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ABSTRACT

Neurodegenerative tauopathies represent a heterogeneous group of
central nervous system (CNS) diseases characterized by accumulation of
insoluble neurofibrillary tangles of tau protein, synaptic dysfunction,
neuroinflammation, and progressive neuronal loss, culminating in debilitating
cognitive decline. In recent years, studies have attempted to elucidate potential
mechanisms underlying the pathogenicity of tauopathies, with particular focus on
preventative strategies that may target key initiating factors or events which
occur before the onset of memory loss and neurofibrillary tangle deposits in the
brain. Two such potential initiating events are neuroinflammatory activation and
improper protein sorting via the endosomal-lysosomal trafficking network. This
work describes two novel players in each biological system, the 5-lipoxygenase
proinflammatory pathway and its relevance to the neuroinflammatory response
as well as the endosomal retromer complex in protein recycling. Importantly, we
investigate the contribution of these pathways in the development of tau
accumulation and pathology, with the ultimate goal to demonstrate the
therapeutic potential of these novel players in neurodegeneration.

In current literature, there is great debate whether neuroinflammation
functions as a primary or secondary pathogenic event in tauopathies.
Furthermore, investigating novel pathways which activate inflammation in the
CNS is an integral part of understanding their relevance to neurodegeneration.
Recent studies implicate the proinflammatory 5-lipoxygenase (5LO) enzymatic

pathway as a potential effector of neuroinflammation in Alzheimer's disease



(AD); however, little is known about the role of 5LO on tau pathology in the
absence of amyloid beta. Thus, our work focused on investigating the
contribution of the 5LO pathway in tauoapthy by implementing a genetic
approach to modulate this enzyme in a P301S mouse model of tauopathy and in
neuronal cells.

First, we provide evidence for an age-dependent and region-specific
upregulation of the 5LO pathway (protein, message and activity) in a transgenic
mouse model of tauopathy. Additionally, global genetic deletion of 5LO in this
mouse model results in significant memory improvement, reduces
neuroinflammation in association with reduced tau phosphorylation at specific
epitopes, and improves synaptic pathology. Utilizing the opposite approach by
overexpressing 5LO using AAV2/1, we demonstrate that tau mice given AAV-
5LO perform significantly worse on several cognitive assessments, display
elevated tau pathology and neuroinflammation, and have greater synaptic
pathology. Mechanistically, the effect of 5LO modulation on tau phosphorylation
is dependent on the activity of kinase, cdk5, as confirmed in a neuronal cell line.

Simultaneously, an equally important aspect of tauopathies is the
inefficient sorting and degradation of accumulated proteins in the brain. Improper
degradation of toxic proteins is considered an early event in pathogenesis, and
thus, targeting this aspect of neurodegeneration has received considerable
attention in recent years. One such sorting mechanism, the endosomal retromer
complex, has been implicated in abnormal processing of amyloid precursor
protein (APP) and accumulation of amyloid beta (AB) within endosomes. Most



notably, a small pharmacological chaperone mitigated this retromer-dependent
effect on AB in primary hippocampal neurons. Current studies have only recently
focused on the relationship between the retromer complex and tau
accumulation, thus our aim was to investigate the effects of retromer dysfunction
on the development of the tauopathy phenotype.

First, we assessed that core components of the retromer complex are
down-regulated in two distinct human primary tauopathies in cortical and
hippocampal brain regions. Furthermore, retromer core protein levels are
reduced in an age-dependent and region-specific manner in P301S mice. To
manipulate the retromer complex, first, using a genetic approach, we
demonstrate that knockdown of VPS35 using shRNA AAV resulted in
exacerbation of cognitive and motor learning deficits in P301S mice. This
coincided with greater accumulation of pathological and phosphorylated tau,
increased neuroinflammation, and elevated synaptic pathology. Second, utilizing
TPT-260, a pharmacological stabilizer of VPS35, we demonstrate ameliorated
behavioral performance, reduced tau pathology and neuroinflammation, and
rescued synaptic pathology in P301S mice. Finally, using a neuronal cell line, we
confirm the direct role of VPS35 on tau phosphorylation and accumulation using
genetic and pharmacological manipulation of VPS35, the effect of which, is
mediated by lysosomal protease, cathepsin D.

Taken together, our data reveal a direct role of the 5LO proinflammatory
pathway on tau phosphorylation as well as a VPS35-dependent effect on tau

solubility and pathological accumulation. Importantly, this work highlights the
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relevance of investigating the mechanisms that underscore neuroinflammatory
activation and improper protein sorting in tauopathies and the potential of

targeting these pathways for therapeutic intervention in neurodegenerative

diseases.
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CHAPTER 1
INTRODUCTION
SECTION | : NEURODEGENERATIVE TAUOPATHIES AND IMPLICATIONS OF THE
5-LIPOXYGENASE PATHWAY ON TAU NEUROBIOLOGY

Background

Alzheimer’s disease (AD) remains one of the most prevalent and debilitating
diseases world-wide, leading to a substantial socio-economic burden on society (WHO,
2012). Clinical manifestations of AD include progressive cognitive decline in episodic
memory with generalized behavioral changes, motor impairments, and dependence
occurring in late stages of the disease (Barnes, Wilson, et al. 2005). Since the first
known report of the disease in 1906 (Foley, 2010), AD research has shaped the way in
which the molecular and clinical manifestations of heurodegeneration and the brain-

behavior relationship are understood.

Molecularly, the classic pathological hallmarks of AD, abnormal accumulation of
amyloid-beta (AB) plaques and neurofibrillary tau tangles (NFTs), are evident prior to
observable synaptic dysfunction, neuronal loss, and cognitive decline (Beason-Held,
Goh, et al. 2013; Braak &Tredici 2015). Though, for many years, research efforts have
focused on utilizing preclinical strategies to reduce AR burden in neurons;
amyloidocentric clinical trials have failed to recapitulate preclinical results (Castello,
Jeppson et al. 2014; Morris, Clark et al. 2014). Furthermore, it is becoming increasingly
evident that accumulation of pathogenic tau protein and NFTs correlate to a greater
extent with cognitive impairment than AB (Bejanin, Schonhaut, et al. 2017; Huber, Yee,
et al. 2018). This is particularly relevant when considering the heterogeneity of other

neurodegenerative disorders characterized by pathological tau but not AR accumulation.



A subset of neurodegenerative diseases known as “tauopathies,” encompass a
variety of cognitive disorders characterized by aberrant accumulation of tau-containing
NFTs within neurons and glia. A widely diverse and heterogeneous group of dementias,
often presenting with clinical manifestations that overlap between the disorders,
tauopathies all converge on pathophysiological changes in tau function (Llorens, Lopez-
Gonzalez, et al. 2014). Classification of neurodegenerative tauopathies relies on cellular
deposition of NFTs, tau distribution within specific brain regions, as well as the clinical
correlation between tau deposits and cognitive impairment (Williams, Holton, et al.
2007). Tauopathies can be further classified based on their sporadic or familial origin.
For example, several common tauopathies including Pick’s disease, Progressive
Supranuclear Palsy (PSP), and Corticobasal Degeneration, develop sporadically and are
not associated with any known mutations in the tau gene (Arendt, Stieler, et al. 2016).
However, other tauopathies, such as Frontotemporal Lobar Degeneration (FTLD), arise
from genetic mutations in microtubule-associated tau (MAPT) (Hutton, Lendon, et al.
1998; Dickinson, Kouri, et al. 2011). Thus, elucidating the molecular mechanisms
involved in physiological versus pathological tau accumulation in neurons is paramount
to understanding tauopathy development as well as the potential therapeutic

interventions for these heterogeneous diseases.

Tau Protein in Normal Physiology

Under physiological conditions, tau is a highly soluble, unfolded, monomeric
protein, which functions to stabilize microtubules, thus promoting normal neuronal
function (von Bergen, Barhhorn, et al. 2005). While tau was originally believed to exist
only intracellularly within neurons, it is now evident that tau is present in the extracellular

space as well as in glia (Pooler, Phillips, et al. 2013). In the adult human brain, the tau



gene encodes six isoforms of varying amino acid size, differences of which are based on
C-terminal repeats (three or four, 3R and 4R, respectively). Isoforms are produced by
alternative mRNA splicing of the MAPT gene on chromosome 17g21.31. (Andreadis,
Brown, et al. 1992). During development, each type of tau isoform is differentially
expressed in the brain (Himmler, Drechsel, et al. 1989). Proper microtubule stabilization
and function are crucial to organelle transport and homeostasis. Moreover, the ability
and strength with which tau binds to microtubules and maintains its structure is essential

to axonal transport (Callahan, Vaules, et al. 2002).

Tau regulates axonal transport through several mechanisms, for example,
influencing dynein and kinesin, key motor proteins which transport cargo to the positive
end and negative end of microtubules, respectively (Stamer, Vogel, et al. 2002). Tau
competes with kinesin or dynein for microtubule binding and reduces the binding
frequency of these motor proteins. Additionally, tau seems to play a role in axonal
maturation since knocking down tau in neurons inhibits neurite formation (Caceres &
Kosik, 1990). A small amount of tau is also present in dendrites and dendritic spines as
well; however, to date, the exact role of dendritic tau is not well understood, though
some studies suggest its involvement in synaptic plasticity (Frandemiche, De Seranno,

et al. 2014).

Understanding the mechanisms which underscore tau sorting within cells could
provide insight into the transition between physiological and pathogenic tau. In early
neuronal development, tau is distributed evenly throughout axons and soma; however, in
adult neurons, the localization of tau transitions mainly to axons (Kempf, Clement, et al.
1996). The reasons for this polarization of tau has not been fully elucidated; however,

factors that could initiate this process include differential turnover of tau in soma versus



axons and preferential binding to microtubules in axons of adult neurons (Hirokawa,
Funakoshi, et al. 1996). Importantly, tau sorting seems to be dependent on specific
isoforms of the protein given key differences in cellular distribution of tau, thus missorting

of tau isoforms may initiate toxicity and subsequent neurodegeneration.

Pathological Tau

Unveiling the mechanisms involved in the pathogenicity of tau-mediated
neurodegeneration remains a particularly elusive area of research in neuroscience. In
familial tauopathies, mutations in MAPT induce tau aggregation; however, sporadic
tauopathies follow a less clear path, as loss-of-function, gain-of-function, and
mislocalization have all been linked to tau-induced toxicity. Missense mutations in
MAPT are implicated in several human tauopathies and cause either reduced tau-
binding affinity to microtubules or increased aggregation (Barghorn, Zheng-Fischhéfer,
et al. 2002). Additionally, splicing mutations near intron 10 usually result in an imbalance
of 4R to 3R tau, leading to an increase in aggregation-prone tau. Schoch, DeVos, et al.

2016).

Tau aggregation is also induced by alterations in several post-translational
modifications of the protein, the most notable of which is phosphorylation.
Physiologically, phosphorylation of tau is developmentally regulated, such that the
degree of modification is decreased after fetal development (Kanemaru, Takio, et al.
1992). 85 potential phosphorylation sites exist on the longest isoform of tau, 2N4R, and
in AD and related tauopathies, tau can become hyperphosphoryated due to an
imbalance in kinases and phosphatases which phosphorylate and dephosphorylate tau,
respectively. The consequences of hyperphosphorylation include: synaptic dysfunction

due to missorting of tau to the somatodendritic compartment, impaired autophagic

4



protease degradation, and reduced interaction of tau with its binding partners (Bhaskar,
Yen, et al. 2005; Guillozet-Bongaarts, Cahill, et al. 2006; Hoover, Reed, et al. 2010).
Indeed, hyperphosphorylation of tau precedes aggregation; however, whether
accumulation of phosphorylated tau drives its pathogenicity is highly debated, mainly
due to the heterogeneity of tau phosphorylation sites. While some phospho-tau is more
prone to aggregation, tau phosphorylated on other sites reduces the chances of
aggregation. Additionally, tau aggregates in culture via other cofactors regardless of its
phosphorylation state, indicating that hyperphosphorylation of tau, alone, is insufficient to

induce aggregation (Sahara,Murayama, et al. 2008).

Tau and Neuroinflammation

Besides accumulation of toxic AR and tau proteins, AD and tauopathies present
with both acute and chronic neuroinflammation through astrocyte and microglial
activation, which may enhance disease progression. Microglia are highly dynamic
immune cells responsible for surveillance and clearance of pathogens and cellular debris
from the brain (Griffin, Sheng, et al. 1998). In AD, microglia are closely associated with
AB plaques since their function is to facilitate in clearance of accumulated proteins;
however, during AD progression, microglia display a significant decline in phagocytic
ability but an increase in release of proinflammatory cytokines (Michelucci, Heurtaux, et
al. 2009). Another type of glial cell, the astrocyte, also mediates neuroinflammatory
activation and dysfunction in astrocytes is implicated in neurodegenerative disorders.
Physiologically, astrocytes serve a variety of cellular functions including maintenance of
proper homeostasis, extracellular potassium flux, preservation of blood brain barrier
(BBB) integrity, and neurotransmitter release from neurons (Heppner, Ransohoff, et al.

2015). Pathological conditions instigate irregularities in synaptic transmission through



dysfunction in astrocytic glutamatergic signaling, an event which is implicated in AD

pathogenesis.

Compelling evidence indicates that tau may initiate microglial and astrocytic
activation during neurodegeneration. Frontotemporal dementia patients with a mutation
in human tau show widespread activation in CD68-positive neurons also bearing
hyperphosphoryated tau as well as an evident neuroinflammatory response via
upregulation of interleukin-1f (IL-1B) and reactive GFAP-positive astrocytes (Schofield,
Kersaitis, et al. 2003; Bellucci, Bugiani, et al. 2011). Furthermore, using transgenic
mouse models of tauopathy, microglial and astrocytic activation and proinflammatory
pathways were elevated in pathological tau-containing neurons prior to neuronal loss in
the CNS (Maphis, Xu, et al. 2015; Laurent, Dorothee, et al. 2017). In the opposite
manner, neuroinflammation can also induce the spread of tau pathology. In a mouse
model of AD, intracerebral injection of pro-inflammatory LPS enhanced accumulation of
hyperphosphorylated tau and production of NFTs (Lee, Rizer, et al. 2010). Additionally,
microglial activation occurs prior to NFT formation and is associated with impaired
behavioral performance, dysfunction in synaptic integrity, as well as
hyperphosphorylated tau accumulation (Maphis, Xu, et al. 2015). Together, this

suggests a possible pathogenic loop between tau accumulation and neuroinflammation.

Despite these seminal findings, whether neuroinflammatory activation is a
primary or secondary consequence in these neurodegenerative proteinopathies is still
highly debated. While a host of studies have teased apart potential mechanisms that
may underscore AR pathology in this regard, a lesser known phenomenon is the role of
neuroinflammatory activation in tau pathogenesis. Furthermore, it is important to

consider the relevance of not only CNS inflammatory reactions, but also peripheral



immune cells, such as macrophages, that invade vulnerable brain regions and assist in

propagating neurodegeneration.

Given the vital contribution of neuroinflammation to disease progression and
neurodegeneration, several therapeutic targets have been developed in an attempt to
stifle overt neuroinflammatory activation in neurodegenerative diseases. Some anti-
inflammatory drugs, such as rosiglitazone, have shown efficacy in delaying cognitive
decline in AD and moderate cognitive impairment (MCI) (Watson, Cholerton, et al.
2005). Preclinical studies using non-steroidal anti-inflammatory drugs (NSAIDs) showed
promising results; however the beneficial effects were not carried over during a majority
of clinical trials (Michael, Marschallinger, et al. 2018). For this reason, novel mediators of
the neuroinflammatory pathway are being investigated as potential therapeutic targets to

ameliorate cognitive impairments and tau pathology.

Leukotrienes As Proinflammatory Mediators

Inflammatory lipid mediators constitute a growing area of interest in the
neurodegenerative field. Leukotrienes (LTs), prostaglandins, thromboxanes, and lipoxins
are among a group known as eicosanoids, which are oxygenated, polyunsaturated long-
chain fatty acids released by leukocytes, mast cells, and eosinophils during inflammation
(Ghosh, Chen, et al 2016). In humans, leukotrienes are comprised of five subtypes
including, leukotriene A4 (LTA4), leukotriene B4 (LTB4), leukotriene C4 (LTC4),
leukotriene D4 (LTD4), and leukotriene E4 (LTE4). LTA4 and LTB4 are non-cysteinyl
leukotrienes (lacking the cysteine moiety), which are structurally different from the

cysteinyl leukotrienes (Lam, Penrose, et al. 1994).

Leukotriene synthesis occurs through three major pathways: cytochrome P450,

cyclooxygenase (COX), and lipoxygenase (LOX) (Ghosh, Chen, et al 2016) via
7



metabolism of free arachidonic acid (AA), a 20-carbon fatty acid, which is released from
phospholipids on the cell membrane through cytosolic calcium-dependent cPLA2
(cytosolic phospholipase A2). In the LOX pathway, AA is metabolized to 8-,12- and 15-
HPETE by 12- and 15-LOX or to 5-HPETE by 5-LOX and 5-lipoxygenase-activating
protein (FLAP). 5-HPETE then immediately undergoes dehydration to LTA4, an unstable
intermediate, which is rapidly metabolized to either LTB4 via LTA4 hydrolase (LTA4-H)
or to LTC4 by LTC4 synthase (LTC4-S). Finally, LTC4 is converted to LTD4 and LTE4

(Figure 1) (Drazen, Israel, et al 1999).
The 5-Lipoxygenase (5LO) Inflammatory Pathway

Humans express six isoforms of lipoxygenase (herein referred to as ‘LO’), 5L0,
1210, 12/15L0, 15L0 type 2, 12(R)-LO, and epidermal LO, the prefix numbers of which
correspond to the placement of molecular oxygen within arachidonic acid. During
leukotriene biosynthesis, 5LO has two primary catalytic functions: insertion of molecular
oxygen by dioxygenase activity and epoxide formation via LTA4 synthase activity
(Rakonjac, Fischer, et al. 2006). The 5LO pathwaly is tightly regulated, as activation of
kinase signaling pathways and second messengers, Ca?*and diacylglycerols,
coordinate not only 5LO activation but also cPLA; and the availability of AA as a

substrate for 5LO (Leslie 2004).

5LO and cPLA; are soluble agents in resting cells; however, upon cell activation,
both are translocated to the perinuclear region proximal to the nuclear membrane-
associated 5-lipoxygenase activing protein (FLAP). Following membrane attachment, AA
is freed via cPLA; to be transferred to membrane-5L0 for further metabolism via FLAP
(Werz 2002). Several biological factors determine 5LO activation and catalysis, and
thus, subsequent leukotriene synthesis. Moreover, regulation of 5LO subcellular
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localization, Ca? *-dependent signaling, interaction with FLAP, 5LO phosphorylation,

among other cellular events, all converge in maintaining 5LO biosynthesis (Werz,

Birkert, et al. 2002).
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Figure 1. The 5 lipoxygenase enzymatic pathway.

Following cellular activation, 5LO is transported from the cytosol to the nuclear membrane
where it interacts with the 5LO activating protein (FLAP). This causes oxidation of
arachidonic acid on carbon 5 and generation of 5hydroperoxyeicosatetraenoic acid (5-
HPETE), which can then be converted to 5-hydroxyeicosatetraenoic acid (5-HETE), or
leukotriene A4 (LTA4). LTA4 is metabolized to leukotriene B4 (LTB4) by hydrolase or into
leukotriene C4 (LTC4) by synthase. LTC4 can be transformed into leukotriene D4 (LTD4) by
y-glutamyl transferase-1 and then into leukotriene E4 (LTE4) by LTD4 dipeptidase enzyme.
LTB4 mechanism of action is mediated by binding to leukotriene B receptors (BLT1,and
LTB2),where as the action of LTC4, LTD4 and LTE4 is mediated by their binding to the
cysteinyl leukotriene receptors (CysLT). These events will elicit GPCR-dependent
intracellular signaling resulting in immune activation and inflammatory responses (Adapted
from: Lauretti E, Praticd D. Novel Key Players in the Development of Tau Neuropathology:
Focus on the 5-Lipoxygenase. J Alzheimers Dis. 2018;64(s1):S481-S489).




