any significant changes in LAMP2 protein levels for pSH-SYS5Y-FL (p=0.2595) and in pSH-
SYS5Y-Tau35 (p=0.2131) groups when compared to the controls (Figure 3-8). As I did not detect

evidence of damage in this pathway, differentiated cells were not targeted for these assessments.
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Figure 3-8: No evidence of increased lysosomal synthesis was observed in FL and
Tau35 overexpressing pSH-SYSY cells. Representative bands from transfected and non-
transfected pSH-SYSY cell lysates were evaluated by western blotting. Values represent
mean + SEM., n=3, one-way ANOVA, *p<0.05 is considered as significant difference.

3.5 Tau35 overexpression is associated with exacerbated cytoskeletal and
nucleoskeletal alterations.

3.5.1 Overexpression of Tau35 in dSH-SYSY neurons exacerbates nuclear
lamina invagination.
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Nuclear lamina invagination has been described in Drosophila model of tauopathy [71] and was
also confirmed by our group in human AD hippocampal tissue [123]. I therefore asked whether
my model of tauopathy is also associated with nuclear lamina invagination and whether there is
any difference between the two tau constructs. As differentiated cells are recognized as neuronal-
like human neuroblastoma cells, I examined the status of cyto-nucleoskeleton in my experimental
model by performing immunocytochemistry on differentiated SH-SYSY-FL, -Tau35 and -CTL
cells. Nuclear invagination was assessed using an arbitrary grading system. The severity of nuclear
lamina invagination was scored between 0 (no NL invagination) to 3 (most severe invagination).
Between this range of damage, nuclei detected with one or two lines of invagination have been
categorized as Grade 1. Grade 2 damage has been allocated to the ones with damages one level
milder than the severest and fully-shrunken nuclei. I observed that while overexpression of tau was
sufficient for a significant raise in nuclear invagination in comparison with the control cells
(p=0.0436), Tau35-overexpressing dSH-SYSY cells displayed the highest rate of nuclear lamina
invagination when compared to the control group (p=0.0149) (Figure 3-9 a/b). My grading scale
confirmed that tau overexpression is inversely related with the percentage of normal nuclei, as in
dSH-SYS5Y-CTLs there were significantly higher numbers of normal nuclei compared to the -FLs
(p=0.0002) and -Tau35s (p<0.0001). In contrast, Tau35-overexpressing dSH-SYS5Y cells
displayed the highest number of severely-damaged nuclei (Grade-3) compared to the controls

(p=0.0012) (Figure 3-9c).
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Figure 3-9: Tau overexpression is associated with increased nuclear lamina
invagination in dSH-SYSY cells. a,b: Confocal microscopic micrographs depicting nuclear
lamina status in dSH-SYS5Y cells, LB1 (red), DAPI (blue) and image analysis. Scale bar 30 pm. c:
An arbitrary scaling system was used to show differential invagination severity: grade 0 (normal
nuclear lamina) to grade 3 (the most severe invagination). The numbers of invaginated nuclei were
expressed as % of total cells and analyzed by one-way ANOVA (nuclear lamina damage). Two-
way ANOVA analysis was used to assess graded nuclear lamina damages in different conditions.
Values represent mean + SEM., n=3, 300 cells/group and p<0.05 was considered as significant
difference.

3.5.2 Nuclear lamina invagination after FL-Tau and Tau35 overexpression is
not associated with nuclear Lamin-B protein degradation.

Nuclear lamina invagination has been originally reported in tauopathies. Therefore, I tested the

molecular integrity of nuclear lamina in my experimental groups. Lamin Bl (LB1) protein
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degradation was originally reported in Drosophila model of tauopathy shown by Frost et al. [73]
[145]. Our lab also previously discovered two C-terminal fragments of LB1in hippocampal tissue
lysate obtained from our 3xTg mouse model: a 46 kDa and a 21 kDa[125]. Further investigation
revealed that the 46 kDa fragment is a product of caspase-6 (CASP6) activation and the 21 kDa
fragment is cleaved by cathepsin L (CTSL)[126]. To identify whether nuclear lamina degradation
is generated by FL-Tau or Tau35 overexpression in SH-SY5Y cells, western blotting was used for
assessment of LB1 protein in both proliferative and differentiated experimental groups. The results
indicated the nuclear lamina invagination in these conditions was not associated with lamin-B1

proteolytic degradation as no lamin-B1 positive band was observed (Figure 3-10).
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Figure 3-10: Nuclear lamina invagination in FL-Tau / Tau35 overexpression does
not induce Lamin-B1 proteolytic degradation in SH-SYSY cells. Western blots
examining Lamin-B1 integrity in transfected cells (proliferative and differentiated groups). No
evidence of Caspase-6 or cathepsin L was detected in these conditions (n=3).