The 5LO Enzymatic Pathway in Disease

Of the lipoxygenases, 5LO seems to have a significant role in human pathology
given its central role in leukotriene biosynthesis. Indeed leukotrienes elicit a variety of
proinflammatory and immune-related responses, such as chemotaxis and constriction of
smooth muscle cells. Given their inflammatory potency, 5LO and leukotrienes are
implicated in several acute and chronic inflammatory diseases such as, asthma,
rheumatoid arthritis, psoriasis, nephritis, atherosclerosis, and CNS disorders (Whitney,
Ludwin, et al. 2001; Qiu, Gabrielsen, et al. 2006). Possibly the most notable link between
leukotrienes and inflammatory disease comes from experimental evidence of the
contribution of 5LO to asthma. Even low concentrations of leukotrienes can result in
inflammatory edema in the respiratory tract. Several studies confirmed this link between
leukotriene production and asthma, though these findings were only solidified after anti-
leukotriene agents were shown to be potent anti-inflammatory effectors in human

asthma (Drazen, Israel, et al 1999; Montusch & Peters-Golden 2010).

5LO and leukotriene production has been implicated in several other diseases,

such as cardiovascular disease, arthritis, cancer, and CNS disorders. Although the exact
physiological contribution of 5LO in the brain remains incomplete, studies instead focus
on the role of 5LO in pathogenesis of CNS diseases (Kalyvas, David, 2004; Wang, Du,
et al. 2011). 5L0 is expressed on both neurons and glia, regulating synaptic activity and
age-related brain health. Indeed, 5LO levels are upregulated in the hippocampus of
aged mice (Chinnici, Yao, et al 2007). Furthermore, age-related expression of CysLT:R
is elevated in rat neuronal and glial cells in the brain. Basal level of the CysLTRs in the
brain is relatively low; however, the mechanisms governing CysLTR upregulation in

aging and inflammatory conditions remain unclear. In chronic neuroinflammatory
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conditions, CysLTRs regulate the activity of microglia and astrocytes, often inducing their
activation and prolonging the inflammatory response. Administration of anti-leukotriene
drug, zileuton, resulted in attenuation of inflammatory activation (Huang, Zhang, et al

2012).

Several lines of evidence implicate the 5LO pathway in the pathogenesis of AD
and other age-related neurodegenerative diseases. Along with age-dependent regulation
of 5LO, the region-specificity of this enzyme could influence the progression of
neurodegeneration (Uz, Pesold, et al 1998). In post-mortem human brain, 5LO
immunoreactivity is higher in the hippocampus of AD patients compared to healthy
counterparts. Additionally, double-labeling demonstrates immunoreactivity of 5LO in
close proximity with AR plaques and NFTs (Ikonomovic, Abrahamson, et al 2008).
Murine models of AD have also been used to elucidate the importance of 5LO in
pathogenicity in AD. In a traditional mouse model of amyloidosis, Tg2576, 5LO gene
expression was upregulated in the hippocampus of these mice and, reciprocally, ablation
of 5LO reduced A pathology in a region-specific manner (Firuzi, Zhuo, et al 2008).
Notably, genetic knockdown of 5LO in Tg2576 mice resulted in altered y-secretase
activity but no changes in a-secretase or (3-secretase, suggesting a potential specificity

to the 5LO effect on AB processing (Firuzi, Zhuo, et al 2008).

5L0 in Amyloid Beta and Tau Pathology

Our group has demonstrated a y-secretase dependent mechanism underlying
the 5LO-mediated effect on AR pathology. 5-HETE, a key metabolic product of 5LO
activation, directly activates and translocates cAMP response element binding protein
(CREB) to the nucleus. Importantly, CREB controls the expression of y-secretase, which

could influence amyloidogenesis (Chu & Pratico 2011a; Chu & Pratico 2011b).

11



Moreover, 5L0O regulates the function of gamma secretase activating protein (GSAP), an
essential protein for AR production, via caspase-3 cleavage of GSAP into its active
fragment. Importantly, in vivo administration of pharmacological 5LO inhibitor, zileuton,
reduces y-secretase in association with fewer brain AB deposits in a triple transgenic

model of AD, 3xTg mice (Chu, Li, et al 2015).

5L0 activity has also been implicated in tau neuropathology in mouse models of
AD, such that genetic over-expression of 5LO exacerbates tau pathology as well as
cognitive impairments and synaptic pathology (Chu, Giannopoulos, et al 2012).
However, current literature raises the question of whether AB can promote tau
accumulation, therefore, studies using the classic AD mouse lines do not address the

key biological question of how 5LO modulates tau pathology directly, independent of AB.
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SCIENTIFIC RATIONALE AND SPECIFIC AIMS (1)

Tauopathies are a subset of neurodegenerative dementias characterized by
accumulation of pathogenic tau protein, cognitive decline, and neuroinflammatory
activation. Recently, the significance of tau accumulation in neurons and glia has
received considerable attention due, in part, to the fact that tau can be transmitted
between synaptically connected neurons (Wang, Balaji, et al. 2017). Interestingly, the
duality of neuroinflammation in the pathogenesis of tau aggregation and whether it
possesses a primary or secondary role in tauopathy development is not fully understood.
Though previous research has focused on the role of neuroinflammation in the context of
AB accumulation, less is known regarding the contribution of neuroinflammation in tau

pathology.

The 5-lipoxygenase (5L0) enzymatic pathway is responsible for the production of
biologically active, proinflammatory lipid mediators, known as leukotrienes, which have
been implicated in diseases such as asthma, cardiovascular dysfunction, and CNS
disorders. Notably, an FDA approved drug, zileuton, has been efficacious in alleviating
inflammation in some patients with asthma with minor deleterious side-effects. The 5LO
pathway has gained further attention as a potential therapeutic target in AD. Our group
has demonstrated that 5LO modulation influences AR pathology through a y-secretase-
dependent mechanism and pharmacological intervention using zileuton alleviates this
pathology along with neuroinflammation and cognitive impairment (Chu, Li, et al. 2013).
Despite these promising findings, the role of 5LO on the development of tau pathology,
independent of amyloid beta production, is less understood. Thus, we aimed to
investigate whether genetic modulation of 5LO in a mouse model of pure tauopathy,

P301S mice, as well as in neuronal cells would affect the tauopathy phenotype.
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Aim 1: To assess the contribution of the 5LO enzymatic pathway in the development of
tauopathy in a P301S mouse model overexpressing human mutant tau. To this end, we
examined endogenous protein level, mMRNA expression, and activity of 5LO in P301S
cortex, hippocampus, and cerebellum tissue at age time points 2, 5, 8, and 12 months

compared to WT counterparts.

Aim 2: To determine the effect of 5LO genetic modulation on cognition, tau pathology,
synaptic integrity, and neuroinflammation in P301S mice. We developed P301S mice
with a global knockout of 5LO as well as injected newborn pups with AAV2/1 vector
over-expressing 5LO and performed behavioral assays at 10 or 12 months of age. We
investigated 5LO genetic manipulation on tau pathology, synaptic pathology, and

neuroinflammatory markers at the same age time points.

Aim 3: To determine a potential mechanism mediating the effect of 5LO on tau
phosphorylation. Using Neuro2a cells developed to stably express human tau, we
silenced 5L0 using siRNA knockdown and over-expressed 5L0O to assess tau pathology
and phosphorylation via key kinases and phosphatases. We then determined if the 5LO-
mediated effect on tau phosphorylation was dependent on cdk5 using a pharmacological

approach to inhibit cdk5 activity.
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SECTION II: RELEVANCE OF ENDOSOMAL PROTEIN SORTING AND THE

RETROMER COMPLEX IN THE DEVELOPMENT OF TAU PATHOLOGY

Background

Part one of this dissertation focused on the role of neuroinflammatory activator,
5L0, on the development of tau pathology via a cdk5-dependent mechanism. However,
in addition to the pathogenic relevance of hyperphosphoryated tau on the progression of
tauopathy, the clearing and transport efficiency of tau in neurons remains a rather
complex and elusive topic in neurodegenerative disease research. Even with recent
seminal findings demonstrating the extracellular transmission of tau between
interconnected synaptic terminals, the relevance and biological consequences of tau
protein trafficking and its degradation in neurons has yet to be sufficiently investigated
(Wang, Balaji, et al. 2017). Thus, our second focus was on the contribution of
intracellular protein sorting mechanisms, specifically the endosomal-lysosomal system in
tau accumulation and clearance. The goal of this work was to understand the biological
mechanisms governing endosomal clearance of tau via a key, novel player in this

system: the retromer complex.

The Endosomal Retromer Complex

Protein homeostasis is critical to maintaining the integrity of the cellular
proteasome, the disruption of which is linked to several neurodegenerative diseases.
This system is a complex interconnected pathway set in place to traffic cargo for
recycling or degradation and to maintain proper cellular function. The endosomal-
lysosomal system has gained considerable attention recently, particularly in the context
of neurodegeneration. Physiologically, upon entering the endosomal-lysosomal network,

internalized cargo can be routed to two potential destinations: 1) the late endosomes
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and, subsequently, to lysosomes for degradation (via the ESCRT system); 2) the TGN or
the plasma membrane for recycling (via the retromer complex) (Vagnozzi & Pratico
2018). Though the retromer complex was discovered decades ago (Seaman, et al.
1998), it has recently gained attention as a potential regulator in sorting of accumulated

proteins in neurodegenerative disease, and thus, is the focus of the present studies.

The retromer complex is a multimeric protein complex, comprised of a cargo-
recognition core, vacuolar protein sorting 35 (VPS35)/ VPS26/ VPS29 trimer, and sorting
nexin (SNX), which sorts cargo for delivery to the TGN from endosomes (Burd & Cullen
2014). Retromer cargo are sorted via three distinct pathways: 1) the recycling pathway
allows trafficking of cargo from endosome to plasma membrane, which is of particular
significance to neuronal synaptic plasticity, 2) the retrograde pathway to the TGN, which
is essential for proper delivery of proteases and hydrolases to the lysosome, and 3) the
degradation pathway in which cargo is internalized and transported from the plasma
membrane or cytosol to the early endosome (Wassmer, Attar, et al 2009; Harbour,
Breusegem, et al 2010). Under normal conditions, the three sorting pathways function in
tandem to preserve functional balance in the endosomal system; however, any
malfunction could result in irregular protein sorting in the endosomal-lysosomal pathway
and ultimately neurodegeneration (Muhammad, Flores, et al. 2008; Miura, Hasegawa, et

al. 2014).

Structurally, the retromer consists of several complexes functioning
simultaneously. Perhaps the most central component is termed the ‘cargo recognition
core’ of VPS35/VPS26/VPS29, which binds to endosomal membrane proteins. VPS35
serves as a structural backbone for the trimer, binding the other two components,

VPS26 and VPS29 (Fuse, Furuya, et al. 2015). Second, the ‘tubulation complex’
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consists of sorting nexins (SNX), which are recruited to the endosomal membrane by
Rab5-GTP and Rab7-GTP proteins. The recruitment module of the retromer stabilizes
the cargo recognition core as it reaches the plasma membrane. Finally, WAS protein
family homologue (WASH) complex direct cargo to the retromer pathway and away from
the degradative pathway (Figure 2) (Haft, de la Luz Sierra, et al 2000; Harterink, Port, et

al 2011; Harbour, Breusegem, et al 2012).
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Figure 2: Structure and function of the retromer complex in the endocytic system.

Intracellular trafficking of endocytosed material can follow two distinct pathways via the
retromer complex: the recycling pathway (indicated by the red arrow) which shuttles cargo
from the endosome to the plasma membrane for reuse, or the retrograde pathway (indicated
by the blue arrow), which transports material from the endosome to the Trans-Golgi Network
(TGN). The mammalian retromer consists of two major subdomains: a vacuolar protein
sorting-associated protein 35 (VPS35)-VPS26-VPS29 trimeric complex, known as the cargo-
recognition core, and a membrane-associated sorting nexin (SNX) dimer, known as the
tubulation component. Intracellular transport of many transmembrane proteins and cargo
depend on proper function of the retromer complex such as VPS10 receptors and cation-
independent mannose 6-phosphate receptor (CIMPR). The SNX dimer is composed of
SNX1, SNX2, SNX5, and SNX6, which all have a SNX-phox-homology (SNX-PX) domain
and a C-terminal Bin/Amphiphysin/Rvs (BAR) domain and function as a binding partner to
the cargo recognition core. The WASH complex consisting of WAS protein family homologue
1 (WASH1), FAM21, strumpellin, coiled-coil domain-containing protein 53 (CCDC53) and
KIAA1033, directs cargo to the retromer complex and away from the degradation pathway.
(Adapted from: Vagnozzi AN & Pratico D. Endosomal sorting and trafficking, the retromer
complex and neurodegeneration. Mol Psychiatry 2018)
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Dysregulation of the Endosomal System and Retromer in Neurodegeneration

A key aspect in understanding the importance of proper endocytic function in the
brain originates from the fact that neurons have a particularly specialized need for
endocytosis given their polarized morphology and inter-cellular signal transduction.
(Nixon 2005). Due to these synaptic connections, neurons are especially vulnerable to
endocytic pathway insults. Indeed, following neurotransmitter release, synaptic vesicles
must undergo rapid endocytic reformation to maintain proper vesicle numbers.
Furthermore, neurons mediate communication with other cell types via endocytosis.
Extracellular mediators trigger signaling cascades to regulate receptor sorting within
endosomes and these “signaling endosomes” promote neuronal survival and

differentiation (Sorkin, von Zastrow et al 2009).

Given the integral function of the endosomal pathway in cell signaling and
synaptic transmission, it is clear that even indirect dysregulation of this system could
promote neurodegeneration. Improper sorting of proteases and endosomal cargo
towards the lysosome could impede other retrograde signaling events. Indeed
perturbation of the endosomal-lysosomal pathway is a consistent pathological
occurrence in a host of neurodegenerative diseases. Specifically in AD, impaired
vesicular trafficking events have been investigated as potential pathogenic initiators in
disease (Yao, 2004). Early endosomes are the location of initial amyloidogenic
processing of APP by beta-site APP cleaving enzyme 1 (BACE1) and the extent with
which these processing events are completed is dependent on the time that APP is
present within this cellular compartment. Dysfunction of BACEL retrograde transport
from the endosomes to the TGN enhances production of pathogenic fragment, BCTF,

leading to an increase in AR in endosomes (Finan, Okada, et al. 2011). Interestingly,
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even at early stages of AD prior to onset of clinical symptoms, neurons contain enlarged
Rab5-positive endosomes with elevated AR immunoreactivity (Cataldo, Petanceska, et al

2004; Nixon 2005).

Retrograde protein sorting via the retromer complex has also been implicated in
neurodegeneration. However, the association between retromer and AD is, arguably, not
so straightforward. Retromer was first implicated in AD in 2005, when Small and
colleagues utilized microarray analysis to show VPS35 and VPS26 are reduced in the
entorhinal cortex, a region particularly vulnerable to AD pathology (Small, Kent, et al
2005). Later studies investigated several proteins which show correlative expression
with VPS35, the most interesting of which, is SORLA (SORL1), a member of the VPS10-
containing receptor family (Andersen, Reiche, et al 2005; Vardarajan, Bruesegem et al
2012). SORLA is essential for APP transport from endosomes to the TGN, as disruption
of its binding motifs results in increased APP localization to the endosome and thus
increased APP processing into AB peptides within this compartment (Fjorback, Seaman,
et al. 2012). Interestingly, studies reveal conflicting reports on the association between
SORLA and AD, such that, some studies demonstrate an inverse correlation between
SORLA and A in brains from AD patients (Caglayan, Takagi-Niidome, et al. 2014),
while others report no difference in SORLA between AD patients compared to healthy
controls (Sager, Wuu, et al. 2012). Furthermore, in the Tg2576 mouse model of
amyloidosis, deletion of VPS35 increased BACEL1 levels in the hippocampus while
decreasing its recycling to the TGN (Wen, Tang, et al 2011). Recently, our group has
shown an age-dependent and region-specific downregulation of retromer expression in

this same mouse line (Chu & Pratico 2017).
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As recently as 2014, Mecozzi and colleagues were the first to investigate the
retromer as a potential therapeutic target in amyloidogenesis. They found two thiophene
thiourea derivatives that selectively bind and stabilize the retromer complex against
denaturation, thus increasing retromer levels in hippocampal neurons. Importantly, this
elevation was associated with greater APP trafficking out of endosomes and less
neurotoxic AB fragments (Mecozzi, Berman, et al. 2014). Small pharmacological
chaperons, such as these thiophene thiourea compounds, represent a novel and
potentially viable therapeutic strategy to target retromer, since Mecozzi's group confirms
that increasing retromer levels does not lead to cellular toxicity (Mecozzi, Berman, et al.
2014). Collectively, these findings highlight the relevance of investigating the retromer
complex in the context of AD and other neurodegenerative disease. However,
considering the heterogeneity of these diseases, protein accumulation and clearance, as
a whole, must be the focus of current investigative strategies. For this reason, our group

chose to examine the role of the retromer complex on tau pathogenesis.

The relationship between endosomal protein sorting and tau neurobiology is a
rather immature area of research in the neurodegenerative field. Nevertheless, studies
have demonstrated key plausible links that warrant further exploration. Originally thought
to reside only intracellularly, we now know that tau transmission can occur via
endocytosis and uptake of tau occurs in neighboring neurons and glia (Wu, Herman, et
al 2013). Given this finding, it is plausible that dysfunction in any endocytic machinery
could initiate and promote impairment in tau transport. Particularly significant in tau
aggregation, cathepsin D (CTSD) is a lysosomal protease known to degrade tau and its
transport is regulated via retromer receptor, CIMPR, and the endosomal pathway.
Importantly, protein and gene expression levels of this protease are altered in AD and

lysosomal storage disorders (Koike, Nakanishi, et al. 2000; Urbanelli, Emiliani, et al.
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2008), and the loss of CTSD accelerates neurodegeneration and aberrant protein
storage in lysosomes (Steinfeld, Reinhardt, et al 2006). Yet, the question remains
whether defects in protein trafficking via the endosomal-lysosomal pathway, particularly

the retromer, directly modulate tau neurotoxicity and biology.

21



SCIENTIFIC RATIONALE AND SPECIFIC AIMS (1)

Dysfunction in the endosomal-lysosomal trafficking system has recently been
implicated as a potential mediator of neurodegeneration. Efficient intracellular protein
sorting is critical to maintaining cellular homeostasis and proper degradation or recycling
of proteins, receptors, and transporters. The incidence of enlarged endosomes,
concurrent with amyloid beta and tau pathology, is an initial pathogenic event in AD, long
before cognitive impairments become apparent (Cataldo, Peterhoff, et al. 2000).
Particularly important for diseases of cognition, efficient endocytosis is paramount to
proper neurotransmitter signaling and overall synaptic integrity in neurons, thus
disruption of this system may increase neuronal vulnerability to degeneration. While
numerous studies have focused on the protein degradation pathway, several lines of
evidence point to the significance of the recycling pathway, specifically, the endosomal
retromer complex, as a potential novel player in neurodegenerative disease (Vagnozzi &

Pratic, 2018).

The retromer complex, an evolutionarily conserved multimeric system, transports
proteins from the endosome to the trans-Golgi network for recycling. Traditionally, the
pathomechanisms governing retromer-mediated trafficking in disease have revolved
around missorting of amyloid beta. Indeed, several lines of evidence point to the role of
retromer binding partner, SORLA, in APP transport and relegation to the endosome
(Andersen, Reiche, et al. 2005; Fjorback, Seaman, et al. 2012). Yet, very little is known
about the role of VPS35 and the retromer on pathological tau accumulation. Importantly,
investigating this relationship could have far-reaching consequences for not only AD but

also other neurodegenerative diseases associated with tau pathology.
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Aim 1: To characterize the contribution of the retromer pathway in tauopathy
neurobiology. We assessed levels of key retromer components, core trimer
VPS35/VPS26/VPS29, in cortex and hippocampus of two distinct primary human
tauopathies, Progressive Supranuclear Palsy (PSP) and Pick’s Disease, as well as the
P301S mouse model of tauopathy. To further determine endogenous retromer levels in

our mouse line, we assayed retromer core levels in varying age time points.

Aim 2: To determine the effect of modulation of core component, VPS35, on tau
pathology, cognitive impairment, synaptic integrity, and neuroinflammation in the P301S
mouse model of tauopathy. Using a genetic approach, we downregulated VPS35 in
P301S mice using shRNA AAV2/1 injection into newborn mouse pups and assessed
cognition and biochemical changes at 10 months of age. Using the opposite approach,
we treated P301S mice for 6 months (age 4 months to 10 months) with pharmacological
chaperone, TPT-260, known to stabilize VPS35, and assessed cognition and

biochemistry at this timepoint.

Aim 3: To investigate a potential mechanism for VPS35-mediated effect on tau
accumulation. Using N2a-Htau cells, we knocked down VPS35 and assessed
biochemical changes in total and phospho-tau. Additionally, we used subcellular
fractionation to determine if the observed alterations in tau pathology were dependent on
localization to cytosol, endosome, or lysosome. Alternatively, we utilized both genetic
and pharmacological over-expression methods to assess the same parameters of tau
pathology. Lastly, we determined a CTSD-dependent effect of VPS35 on tau pathology

using a specific pharmacological inhibitor of this protease in our cell line.
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CHAPTER 2
MATERIAL AND METHODS

Antibodies and Reagents

Primary antibodies were purchased from the following sources and utilized
according to Table 1: Santa Cruz (Dallas, TX), Abcam (Cambridge, MA), Proteintech
(Rosemont, IL), Novus Biologicals (Littleton, CO), Thermo Fisher Scientific (Waltham,
MA), Biolegend (San Diego, CA), Cell Signaling (Danvers, MA). IRDye 800CW
secondary antibodies for Western Blot analyses were purchased from LI-COR
Bioscience (Lincoln, Nebraska). Alexa Fluor secondary antibodies for
immunocytochemistry were purchased from Invitrogen (Alexa Fluor Donkey anti-mouse
647 Catalog # A-31571; Alexa Fluor Donkey anti-goat 568 Catalog # A-11057). For
immunohistochemistry, avidin—biotin reagents were purchased from Vector Laboratories
(Burlingame, CA) BCA protein assay reagents were purchased from Pierce as part of
Thermo Fisher (cat # 23225). Western Blot reagents including 10% Criterion™ XT Bis-
Tris Protein Gels (#3450112), 3—8% Criterion™ XT Tris-Acetate Protein Gel (#3450131),
and 4x SDS XT loading buffer (#1610791) were purchased from Biorad. Sources for
activity assay experiments are the following: LTB4 ELISA kit (Enzo Life Sciences;
Farmingdale, NY Catalog # ADI-900-068), CTSD Activity Assay kit (Abcam ab65302).
For in vitro experiments the following sources were used: Mouse neuroblastoma (N2a):
ATCC, 5L0O siRNA: Santa Cruz (Catalog # sc-29597), VPS35 siRNA: Thermo Fisher
(Catalog # 4390771), pepstatin A: Sigma (Catalog # P5318), Matrigel: Corning (Catalog

# 356234), TPT-260 (Benjamin Blass, School of Pharmacy Temple University).
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Table 1: List of Antibodies used for Western Blot, IHC, and ICC
Dilutions

Antigen Antibody Catalog number WESTERN | IHC ICC
BLOT

5LO Santa Cruz sc-515821 1:200

VPS35 Abcam ab10099 1:300 1:250

VPS26 Abcam ab23892 1:200

VPS26b Proteintech 15915-1-AP 1:200

VPS29 Abcam ab236796 1:400

CTSD Novus Biologicals AF1029 1:200

CIMPR Abcam ab32815 1:200

HT7 Thermo Fisher MN1000 1:200 1:300

MC-1 Dr. Peter Davies (non- 1:100 1:100 1:50

commercial)

AT8 Thermo Fisher MN1020 1:200 1:150

AT180 Thermo Fisher MN1040 1:100

AT270 Thermo Fisher MN1050 1:200 1:150 1:100

PHF1 Santa Cruz sc-130646 1:100 1:50

PHF13 Cell signaling 9632S 1:200 1:100 1:50

Taul3 Biolegend 835203 1:250

SYP Santa Cruz sc-17750 1:300 1:200

PSD95 Thermo Fisher 51-6900 1:200 1:200

GFAP Santa Cruz sc-33673 1:300 1.250

IBA-1 Wako Chemical Corperation 1:200 1:150

019-19741

HSP90 Abcam ab13492 1:500

Rab5 Abcam ab18211 1:300

LAMP-2 Abcam ab203224 1:250

GSK3ap Santa Cruz sc-7291 1:150

pGSK3af Cell signaling 9331S 1:100

SAPK/JNK [ Cell signaling 9252 1:300

pSAPK/INK | Cell signaling 9251S 1:100

cdk5 Santa Cruz sc-6247 1:300

p35/p25 Santa Cruz sc-820 1:150

PP2A Cell signaling 2039S 1:300

GAPDH Cell signaling 2118S 1:500

B-Actin Santa Cruz sc-47778 1:300

Animal Model

All animal procedures were approved by the Institutional Animal Care and Usage
Committee of Temple University and were in accordance with the National Institutes of

Health guidelines (National Research Council, 2010). The PS19 (encoding the P301S
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mutation under mouse prion protein promoter) mouse line, purchased from Jackson
Laboratories, harboring human mutant microtubule-associated protein tau (MAPT) with
one N-terminal insert and four microtubule binding repeats (1N4R) was used for these
studies. PS19 mice develop an age-dependent accumulation of hyperphosphorylated,
insoluble tau as well as neuronal degeneration in the hippocampus by age eight months
(Jackson Laboratories). By approximately twelve months of age, neuronal loss spreads
to the entorhinal cortex, neocortex, and amygdala (Yoshiyama, Higuchi, et al, 2007). Tau
deposits and formation of neurofibrillary tangles occurs at approximately five months in
several brain regions, including hippocampus, brain stem, spinal cord, neocortex, and
amygdala, prior to observable cognitive defects. Additionally, synaptic dysfunction and
neuroinflammatory activation is prevalent around 6 months (Yoshiyama, Higuchi, et al,
2007). The rationale for using this mouse line is that mice display neurofibrillary tangle
formation in the brain analogous to histological analysis in post mortem tissue of human
tauopathy patients (DeVos, Miller et al. 2017). Additionally, the P301S mutation in
humans is linked with early onset frontotemporal dementia and parkinsonism linked to
chromosome 17, FTDP-17 (Takeuchi, Iba et al. 2011) thus the PS19 mouse model

reliably recapitulates the neuropathology of human tauopathy.

Genetic knockout of 5LO expression in P301S mice

To produce our P301S-5LO KO mouse line, P301S mice were backcrossed for
ten generations with mice lacking 5LO (5LO KO) on the C57BL6 genetic background.
The groups utilized are as follows: Wildtype (WT): P301S -/- mice with 5LO gene
expression (5LO +/+), WT-5L0O KO: P301S -/- mice without 5LO, P301S +/- (mice with
mutated tau transgene) with 5LO, and P301S +/- without 5LO. All mice are age-

matched.
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Preparation and packaging of AAV2/1-5LO vector

AAV2/1 vectors expressing 5LO under the cytomegalovirus enhancer/chicken
actin promoter, a woodchuck post-transcriptional regulatory element, and the bovine
growth hormone poly(A), were generated by plasmid transfection of HEK293T with
helper plasmids for packing in capsid serotype 1. Forty-eight hours after transfection,
cells were harvested and lysed with 0.5% sodium deoxycholate and 50 U/ml Benzonase
(Sigma, St. Louis, MO) by freezing-thawing cycles. Virus was isolated by using a
discontinuous iodixanol gradient and affinity purified on a HiTrap HQ column (Amersham
Biosciences). The genomic titer of each virus was determined by using quantitative real-

time PCR (ABI 7900).

AAV2/1-VPS35 shRNA vector

For AAV2/1-VPS35 shRNA experiments, purified AAV2/1 vectors expressing
VPS35 shRNA (AAV1-GFP-U6-mVPS35-shRNA) or scramble (AAV1-GFP-U6-scrmb-
shRNA) under neuronal-specific promoter, synapsin 1, were purchased from Vector

Biolabs.

AAV2/1 Injection into neonatal mice

For AAV2/1-5L0 experiments, the following groups were utilized for the study for
a total of forty-three pups. Nineteen were injected with AAV2/1-5L0 (7 wildtype P301S-/-
, 12 P301S+/-; 10 Females, 9 Males) and twenty-four were injected with empty vector (9
wildtype P301S-/-, 15 P301S +/-; 13 Females, 11 Males). For AAV2/1-VPS35 shRNA
experiments, the following groups were utilized for the study for a total of thirty-three
pups. Seventeen were injected with AAV2/1-VPS shRNA (8 wildtype P301S-/-, 9

P301S+/-; 10 Females, 7 Males) and sixteen were injected with scramble vector (8
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wildtype P301S-/-, 8 P301S +/- 7 Females, 9 Males). Postnatal day 0 (PO) pups were
cryoanesthetized on ice for 5 minutes. Two microliters of AAV2/1 (1.3 x 10 genome
particles/ml) were bilaterally injected into the cerebral ventricle of newborn mice using a
5 pl Hamilton syringe. The injection site was 2 mm lateral and 1 mm posterior of bregma,
at a depth of 1.5 mm. The needle remained in place for 1 minute after injection. Pups
were then allowed to recover on a heating pad with their original nesting material for 3-5
minutes until recovered from cryoanesthesia, after which they were returned to their
mothers for further recovery. All animals were housed on a 12-h light/dark cycle in a
pathogen-free environment and given regular chow and water ad libitum. Animals were
followed until 10 months of age, when they underwent cognitive behavioral assays.
During this time, mice injected with either empty/scramble or AAV2/1-5L0O / AAV2/1-
VPS35 shRNA did not show any depreciation in general health, growth or weight over

the 10-month time span.
In vivo treatment with TPT-260

For experiments involving TPT-260 treatment in vivo, P301S mice were given
TPT-260 in water at a concentration of 150mg/mL starting at age 4 months using the
following experimental groups: WT-control (N=9; 4 Females, 5 Males), WT-TPT (N=10; 6
Females, 4 Males), P301S-control (N=10; 5 Females, 5 Males), P301S-TPT (N=9; 4
Females, 6 Males). Mice were allowed normal access to water ad libitum and followed
until 10 months of age. While TPT-260 treatment was ongoing, mice were monitored for

changes in weight and general health.
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Behavioral Tests

Prior to all behavioral testing, mice were handled for 3-4 consecutive days by the
experimenter. During cognitive behavioral assays, the experimenter was blinded to the

treatment group as well as the genotype of each mouse.

Y-maze

The Y-maze apparatus consists of three arms 32 cm (long) 610 cm (wide) with
26-cm walls (San Diego Instruments, San Diego, CA). Each mouse was placed in the
center of the Y-maze and allowed to freely explore for five minutes as a measurement of
spontaneous alternating behavior. The sequence and total number of entries were
video-recorded and/or hand-scored. An entry into an arm was considered valid if all four
paws entered the arm. An alternation was defined as three consecutive entries into three
different arms (1, 2, 3, or 2, 3, 1, etc.). Percentage of alternation was calculated using
the following formula: total alternation number/total number of entries—2) x 100. Y-maze
tests were performed with the following experimental groups and compared to each
respective appropriate control group for statistical analysis: P301S-5LO KO, P301S-5LO

AAV, P301S-VPS35 shRNA-AAV, P301S-TPT.

Fear Conditioning

The fear conditioning test was performed on P301S-5LO AAV mice and their
wildtype controls at age 10 months. This behavioral assay targets specific areas of the
brain, including amygdala and hippocampus, and is an associative learning paradigm
(Curzon, Rustay et al. 2009). On the first day of testing (training day), animals were
placed into a conditioning chamber for two minutes before the onset of a 2-second

sound, which was paired with a foot shock. Mice were removed from the chamber 60
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seconds after the shock and on Day 2 were tested for contextual and cued fear
conditioning, which is a measure of 24-hour memory retention. During the Contextual
phase, mice were placed in the same chamber and exposed to the tone but in the
absence of a foot shock. During the Cued phase, the visual and olfactory environment is
altered using white paper to line chamber walls and a peppermint scent before the onset
of the same tone. Conditioning is measured by recording the freezing behavior as the
complete absence of movement both during training as well as testing phases. The
percentage of freezing time is calculated for analysis of contextual and cued fear
memory assessments. Tests were conducted during the same time of day in a
conditioning chamber equipped with black methacrylate walls, a transparent front door, a
speaker, and grid floor (Start Fear System, Harvard Apparatus, Holliston,

Massachusetts).

Morris Water Maze

Morris Water Maze (MWM), a cognitive paradigm designed to assess spatial
learning and memory, targets hippocampus and entorhinal cortex, among other regions,
to mediate this task (D’Hooge & De Deyn, 2001) To perform the MWM cognitive assay,
we used a white circular plastic tank (122 cm in diameter, walls 76 cm high), filled with
water maintained at temperature 22°+2 °C and made opaque by the addition of a
nontoxic white paint. Mice were trained on four consecutive days to find a Plexiglas
platform submerged in water from four different quadrant points. If mice failed to find the
platform within 60 seconds, the experimenter manually guided the mouse to the platform
to remain there for 15 seconds. During the probe trial (Day 5), which consisted of a 60-
second swim in water without the platform present and 24 hours after the last training

session, mice were placed in each of the quandrants and performances were monitored
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using Any-Maze™ Video Tracking System (Stoelting Co., Wood Dale, IL). We aquired
data for the acquisition parameters (latency to find the platform and swimming
distance/speed) and probe trial parameters (including but not limited to number of
entries in the platform zone and time spent in each quadrants). MWM was performed on
the following groups and their appropriate respective wildtype controls: P301S-5LO KO,

P301S-5LO AAV, P301S-VPS35 shRNA AAV.

Novel Object Recognition

Novel Object Recognition (NOR) measures working memory and preference for
novelty and relies particularly on the functionality of the perirhinal cortex (Antunes &
Biala, 2012). Mice were first habituated to an open testing area (empty cage larger than
their home cage) for two consecutive days (10 minutes each time). During the memory
acquisition trial (training trial), each mouse was allowed to explore two identical objects
(A and B) for 10 minutes. For the memory retention phase (probe trial), animals were
exposed for 10 minutes to the presence of one similar object (object A) and one novel
object (a different shape and color; object C). Object exploration time was recorded
when the mouse touched the object directly with its nose, mouth, or forepaws and was
video recorded by Any-Maze™ Video Tracking System. The discrimination index was
calculated as the time spent near the new object divided by the cumulative time spent
with both objects and results expressed as exploration percentage for each object. The
following experimental groups were tested on NOR along with their respective

appropriate wildtype controls: P301S-5LO KO, P301S-VPS35 shRNA AAV, P301S-TPT.

Rotarod

The Rotarod paradigm is often used to investigate neuromuscular coordination

and motor learning ability. Mice were tested on a Rotarod instrument with automatic
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timers and falling sensors (Omnitech Electronics, Columbus, OH, USA) and testing was
performed on four consecutive days. The mice were placed individually on a 30 mm-
diameter rotating cylinder. The length of time the mice remained on the rod was
automatically recorded. The mice underwent six trials per day and the maximal
observation time for each trial was 90 seconds. During the training phase (Days 1-3),
the speed of the rotation was increased gradually from 0 to 15 r.p.m. during the first

15 seconds and held constant at that rate for the rest of the trial (75 seconds). During the
probe (Day 4), the speed of rotation was accelerated gradually from 0 to 90 r.p.m. during
the 90 s of the trial. The amount of time (seconds) mice remained on the rotating rod
was recorded over each of the training days as well as the test day and diminished
motor learning activity was determined as less time spent on the rod. The following
experimental groups were assessed using the Rotarod along with their appropriate

respective wildtype controls: P301S-5L0 AAV, P301S-VPS35 shRNA AAV, P301S-TPT.

Tissue Harvesting/Processing

Following behavioral assessments, mice were sacrificed using CO»-induced
euthanasia methods in accordance with approved protocol from Temple University’s
Institutional Animal Care & Use Committee (IACUC). After CO- inhalation, mice were
perfused with ice-cold 0.9% phosphate- buffered saline (PBS) with EDTA (2mmol/L) at
pH 7.4. Brains were extracted, gently rinsed in cold 0.9% PBS and immediately
dissected into two hemispheres. One half was stored at -80° C for biochemistry analyses
following further dissection into smaller regions and the other half was fixed in 4%
paraformaldehyde diluted in PBS (pH 7.4) for immunohistochemistry as described

below.
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Post-mortem Human Tissue

Frozen human postmortem frontal cortex and hippocampal brain tissues were
obtained from patients with a clinical diagnosis of Progressive Supranuclear Palsy (PSP)
(N=14; 9 females and 5 males) or Pick’s Disease (N=10; 3 females 7 and males) along
with healthy age-matched controls (N=10; 4 females and 6 males). Tissue samples were
provided by the NIH NeuroBioBank with informed consent under approval by the
appropriate institutional review board at each of the following brain banks: UCLA Brain
Bank (WLA VA Medical Center), University of Maryland Brain and Tissue Bank, and
Harvard Brain Tissue Resource Center. Comprehensive information was available
regarding tissue donor neuropathological criteria including age, sex, and post mortem
interval (PMI) and is available in Table 2. Postmortem diagnostic evaluation was

performed in accordance with standard histopathological criteria.
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Table 2: Summary of neuropathological criteria for post-mortem human tissue

Case Age Sex Post Mortem Disease/ Brain Bank Source (via
No. (yrs) Interval (PMI) Diagnosis NIH NeuroBioBank)
4921 73 F 13 Unaffected Control  Maryland Brain Bank?!
5247 64 M 22 Unaffected Control ~ Maryland Brain Bank
5326 62 M 6 Unaffected Control ~ Maryland Brain Bank
5511 80 F 10 Unaffected Control ~ Maryland Brain Bank
5604 73 F 20 Unaffected Control ~ Maryland Brain Bank
5666 65 M 25 Unaffected Control ~ Maryland Brain Bank
5828 66 F 25 Unaffected Control ~ Maryland Brain Bank
5214 61 M 19.5 Unaffected Control ~ UCLA Brain Bank?
5222 61 M 21.8 Unaffected Control  UCLA Brain Bank
5072 83 M 19.5 Unaffected Control ~ UCLA Brain Bank
4585 71 F 26.8 PSP UCLA Brain Bank
4601 69 F 12.3 PSP UCLA Brain Bank
4675 65 F 11.8 PSP UCLA Brain Bank
5299 72 M 11.2 PSP UCLA Brain Bank
5354 65 F 6.8 PSP UCLA Brain Bank
02386 83 M 21.75 PSP HBTRC 3

02597 72 F 22.83 PSP HBTRC

07044 69 M 15.33 PSP HBTRC

07219 67 M 26.9 PSP HBTRC

08394 69 F 28.46 PSP HBTRC

16688 77 F 7.33 PSP HBTRC

17447 67 F 5.83 PSP HBTRC

18293 67 M 30.33 PSP HBTRC

19842 75 F 16.83 PSP HBTRC

4145 69 F 14 Pick’s disease UCLA Brain Bank
3897 68 M 9.5 Pick’s disease UCLA Brain Bank
5008 65 F 15 Pick’s disease Maryland Brain Bank
5153 68 M 5 Pick’s disease Maryland Brain Bank
5722 60 M 26 Pick’s disease Maryland Brain Bank
01036 63 M 26.75 Pick’s disease HBTRC

17897 65 F 20.08 Pick’s disease HBTRC

09786 64 M 14.16 Pick’s disease HBTRC

14890 79 M 11.97 Pick’s disease HBTRC

01483 65 M 20.88 Pick’s disease HBTRC

F = female; M = male; PSP = Progressive supranuclear palsy; *University of Maryland Brain
and Tissue Bank 2Human Brain and Spinal Fluid Resource Center; Harvard Brain Tissue
Resource Center, McLean Hospital
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Immunoblot Analyses

Biochemical analyses were performed using RIPA buffer extraction (soluble proteins) or
sarkosyl extraction (insoluble proteins), depending on the experiment. 25-30mg of tissue
was homogenized in 8-fold 1x RIPA buffer with protease and phosphatase inhibitors
(Santa Cruz) and ultracentrifugation at 4° C, 45,000 r.p.m. for 45 minutes was performed
to separate soluble (supernatant) and insoluble (pellet) fractions. RIPA extracts from
mouse or human brain homogenates were used for Western Blot analyses following
protein concentration determined using the BCA method. Samples were electrophoresed
on 10% Bis—Tris gels or 3—8% Tris—acetate gels (Bio-Rad, Richmond, CA), transferred
onto nitrocellulose membranes (Bio-Rad) utilizing a semi-dry transfer apparatuses (Bio-
Rad), and then incubated overnight at 4° C with the appropriate primary antibodies
diluted in Odyssey Blocking Buffer with Tween-20 (LI-COR P/N 926-68070) (full list of
primary antibodies used per technique is available in Table 1). After three washings of 5
minutes each with Tris-buffered saline with Tween-20, pH7.4 (TBS-T). membranes were
incubated with IRDye 800CW-labeled secondary antibodies (LI-COR Bioscience,
Lincoln, NE) at room temperature for 1 h at a 1:1000 dilution in blocking buffer.
Membranes were developed using the Odyssey Infrared Imaging Systems (LI-
COR Bioscience, Lincoln, Nebraska) and immunoreactivity was determined using Image
Studio analysis (version 5.4). B-Actin or GAPDH were used as internal loading controls
and protein levels were normalized to loading control signal intensities and graphed as

percentage of control.