3.5.3 FL-Tau and Tau3S overexpression adversely affects f-actin distribution
in dSH-SYSY cells

The importance of tau and its interaction with actin and microtubules in cytoskeleton structure and

function has been well-documented. Recent reports linked tau hyperphosphorylation with actin
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fibrilization and induction of nuclear damage, including nuclear lamina invagination and
disruption of nucleocytoplasmic trafficking by weakening nuclear pore localization/function
[142][74][75]. To further investigation of the tau involvement and developing therapeutic
strategies, I first examined whether pathogenic tau fragment and FL-Tau overexpression can
induce f-actin overstabilization in dSH-SYS5Y cells. I used immunocytochemistry to assess the
status of actin filaments in my experimental groups. Several aspects of actin filament were tested
including average total cellular actin intensity, perinuclear actin density where the tau/f-
actin/nuclear lamina interact, and also f-actin distribution through the cells.

Analyzing f-actin distribution in the dSH-SYS5Y cells revealed the distribution of f-actin changes
upon FL-Tau and Tau35 overexpression (Figure 3-11). In control cells, and in FL-Tau
overexpressing cells, actin was distributed evenly in the cell, while in Tau35-overexpressing dSH-
SYSY cells f-actin intensity was more prominent in the center than the peripheral regions, when
compared to both FL-overexpressing cells and the control group (Figure 3-11b).
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Figure 3-11: Tau overexpression is associated with alterations in f-actin
distribution in dSH-SYS5Y cells. a: Micrographs obtained from confocal microscopy
representing distribution of actin filaments through the experimental groups. F-actin was stained
with actin-phalloidin (green), nuclear lamina with LB1 (red). Nuclei were counter stained with
DAPI (blue) and included in the merged panel. Scale bar 10 um. Note the clear remodeling of f-
actin cytoskeleton in close association with nuclear envelope invagination in dSH-SYS5Y cells
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(white arrows). b: Graphs representing actin distribution through the cells by comparing average
actin intensity through the bins splitted by Fiji Macro in each experimental group. Mean
fluorescent intensity for f-actin was quantified and shown as mean + SEM., n=3, 300 cells/group,
and p <0.05 was considered as significant difference. Two-way ANOVA with Sidak’s multiple
comparisons for each bin was performed.

Examination of perinuclear actin intensity showed that overexpression of both isoforms of tau
leads to increased arrangement of actin filaments when compared to the control cells. Additionally,
higher f-actin intensity was found over the nucleus in FL- and Tau35- overexpressing dSH-SYS5Y
cells compared to the controls (p=0.0001 and p=0.0395, respectively) (Figure 3-12). Average actin

intensity was also significantly higher in dSH-SY5Y-Tau35 cells compared to two other groups

(p<0.001) (Figure 3-12b).
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Figure 3-12: Tau overexpression is associated with f-actin over-stabilization in
dSH-SYSY cells. a: In all panels, f-actin cytoskeleton was stained with actin-phalloidin (green),
nuclear lamina with LB1 (red). Nuclei were counter stained with DAPI (blue). Scale bar 30 um.
Graphs representing average actin intensity through the cell (b), perinuclear (¢). Mean fluorescent
intensity for f-actin was quantified and shown as mean + SEM., n=3, 300 cells/group, and p< 0.05
was considered as significant difference. One-way ANOVA analysis for graphs b and c.
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3.6 Nuclear lamina invagination in tau constructs overexpressing cells is not

associated with chromatin changes.

3.6.1 FL-Tau and Tau35 overexpression did not correlate with double-strand
breakage in DNA

Previous reports have linked nuclear lamina damage in tauopathy and AD to chromatin
rearrangement and changes in gene expression. Using a cellular model of AP toxicity in SH-SYSY
cells, our lab has also shown a connection between NL invagination and changes in nuclear
architecture including histone modification in SH-SYS5Ycells [125]. Additionally, in Drosophila
and mice models of tauopathy and human AD brains have been also shown that tau-induced f-
actin over-stabilization leads to nuclear lamina damage which ultimately promotes
heterochromatin relaxation, reduces DNA methylation levels and activates normally silenced
transposable elements[79][145]. Since my cells showed evidence of nuclear and cytoskeletal
changes in this model, I aimed to further investigate whether these nuclear events are observed in
this cellular model. Therefore, I evaluated one of the early cellular responses to the induction of
double-strand DNA breakage, YH2AX formation, using immunocytochemistry[146][147].
Quantifying number of YH2AX foci in dSH-SY5Y experimental groups, I did not detect any robust
changes in YH2AX foci per nucleus in FL- and Tau35- overexpressing dSH-SY5Y cells compared

to the controls (p=0.2514, p=0.9990, respectively) (Figure 3-13).
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Figure 3-13: Overexpressing FL-Tau or Tau35 in dSH-SYSY cells do not show
evidence of enhanced DNA damage. Representative images of immunocytochemistry for

anti-yH2AX (red) and DAPI (blue) in dSH-SYSY cells. Scale bar 30 um. The p-value was obtained
by one-way ANOVA analysis. Graphs are shown as mean+ SEM., n=3, and p <0.05 was
considered as significant difference.