Sarkosyl Insolubility Assay

To determine insoluble tau levels, ultracentrifugation and sarkosyl extraction (30

minute incubation in 1% sarkosyl) was used to obtain aggregated fractions of total tau.
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Insoluble fractions (pellets) were washed one time with 1% sarkosyl and immunoblotted

with HT7 antibody following Western blotting.
Quantitative real-time reverse transcription—polymerase chain reaction (QRT-PCR)

MRNA expression was determined in WT and P301S mouse cortex and
cerebellum at ages 5, 8, and 12 months as well as in PSP, Pick’s, and healthy control
human brain frontal cortex and hippocampus. RNA was extracted and purified using the
RNeasy mini-kit (Qiagen, Germantown, MD). Briefly, 1 ug of total RNA was used to
synthesize cDNA in a 20 pl reaction using the RT2 First Strand Kit for reverse
transcriptase-PCR (Super Array Bioscience). Human VPS35, VPS26b, VPS29 or mouse
5LO genes were amplified by using the corresponding primers obtained from Super
Array Bioscience. B-Actin was used as an internal control gene to normalize for the
amount of RNA. Quantitative real-time RT-PCR was performed by using Eppendorf® ep
realplex thermal cyclers (Eppendorf, Hauppauge, NY). Two microliters of cDNA was
added to 25 pl of SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA).
Each sample was run in duplicate, and analysis of relative gene expression was done by
using the 2-AACt method (Livak & Schmittgen, 2001). Briefly, the relative change in
gene expression was calculated by subtracting the threshold cycle (ACt) of the target
genes (VPS35, VPS26b, VPS29, 5LO) from the internal control gene (B-actin). Based on
the fact that the amount of cDNA doubles in each PCR cycle (assuming a PCR
efficiency of 100%), the final fold-change in gene expression was calculated by using the

following formula: relative change = 2724,
Subcellular Fractionation

Subcellular localization of total tau, conformational tau, and phosphorylated tau

was determined after VPS35 silencing in N2a-Htau cells. Cellular fractionation was

36



performed to isolate purified cytosol, endosomes, and lysosomes according to the
protocol described by Miura et.al, 2014. Following VPS35 siRNA transfection, 1 x 108
cells were harvested after 72 hours in ice-cold fractionation buffer (10 mM Tris/acetic
acid pH 7.0 and 250 mM sucrose) and homogenate was cleared by three successive
centrifugation steps (500 xg for 2 min, 1000 xg for 2 min and 2000 xg for 2 min). The
supernatant was centrifuged at 4000 xg for 2 min to obtain the plasma membrane and
nuclei in a pellet. The supernatant was then ultracentrifuged at 100,000 xg for 2 min to
pellet the mitochondria, endosomes, and lysosomes. Lysosomes were isolated from the
previous fraction by a 10-min osmotic lysis using 5 times the pellet volume of cold
distilled water. This fraction was then centrifuged again at 100,000 xg for 2 min to obtain
lysosomes in the supernatant and endosomes/mitochondria in the final pellet. Pellets
were resuspended in solubilization buffer (RIPA) and subjected to western blotting as

described above.

Immunohistochemistry (IHC)

Mouse brain half hemispheres were fixed in 4% paraformaldehyde (PFA),
embedded in paraffin and sectioned serially in coronal sections. Paraffin sections were
mounted on 3-aminopropyl triethoxysilane (APES)-coated slides and very eighth section
from the habenular to the posterior commissure (8-10 sections per animal) was
examined. The sections were then deparaffinized, hydrated, rinsed with PBS, and
pretreated with citric acid (10 mm) for 5 minutes for antigen retrieval, then with 3% H202
in methanol for 30 minutes to eliminate endogenous peroxidase activity and finally with
blocking solution (2% normal serum in Tris buffer, pH 7.6). The sections were incubated
with appropriate primary antibody (as indicated in Table 1) overnight at 4°C, with

secondary antibody at room temperature, and developed using the avidin—biotin

37



complex method (Vector Laboratories, Burlingame, CA, USA) with 3,3-diaminobenzidine
(DAB) as chromogen. The software Image-Pro Plus (Media Cybernetics, Inc., Silver
Spring, MD, USA) was used to capture light microscopy images from stained sections
incubated with primary antibody (Table 1). Threshold of optical density which
discriminated staining from background was determined and kept constant for all

guantifications.

LTB4 Assay as an Indirect Measure of 5LO Activity

RIPA extracts from mouse brain homogenates from cortex, hippocampus, and
cerebellum of P301S and their age-matched WT counterparts at age time points 2, 5, 8,
12 months as well as P301S-5LO AAV and their age-matched P301S-empty vector
counterparts were assayed for LTB4 levels by using a specific LTB4 ELISA kit (Enzo Life

Sciences, Catalog # ADI-900-068) following the instructions of the manufacturer.

Cell Culture

Neuro-2 A neuroblastoma (N2A) cells were purchased directly from ATCC
(ATCC® CCL-131™) and were utilized for all in vitro experiments. N2a cells that stably
expressing human tau (N2a-Htau) were used for in vitro experiments. Cells were
cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum, 100 U/mL streptomycin (Mediatech, Herdon, VA) and 100 mg/mL
Hygromycin (Invitrogen, Carlsbad, CA) at 37°C in the presence of 5% CO,. For all
knockdown experiments using SiRNA, cells were seeded in 6-well plates and grown to
70% confluency prior to transfection. Lipofectamine RNAiMax reagent (Invitrogen,
Carlsbad, CA) as well as specific SIRNA or control sSiRNA were separately diluted in
250puL Opti-MEM serum free media (Thermo Fisher catalog # 31985-062) and allowed to

incubate for 5 minutes before being combined and incubated for another 30 minutes.
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Complexes were added drop-wise to cells using serum starvation (Opti-MEM) and
incubated for 4-6 hours, after which media was changed to normal media and incubated
for the remaining 72 hours. For over-expression experiments, a similar methodology was
used with the following variations: empty vector, GFP plasmid (positive control) or the
experimental plasmid was used instead of siRNA, Lipofectamine 2000 (Thermo Fisher

catalog # 11668019) was the transfection reagent, and incubation time was 48 hours.

For 5LO knockdown experiments, 200pmol 5LO siRNA (Santa Cruz catalog # sc-
29597) or control siRNA (Santa cruz catalog # sc-37007) was used. For VPS35
knockdown experiments, 100nM VPS35 siRNA (Thermo Fisher catalog # 4390771) or
control sSiRNA (#4390843) was used. For 5LO over-expressing studies, cells were
transfected with1ug mouse 5LO pcDNA3.1 (Dr. Colin Funk, Queen’s University,
Kingston, Canada), GFP plasmid, or empty vector. For VPS35 over-expression
experiments, with 4ug VPS35 plasmid (generated in house), GFP plasmid, or empty

vector was used and cells collected after 48 hours.

For in vitro experiments using TPT-260 in the N2a-Htau line, cells were grown to
70% confluency in 6-well plates, similar to transfection experiments. Concentrations of
25 pM or 50 uM TPT-260 diluted in normal media were added to cells, incubated for 48
hours, and lysed using RIPA protein extraction methods described above. An exception
to this occurred when determining CTSD activity, whereby cells were lysed using
alternative methods described below. For some VPS35 over-expression studies, cells
were pre-treated with 100uM pepstatin A (Sigma-Aldrich catalog # P5318) 24 hours

before VPS35 plasmid transfection inhibit CTSD activity.
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Cathepsin D Fluorometric Activity Assay

To determine activity of cathepsin D (CTSD) in selected in vitro experiments,
VPS35-transfected or TPT 260-treated N2a-Htau cells were collected after 72 hours and
48 hours, respectively, and CTSD activity was measured using a fluorometric assay Kit,
according to the manufacturer’s instructions (Abcam catalog # ab65302). Cell lysates
were centrifuged at 10,000 x g for 10 minutes at 4°C and the supernatant was collected
to measure activity. CTSD activity was determined by cleavage of the fluorescence
peptide substrate [DnP-DR-MCA, GKPILFFRLK(DnP)-DR substrate peptide labeled with
MCA]. The synthetic substrate is cleaved to release fluorescence, which is then
guantified using a fluorescence plate reader at EX/Em =328/460 nm. Activity is
expressed as relative fluorescence unit (RFU) fold increase of transfected/treated

samples versus control/untreated samples and graphed as percentage of control.

Immunocytochemistry (ICC)

To investigate colocalization of VPS35 and tau, N2a-Htau cells were plated on
Matrigel-coated (Corning) 35 x 10 mm No 1.5 glass-bottom dishes (Eppendorf catalog #
0030740009) and grown to 60% confluence prior to VPS35 siRNA transfection. After a
72 hour incubation, cells were washed with PBS and fixed in 4% paraformaldehyde in
PBS for 20 min at room temperature (RT). After washing several times with PBS and
permeabilizing with 0.2% Triton X-100 in PBS, cells were incubated in blocking solution
(5% normal donkey serum in PBS) for 30 minutes at RT followed by an overnight
incubation at 4 °C with a combination of primary antibodies prepared in 2% blocking
solution in PBS against VPS35 (1:250, Abcam), Taul3 (1:200, Biolegend), PHF13 (1:20,
Thermo), AT270 (1:100, Thermo), and MC-1 (1:50, provided by Peter Davies). After

several washings with PBS, cells were incubated for 1 hour at RT with secondary Alexa
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Fluor 568-conjugated antibody against VPS35 and 647-conjugated antibody against
Taul3, AT270, PHF13 or MC-1 (all at 1:250; Abcam; see Table 1 for further detail). Cells
were then nuclear stained with DAPI, washed with PBS and subsequently maintained in

PBS at 4 °C in the dark until imaging.

Confocal Microscopy

Stained cells were maintained in PBS and imaged under a PLAN APO Lambda
60x oil objective (NA 1.40) on an Eclipse Ti2 microscope using a Galvano scanner and a
GaAsP multi-unit detector on the Nikon A1R Resonant Scanning Confocal System.
Using sequential engagement of the 405, 561 and 640 laser lines and a pinhole size of
23 um, multiple 5 x 5 2-D stitched FOVs were collected from each condition at a format
size of 512 x 512, with a pixel resolution of 0.41um, to determine ROIls comprised of a
minimum of multiple Tau-expressing neurons. Laser power and gain for each laser line
was standardized for each condition and its respective control(s). VPS35 was captured
using a TRITC filter (BP 595/50) and Taul3, MC-1, and Phospho-Tau were captured
using a Cys5 filter (BP 700/75). Upon ROI determination per condition, multiple 25 pm z-
stacks, with a step size of 0.25 um each, were collected at an image resolution of 1024 x
1024 pixels and a pixel resolution of 0.21 um. Captured z-stacks were subsequently
deconvolved in automatic mode and 3-D rendered using Nikon’s NIS-Elements AR
5.02.00 software interface. 3-D renderings were thresholded against the Cy5 channel
(pseudo-colored purple) to capture only Tau, MC-1 or Phospho-Tau expressing cells and
subsequently filtered by size to exclude background and non-cellular artifacts. Cy5
channel mean fluorescence intensity was determined using several Z-stacks from each
group (CTR siRNA and VPS35 siRNA) and results were normalized to percent of

control. For colocalization determination, Tau/MC-1/P-Tau+ cells were further
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thresholded to delineate a final ROI that displayed TRITC (VPS35) positivity, thereby

excluding all TRITC+ signals found in non-Tau expressing cells.

Statistical Analysis

All the data are expressed as mean + standard error of the mean (SEM).
Comparisons between two groups were made using an unpaired two-tailed t-test.
Comparisons between more than two groups were made using a one-way ANOVA with
Bonferoni’s multiple comparisons post-hoc test. p values of <0.05 were considered
statistically significant. All statistical tests were performed using GraphPad Prism either

version 5.0 or 8.0 depending on availability.
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CHAPTER 3

RESULTS (I)

*N.B. The following section is taken from my published paper:

Vagnozzi AN, Giannopoulos PF, Pratico D. The direct role of 5-lipoxygenase on tau
pathology, synaptic integrity and cognition in a mouse model of tauopathy. Transl
Psychiatry. 2017 Dec 18;7(12):1288

Age- and region-dependent up-regulation of the 5LO pathway in P301S mice

We first measured 5L0O protein levels in different brain regions of P301S mice
and age-matched wild type (WT) controls at 2, 5, 8, and 12 months of age (n=6 per
group, per age, equal number males and females). As shown in Figure 3A, levels of 5LO
protein (normalized to actin) were significantly increased in both brain cortices and
hippocampi of P301S mice at 8 months and 12 months of age compared to WT controls
(two-tailed unpaired T test, *p<0.05, **p<0.01). By contrast, no significant differences
were observed between WT and P301S mice at any of the considered time points when
the cerebella were assayed (Figure 3A). To evaluate 5LO activity in the same samples,
we assessed the levels of LTB4, the major metabolite produced by the activation of 5LO.
In comparison to controls, P301S mice showed significantly elevated levels of LTB4
across all age time points (2, 5, 8, and 12 months) in the cortex and hippocampus, while
no changes were seen in the cerebellum at any age considered (Figure 3B; two-tailed
unpaired T-test, *p<0.01, **p<0.001). Compared with the control group, 5LO mRNA
levels were significantly increased in the cortex of P301S mice at 12 months age time
point, but no differences were observed at the other time points considered (Figure 3C;
two-tailed unpaired T-test, **p<0.01). Levels of 5LO mRNA were not different in the

cerebellum between the two groups of mice (Figure 3C).
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Genetic deletion of 5LO ameliorates cognitive deficits in P301S mice

Since our findings indicate an early upregulation of the 5LO pathway in this
mouse model of tauopathy, next we tested whether its genetic absence would affect the
development of its phenotype. To this end, we generated P301S mice genetically
deficient for the 5LO gene, P301S-5L0O KO mice, and compared them with the regular
P301S (5LO +/+), WT controls and WT lacking the 5LO (WT-5LO KO) in the following
behavioral paradigms: Y-maze, novel object recognition, and Morris water maze at two
different age time-points: 10 and 12 months. As shown in Figure 4A and G, no
differences were observed in regard to total number of entries into each arm at either
time points (10, 12 months) among the four groups of mice. Compared to WT and WT-
5LO KO, P301S mice show a decreased percentage of arm alternations in this paradigm
at both 10 and 12 months (one-way ANOVA F(3,20)=3.32 *p<0.05, **p<0.01). However,
despite the fact that P301S-5L0O KO mice showed improvement in the percentage
alternation at both ages, the difference did not reach statistical significance (Figure 4B,

H).

As a second measure of explorative and working memory, mice were tested in
the novel object recognition (NOR) paradigm. During the training phase, no differences
among the four groups of mice were observed at both ages, indicating that mice did not
show preference for one object over another, or one side of the cage (Figure 4C, ).
However, during the probe trial, compared with WT controls with and without the 5L0O,
the P301S mice did not show preference for the novel object compared to the original
object (Figure 4D, J; one-way ANOVA F(3,21)=4.29 *p<0.05). This effect was rescued in

P301S-5LOKO mice, which showed preference for the novel object with exploration
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percentages that were comparable to WT, indicating an amelioration in the working

memory deficit in these mice for both age time-points (Figure 4D, J).

Mice were also tested for spatial learning and memory as measured by the
Morris water maze paradigm. All mice swam with similar proficiency and were able to
visually find the platform. During the training phase, P301S performed worse than WT
mice with and without 5LO on day 3 (10 and 12 month time points) and day 4 (12 month
time point) (Figure 4E, K). However, P301S-5LO KO learned in a manner
indistinguishable from both WT groups at both time-points (Figure 4E, K). In the probe
trial, compared with both WT, P301S mice displayed increased latency to cross the
platform zone at both 10 and 12 months, which was absent in P301S-5LO KO mice

(Figure 4F, L; one-way ANOVA F(3,20)=5.12 *p<0.05).

5L0O genetic absence reduces tau phosphorylation and pathology in P301S mice

Next, we assessed the effect of 5LO genetic deletion on tau phosphorylation and
pathology. To this end, we measured protein levels of total tau and its phosphorylated
isoforms at different epitopes in brain cortex homogenates from P301S and P301S-5LO
KO mice. As shown in Figure 5A, levels of total soluble tau remained unchanged when
the two groups of mice were compared. However, P301S-5L0O KO mice showed a
reduction in phosphorylated tau at Ser202/Thr205, Thr18land Ser396, as recognized
by the antibodies AT8, AT270, and PHF13, respectively (Figure 5A, B; two-tailed
unpaired T-test, *p<0.05, **p<0.01). Confirming the Western blot data, histochemical
staining showed a reduction in phosphorylated tau epitopes immunoreactivity in the
brains of P301S-5LO KO mice compared to controls. (Figure 5C). Additionally, we

examined levels of insoluble tau in P301S mice depleted of 5LO and found a significant

45



decrease in its levels when compared with P301S mice (Figure 5A-C; two-tailed

unpaired T-test, **p<0.01).

To elucidate the potential mechanism that may be driving the changes in tau
phosphorylation in our mouse model, we measured the levels of some key kinases that
are responsible for phosphorylating tau. When comparing P301S and P301S-5LO KO,
while we observed no changes in levels of cdk-5 kinase, a significant reduction in both of
its co-activators p35/p25 was detected (Figure 5D, E; two-tailed unpaired T-test,
*p<0.05, **p<0.01). By contrast, no differences between the two groups were found for
the total or phosphorylated glycogen synthase kinase 3-a (GSK3-a) and GSK3-f3, total
and phosphorylated stress-activated protein kinase (SAPK/JNK), and protein

phosphatase 2A (PP2A) (Figure 5D).

Synaptic pathology in P301S mice is rescued by genetic absence of 5LO

Dysfunction in synaptic integrity often correlate with accumulation in phospho-tau
and neurofibrillary tangles and is associated with cognitive decline. Thus, we
investigated whether biomarkers of synaptic integrity were affected by 5LO deletion in
P301S mice. Compared to P301S mice, the P301S-5LO KO mice display enhanced
steady state levels of two major synaptic proteins: synaptophysin and post-synaptic
density protein-95 (PSD-95) (Figure 6A, B; two-tailed unpaired T-test, *p<0.05,
**p<0.01). These results were also supported by the findings of the
immunohistochemical analyses on brains sections from the two groups of mice showing
an increase in the reactivity for both synaptophysin and PSD95 proteins in brain sections

from P301S-5L0 KO versus P301S mice (Figure 6C).
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Neuroinflammation in P301S mice is modulated by 5LO

Compared with controls, P301-5LO KO mice had a significant decrease in the
steady state levels of the glial fibrillary acidic protein (GFAP), a marker of astrocytes
activation and ionized calcium-binding adapter molecule 1 (IBA-1), a marker of microglia
activation; both indicators of neuroinflammatory reactions (Figure 6D, E; two-tailed
unpaired T-test, *p<0.05). Immunohistochemical analyses confirmed our western blot

findings, showing a decrease in reactivity for GFAP and IBA-1 protein (Figure 6F).

*N.B. The following section is taken from my published paper:

Vagnozzi AN, Giannopoulos PF, Pratico D. Brain 5-lipoxygenase over-expression
worsens memoaory, synaptic integrity, and tau pathology in the P301S mice. Aging Cell.
2018 Feb;17(1)

5LO gene transfer exacerbates behavior and motor deficits in P301S mice

Using the opposite approach, AAV2/1 vector was injected into newborn P301S
pups to overexpress 5L0. To investigate the effect of 5LO gene transfer on cognition,
10-month old mice were first tested on Y-maze to assess working memory. Importantly,
mice showed no differences in general locomotor activity as measured by the total
number of arm entries (Figure 7A). Conversely, P301S mice receiving AAV-5LO
(P301S-AAV 5L0) had significantly lower number of arm alternations compared to
P301S mice receiving empty vector (Figure 7B; one-way ANOVA F(3,39)=12.82,
*p<0.05, **p<0.01). No significant differences were observed between WT groups
receiving empty or AAV-5L0 vector (Figure 7A, B). When mice underwent fear
conditioning, no differences were seen between mice receiving empty vector or AAV-
5LO during the training phase. While there were no significant differences observed
when groups were tested on contextual recall, P301S mice showed significantly
decreased freezing percentage during cued recall compared to WT counterparts, which

was further reduced in the P301S-AAV 5LO mice (Figure 7C, D; one-way ANOVA
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F(3,38)=9.413, *p<0.05, **p<0.01, **p<0.001). Mice were also tested on the Rotarod to
assess motor learning and ability. First, across groups, mice did not show baseline
motor issues, as they spent comparable time on the rod during the training phase.
However, P301S mice displayed greater motor learning deficits compared to WT
counterparts throughout each training day, with AAV-5LO overexpression exacerbating
these deficits (Figure 7E-G). Similarly, during the probe test on Day 4, P301S-5L0O
showed decreased motor function compared to both WT and P301S mice given empty
vector (Figure 7H; one-way ANOVA F(3,236)=17.54, *p<0.05, **p<0.01). Lastly, mice
were assessed on spatial learning via the Morris Water Maze paradigm. During the
training phase over four consecutive days, P301S mice performed worse than their WT
counterparts regarding time required to find the platform (Figure 7 ). Importantly, this
deficit was exacerbated in mice treated with 5LO AAV on Days 3 and 4 when compared
to P301S mice. During test day, as expected, P301S mice had a lower number of entries
(one-way ANOVA F(3,39)=12.70, *p<0.05, ***p<0.001 and a reduced time in the
platform zone (one-way ANOVA F(3,39)=7.922, **p<0.01, ***p<0.001) however, these
aspects were exacerbated in the P301S-AAV 5LO mice group (Figure 7J, L).
Additionally, P301S-AAV 5LO mice took longer to find the platform than their WT
counterparts as well as P301S control (Figure 7K; one-way ANOVA F(3,39)=8.67,

**p<0.01, **p<0.001).

5LO gene transfer results in 5LO over-expression and neuroinflammation in

P301S mice

Confirming the 5LO transgene expression in the brains of our P301S mice, we
found a ~70% increase in 5LO protein level in P301S-AAV 5L0O compared with vector

controls (Figure 8A, B, two-tailed unpaired T-test, **p<0.01) , as well as a 60% increase
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in 5LO activity as measured by Leukotriene B4 (LTB4) levels in the brains of the same
mice (Figure 8C; two-tailed unpaired T-test, *p<0.05). Compared with controls, P301S-
AAV 5LO mice had a significant increase in neuroinflammation as shown by the elevated
steady state levels of the glial fibrillary acidic protein (GFAP), a marker of astrocytes
activation, and ionized calcium-binding adapter molecule 1 (IBA-1), a marker of microglia
activation (Figure 8D, E; two-tailed unpaired T-test, *p<0.05). Immunohistochemical
analyses confirmed the western blot findings, showing an increase in immunoreactivity

for GFAP and IBA-1 protein (Figure 8F).

5LO over-expression modulates tau phosphorylation and pathology

Next, we assessed the effect of 5LO over-expression on tau phosphorylation. To
this end, we measured protein levels of total tau and its phosphorylated isoforms at
different epitopes in brain cortex homogenates from P301S mice or P301S-AAV 5L0.
As shown in Figure 9A, levels of total soluble tau, measured by HT7, remained
unchanged when the two groups of mice were compared. However, P301S-AAV 5L0
showed an increase in phosphorylated tau at Ser202/Thr205 and Ser396/S404, as
recognized by the antibodies AT8 and PHF1, respectively (Figure 9A, B; two-tailed
unpaired T-test, *p<0.05, **p<0.01). Additionally, we found that compared to brains from
P301S controls, the ones from P301S-AAV 5LO mice had elevated levels of insoluble
tau (Figure 9A, B), as well as immunoreactivity to the antibody MC-1 which, by
recognizing N-terminal amino acids 7-9 and C-terminal amino acids 312—-32 of the tau
protein, is thought to detect changes in tau conformation (two-tailed unpaired T-test,
*p<0.05). Confirming the Western blot data, histochemical staining showed greater

phosphorylated tau epitopes and MC-1 immunoreactivities in the brains of P301S-AAV
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5LO mice compared to P301S controls, while no changes were seen in total soluble tau

as measured by HT7 (Figure 9C).

To elucidate the potential mechanism that may be driving the changes in tau
phosphorylation, we measured the levels of some key kinases that are responsible for
phosphorylating tau. As shown in Figure 9D, while we observed no significant changes
in levels of cdk-5 kinase, an increase in both of its known co-activators, p35 and p25,
was detected in P301S-AAV 5L0 brains when compared with P301S (Figure 9D, E; two-
tailed unpaired T-test, *p<0.05, **p<0.01), indicating an increase in activity of the cdk5
pathway. By contrast, no differences between the two groups were found for the total or
phosphorylated glycogen synthase kinase 3a (GSK3a) and GSK33, total and
phosphorylated stress-activated protein kinase (SAPK/JNK), and protein phosphatase

2A (PP2A) (Figure 9D).

5LO over-expression affects synaptic integrity

Cognitive deficits as well as tau phosphorylation is often associated with changes
in synaptic integrity. Thus, we investigated whether biomarkers of this aspect of the
synapse were affected by 5LO gene over-expression in P301S mice. Compared to
P301S mice, the mice over-expressing 5LO manifested a significant decreased in the
steady state levels of synaptophysin, a pre-synaptic marker, as assayed by both western
blot and immunohistochemistry (Figure 10A-C; two-tailed unpaired T-test, *p<0.05).
Conversely, no changes were observed between the two groups when measuring levels

of post-synaptic density protein 95 (PSD-95) (Figure 10A-C).
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Down-regulation of 5LO reduces tau phosphorylation in vitro

To determine a potential mechanism for the effect we observed of 5LO
modulation on tau pathology in vivo, N2a cells stably expressing human tau were
transiently transfected with 5LO siRNA, empty vector, or control siRNA for 72 hrs. At this
time point, compared with control cells, cells receiving 5LO siRNA had a significant
decrease in the steady state levels of 5LO protein (one-way ANOVA F(2,20) =14.05),
which was accompanied by a similar reduction in its enzymatic activity, as shown by the
lower levels of LTBj4 in the supernatant (Figure 11A-C; one-way ANOVA F(2,21) =8.382).
No changes were observed for the amount of total tau protein between the two groups.
However, we observed that cells with 5LO down-regulation had a statistically significant
decrease in the phosphorylated tau isoforms at epitopes Ser202/Thr205, Thr181 and
Ser396, as recognized by the antibodies AT8, AT270, and PHF13, respectively (Figure
11D, E; one-way ANOVA F(2,23) =12.85, one-way ANOVA F(2,21) =7.43; one-way
ANOVA F(2,21) =9.15). Under this experimental condition, we observed that steady
state levels of cdk5 as well as the levels of its two main co-activators, p35 and p25, were

significantly reduced in the same cells (Figure 11F, G).

The 5LO-mediated effect on tau phosphorylation is dependent on cdk5

To corroborate our in vivo overexpression studies, N2a cells stably expressing
human tau were transiently transfected with empty vector or 5LO pcDNAS.1 for 48
hours. At this time point, compared with control cells, cells receiving 5LO plasmid had a
significant increase in the steady state levels of 5LO protein (two-tailed unpaired T-test,
***p<0.001), which was accompanied by a similar increase in its enzymatic activity, as
shown by the higher levels of LTB, in the supernatant (two-tailed unpaired T-test,

**p<0.01) (Figure 12A-C). No significant changes were observed for the amount of total
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tau protein between the two groups. However, we observed that cells with 5LO over-
expression had a statistically significant increase in the phosphorylated tau isoforms at
epitopes Ser202/Thr205, Thr181 and Ser396, as recognized by the antibodies ATS,
AT270, and PHF13, respectively (Figure 12D, E; two-tailed unpaired T-test, *p<0.05,
**p<0.01). Under this experimental condition, we observed that steady state levels of
cdk5 as well as the levels of its co-activators, p35 and p25 were significantly enhanced

in the same cells (Figure 12F, G; two-tailed unpaired T-test, *p<0.05, **p<0.01).

To further elucidate the intersection of 5LO and cdk5 and the observed effect on
tau pathology, we used a pharmacological approach. N2a cells stably expressing human
tau were pretreated with a specific cdk5 inhibitor, roscovitine (20 uM), 24 hours before
5LO over-expression and the same parameters as above were assessed (Zhang et.al
2004). This concentration was chosen based on previous studies conducted by our
group (Chu, et.al, 2012). Specifically, we found that this concentration and incubation
time produced the most efficient effect of reducing cdk5 activity by using the cdk5 assay
kit. As seen in Figure 12H,l, we observed that roscovitine reduced the levels of p35/p25
in cells over-expressing 5LO (one-way ANOVA F(3,20)=15.86; F(3,20)=13.54) and this
effect was associated with a significant reduction in phosphorylated tau as recognized by

antibodies AT8, AT270, and PHF13 (Figure 12H, I).
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Figure 3: The 5LO pathway is upregulated in the brains of P301S mice in a region-specific and
age-dependent manner. A) Densitometric analyses of the western blots for 5LO protein levels in
brain cortex (CTX), hippocampus (HIPP) and cerebellum homogenates from wild type (WT) and
P301S mice at 2, 5, 8 and 12 months of age (*p < 0.05, **p <0.01, N=6 per group). B) Levels of
LTB4 measured by a sensitive and specific ELISA assay in cortex (CTX), hippocampus (HIPP)
and cerebellum from WT and P301S mice at 2, 5, 8 and 12 months of age (*p <0.01,

**p <0.001). C) Quantitative real-time reverse transcription—polymerase chain reaction (QRT-
PCR) analysis of 5LO mRNA in brain cortex (CTX) and cerebellum of WT or P301S mice at 5, 8
and 12 months of age (**p <0.01). All results are mean £ SEM and analyzed using a Two-tailed T-
test (n =6 per group)
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Figure 4: Genetic deletion of 5LO ameliorates cognitive deficits in P301S mice. A, C) Total
number of arm entries for WT, WT/5LO KO, P301S and P301S/5LO KO mice at 10 and 12 months
of age during the Y-maze test. B, D) Percentage of alternations for each of the above group of
mice (*p <0.05, **p < 0.01). E,G) Percent exploration time during acquisition memory phase
(training) of the novel object recognition test (NOR) for the four groups of mice. F, H) Percent
exploration for the novel object during retention memory phase (testing phase) for each of the
above group of mice at 10 and 12 months of age (*p <0.05). |, K) Training phase of Morris water
maze (MWM) as measured by latency to reach the platform zone at 10 and 12 months of age for
each group (WT, WT/5LO KO, P301S, P301S/5L0O KO), over four consecutive days (*p <0.05). J,
L) In the probe trial we measured the latency to initial platform crossing for the four groups at
10 and 12 months of age (*p < 0.05). All values are expressed as mean * SEM and analyzed using
one-way ANOVA with Bonferoni post-hoc analysis (n=9-10 in each 10-month group, n=7-8 in
each 12-month group)
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Figure 5: Genetic absence of 5LO modulates tau phosphorylation in P301S

mice. A) Representative western blot analyses for soluble tau and insoluble tau (HT7) and
phosphorylated tau at residues Ser202/Thr205 (AT8), Thr181 (AT270) and Ser396 (PHF13) in brain
cortex homogenates from P301S and P301S/5LO KO mice at 12 months of age. B) Densitometric
analyses of the immunoreactivities to the antibodies shown in panel a (*p <0.05). Results are
mean = SEM (N =6 per group). C) Representative images of immunohistochemical staining of the
cortex (CX) and hippocampus (HIPP) (CA1) region of P301S and P301S/5LO KO mice for HT7,
AT8, AT270 and PHF13 antibodies (scale bar =50 um). D) Representative western blot analyses
for cyclin-dependent kinase (cdk)5, p35, p25, glycogen synthase kinase (GSK3a, GSK3a,
pGSK3a, pGSK3B), stress-activated protein kinase/jun amino terminal kinase (SAPK/INK1,
SAPK/INK2, p-SAPK/INK1, p-SAPK/INK2) and phosphatase protein-2 (PP2)A protein levels in
brain cortex homogenates from P301S and P301S/5L0 KO mice. E) Densitometric analyses of the
immunoreactivities to the antibodies from panel d (*p <0.05, **p <0.01; n=5 per group). All
results are mean * SEM and analyzed using a two-tailed T-test
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Figure 6: Genetic absence of 5LO ameliorates synaptic pathology and neuroinflammation in
P301S mice. A) Representative western blot analyses for synaptophysin (SYP) and postsynaptic
density protein-95 (PSD95) in brain cortex homogenates from P301S and P301S/5L0O KO mice at
12 months. B) Densitometric analyses of the immunoreactivities shown in the previous panel
(*p <0.05, *p <0.01) (n =5 per group). C) Representative images of immunohistochemical
staining in the cortex (CX) and hippocampus (HIPP) (CA1 region) for SYP and PSD95 in P301S
and P301S/5L0O KO mice at 12 months of age. D) Representative western blot analyses for glial
fibrillary acidic protein (GFAP) and ionized calcium-binding adapter molecule 1 (Ibal) in brain
cortex homogenates from P301S and P301S/5LO KO mice at 12 months. E) Densitometric
analyses of the immunoreactivities shown in the previous panel (*p < 0.05) (n =4 per group). All
values are mean * SEM and analyzed using a two-tailed T-test. F) Representative images of
immunohistochemical staining in the cortex (CX) and hippocampus (HIPP) (CA1 region) for
GFAP and Iba1 in P301S and P301S/5LO KO mice at 12 months of age (scale bar=50um
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Figure 7: 5LO gene over-expression modulates behavior in P301S mice. A) Total number of
arm entries for WT, WT-5LO, P301S, and P301S-5LO mice at 9 months of age during the Y-
maze test. B) Percentage of alternations for each of the above group of mice. C) Fear
conditioning contextual phase for the four groups of mice. D) Fear conditioning cued phase
for each of the above group of mice. E-G) Rotarod training phase over three consecutive
days . H) Probe trial for the Rotarod. I) Training phase of Morris water maze (MWM) as
measured by latency to reach the platform zone over four consecutive days . J-L) In the
probe trial, we measure the number of entries to platform zone, latency to initial platform
crossing, and time spent in platform zone for the four groups. All values are expressed as
mean = SEM and analyzed using one-way ANOVA with Bonferoni post-hoc analysis (n =9
WT, 7 WT-5L0O, 15 P301S, and 12 P301S-5L0).
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Figure 8: Brain over-expression of 5LO modulates neuroinflammation in P301S
mice. A) Representative Western blot analyses for 5LO in brain cortex
homogenates from P301S and P301S-5LO mice. B) Densitometric analyses of the
immunoreactivities to the antibodies shown in panel A (**P <0.01; n =6 per
group). C) LTB4 levels in brain cortex homogenates from P301S and P301S-
5LO mice (*P < 0.05; n =5 per group). D) Representative Western blot analyses
for glial fibrillary acidic protein (GFAP) and ionized calcium-binding adapter
molecule 1 (Iba-1) in brain cortex homogenates from P301S and P301S-

5LO mice. E) Densitometric analyses of the immunoreactivities shown in the
previous panel (*P < 0.05; n =4 per group). All results are mean + SEM and
analyzed using a two-tailed T-test. F) Representative images of
immunohistochemical staining in the hippocampus (HIPP) (CA1 region)

for GFAP and Iba-1 of P301S and P301S-5LO mice (Scale bar = 50 pm).
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Figure 9: 5LO regulates tau phosphorylation and metabolism in the brain of P301S mice. A)
Representative Western blot analyses for soluble tau and insoluble tau (HT7), MC1, and
phosphorylated tau at residues S202/T205 (AT8), T181 (AT270), and S396/S404 (PHF1) in brain
cortex homogenates from P301S and P301S-5LO mice. B) Densitometric analyses of the
immunoreactivities to the antibodies shown in panel A (*P <0.05, *P < 0.01; n = 5 per group)
C) Representative images of immunohistochemical staining of the hippocampus (CA1 region)
of P301S and P301S-5LO mice for HT7, MC-1, AT8, AT270, and PHF1 antibodies. (Scale

bar =50 ym). D) Representative Western blot analyses for cyclin-dependent kinase (cdk)5,
p35, p25, glycogen synthase kinase (GSK3a, GSK3a, p-GSK3a, p-GSK3B), stress-activated
protein kinase/jun amino terminal kinase (SAPK/INK1, SAPK/INK2, p-SAPK/INK1, p-
SAPK/JINK?2), and phosphatase protein-2 (PP2)A protein levels in brain cortex homogenates
from P301S and P301S-5LO mice. E) Densitometric analyses of the immunoreactivities to the
antibodies from panel D (*P < 0.05, **P < 0.01; n =5 per group. All results are mean + SEM and
analyzed using a two-tailed T-test.