3.6.2 FL-Tau and Tau3S overexpression did not epigenetically affect SH-SYSY

cells

3.6.2.1 Global DNA Methylation Assessment

In tauopathies, epigenetic alteration through DNA methylation is identified as a major hallmark of
neurodegeneration[148].  5-methylcytosine  (SmC) and its oxidized form, 5-
hydroxymethylcytosine (ShmC) are prominent markers of DNA methylation and DNA hydroxy
methylation in tauopathies and neurodegeneration. Increase in Smc levels represents inhibition of
gene expression, while rise in ShmC is associated with increased gene expression. For instance,
immunohistochemistry and double-fluorescent immunolabeling on the human middle frontal

gyrus (MFG) and middle temporal gyrus (MTG) obtained from AD patients and age-matched
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controls demonstrated global levels of DNA methylation positively correlates with the presence
and loads of AD pathogenic markers, such as tau, AP, and ubiquitin[149]. To investigate whether
DNA methylation level is globally changed in pSH-SYS5Y and dSH-SYS5Y experimental groups, I
evaluated changes in ShmC and SmC levels. Quantitative DNA methylation analysis by DNA dot
blot assay showed that FL and Tau35 overexpression did not cause any significant alteration in the

5mC and 5ShmC levels in pSH-SYSY and dSH-SYS5Y cells (p=>0.5) (Figure 3-14).
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Figure 3-14: No epigenetic alteration has been detected in the experimental
models. Overexpression of tau or its pathologic fragment did not result in any
detectable DNA methylation in proliferating (a) or differentiated (b) SH-SYSY cells.
DNA dot blot experiments have been performed to detect global DNA methylation alterations at
S5mC and ShmC. Quantification of global SmC and ShmC levels was normalized to the total DNA
levels stained with methylene blue. Fold changes were calculated for each group. Graphs are
shown as mean = SEM., n=3, and p <0.05 was considered as significant difference.

3.6.2.2 LINE-1 CpG Methylation Assessment

Increased expression of transposable elements or repetitive families is reported in tauopathies.
Long interspersed repeat-1 (LINE-1) has often been used as an indicator of global DNA
methylation as it is abundantly present the human retroelements in the genome in animal models
of tauopathy [78]. To examine the effect of tau-mediated nuclear lamina invagination on LINE-1
methylation, three probes were designed for LINE-1 pyrosequencing in both experimental groups,
proliferative and differentiated SH-SYSY cells. As shown in Figure 3-15, FL-Tau and Tau35 over
expression did not trigger any considerable changes in the percentage of LINE-1 CpG methylation

compared to the controls.
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Figure 3-15: Global DNA methylation is not significantly changed in FL-Tau and
Tau3S overexpression. Validation of CpG methylation using methylation pyrosequencing in
proliferative and differentiated SH-SYSY cells. Analysis was performed on two independent
replicates (n=2).

3.7 Pharmacological interventions to inhibit tauopathy-related characteristics

in SH-SYSY-derived model of tauopathy

As the second aim of the current study, I decided to examine whether the nuclear lamina
invagination can be decreased in this model of tauopathy. Therefore, I targeted upstream
compartments of nuclear lamina and the key factor of tauopathy pathology, aberrant tau
phosphorylation. Activation of two critical kinases, JNK and GSK-3, is associated with aberrant
tau phosphorylation and their inhibition could be effective in reducing tau pathology
consequences[45][46]. 1 tested the effect of my candidate kinase inhibitors, JNK inhibitor
(SP600125) and GSK3-f inhibitor (AR-A014418) on viability of proliferating SH-SYSY cells as
the basic cellular model of this study. Cells were treated for four hours with 10 and 20 uM of these

small molecule inhibitors[150]. Cell viability assessment showed that both concentrations do not
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cause excessive cell death and therefore I used 10uM which is well-tolerated by these cells (Figure

3-16).
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Figure 3-16: JNK inhibitor (SP600125) and GSK3-§ inhibitor (AR-A014418) cell
toxicity assessment. Proliferative SH-SYSY cells were cultured and 24 hours after seeding
were treated with 10 and 20 uM of kinase inhibitors. Cell viability was assessed after the four-hour
treatment by CCKS8 assay. The bars in graphs indicate mean+ SEM of average from n=3
independent experiments. One-way ANOV A analysis was performed for data analysis and p< 0.05
was considered as significant difference.

3.8 Administration of inhibitors did not alter tau phosphorylation

significantly.

Based on toxicity assay, I treated the main experimental groups, proliferative and differentiated
SH-SYS5Y cells with 10 uM of JNK inhibitor (SP600125) and GSK3-f inhibitor (AR-A014418)
for four hours. To examine whether these small molecules affect tau phosphorylation at three
residues, Thr231, Ser202/Thr205 and S396/S404, I performed western blot assessment on the cell
lysates. According to the immunoblotting results, treating with JNK inhibitor (SP-600125) lowers
phosphorylation of Thr231 in pSH-SY5Y-FL and dSH-SYS5Y-FL cells (Figure 3-17a/b). GSK3-8
inhibition reduces p-Ser202/Thr205 levels in both proliferative and differentiated SH-SYS5Y-
Tau35 cells (Figure 3-18c/d). Regarding Thr231 residue, AR-A014418 lowers its phosphorylation
levels in dSH-SYS5Y-FL cells (Figure 3-18a). None of these alterations were statistically
significant (p>0.05). Obtained blots from other residues revealed that antibodies recognizing
Thr231, Ser202/Thr205 and S396/S404 did not exhibit detectable bands prior or post treatments.

These blots were not quantified and only representative figures are available in Figures 3-17-19.
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Figure 3-17 JNK inhibition had no significant effect on tau phosphorylation
levels in the experimental groups. Representative western blots showing phosphorylation

levels of human tau at two residues, AT180 (a/b) and AT8 (¢/d) in proliferative (a/c), and

significant difference.
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differentiated cells (b/d), post-SP-600125 treatment. Quantification of p-Tau/ Total Tau is shown
in transfected cells, (70 kDa in SH-SY5Y-FL and 35 kDa in SH-SY5Y-Tau35). (n=6 independent
experiments) data shown as mean+ SEM, unpaired Student’s t test, *p <0.05 is considered as
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Figure 3-18 GSK3-p inhibition had no significant effect on tau phosphorylation
levels in the experimental groups. Representative western blots showing phosphorylation
levels of human tau at two residues, AT180 (a/b) and AT8 (¢/d) in proliferative (a/c), and
differentiated cells (b/d), post-AR-A014418 treatment. Quantification of p-Tau/ Total Tau is
shown in transfected cells, (70 kDa in SH-SYS5Y-FL and 35 kDa in SH-SY5Y-Tau35). (n=6
independent experiments) data shown as mean + SEM, unpaired Student’s t test, *p <0.05 is
considered as significant difference.
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Figure 3-19 JNK and GSK3-p inhibition did not reduce PHF-1 phosphorylation
levels in dSH-SYSY cells. Representative western blots showing phosphorylation levels of
human tau at p-S396/S404 in differentiated cells, after treating with the small molecules. n=3
independent experiments have been performed.

3.9 JNK inhibition can reduce nuclear envelope invagination in dSH-SYSY

cells.

To determine the effects of INK and GSK-3f inhibition on nuclear envelope integrity, CTL-, FL-
and Tau35-dSH-SYS5Y were treated with the small molecules for four hours. The time was selected
based on the previous reports[150]. Cells were fixed and labeled with anti-LaminB1 antibody.
Quantitative immunostaining indicated that inhibition of JNK significantly reduces the proportion
of invaginated nuclear envelopes after treatment, as 10uM concentration successfully and
significantly attenuated the number of invaginated nuclei in dSH-SY5Y-CTL cells (p=0.0081), in
FL-dSH-SYS5Y cells (p=0.0031) and in Tau35-dSHSYS5Y cells (»p=0.0260). Administration of 10
uM SP600125 was enough to attenuate nuclear lamina invagination. Interestingly, nuclear

invagination grading also confirmed decreased severity of invagination after treatment with
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SP600125. Contrary to inhibition of JNK, administration of GSK-3f inhibitor, AR-A014418

treatment, did not reduce the nuclear invagination in these experimental groups (Figure 3-20).
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Figure 3-20: JNK inhibition can attenuate nuclear envelope invagination in dSH-
SYSY cells. a: Confocal micrographs depicting nuclear lamina status in the experimental groups
after treating with DMSO (vehicle), SP600125 and AR-A014418. LBI is represented in red. Scale
bar 50 um. b: Graphs representing the percentage of nuclei exhibiting nuclear envelope
invagination in the presence of DMSO, SP-600125 and AR-A014418. c: Distribution graphs
indicating damage severity in the nuclear envelop after treatment with SP-600125 and AR-
A014418. Grade=0 represents normal nuclei and grade=3 was allocated to the severest damage in
nuclei. The bars in graphs indicate mean + SEM of average from n=3 independent experiments,
approximately 100 cells/replicate. One-way ANOVA analysis was performed for data analysis and
p<0.05 was considered as significant difference.