60




P301S-AAV
P301S 5L0

38kDa gy oy oy o e Y
105kDa (g ) 0 8560 e S8 >0

42 kDa Ve ey " g G S Actin

»n
$

3 P301S EH P301S 5LO

% of CTRL
g &

8

o

SYP PSD95

C P301S-AAV
P301S 5L0

SYP

PSD95

Figure 10: 5LO over-expression affects synaptic integrity in the P301S mice. A)
Representative Western blot analyses for synaptophysin (SYP) and postsynaptic
density protein 95 (PSD95) in brain cortex homogenates from P301S and P301S-
5LO mice. B) Densitometric analyses of the immunoreactivities shown in the
previous panel (*P < 0.05; n =4 per group. All results are mean * SEM and
analyzed using a two-tailed T-test. C) Immunohistochemical analyses for the
antibodies shown in panel A. (Scale bar: 50 pm)
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Figure 11: Downregulation of 5LO decreases tau phosphorylation. N2A neuronal cells stably
expressing human tau protein were transiently transfected with empty vector, control siRNA or
5LO siRNA for 72 h, and supernatants and cells lysates harvested for biochemistry. A)
Representative western blot analysis for 5LO protein in cells lysates transfected with mouse 5LO
siRNA (200 pmol), empty vector or control siRNA (CTR). B) Densitometric analyses of the
immunoreactivity to the antibody shown in previous panel (***p <0.001). C) Levels of LTB4 in
conditioned media from the same cells described in the previous panel (**p <0.01). D)
Representative western blot analysis for total tau (HT7) and phosphorylated tau at residues
Ser202/Thr205 (AT8), Thr181 (AT270) and Ser396 (PHF13) in lysates from the same

cells. E) Densitometric analyses of the immunoreactivities to the antibodies shown in

panel d (*p<0.05, **p <0.01). F) Representative western blot analyses cdk5, p35 and p25,
glycogen synthase kinase (GSK3a, GSK3a, pGSK3a, pGSK3p), stress activated protein
kinase/jun amino terminal kinase (SAPK/INK1, SAPK/INK2, p-SAPK/JNK1, p-SAPK/INK2) and
phosphatase protein-2 (PP2)A protein levels in lysates from 5LO siRNA or control transfected
neuronal cells. G) Densitometric analyses of the immunoreactivities to the antibodies for cdk5,
p35 and p25 shown in panel e (*p <0.05, **p <0.01, n=3 per conditions, in duplicate). All results
are mean * SEM and analyze using a two-tailed T-test
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Figure 12: 5LO modulates tau phosphorylation by a cdk5-dependent mechanism. N2A neuronal
cells stably expressing human tau protein were transiently transfected with empty vector or
human 5LO pcDNA3.1 for 48 h, and then, the supernatants and cell lysates were harvested for
biochemistry. A) Representative Western blot analysis for 5LO protein in cells lysates transfected
with 1 pg empty vector (CTR), or 5LO plasmid (5LO). B) Densitometric analyses of the
immunoreactivity to the antibody shown in previous panel (***P < 0.001, N=6 per group). C)
Levels of LTB4 in conditioned media from the same cells described in the previous panel

(**P < 0.01). D) Representative Western blot analysis for total tau (HT7) and phosphorylated tau at
residues S202/T205 (AT8), T181 (AT270), and S396 (PHF13) in lysates from the same cells. E)
Densitometric analyses of the immunoreactivities to the antibodies shown in panel D (*P < 0.05,
** P < 0.01). F) Representative Western blot analyses of cdk5, p35, and p25 protein levels in
lysates from control (CTR) or 5LO transfected neuronal cells. G) Densitometric analyses of the
immunoreactivities to the antibodies shown in panel F (*P < 0.05). Results are mean + SEM using
two-tailed T-test analysis (n = 2 per condition, three individual experiments). H) Representative
Western blots of cdk5, p35, p25, total tau (HT7), phosphorylated tau at residues S202/T205 (AT8),
T181 (AT270), and S396 (PHF13) in lysates from cells transfected with 5LO or vector control
(CTR) in the presence or absence of roscovitine (20 pm) for 24 h. I) Densitometric analyses of the
immunoreactivities to the antibodies shown in the previous panel (*P < 0.05 vs. control; **P < 0.01
vs. control; ***P < 0.001 vs. control; #P < 0.05 vs. 5-LO; #P < 0.01 vs. 5L0O). Values represent
mean + SEM and results were analyzed using a one-way ANOVA with Bonferoni post-hoc test.
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RESULTS (1)

*N.B. The following section is taken from my paper accepted to Molecular
Psychiatry on April 11, 2019:

Vagnozzi AN, Li JG, Chu J, Razmpour R, Warfield R, Ramierz SH, Pratico D. VPS35
regulates tau phosphorylation and neuropathology in tauopathy.

VPS35 is down-regulated in two human tauopathies

We assessed protein levels of VPS35 and the other two components of the
retromer recognition core, VPS26b and VPS29, in human post-mortem brain tissues
from patients with Progressive Supra-nuclear Palsy (PSP), one of the most common
forms of primary tauopathy, and age-matched healthy controls. In contrast to controls,
both frontal cortices and hippocampi from PSP patients showed a significant decrease in
the levels of all three retromer recognition core proteins as measured by western blot
analyses (Figure 13A-D; two-tailed unpaired T-test, *p<0.05, **p<0.01, ***p<0.001). We
confirmed this observation also in a separate cohort of patients with a diagnosis of Pick’s
disease, a distinct human primary tauopathy (Figure 13E-H; two-tailed unpaired T-test,
*p<0.05, **p<0.01, **p<0.001). Since we observed a change in protein levels for
VPS35, VPS26b and VPS29 next we performed RT-PCR to determine relative
expression of MRNA levels for these proteins in the same samples. In contrast to
changes in protein level, no differences between PSP and healthy matched controls
were detected for mRNA levels of the three core proteins (Figure 14A, B). A complete
summary of neuropathological information for human tissue samples is available in

Table 2.
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Retromer core components are decreased in an age-dependent and region-

specific manner in P301S brain

Since we observed a down-regulation of retromer core proteins in human
tauopathy cortex and hippocampus, we aimed to determine if there were changes in
protein level in our tauopathy mouse model, the P301S line, as well. As shown in Figure
15, retromer proteins were down-regulated in both cortex and hippocampus at two age
time-points, 8 and 12 months, in P301S mice compared to WT counterparts (two-tailed
unpaired T-test, *p<0.05, **p<0.01). This effect was not observed in the cerebellum at
any time-point, indicating that retromer core proteins decrease with age and region-

specificity (Figure 15).

Down-regulation of VPS35 exacerbates motor and learning impairments in P301S

mice

Since we observed significant alterations in retromer core levels in both human
and mouse models of tauopathy, we sought to investigate whether genetic down-
regulation of VPS35 in vivo would alter the onset and development of the phenotype of a
tau transgenic mouse model, P301S mice. To this end, newborn WT and P301S mice
were administered with an intraventricular injection of either AAV-VPS35 shRNA or AAV-
control shRNA and followed until 9-10 months of age, when the mice were tested on
three behavioral paradigms. First, mice were tested on Y-maze to assess working
memory. No differences in general locomotor activity as measured by the total number
of arm entries in the maze were observed among the different groups (Figure 16A).
Conversely, P301S mice receiving AAV-VPS35 shRNA had lower numbers of arm
alternations compared to P301S mice receiving control vector (Figure 16B; one-way

ANOVA F(3,25) = 5.587 **p<0.01). No significant differences were observed between
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WT groups receiving empty vector or AAV-VPS35 shRNA (Figure 16A, B). Mice were
also tested in the Rotarod paradigm to assess their motor learning ability. First, across
groups, mice did not show any baseline motor deficits, as they spent comparable time
on the rod during the training phase. While mice across groups did not display significant
differences during the training days (Figure 16C), in the probe test on Day 4, P301S
mice receiving AAV-VPS35 shRNA showed decreased motor function compared to both
WT groups (Figure 16D; one-way ANOVA F(3,25) = 7.164, *p<0.05, **p<0.01,
***p<0.001). Lastly, mice were assessed on spatial learning and memory via the Morris
water maze test. During the training phase over four consecutive days, we observed no
differences in performance among the different groups (Figure 16E); however, during
test day, P301S mice had a lower number of platform crosses and this effect was
exacerbated in the P301S-AAV-VPS35 shRNA mice group (Figure 16F; one-way
ANOVA F(3,28) = 4.42, *p<0.05, **p<0.01, ***p<0.0001). We observed no significant
changes across groups in the latency to reach the platform or the time spent in the

platform quadrant (Figure 16G, H).

Genetic downregulation of VPS35 worsens tau neuropathology in P301S mice

Following behavioral studies, mice were euthanized and brain tissues subjected
to biochemical analyses. First, we wanted to confirm the efficacy of our AAV-VPS35
shRNA intraventricular injection approach in these mice. As expected, we observed a
significant reduction (~50%) in the steady state protein levels of VPS35, which was
associated with a similar reduction in the levels of VPS29 (Figure 17A, B; two-tailed
unpaired T-test, **p<0.01, ***p<0.001). Moreover, we observed that compared with
control group, P301S mice receiving AAV-shVPS35 had a significant reduction in the

levels of mature CTSD, and CIMPR (Figure 17A, B; two-tailed unpaired T-test, **p<0.01,
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***p<0.001). As shown in Figure 17C, D, levels of total tau, as recognized by the
antibody HT7, as well as levels of phosphorylated tau at several epitopes were
significantly increased in P301S mice with VPS35 downregulation (two-tailed unpaired
T-test, *p<0.05, **p<0.01). Additionally, we found that compared to brains from P301S
controls, the mice receiving VPS35 shRNA had elevated levels of insoluble tau fraction
(Figure 17C, D; two-tailed unpaired T-test, *p<0.05). Confirming the Western blot data,
histochemical staining showed elevated phosphorylated tau and HT7 immunoreactivities
in the brains of P301S-AAV-VPS35 shRNA mice compared to P301S controls (Figure

17E).

VPS35 genetic downregulation affects synaptic pathology and neuroinflammation

Since deficits in cognition as well as tau phosphorylation often correlate with
alterations in synaptic pathology (Polydoro, Acker, et al. 2009), we investigated whether
biomarkers of synaptic pathology were affected by VPS35 gene downregulation.
Compared to P301S controls, mice receiving AAV-VPS35 shRNA displayed significant
reductions in the steady state levels of synaptophysin and PSD-95, pre-synaptic and
post-synaptic markers, respectively, as assayed by both western blot and
immunohistochemistry (Figure 17F-H; two-tailed unpaired T-test, **p<0.01, ***p<0.001).
We also measured neuroinflammatory markers and found that compared with controls,
P301S mice with VPS35 down-regulation had a significant elevation in levels of the glial
fibrillary acidic protein (GFAP), a marker of astrocyte activation (Figure 17F-H; two-tailed
unpaired T-test, ***p<0.001). By contrast, we observed no changes in microgliosis as
recognized by ionized calcium-binding adapter molecule 1 (IBA-1), which was

unexpected since studies demonstrate a role for the retromer in microglial phagocytosis
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(Lucin, O'Brien, et al. 2013). Immunohistochemical analyses confirmed these findings,

showing an increase in immunoreactivity for GFAP but not for IBA-1 (Figurel7H).

VPS35 modulates conformational and phosphorylated tau in neuronal cells

Thus far, our in vivo data suggest that modulation of VPS35 alters tau
neurobiology in a mouse model of tauopathy. To elucidate a possible mechanism for this
effect, we determined whether VPS35 expression levels could directly affect tau and its
phosphorylation status by implementing an in vitro cell model. To this end, we utilized
the N2a-Htau cell line and silenced VPS35 gene expression with a specific sSiRNA. First,
we confirmed this treatment resulted in a significant down-regulation of VPS35 protein
levels together with a significant reduction in VPS26, but not significant changes in
VPS29 (Figure 18A, B; one-way ANOVA F(2,15) = (from left to right) 25.8 ***p<0.001;
8.179 **p<0.01; 0.6038). We observed a significant increase in phosphorylated tau at
specific epitopes recognized by the antibodies AT270 and PHF13, and a higher
immunoreactivity to the antibody MC-1, which recognizes pathological, conformational
changes of tau (Figure 18C, D; one-way ANOVA F(2,15) = (from left to right) 0.0969,
5.16 *p<0.05; 0.283, 0.0855, 3.789 *p<0.05; 8.426 **p<0.01). By contrast, no significant
changes were observed for phosphorylated tau at the epitopes recognized by the

antibodies AT8 and AT180 (Figure 18C, D).

We hypothesized that dysfunction in the retromer via VPS35 could alter tau
sorting through endosomes. Thus, to investigate whether VPS35 knockdown affected
tau intracellular localization we performed subcellular fractionation to isolate cytosol,
endosome, and lysosome fractions. Compared to controls, VPS35 downregulation
resulted in a significant increase in pathological tau as measured by the MC-1

immunoreactivity, and phosphorylated tau recognized by the antibody PHF13 in the
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cytosol as well as the endosomal fractions, but not in the lysosome. (Figure 18E, F; two-
tailed unpaired T-test, *p<0.05). By contrast, no significant changes were observed for
the immunoreactivity of phosphorylated tau recognized by the antibody AT270 in any of

these cellular fractions (Figure 18E, F).

Given our western blot findings that silencing VPS35 in neuronal cells results in
conformational and phosphorylated tau accumulation, we utilized immunocytochemistry
to determine mean fluorescence intensity of total, phosphorylated, and pathological tau
after VPS35 silencing using confocal microscopy. Using 3D rendering of z-stacks, we
determined mean fluorescence intensity of each tau signal from cells with or without
VPS35 genetic silencing. Compared to control, VPS35 silenced cells had a significant
increase in mean fluorescence intensity for MC-1 and PHF13 (Figure 19A, B; two-tailed
unpaired T-test, *p<0.05, **<0.01), while there were no changes in intensity for Taul3 or
AT270. Additionally, we aimed to determine if VPS35 and tau isoforms colocalize in our
cell line. To control for discrepancies in cell size, we used NIS elements software to
threshold for object volume and size in the Cy5 channel for each tau antibody. After
applying a volume and size threshold to VPS35 signal as well, we calculated the fraction
of colocalization as mean object intensity of VPS35 divided by mean object intensity of
tau within specific ROIls. In this way, we were able to calculate the amount of
colocalization between VPS35 and Taul3, AT270, PHF13, or MC-1. We determined that
VPS35 colocalizes with total, phosphorylated and pathological tau to the same degree

(Figure 19C; one-way ANOVA F(3.17)=1.230).

VPS35 overexpression reduces accumulation of pathological tau

Using the opposite approach, we over-expressed VPS35 and investigated its

effect on tau phosphorylation levels in N2a-Htau cells. First, we confirmed the efficiency
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of the VPS35 overexpression system using western blot and found a significant ~50%
increase in its protein levels, which was associated with an elevation in VPS26 levels,
but no changes in levels of VPS29 (Figure 20A, B; one-way ANOVA F(2,15)=9.936
**p<0.01, 5.852 *p<0.05). While we observed that the steady state protein levels of
CIMPR and CTSD were unchanged between the two groups, we found a significant
increase in CTSD enzymatic activity in lysates from cells over-expressing VPS35 (Figure
20A-C; one-way ANOVA F(2,24)=5.428 *p<0.05). To investigate the effect of VPS35
overexpression on tau, we assayed protein levels of total and pathological tau under this
experimental condition. As shown in figure 20D, compared with controls, we observed a
significant decrease in total tau (HT7), pathological tau (MC-1), and phosphorylated tau
as recognized by the antibody AT270 in cells expressing higher levels of VPS35 (one-
way ANOVA, F(2,15)=4.356 *p<0.05, 4.445 *p<0.05, 4.513 *p<0.05. By contrast, no
changes were observed when the immunoreactivity for phosphorylated tau recognized

by the antibodies AT8 and PHF13 were assayed (Figure 20D, E).

To further support these findings, neuronal cells were treated with TPT-260, a
pharmacological chaperone, which has been reported to stabilize and increase the
levels of VPS35 (Chu & Praticd, 2017; Mecozzi, Berman, et.al 2014). Cells were
incubated for 48 hours with TPT-260 (25 uM and 50 uM) and lysates collected for
western blot analysis. As shown in Figure 20F, cells treated with the highest
concentration of the drug had a significant increase in steady state levels of VPS35 and
VPS26, but no changes were observed for VPS29 (one-way ANOVA F(2,15)=8.758
**p<0.01, 5.108 *p<0.05). Moreover, we observed that while there were no differences
between control cells for CIMPR levels, the high concentration of the drug induced a
significant increase in mature CTSD levels (Figure 20F, G; one-way ANOVA

F(2,15)=4.46 *p<0.05). In association with these changes we observed that levels of
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phosphorylated tau, as recognized by the antibodies AT270 and PHF13 as well as
pathological tau, as recognized by the antibody MC-1, were also significantly reduced
(Figure 20H, I). By contrast, TPT treatment did not affect phosphorylated tau at the
epitopes recognized by the antibodies AT8 and AT180 (Figure 20H, I; one-way ANOVA

F(2,15)=10.41 **p<0.01, 6.35 *p<0.05, 3.914 *p<0.05)

The effect of VPS35 on tau is dependent on cathepsin D activity

Given that the retromer complex traffics CTSD, a known degradative protease,
and that genetic manipulation of VPS35 in vitro was associated with corresponding
changes in the available enzyme’s activity, we next investigated the functional role of
this protease in the VPS35-dependent effect on the accumulation of pathological tau.
Cells over-expressing VPS35 were pretreated with pepstatin A, a specific inhibitor of
CTSD activity or vehicle and changes in tau were assessed by western blot analysis.
Neuronal cells treated with pepstatin A alone but not over-expressing VPS35 showed no
changes in either VPS35 levels or any forms of tau (total, pathological, phosphorylated)
(Figure 21A, B), however, CTSD activity in these cells was decreased (Figure 21C) as
expected. VPS35 overexpression lead to a decrease in pathological tau measured by
MC-1 immunoreactivity as well as phosphorylated tau as measured by AT270, but no
significant changes were observed for total tau levels (Figure 21A, B). Interestingly, in
the presence of pepstatin A although cells had elevated levels of VPS35 the decrease in
MC-1 and phosphorylated tau levels was abolished, suggesting that CTSD activity was
necessary for the VPS35-dependent effect on tau pathological changes (Figure 21A, B;
one-way ANOVA F(5,30)=6.253 *p=0.0186 empty vs Vps35 *p=0.0487 empty vs VPS35
pepA; 0.7990 p=0.5582; 4.025 *p=0.0215 empty vs. VPS35, p=0.0482 VPS35 vs.

VPS35 pepA; 3.572 p*=0.0370 empty vs. VPS35; 0.1622 p=0.9745).
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Pharmacological stabilization of the retromer ameliorates cognitive deficits in

tauopathy mice

Using the opposite approach to our ShRNA AAV experiments, we utilized a
pharmacological chaperone, TPT-260, in vivo to stabilize VPS35 and prevent its thermal
denaturation (75mg/kg per mouse per day). Previous reports demonstrate a distinct
effect of TPT-260 on amyloid beta pathology and APP localization in neuronal cells
(Mecozzi, Berman, et al. 2014); however, the consequence of retromer stabilization on
tau pathology has only recently been investigated in vitro by our group and one other
(Young, Fong et al. 2018). To determine the translational efficacy of VPS35 stabilization
on the tauopathy phenotype, P301S mice were treated with TPT-260 in their drinking
water starting at age 4 months and followed until 10 months, after which they were
subjected to cognitive assays. Mice were observed during this 6-month time span for
any changes in physical health, weight loss/gain, and survival. Mice given TPT-260
displayed no overt alterations in physical health or general wellness compared to mice
given vehicle. When mice were tested on Rotarod to measure motor learning, P301S
control mice displayed decreased ability to remain on the rod compared to both WT
groups (Figure 22A-C); however, P301S mice treated with TPT-260 had a gain in motor
learning by the last day of the training phase, as seen by an increased latency to fall
(Figure 22C; one-way ANOVA F(3,223)=10.61 **p<0.01, ***p<0.001). Furthermore,
during the probe test, P301S mice given TPT had an increase in latency to fall compared
to P301S mice without TPT treatment (Figure 22D; one-way ANOVA F(3,223)=8.34,

*p<0.05 **p<0.01).

Mice were also tested on Y-maze and Novel Object Recognition (NOR) following

TPT treatment. As shown in Figure 22E, F, mice across all groups did not show any
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differences in number of entries into each arm of the maze; however, P301S control
mice had less percent alternations compared to both WT groups (Figure 22F). This
effect was slightly rescued following TPT treatment, but this result did not reach
significance (Figure 22F; one-way ANOVA F(3,21)=3.11 **p<0.01). For the NOR training
phase, mice did not show preference for one object over another nor a preference for
one side of the cage as shown by Figure 22G. During the probe test, P301S control mice
preferred the novel object less than their WT counterparts and this effect was
significantly rescued when TPT-260 was given to tauopathy mice (Figure 22H; one-way
ANOVA F(3,21)=6.61 *p<0.05). Thus, behaviorally, treatment with TPT-260 in vivo,

rescued apparent cognitive deficits in P301S mice at 10 months.