3.10 JNK and GSK-3p inhibition significantly attenuated f-actin distribution
in FL-dSH-SYSY cells.

To investigate whether the cytoskeletal damages detected in FL- and Tau35- overexpressing cells
can be alleviated, I assessed f-actin distribution and stability in dSH-SY5Y experimental groups
after treating with the small molecules. F-actin data analysis in the aim-1 has been repeated for
the second aim. According to the obtained results, only dSH-SY5Y-FL cells were responsive to
the treatments. Particularly, average actin intensity adversely affected in dSH-SY5Y-CTLs and -
Tau35 cells, while dSH-SYS5Y-FL cells demonstrated reduced average actin intensity after
SP600125 administration (p=0.0026) and post AR-A014418 treatment (p<0.0001). The same
pattern has been detected related to the perinuclear f-actin intensity (Figure 3-21 a-c).
Interestingly, analysis of f-actin distribution through the cells confirmed that both inhibitors,
SP600125 and AR-A014418, can significantly lower the average intensity of f-actin over the
bins compared to the DMSO-treated cells. This analysis did not show positive effect of INK and

GSK-3p inhibition on dSH-SY5Y-CTLs and -Tau35 cells (Figure 3-21-d).
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Figure 3-21: JNK and GSK-3p inhibition significantly attenuated f-actin
distribution in FL-dSH-SYSY cells. a: Confocal micrographs counter stained against f-
actin (green) and nuclei (blue). Scale bar 50 um. b: Graphs indicating average actin intensity in
the cells. Replicates of each group are shown in shades of black, blue and red colors e¢:
Representative graphs demonstrating average actin intensity over the nuclei. Replicates of each
group are shown in shades of black, blue and red colors d: Graphs representing distribution of f-
actin intensity through the cells obtained from the bins, from periphery to the central regions of
the cells. The bars in graphs indicate mean = SEM of average from n=3 independent experiments,
approximately 90 cells/condition. Two- and one-way ANOVA analyses were performed for data
analysis and p<0.05 was considered as significant difference.
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4 Chapter IV: Discussion

In the present study, I aimed to generate an in vitro model of tauopathy. Next, I aimed to assess
whether inhibiting upstream compartments of pathologic tau can inhibit/alleviate the downstream
effects. Overexpression of Full-length tau protein (FL-Tau) and its pathologic C-terminal fragment
(Tau35) caused similar cytoskeletal and nuclear pathology to those reported in models of tauopathy
diseases including ADJ[145]. In my study, these abnormalities were alleviated after
pharmacological inhibition of involving kinases in pathogenic tau. In particular, JNK inhibition
reduced actin over-stabilization in dSH-ST5Y cells overexpressing Tau-FL and attenuated nuclear
lamina damage in both FL-Tau- and Tau35-overexpressing dSH-SYSY cell. Additionally,

GSK3p inhibition alleviated f-actin overstabilization in dSH-SY5Y-FL cells.
4.1 Inducing overexpression of FL-Tau and Tau35 in neuroblastoma cells

may mimic some characteristics of tau pathology.

Tauopathies are neurodegenerative diseases identified by dysfunction and accumulation of
abnormal tau proteins in neurons [144]. The molecular mechanisms leading to pathophysiological
tau effects are still unclear. Thus, potential therapeutic targets remain to be identified. The aim of
the current study was to generate an in vitro model of tauopathy demonstrating pathologic features
of this disease. To mimic intracellular tau accumulation, I established this model in human
neuroblastoma cell line. SH-SYS5Y cell has been widely used as an in vitro model for
neurodegenerative diseases research. Originally, SH-SYS5Y cells were subcloned from cells
obtained from the bone marrow biopsy taken from a four-year-old female neuroblastoma
patient[151]. This is a very powerful system which overcomes limitations of using primary

mammalian neurons derived from CNS tissue. For instance, they aggressively proliferate and
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overcome no propagation post differentiation which is in the primary neurons|152]. Differentiated
SH-SYSY cells possess fundamental neuronal properties, including biochemical and functional
features. For instance, the ability of cell migration and neurite outgrowth, cell adhesion and
expression of various human-specific neuronal markers and proteins might be activated by
differentiation[131][132]. Differentiation of neuroblastoma cells also increases membrane
electrical excitability and synaptic function and activates neurotransmitters and their
receptors[153][154][155][156]. Moreover, they were identified as robust tools for genetic
manipulation, particularly stable expression of human tau[157]. For inducing tau-toxicity, I
genetically manipulated cells using two constructs, human FL-Tau isoform and its 35 kDa C-
terminal fragment. According to the results obtained from several studies, human FL-Tau
expression induces tau pathology in both mice models and in vitro [158][159][160]. For instance,
N2a[161], HEK293[162], CHO[163], QBI-293[164], SH-SY5Y[165], NIH and 3T3[166] cell
lines have been used for transient and stable expression of full-length tau. Recent evidence
indicated that minimal expression of Tau35, the FL-Tau N-terminally-cleaved fragment,
exacerbated phenotypes of tauopathies in both in vitro (CHO cells) and an in vivo mouse
models[128][167]. This mouse model displayed progressive and profound tauopathy-related key
features and cognitive deficits. Additionally, tau aggregation, aberrant tau phosphorylation,
autophagic/lysosomal dysfunction, synaptic loss, progressive cognitive/motor deficit and reduced
life-span have been identified in this tauopathy model[168]. Pathophysiologically, Tau35 was first
identified in 4R human tauopathy brain samples[169]. This fragment includes all four microtubule-
binding (MTB) and the C-terminal domains of tau and lacks its proline-rich domain [168][128].
Although Tau35 contains all MTB domains, its ability to bind to microtubules is lower than FL-