TPT-260 treatment increases retromer core proteins and reduces tau pathology in

tauopathy mice

Next, we investigated the effect of TPT treatment on protein levels of key
retromer components as well as tau pathology in our mouse model at the 10-month time
point. To confirm that TPT-260 stabilized retromer levels in P301S mouse brains, we
assessed key components of the retromer pathway in cortices of mice treated with TPT-
260 versus control. As shown in Figure 23, protein levels of VPS35 and VPS29 were
elevated in P301S mice given TPT compared to controls (two-tailed unpaired T-test,
*p<0.05). Next, we determined if TPT treatment altered tau pathology. TPT treatment in
P301S mice resulted in reduced levels of phosphorylated tau, as measured by AT8 and
PHF13, as well as reduced immunoreactivity of pathological tau (MC-1) and insoluble
tau (Figure 23C, D; two-tailed unpaired T-test, *p<0.05, **p<0.01). Since we observed

changes in levels of phosphorylated tau in mice treated with TPT, we assayed several
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kinases known to phosphorylate tau; however, there were no significant changes in any

kinases between P301S mice given either TPT or vehicle (Figure 23F, G).

TPT-260 reduces synaptic pathology and neuroinflammation in tauopathy mice

Since we observed cognitive improvement in P301S mice treated with TPT, we
assessed levels of pre-synaptic and post-synaptic markers in the brains of these mice.
Compared to control mice, P301S mice given TPT displayed elevated levels of post-
synaptic density marker, PSD-95, but no significant differences in pre-synaptic,
synaptophsin (Figure 24A, B; two-tailed unpaired T-test, **p<0.01). We also examined
two neuroinflammatory markers and observed a significant rescue in neuroinflammatory
astrocytic activation but not microglial, as measured by GFAP and IBA-1, respectively

(two-tailed unpaired T-test, *p<0.05)..
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Figure 13. Retromer core components are down-regulated in postmortem human PSP and Pick’s
disease brains. A) Representative Western blot analyses for VPS35, VPS26b, and VPS29 in
frontal cortex homogenates from PSP postmortem tissue and age-matched controls. B)
Densitometric analyses of the immunoreactivities to the antibodies shown in panel A (*p <0.05,
***n<0.001; N=14 PSP, N=10 age-matched controls). C) Representative Western blot analyses for
VPS35, VPS26b, and VPS29 in hippocampus homogenates from PSP postmortem tissue and age-
matched controls. D) Densitometric analyses of the immunoreactivities to the antibodies shown
in panel C (*p<0.05, *p<0.01; N=12 PSP, N=10 age-matched controls). E) Representative Western
blot analyses for VPS35, VPS26b, and VPS29 in frontal cortex homogenates from Pick’s
postmortem tissue and age-matched controls. F) Densitometric analyses of the
immunoreactivities to the antibodies shown in panel E (*p<0.05, ***p<0.001; N=10 Pick’s, N=9
age-matched controls). G) Representative Western blot analyses for VPS35, VPS26b, and VPS29
in hippocampus homogenates from Pick’s postmortem tissue and age-matched controls. H)
Densitometric analyses of the immunoreactivities to the antibodies shown in panel G
(*p<0.05,**p<0.01; N=10 Pick’s, N=9 age-matched controls). All values are expressed as mean *
SEM and analyzed using a two-tailed T-test.
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Figure 14: mRNA expression of retromer core VPS35 and VPS26b are unchanged in frontal
cortex and hippocampal PSP brain tissue. A) Quantitative real-time reverse transcription—
polymerase chain reaction (QRT-PCR) analysis of VPS35, VPS26b, VPS29 mRNA in frontal
cortex of PSP and healthy controls. N=14 PSP, 10 healthy controls. B) gRT-PCR analysis of
VPS35, VPS26b, VPS29 mRNA in hippocampus of PSP and healthy controls. N=14 PSP, 10
healthy controls. All Results are mean * SEM and analyzed using a two-tailed T-test
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Figure 15: The retromer pathway is down-regulated in the brains of P301S mice in a region-
specific and age-dependent manner. A) Representative western blots for retromer core
proteins, VPS35/VPS26b/VPS29 in brain cortex from wild type (WT) and P301S mice at 2,5, 8
and 12 months of age B) Densitometric analysis for the immunoreactivities shown in panel A.
(*p <0.05, **p <0.01). C) Representative western blots for retromer core proteins, in brain
hippocampus from wild type (WT) and P301S mice at 2, 5, 8 and 12 months of age

D) Densitometric analysis for the immunoreactivities shown in panel C. (*p <0.05, **p <0.01).
E) Representative western blots for retromer core proteins in brain cerebellum from wild type
(WT) and P301S mice at 2, 5, 8 and 12 months of age F) Densitometric analysis for the
immunoreactivities shown in panel E. All results are mean * SEM and analyzed using a two-
tailed T-test, n=6 per group
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Figure 16: VPS35 genetic downregulation exacerbates cognitive and motor deficits in P301S
mice A) Total number of arm entries for WT and P301S mice injected with either VPS35-AAV-
shRNA or empty vector tested on Y-maze at 9-10 months of age. B) Percentage of alternations for
each of the above group of mice (**p<0.01). C) Rotarod training phase over three consecutive
days D) Probe trial for the rotarod, measuring seconds to fall (*p<0.05, *p<0.01, ***p<0.001). E)
Training phase of Morris water maze (MWM) as measured by latency to reach the platform zone
over four consecutive days for all groups. F-H) During the probe trial, the following paradigms
were measured: number of platform crosses for each group (*p<0.05, **p<0.01, ***p<0.0001),
latency to platform, and time spent in platform zone for the four groups. N = 8 WT-control, 8 WT-
VPS35, 8 P301S-control, and 9 P301S-VPS35. All results are expressed as mean + SEM and were
analyzed using one-way ANOVA with Bonferoni post-hoc analysis
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Figure 17. VPS35 genetic downregulation modulates tau phosphorylation and neuropathology of
P301S mice. A) Representative Western blot analyses for VPS35, VPS26b, VPS29, CTSD, and
CIMPR in brain cortex homogenates from P301S and P301S-VPS35 mice. B) Densitometric
analyses of the immunoreactivities to the antibodies shown in panel A (**p<0.01, ***p<0.001, n=6
per group). C) Representative Western blot analyses for total soluble tau (HT7) and
phosphorylated tau AT8, AT180, AT270, S396/S404 (PHF-1), and PHF13 and total insoluble tau
(HT7) in brain cortex homogenates from P301S and P301S-VPS35 mice. D) Densitometric
analyses of the immunoreactivities to the antibodies shown in panel C (*p<0.05, **p<0.01, n=6
per group). E) Representative images of immunohistochemical staining of the hippocampus
(CA1 region) of P301S and P301S-VPS35 mice for HT7, AT8, AT270 and PHF13 antibodies. (Scale
bar = 50um). F) Representative Western blot analyses for synaptophysin (SYP), postsynaptic
density protein 95 (PSD95), glial fibrillary acidic protein (GFAP), and ionized calcium-binding
adapter molecule 1 (IBA-1) in brain cortex homogenates from P301S and P301S-VPS35 mice. G)
Densitometric analyses of the immunoreactivities shown in the previous panel (**p<0.01,
***n<0.001, n=6 per group). H) Representative images of immunohistochemical staining of the
hippocampus (CA1 region) of P301S and P301S-VPS35 mice for SYP, PSD95, GFAP and IBA-1
antibodies (Scale bar = 50um). All results are mean + SEM and analyzed using a two-tailed T-test.
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Figure 18. VPS35 silencing promotes accumulation of pathological tau N2A neuronal cells stably
expressing human tau protein were transfected with VPS35 siRNA or control for 72 hrs, then
supernatants and cell lysates were harvested for biochemistry. A) Representative Western blot
analysis for retromer core, VPS35, VPS26, and VPS29, in cells lysates transfected with 100nM
VPS35 siRNA or control siRNA B) Densitometric analyses of the immunoreactivity to the
antibodies shown in panel A (**p<0.01, ***p<0.001). C) Representative Western blot analysis for
total tau (HT7), pathological tau (MC-1), and phosphorylated tau at residues S202/T205 (AT8),
Thr231 (AT180), T181 (AT270), and Ser396 (PHF13) D) Densitometric analyses of the
immunoreactivity to the antibodies shown in panel C (*p<0.05, **p<0.01) Results are mean + SEM
(N=6 per group, 3 individual experiments). E) Representative immunoreactivity for HT7, MC-1,
AT270, and PHF13 in cytosol, endosome, and lysosome fractions of neuronal cells transfected
with 100nM VPS35 siRNA or control siRNA. Protein markers for cytosol (HSP90), endosome
(Rab5), and lysosome (LAMP2) were used to assess the efficiency of the fractionation and for
normalization. F) Densitometric analyses of the immunoreactivity to the antibodies shown in the
previous panel (*p<0.05, N=5 per group, 5 individual experiments). All results are mean + SEM
and analyzed using a two-tailed T-test
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Figure 19. Silencing VPS35 increases fluorescence immunoreactivity of phosphorylated and
pathological tau. A) Representative confocal microscopy images of VPS35 silenced and
control cells for Taul3, AT270, MC-1, PHF13 (Cy5 channel pseudo-colored purple), VPS35
(TRITC: red), nuclear stain DAPI (blue); (Scale bar = 10um). B) Mean fluorescence intensity for
total tau (Taul3), pathological tau (MC-1) and phosphorylated tau AT270 and PHF13 in VPS35
silenced cells versus control (Results analyzed using two-tailed T-test, *p<0.05, **p<0.01, N=6
z-stacks per group). C) Fraction of colocalization between tau isoforms and VPS35 [N=4
(Tau13), N=5 (At270), N=6 (MC-1), N=6 (PHF13)]; one-way ANOVA F(3.17)=1.230, p=0.3295. All
results are mean + SEM
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Figure 20. Genetic overexpression and pharmacological stabilization of VPS35 modulates tau in
vitro. N2A-Htau cells were transfected with either VPS35 plasmid, GFP plasmid (5ug), or empty
vector for 48 hrs then supernatants and cell lysates were harvested for biochemistry. A)
Representative Western blot analysis for VPS35, VPS26, and VPS29 as well as CTSD and CIMPR
protein in cells lysates transfected with VPS35 plasmid, GFP plasmid, or empty vector for 48hrs. B)
Densitometric analyses of the immunoreactivity to the antibodies shown in panel A (*p<0.05,
**p<0.01 two-tailed T-test, results are mean = SEM, N=6 per group, 3 individual experiments). C)
Cathepsin D activity following 48 hr transfection with VPS35 plasmid, GFP plasmid, or empty vector.
Data represent the mean + SEM (results analyzed using one-way ANOVA with Bonferoni post-hoc
analysis, *p<0.05; N=9 per group, 3 individual experiments run in triplicate). D) Representative
Western blot analysis for total tau (HT7), pathological tau (MC-1), and phosphorylated tau AT8,
AT270, and PHF13. E) Densitometric analyses of the immunoreactivity to the antibodies shown in
panel D (*p<0.05, two-tailed T-test,results are mean + SEM, N=6 per group, 3 individual experiments).
Cells were treated with pharmacological chaperone, TPT-260 for 48 hrs. F) Representative Western
blot analysis for VPS35, VPS26, VPS29, CTSD, and CIMPR following 48hr TPT treatment at 25 uM and
50 uM. G) Densitometric analyses of the immunoreactivity to the antibodies shown in panel F
(*p<0.05, **p<0.01, two-tailed T-test). H) Representative Western blot analysis for total tau (HT7),
pathological tau (MC-1), and phosphorylated tau AT8, AT180, AT270, and PHF13. I) Densitometric
analyses of the immunoreactivity to the antibodies shown in panel H (*p<0.05, **p<0.01, results are
mean + SEM, N=6 per group, 3 individual experiments).
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Figure 21. Effect of VPS35 on tau pathology is dependent on cathepsin D activity. N2a cells were
preincubated with 100uM CTSD inhibitor, pepstatin A, or vehicle (DMSO) for 24hrs prior to
transfection with VPS35 plasmid, GFP plasmid, or empty vector. Cell lysates were collected at
the 48hr timepoint for either Western blot analyses or the CTSD activity assay. A) Representative
Western blot analysis for VPS35, total tau (HT7), conformational tau (MC-1), and phosphorylated
tau AT8, AT270, and PHF13 in cells under the above experimental conditions. B) Densitometric
analyses of the immunoreactivity to the antibodies shown in panel A (*p<0.05, results are mean +
SEM, N=6 per group, 3 individual experiments). C) Cathepsin D activity was determined in cells
after 48hr under the above experimental conditions. Data represent the mean + SEM and were
analyzed using one-way ANOVA with a Bonferoni post-hoc analysis (*p<0.05, N=6 per group, 3
individual experiments run in duplicate.
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Figure 22: Pharmacological stabilization of VPS35 ameliorates cognitive deficits in P301S
mice. A-C) Latency to fall during Rotarod training days for WT, WT-TPT, P301S and P301S-
TPT mice at 10 months of age (*p <0.05, **p <0.01, ***p <0.001). D) Latency to fall during
Rotarod probe trial in the same mice (*p <0.05, **p <0.01). E) Number of arm entries during
the Y-maze test for the four groups of mice. F) Percent alternations during the Y-maze test
(**p <0.01). G) During the Novel object recognition (NOR) training phase, mice displayed no
preference for one object or side of the cage. H) NOR probe test performance for WT, WT-
TPT, P301S and P301S-TPT (*p<0.05) Values are expressed as mean * SEM and were analyzed
using one-way ANOVA with a Bonferoni post hoc analysis (n=9-10 in each group).
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Figure 23: Pharmacological stabilization of VPS35 reduces tau pathology in P301S mice. A)
Representative Western blot analysis for VPS35, VPS26b, VPS29, and CTSD in brains of P301S
mice treated with vehicle or TPT-260. B) Densitometric analyses of the immunoreactivity to the
antibodies shown in panel A (*p<0.05, results are mean + SEM, N=6 per group). C)
Representative Western blot analysis for soluble tau (HT7), pathological tau (MC-1),
phosphorylated tau (AT180, AT270, PHF13), and insoluble tau (HT7) in the same mice. D)
Densitometric analyses of the immunoreactivity to the antibodies shown in panel C (*p<0.05,
**p<0.01, results are mean + SEM, N=6 per group). E) Representative Western blot analysis for
kinases, cdk5, p35/p25, GSK3a, and pGSK3af, as well as phosphatase PP2A. F)
Densitometric analyses of the immunoreactivity to the antibodies shown in the previous panel
All results are mean + SEM and analyzed using two-tailed T-test, N=6 per group).
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Figure 24: Pharmacological stabilization of VPS35 ameliorates synaptic pathology and
neuroinflammation in P301S mice. A) Representative Western blot analysis for SYP, PSD-95,
GFAP, and IBA-1 in brains of P301S mice treated with vehicle or TPT-260. B) Densitometric
analyses of the immunoreactivity to the antibodies shown in panel A (*p<0.05, **p<0.01, results
are mean + SEM, and analyzed using a two-tailed T-test, N=6 per group)
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CHAPTER 4

GENERAL DISCUSSION

Neurodegenerative tauopathies comprise a heterogenous group of diseases
characterized by a variety of pathological insults, including accumulation of
neurofibrillary tau tangles, cognitive decline, synaptic impairment, and
neuroinflammation (Arendt, Stieler, et al 2016). While a small percentage of tauopathies
are secondary to autosomic mutations in genes related to tau metabolism, the majority,
known as sporadic tauopathies, develop due to a combination of environmental and
genetic risk factors (Williams, 2006). Investigating the pathomechanisms of these
diseases is paramount in the field of neurodegeneration due to both their heterogeneity
as well as the commonalities shared by several other diseases of cognition. In addition
to the hallmark neurofibrillary tau deposits in the brains of tauopathy patients, it is
evident that key pathogenic initiating events may trigger accumulation of tau prior to
onset of cognitive impairments (Scholl, Lockhart, et al. 2016; Bejanin, Schonhaut, et al
2017). For this reason, focusing on novel pathways involved in pathogenic tau
processing is key to developing preventative strategies to limit the progression of

cognitive decline.

In addition to accumulation of insoluble tau aggregates, reactive glia and
inflammatory activation is pervasive in tauopathies. It is now evident that a shift towards
a more proinflammatory pathway contributes to disease pathogenesis; however, the
exact relationship between tau pathology and inflammation and whether
neuroinflammation plays and direct or secondary role in disease progression remains
elusive (Laurent, Dorothée, et al 2016). Thus, investigating the effects of inflammatory

activation on protein aggregation and neurodegeneration has received considerable
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attention. In recent years, the 5LO enzymatic pathway has emerged as a novel
candidate for studying neurodegeneration. Stimulation of the 5LO pathway results in
production of biologically active lipid mediators, known as leukotrienes, and, importantly,
5L0 is expressed in both neuronal and glial cells (Manev, Uz, et al 2000; Chinnici, Yao,
et al 2007). Notably, our group has demonstrated a direct role of 5LO in AB pathology,
such that, by inducing inflammatory activation, 5LO acts as an endogenous modulator of
brain amyloidosis in transgenic mouse models of AD (Chu & Praticd 2011; Joshi,
Giannopoulos, et al 2014). However, to gain a better understanding of the specificity of
5L0, our group has shown that steady-state levels of 5LO are increased in brain cortices
from patients with a post-mortem diagnosis of Progressive supranuclear palsy (PSP)
and that pharmacological inhibition of 5LO with zileuton ameliorates tau pathology and
behavioral deficits in a mouse model of wild-type human tau (Giannopoulos, Chu, et al

2015).

Despite the specificity and selectivity of zileuton to irreversibly block 5LO
enzymatic activation, as with any other pharmacological approach, there is the possibility
of “off target” effects. For this reason, in order to gain further support for the involvement
of this enzymatic pathway in the development of the tauopathy phenotype, we
implemented a genetic approach targeting 5LO using both silencing and overexpression
methods in a mouse model of human mutant tau, the P301S mice. It is worth noting that
the P301S mouse line is widely known as an accurate and reliable model of human
tauopathy, FTLD, manifesting a 5-fold overexpression of human mutant tau. Thus, we

chose to use this mouse line for our studies based on its translatability.

Consistently, pathological changes in tau occur in an age-dependent manner.

Additionally, there is a distinct regional distribution of tau accumulation, particularly, in
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cortical regions and hippocampus (Allen, Ingram, et al 2002; Yang, Kuan, et al 2016).
Given this detail, we aimed to investigate if endogenous 5LO expression in P301S mice
followed a similar pattern. Indeed, compared to WT counterparts, P301S mice showed a
significant age-dependent increase in endogenous levels of 5LO protein in both the
cortex and hippocampus but not the cerebellum, suggesting a region-specificity of this

enzyme.

These results suggest that 5LO expression is perhaps concomitant with tau
pathology in an age-dependent and region-specific manner in P301S mice. Interestingly,
activity of 5LO, as indicated by measuring levels of LTB4, the main metabolic product of
5L0 activation, we found that, compared with WT controls, LTB4 levels were
significantly elevated as early as at 2 months of age both in the cortex and
hippocampus. Importantly, no significant changes were found in the cerebellum at any
age time point, confirming the region-specificity of this enzymatic pathway. These
findings suggest that activation of the 5LO pathway is an early event in pathogenesis,
since 5LO activation is evident at a very young age when no tau pathology is detectable

in these mice (Yoshiyama, Higuchi, et al 2007).

Several mechanisms converge to regulate 5LO enzymatic activity, for instance,
calcium influx, phosphorylation of 5LO, and cellular stress all contribute to 5LO activation
(Flamand, Surette, et al. 2002). Additionally, FLAP is crucial for 5LO conversion of
endogenous substrates and 5-HPETE to leukotrienes. Thus, it is plausible that cellular
activation as well as changes in substrate availability and 5L0O translocation could alter
the activity of this enzyme before observable alterations in protein level. This may
potentially explain why 5LO activity was upregulated in young P301S mice at an age

prior to onset of traditional tau pathology.
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We also determined that modulation of the 5LO pathway alters the
neuropathology in P301S, via a genetic approach to downregulate or overexpress 5LO
in these mice. Herein, we demonstrate that compared with P301S controls, the genetic
absence of 5LO results in a significant reduction of tau phosphorylation and
neuropathology. This reduction is associated with improved behavioral responses in
working memory and exploratory memory, as measured by the Y-maze and NOR
paradigms, respectively, as well as in the MWM, a measure of spatial and learning
memory (Go6tz & Ittner 2008). Thus, the genetic absence of 5LO in P301S mice was
sufficient to rescue behavioral deficits seen in tauopathy mice. Notably, 5LO genetic
absence, alone, did not elicit any physical or motor impairments in any of the groups
tested, as we observed no differences in number of arm entries for the Y-maze, the
training phase for the NOR, nor swimming speed during the MWM (Vagnozzi,

Giannopoulos, et al. 2017).

Using the opposite approach to further confirm that 5LO is an active player in the
progression of tau pathology, we overexpressed 5LO using an AAV2/1 vector. In
contrast to our knockout experiments, AAV-5L0 displayed worsened cognitive
performance overall. Specifically, compared to P301S controls, tau mice overexpressing
5LO had worsened cognitive performance in working memory, cued fear memory, and
spatial learning, as measured by Y-maze, fear conditioning, and MWM, respectively.
Additionally, since P301S mice typically present with motor impairments by 9 or 10
months (Yoshiyama, Higuchi, et al 2007), we assessed motor learning using the Rotarod
test. As expected, P301S mice performed worse than WT counterparts by exhibiting
reduced motor learning skills. P301S over-expressing 5LO manifested a significant
exacerbation of motor learning compared to P301S controls. Importantly, no significant

effect of 5LO gene over-expression was observed in WT groups during any of the
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behavioral assessments, indicating specific effect of 5LO on the P301S transgene. Thus,
in summation, genetic modulation of 5LO, using both deletion and overexpression of the

enzyme, results in alterations in cognitive and behavioral performance in P301S mice.

It is well established that synaptic integrity directly correlates with cognitive
function. Interestingly, tau neuropathology correlates strongly with memory impairment
and synaptic dysfunction (Hoover, Reed, et al 2010), therefore, we examined levels of
two common synaptic markers, synaptophysin and PSD95, as measures of pre-synaptic
and post-synaptic pathology following genetic manipulation of 5LO (Sydow, Van der
Jeugd, et al 2011). Compared to P301S controls, a significant amelioration of synaptic
pathology was found in our P301S-5LO KO model as shown by the higher levels of both
synaptophysin and PSD95. Conversely, 5LO overexpression increased synaptic
pathology, specifically at the presynaptic level. The mechanism by which lipoxygenases
regulate synaptic activity is largely unknown, although, most literature has focused on
the role of 12LO in synaptic function. Studies suggest that activation of 12LO and its
metabolites, 12-HPETE/12-HETE, may act as retrograde messengers in long-term
potentiation (LTP) and long-term depression (LTD) via AMPA receptors in the CNS
(Drapeau, Pellerin, et al. 1990). Less is known about the connection between 5LO and
synaptic integrity; however, our group has demonstrated amelioration of LTP impairment
following treatment with zileuton in the htau mouse model of tauopathy, indicating that

inhibition of 5LO activity is sufficient to rescue synaptic dysfunction.

Given the proinflammatory effect of 5LO not only peripherally but also in the
CNS, we assessed whether certain neuroinflammatory markers were altered by 5LO
genetic absence or overexpression in our model of tauopathy. We chose to focus on

GFAP and IBA-1 proteins, markers of astrocytic and microglial activation, respectively,
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since both are regarded as the biochemical signature of neuroinflammatory activation
and are closely associated with NFT deposits in the brain (Bellucci, Westwood, et al
2004; Sasaki, Kawarabayashi, et al. 2010). Considering that 5LO is a proinflammatory
enzyme, which produces potent bioactive lipid mediators, it was not surprising that both
GFAP and IBA-1 were significantly reduced in the brains of P301S-mice with 5LO

genetic knockout, while increased following 5LO gene transfer.

Notably, we observe a 5LO-dependent effect on tau pathology in our mouse line.
5L0 genetic absence or overexpression had no significant effect on total tau, indicating
that the observed changes in tau phosphorylation were not secondary to an overall
consequence of 5LO genetic manipulation on the tau transgene. Interestingly, we
demonstrate a specificity of the 5LO-mediated effect on tau phosphorylation since there
was a significant reduction on particular tau epitopes such as Ser202/Thr205, Thr181
and Ser396, which are linked to the development of neurofibrillary tangles in both AD
and tauopathies (Buée, Bussiére, et al 2000; Wang, Xia, et al 2013). To dissect a
potential mechanism for the apparent changes in tau phosphorylation, we assayed some
of the key kinases responsible for phosphorylating tau and found that the effect on tau
phosphorylation was associated with a reduction in ckd5. Finally, modulation of 5LO in
vivo altered the solubility of tau, shifting towards reduced accumulation of insoluble tau
following 5LO deletion, yet elevated insoluble tau after 5LO gene transfer. This is

particularly significant given the pathogenic nature of insoluble tau species.

Our in vivo findings were confirmed in a neuronal cell line stably expressing
human tau protein. Utilizing both genetic silencing and overexpression, 5LO had a direct
impact on phosphorylated tau, such that 5LO silencing manifested in a significant

reduction in phospho-tau at the same epitopes as well as kinase, cdk5, yet no change in
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total tau levels. Similarly, 5LO overexpression in neuronal cells resulted in elevated
levels of phosphorylated tau as well as the cdk5 pathway. Notably, the 5LO-mediated
modulation on tau phosphorylation was specifically dependent on cdk5 activity, as
inhibition of this kinase using pharmacological agent, roscovitine, ablated this observed
effect on phospho-tau. Taken together, these data suggest a direct role of the 5LO
pathway in tauopathy development and cdk5 could be a novel target to investigate for

this 5LO-mediated effect on tau phosphorylation.

Taken together, our findings demonstrate a direct role of the 5LO pathway in
modulating tau phosphorylation and neuropathology in the P301S mouse model. They
support the novel concept that the modulation of 5LO in the central nervous system of
this transgenic mouse model of human tauopathy not only is an early event in the
pathogenesis of the disease, but an important player with an active role in the
development of the entire pathological phenotype. Our data provide further experimental
support and strong preclinical evidence that this pathway should be considered as a
viable pharmacological target and preventative measure in human tauopathies (Figure

25).

In addition to pathomechanisms governing the phosphorylation and accumulation
of tau, its degradation, or more specifically, impairment in degradation within neurons
and glia represents another paramount topic in neurodegeneration. Tau degradation can
occur via two major mechanisms: the autophagy-lysosome and the ubiquitin-proteasome
systems (David, Layfield, et al. 2002; Schaeffer, Lavenir, et al. 2012) and blockade of
either pathway promotes tau neuropathology (Zhang, Liu, et al. 2005; Hamano,
Gendron, et al. 2008). Recently a third system has emerged as a relevant player in the

pathogenesis of AD and other neurodegenerative diseases: the endosomal-lysosomal
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network. Nevertheless, its role in regulating tau phosphorylation and metabolism and
importantly its functional relevance in the development of tauopathy is completely

unknown.

As mentioned previously, the endosomal-lysosomal trafficking system is a crucial
element in maintaining neuronal stability and cellular homeostasis. Within this
interconnected system, the protein recycling pathway governed by the retromer complex
has recently gained attention in the context of neurodegeneration and may be a causal
factor in aberrant protein accumulation (Vagnozzi & Pratico 2018). VPS35 is the major
component of the recognition core of the retromer system, which normally regulates
transport and sorting of several cargo proteins out of endosomes. It is often regarded as
the most critical protein of the entire retromer assembly, since VPS35 knockdown is
sufficient to cause dysfunction of the complex (Belenkaya, Wu, et al 2008). Several
studies have shown that low levels of VPS35 affect the formation of the complex by
influencing expression of the other two core proteins (VPS26 and VPS29) suggesting a
general destabilization of the system (Kim, Lee, et al. 2010). Additionally, down-
regulation of VPS35 or mutations in its cytoplasmic domain results in disruption of the
interaction between retromer and cargo leading to dysfunction of the complex, which

ultimately results in accumulation of cargo proteins into the endosomes.

While in recent years abundant literature has clearly established a biologic link
between VPS35 and APP/AR peptides, no data have presented so far in support of a
direct interaction between VPS35 and tau. Here we provide new experimental evidence
implicating VPS35 in the regulation of pathological tau with functional implications for the
pathogenesis of human tauopathies. In our studies, we implemented both in vivo and in

vitro experimental approaches to demonstrate a critical role for this sorting pathway, in
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particular for VPS35, in regulating tau phosphorylation status and ultimately

neuropathology.

First, we demonstrate that VPS35 and the other components of the retromer
recognition core, VPS26 and VPS29, are down-regulated in two distinct primary human
tauopathies, PSP and Pick’s disease. This finding is particularly significant, since human
studies link the retromer to AD and Parkinson’s disease, yet no study to date has
focused on investigating endogenous retromer levels in human tauopathies. Additionally,
we observed an age-dependency and region specificity of retromer downregulation in
our tauopathy mouse model, suggesting an association between retromer levels and
pathogenic tau progression. This is consistent with human AD studies demonstrating

endosomal dysfunction in specific brain regions containing immature amyloid burden.

Having observed these changes in basal retromer levels in both human and
murine models of tauopathy, we investigated whether VPS35 is directly and actively
involved in tau metabolism and phosphorylation, and ultimately, if VPS35 can modulate
the development of tau neuropathology. Notably, we also show that in vivo genetic
downregulation of VPS35 in the CNS results in a worsening of the tauopathy phenotype
in the P301S transgenic mouse line (Yoshiyama, Higuchi, et al 2007). Under this
condition, we observed that mice with reduced levels of VPS35 had exacerbated motor
learning and cognitive performance on behavioral assays. Using the opposite approach,
we treated mice for 6 months with retromer stabilizing agent, TPT-260, which resulted in
amelioration of cognitive deficits in tauopathy mice. Additionally, modulation of VPS35 in
vivo resulted in altered synaptic pathology, which warrants further discussion given the
significance of endosomal sorting at synaptic vesicles. Studies investigating retromer

function on presynaptic vesicle trafficking have shed some light on the involvement of
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endosomes at the synapse. Deleting VPS35 in Drosophila reduced the number of
synaptic vesicles at synaptic terminals and was associated with inefficient synaptic
transmission (Inoshita, Arano, et al. 2017). Conversely, others show that VPS35
knockdown in hippocampal neurons reveals no changes in synaptic vesicle number nor
endosytosis at the synapse (Vazquez-Sanchez, Bobeldijk, et al 2018). These conflicting
reports highlight the need for further investigation into the relationship between the

retromer complex and synaptic function.

We next determined the effect of VPS35 modulation on tau pathology in P301S
mice. Genetic knockdown of VPS35 revealed elevated levels of phosphorylated tau and
insoluble tau, while pharmacological stabilization of VPS35 diminished pathological tau.
Interestingly, these changes in tau phosphorylation were no associated with altered
levels of kinases or phosphatase, PP2A, suggesting that VPS35 does not act on the
phosphorylation status of tau via kinases or phosphatases. Altered tau solubility and
phosphorylation were also associated with changes in microglial and astrocytic
activation in the brains of tauopathy mice; however, whether the retromer complex plays
a direct role on neuroinflammatory activation has yet to be determined; however, given
the essential role of glial cells in clearance of protein debris within cells, it is reasonable
that astrocyte or microglia disruption could alter proper lysosomal degradation of protein
aggregates. Recent studies provide compelling evidence that link microglial
abnormalities and the retromer complex. Under physiological conditions, retromer
regulates the delivery of phagocytic receptors to the microglial surface, specifically the
triggering receptor expressed on myeloid cells 2 (TREMZ2), found in microglia of the CNS
(Jay, von Saucken, et al 2017). Mutations in TREM2 are linked to late onset AD as well
as FTLD and result in reduced delivery of the receptor to the cell surface, indicating a

potential dysfunction of the recycling mechanism (Kleinberger, Yamanishi, et al 2014).
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Importantly, TREM2 function seems to be dependent on VPS35 function, in that, a loss-
of-function in TREM2 results in an improper recycling of this receptor back to the plasma
membrane as well as its accelerated degradation in the lysosome. Interestingly, studies
focusing on TREMZ in the context of AR and tau pathology provide conflicting lines of
evidence, indicating that a more detailed exploration of the relationship between TREM2

and protein aggregation is needed (Vagnozzi & Pratico 2018).

Given our findings, for the first time, we provide evidence for a direct role of
VPS35 in regulating the tauopathy phenotype in vivo. Notably, our data highlight the
potential efficacy of a novel small molecular chaperone, TPT-260, as a viable
therapeutic and translational agent in studying the effect of retromer on
neurodegeneration. Mechanistically, we present evidence that, in neuronal cells,
downregulation of VPS35 alone results in an alteration of the other two components of
the recognition core, VPS26 and VPS29, and this was associated with a significant
increase in phosphorylated tau at specific epitopes, and accumulation of pathological
tau. Several studies show that inhibition of any pair of protein—protein interactions in the
complex prevents localization of the retromer to the endosomal membrane (Collins,
Skinner, et al. 2005). Thus, this supports the notion that the three core components of
the retromer must work in tandem for the complex to function properly. Interestingly,
knockdown of VPS35 elevated pathological and phosphorylated tau accumulation within
endosomes. Given the importance of protein recycling from endosome to lysosome, this
data suggest that improper retromer function may prolong the length of time that tau
aggregates are stationary within endosomes, thereby, limiting aggregate degradation via
the lysosome. Indeed, studies have demonstrated a similar mechanism for alpha
synuclein and APP; however, we show, for the first time, that retromer-mediated tau

accumulation is specific to endosomal compartments. Notably, elevated levels of MC-1
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within endosomes following VPS35 knockdown suggest that certain tau species,
specifically, pathological tau may be sorted improperly if the retromer pathway is

disrupted, thus limiting degradation of these protein aggregates.

By using an opposite approach to upregulate VPS35 steady state levels in
neuronal cells, we demonstrated that phosphorylated and pathological tau were
significantly reduced, and this effect was associated with an increase in the activity of
CTSD. Importantly, these findings were reproduced by using the chaperone, TPT-260.
Under this condition, we observed a significant increase in the steady state levels of
VPS35, as well as the mature form of CTSD, which then resulted in a significant
reduction in tau phosphorylation and pathological tau levels. Since we observed that
manipulation of VPS35 levels and the subsequent changes pathological tau were
coincidental with alteration in the availability of CTSD activity, an important protease
previously involved in AD pathogenesis (Schuur, M., Ikram, et al. 2011; Chai, Chong, et
al 2019), next we explored its involvement in the VPS35-dependent effect on tau.
Previous work has shown that CTSD is one of the various cargo proteins sorted by the
retromer complex system. Indeed normal level of the retromer recognition core
components, the necessary condition for a proper sorting function of the retromer as a
complex, is fundamental for the transport of this hydrolase from the endosomes to the
TGN from where after final maturation is properly delivered to the lysosome system
(Rijnboutt, Stoorvogel, et al. 1992). Herein, we demonstrate that selective
pharmacological inhibition of CSTD activity is sufficient to neutralize the effect that
VPS35 has on pathological tau. While previous reports have indicated that CTSD is
implicated in tau degradation (Kenessey, Nacharaju, et al. 1997; Chai, Chong, et al
2019), our work is the first to directly link retromer dysfunction with alteration of tau

phosphorylation and accumulation of pathological tau via this protease.
98



In summary, our current findings identify VPS35 as an important and critical new
regulator of tau phosphorylation and proteostasis, and support its involvement in the
pathogenesis of tauopathies (Figure 25). As it becomes increasingly evident that
endosomal sorting and trafficking dysfunction is a common cellular event in many
neurodegenerative diseases, our work provides new insights into a previously
unexplored research area involving VPS35 as a novel and viable therapeutic target for

reducing tau pathology in tauopathies and related neurodegenerative conditions.
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Figure 25: A) Working model of the role that the 5-Lipoxygenase plays in the
development of tau neuropathology. 5LO activation promotes tau
phosphorylation via the cdk5 kinase pathway and results in neuroinflammation,
cognitive impairment, and synaptic dysfunction. B) Working model of the role of
the retromer complex in tauopathy development. Normally, the retromer
functions to facilitate the delivery of protease, cathepsin D (CTSD), to the trans-
golgi network (TGN) via receptor cation-independent mannose 6-phosphate
receptor (CIMPR). When retromer dysfunction occurs, less CTSD is available to
degrade tau, resulting in tau accumulation in endosomes. This is associated
with impaired cognition and increased synaptic pathology and
neuroinflammation
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FUTURE DIRECTIONS AND CAVEATS

Further investigation is needed to determine the underlying mechanisms
contributing to neuroinflammation as well as missorting of proteins in tauopathy
development. The duality and complexity surrounding the inflammatory response in CNS
diseases is compounded by the fact that peripheral inflammation impacts this cycle.
Specifically, 5LO is expressed peripherally and in the CNS, therefore, the relationship
between these two systems must be investigated simultaneously to gain a better
understanding of utilizing anti-leukotriene therapeutic strategies for CNS diseases.
Additionally, we demonstrate that the 5LO-mediated effect on tau pathology in our
mouse model is dependent on phosphorylation via kinase, cdk5. However, several
factors regulate cdk5 activity, such as transcription factors Fos and cAMP-responsive
element binding protein (CREB), post-translational modifications, and potentially
microRNAs, thus a more detailed mechanism must be determined regarding the link

between 5LO and cdk5-mediated tau phosphorylation.

Our second area of investigation, the endosomal retromer complex in tauopathy
development, is in its infancy, and no studies to date have focused on a direct link
between retromer and tau pathology. However, several key biological questions remain
unanswered. We demonstrate compelling evidence that retromer-mediated effects on
pathological tau are dependent on lysosomal protease, CTSD; however, the exact
mechanism governing this interaction is still unknown. Since tau can be degraded by
other proteases, it is important to understand the specificity of CTSD on tau degradation
within lysosomes by using genetic manipulation of this protease. Another particularly
intriguing aspect of retromer neurobiology is the relationship between retromer function

and microglia. This is especially important since microglia phagocytose and clear protein
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aggregates. It would be interesting to investigate if our observed effect on tau pathology
via the retromer complex is specific to neurons or both neurons an glial cells. This
highlights the potential link between microglial TREMZ2, the retromer, and tau

neuropathology.

Finally, the therapeutic efficacy of retromer stabilizer, TPT-260, must be
investigated further in relevant mouse models of neurodegeneration. We show promising
results suggesting a rescue in cognition, synaptic function, and tau pathology in our
tauopathy model as well as in the 3xTg mice, a classical AD mouse line (Li, Chu, et al.
2019). Importantly, TPT-260 is a small molecule chaperone, which readily crosses the
blood brain barrier and does not show any toxic effects in rodent models. Taken
together, our data provide exciting evidence into the link between the retromer complex
and tau neurobiology and pharmacological intervention targeting this complex could

have far-reaching beneficial effects in the treatment of AD and tauopathies.

It is important, also, to consider certain caveats to these studies. In the 5LO AAV
experiments, our vector was not specific to a particular cell type, e.g. neurons,
astrocytes, microglia, and an important biological question to address would be what the
effect of 5LO modulation is on neurons compared to glia, considering the dual role of
both cell types in the pathogenesis of tauopathy and that the 5LO pathway s involved in
inflammatory pathways. Additionally, the use of primary neurons would have been a
more translational cell type to utilize in our in vitro studies, however, due to the
availability issues, we used the neuro2a stable line already made in-house. Thirdly, it
was somewhat surprising that our results were relatively consistent across behavioral
assays considering that some tests target specific brain regions, such as hippocampus

and frontal cortex, while others target regions such as the amygdala. More extensive
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studies should focus on the differences between these behavioral paradigms in the
context of cognition and tauopathy. Lastly, more extensive experiments need to be
completed to understand the translational benefits and safety of using TPT-260 in vivo in

different mouse models as well as larger animal models.
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