Tau and disrupts microtubule bundling[128]. Tau35 aggregation tendency is significantly higher
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than longer isoforms of human tau, 2N3R and 2N4R[170][171]. Using immunoblotting and
immunocytochemistry, I first verified overexpression of FL-Tau and Tau35 in pSH-SY5Y and
dSH-SYSY cells.

The confirmation of increased tau phosphorylation is one of the first critical evaluations of the tau
isoforms impact on spontaneous hyperphosphorylation of tau. I targeted three verified disease-
associated tau phosphoepitopes, pThr231, pSer202/pThr205 and pS396/S404 [13]. These residues
were previously shown to be affected in CHO tau-overexpressing cells[128]. However, using the

same antibodies as the previous report, my cells did not show consistent results.
4.2 Overexpression of FL-Tau and Tau35 disrupts cellular

mechanotransduction in dSH-SYSY cells.

I next tested the impact of tau isoforms overexpression on subcellular structural changes. Nuclear
lamina dysfunction is one of the major downstream events of pathogenic tau[76][172][173][145].
Nuclear lamina substantially forms a filamentous meshwork which covers the entire inner surface
of inner nuclear membrane and acts as a scaffold for anchoring of heterochromatic DNA to the
nuclear envelope[174]. Nuclear lamina invagination has been considered as a downstream event
after tau hyperphosphorylation in a Drosophila model of tauopathy, which was mediated by over
stabilization of actin filaments. These invaginations mainly consist of nuclear lamina and
ultimately lead to relaxation of heterochromatic DNA[175]. Studies in human iPSC-derived
cortical neurons with missense and splicing MAPT mutations further confirmed the involvement
of pathogenic tau in induction of nuclear invagination and demonstrated a physical apposition of
tau and microtubules within the invaginated nuclear envelope[76]. Developing an optogenetic-
based oligomeric tau system in primary cortical neurons depicted tau oligomerization disrupts

nuclear membrane and induces nuclear deformity. Studies in PS19 mice and human AD brain
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tissue uncovered lamin B and its receptor were recruited and co-localized with oligomeric tau.
Interestingly, in an aged PS19 mice model, oligomeric tau directly binds to lamin proteins and the
lamin B receptor and induces disruption of the nucleocytoplasmic interface[172].

Cellular mechanotransduction is primarily a cellular response which is triggered by intracellular
or extracellular mechanical signal. Cells can transform these mechanical signals into biochemical
responses[176]. Several cellular compartments have been identified as the key players of nuclear
mechanotransduction, including actin cytoskeleton, LINC complex, nuclear lamina and nuclear
pore complexes[177]. Mechanistically, actin cytoskeleton is the main cytoskeletal compartment
implicated in nuclear mechanotransduction[178]. In cytoplasm, tau protein not only regulates
microtubule assembly and stability but also binds to actin, and protects DNA integrity. Therefore,
when tau is aggregated or oligomerized, these functions can be impaired which leads to
neurodegeneration[179]. This fact also should be considered that regulation of physiologic and
pathogenic tau is complicated and discovering involved factors is not completed yet. Cytoplasmic
actin is identified as one of these prominent tau binding partners. Tau regulates cytoskeleton
integrity through its proline-rich domain where interacts with microtubules and actin
filaments[180]. In terms of f-actin/tau binding, there is another short repeat in MTB domain of tau
where provides a key link between tau/microtubule and f-actin. Investigation of crosstalk between
the actin microfilament network and the microtubule cytoskeleton in Drosophila and mouse
models of tauopathy confirmed that actin cytoskeletal changes occur downstream of tau
phosphorylation and are specific to tau-induced neurotoxicity[181]. Pathogenic tau either
phosphorylated or aggregated appears to have toxic gain of function. Hyperphosphorylated tau
negatively affects formation of kinesin complex through interacting with c-Jun N-terminal kinase-

interacting protein 1(JIP1)[71]. Moreover, in a transgenic Caenorhabditis elegans model of
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tauopathy, loss of function of actin- and microtubule-binding proteins suppressed
neurotoxicity[ 182]. More investigations in Drosophila and mouse models of tauopathy uncovered
the interactions of leucine-rich repeat kinase 2 (LRRK?2) and tau. These results revealed that either
increasing or decreasing Lrrk expression induces tau neurotoxicity and this tau-induced
neurotoxicity ultimately results in over-stabilization of f-actin and altered mitochondrial
dynamics[183]. Consistent with previous findings related to the effects of tau toxicity on
cytoskeleton and neucleoskeleton integrity, I observed that in my in vitro model, overexpression
of both FL-Tau and the pathogenic tau fragment (Tau35) correlates with over-stabilization of f-
actin in the perinuclear region in dSH-SYSY cells. Interestingly, since the f-actin over-stabilization
was more severe in the presence of Tau35, this fragment appears to be associated with exacerbated
phenotype. Due to the direct interactions between f-actin and neucleoskeleton, I also observed
increased number of invaginated nuclear lamina in FL-Tau- and Tau35-overexpressing dSH-
SYSY cells. This result suggests nuclear envelop invaginations and changes in shapes of nuclei

are downstream events of tau aggregation and f-actin over-stabilization.
4.3 Inhibition of JNK is associated with reduced actin over-stabilization and

nuclear lamina damage in dSH-STSY cell.

Hyperphosphorylated tau is one of the major forms of pathogenic tau in which kinases are
involved, extensively. Physiologically, c-Jun N-terminal kinases (JNKs) are critical CNS enzymes
controlling brain functions, while under pathological condition, their activation or phosphorylation
lead to tau phosphorylation[184][185][186]. Regulatory roles of JNK pathway has been studied
widely in various AD models and identified as one of the therapeutic candidates of AD[187]. Tau
can be phosphorylated at multiple sites by JNKs. For instance, Ser202/Thr205 and Ser422 are two

targets of JNKs[188][189]. Phosphorylation at Ser202/Thr205 tau residues is reported to be
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associated with early stage of AD, while Ser422 phosphorylation correlates with tangle
formation[190][191].

SP600125 (Anthra[ 1,9-cd]pyrazol-6-(2H)-one is a synthesized JNK inhibitor which has been used
in both in vitro and in vivo models of AD[192]. According to the published results, SP600125 can
effectively prevent pathological effects of p-JNK up-regulation[46]. For instance, in a
neuroblastoma Neuro2a model of tauopathy, overexpression of FL-Tau increased JNK
phosphorylation and inhibited insulin signaling through activation of JNK and administrating JNK
inhibitor, SP600125, attenuated tau overexpression-induced disruption of insulin signaling
pathway[193]. Based on these results, I hypothesized that dysregulation of cytoskeleton or
nucleoskeleton can be attenuated/inhibited in dSH-SYS5Y cells overexpressing FL-Tau and Tau35.
Therefore, I administrated JNK inhibitor, SP600125, in my in vitro model of tauopathy. SP600125
reduced actin over-stabilization in dSH-ST5Y cells overexpressing Tau-FL and attenuated nuclear

lamina damage in both FL-Tau- and Tau35-overexpressing dSH-ST5Y cell.
4.4 Inhibition of GSK-3pB correlates with reduced actin over-stabilization in

FL-Tau overexpressing cells.

In addition to JNKs, glycogen synthase-3 kinase (GSK-3f) up-regulation is also identified as one
of the factors in driving pathogenic tau[194]. In a model of tauopathy, a selective activation of
GSK3p has been reported in the mice expressing human-derived Tau35 fragment [168]. Inhibition
of GSK-3p protein is extensively applied in preclinical studies in tauopathies[195].

AR-A014418 (N-(4-methoxybenzyl)-N’-(5-nitro-1,3-thiazol2-yl) is a selective GSK3p inhibitor
suppressing tau phosphorylation and tau aggregation[196]. In a tau transgenic mice model of
tauopathy, one month ingestion of AR-A014418 was associated with significant attenuation in tau

pathology, including decreasing tau hyperphosphorylation/aggregation in the brain stem and
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axonal deterioration[196]. Administrating AR-A014418 in differentiated SH-SYSY-TMHT441
cells was associated with inhibition of tau phosphorylation at Ser396[150]. In a cell-based model
of tauopathy, in differentiated rat primary neuronal cortical cell cultures, AR-A014418 reduced
tau hyperphosphorylation at various disease-associated epitopes, including Ser202/Thr205,
Thr238, Ser202, and Thr181[197]. In my experiments, tau hyperphosphorylation has not been
detected in FL-Tau- and Tau35-overexpressing SH-SYSY cells, by immunoblotting analysis of
Thr231, Ser202/Thr205 and Ser396/Ser404 residues. Post-treatment western blot analysis also did
not show consistent results and significant effects of the small molecules on phosphorylation levels
of tau at above-mentioned epitopes. Although hyperphosphorylation of tau is yet an unresolved
question in my study, I investigated the impacts of small molecules on the other pathologic
downstream events of tau over expression. After AR-A014418 treatment, analyzing f-actin status
and invagination levels of nuclear envelope demonstrated f-actin overstabilization were rescued
only in dSH-SY5Y-FL cells, while it was not effective in alleviating nuclear lamina invagination

in all experimental groups.
4.5 Conclusion

In summary, FL-Tau and Tau35 overexpression was induced in neuroblastoma cells in the current
study. This cellular model has been characterized and wused for screening
cytoskeletal/nucleoskeletal alterations in tauopathy. I provided an upstream-to-downstream
charachterization of this cellular model and examined two well-described drug candidates
(SP600125 and AR-A014418) on tau-induced actin stabilization and nuclear envelope status. In
dSH-SYS5Y cell model of tauopathy, FL-Tau and Tau35 overexpression correlates with actin
overstabilization and nuclear envelope invagination. The pathogenic tau fragment, Tau35, is

associated with exacerbated cytoskeleton/nucleoskeleton damages in the cells. inhibiting JNKs can
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significantly alleviate nuclear lamina invagination in both FL-Tau and Tau35 overexpressing cells
and actin stabilization in FL-Tau overexpressing dSH-SYS5Y cells. Although GSK3f inhibition
did not affect neucleoskeleton, it reduced actin overstabilization in FL-Tau overexpressing dSH-
SYSY cells. Taken together, the current study can propose that tau-induced dysregulation of
cytoskeleton and nucleoskeleton could be reversable and this cellular model can provide a tool for
actin/lamin- related drug screening in tauopathies. A more detailed mechanistic characterization
will be necessary to establish the causative role of these structural alterations and those pathogenic
tau-related features which have not been detected in this model, including autophagy-lysosomal

pathway or heterochromatin relaxation.
4.6 Limitation and future direction

The current study has several main limitations. Tau is a major protein in nerve cells and is subject
of several post-translational modifications including phosphorylation. There are tens of residues
that are identified as potential phosphorylation sites that adds to the complexity of the pathology.
I have focused on investigating three major tau hyperphosphorylation-prone residues that are
located in the C-terminal region of the protein. The study method was adopted from a previously
published study in non-neuronal cells. Despite using several technical replicates, and
quantification methods, I did not detect any significant increase in tau phosphorylation levels in
the experimental groups, as was expected from the previous reports. The quantification method
was also the same as the original report as communicated with the corresponding author. Despite
several attempts to establish a few stable tau-transfection cell lines, my attempts to minimize
variations in these experiments were not successful, and I could not obtain data showing significant
increase in tau phosphorylation. To assess tau hyperphosphorylation, I used three different

antibodies that have been successfully used in the previous report. These probes are commonly
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used for tau phosphorylation. This issue inevitably affected the second aim and administration of
kinase inhibitors did not show consistent results.

Another limitation of the study was limiting the assessments only to phosphorylation, as other
post-translational modifications are reported that affect the cytoskeleton organizations. For
instance, modeling FL-Tau overexpression in HeLa cells and transgenic mice, tauKQ and tauWT
mice, Peter Dongmin Sohn et al. demonstrated that tau acetylation can destabilize the cytoskeleton
in the axon initial segment. Acetylated Tau may be mislocalized to the somatodendritic
compartment and cause aberrant activity[198]. Tau glycation is another post-translational
modification that is reported in a neuroblastoma cell model of tauopathy[115], here, administration
of EGCG, a green tea polyphenol, reduced advanced tau glycation and remodeled neuronal
cytoskeletal integrity[115]. These additional tau modifications should be included in the future
evaluation of these cellular models.

Future studies should also include further assessment of kinase inhibitor effects on the observed
changes in cytoskeleton/nucleoskeleton damage in FL-Tau- and Tau35-overexpressing cells. For
instance, examining direct effects of these two small molecules on JNK and GSK3f signaling
pathways and their phosphorylation status before and after treatment would be helpful in verifying
their effects.

Although, nuclear damage in this cellular model was not associated with downstream pathogenic
effects such as DNA methylation of LINE-1, chromatin rearrangement and activation of
transposable elements, including LINE, LTR have been reported in neurodegenerative diseases
and aging[199] [200]. Therefore, future studies should further evaluate the downstream events
after nuclear damage. Additional techniques such as digital PCR (dPCR) and RNA sequencing

will aid it in high throughput detection/quantification of retrotransposons.
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