MODEL HIRANO BODIES DIFFERENTIALLY MODULATE CELL DEATH
INDUCED BY TAU AND THE AMYLOID PRECURSOR PROTEIN
INTRACELLULAR DOMAIN
by
WILLIAM EUGENE SPEARS
(Under the Direction of Marcus Fechheimer and Ruth Furukawa)
ABSTRACT
Hirano bodies are paracrystalline inclusions found in brains of patients
with Alzheimer’s disease (AD), frontotemporal dementia (FTD), and in normal aged
individuals. Although studies of post-mortem brain tissue provide clues of etiology, the
physiological function of Hirano bodies remains unknown. A cell culture model was
utilized to study the role of mutant tau proteins and model Hirano bodies. Model Hirano
bodies accumulate tau in human astroglioma cells. Model Hirano bodies attenuated or
enhanced cell death due to tau and the amyloid precursor protein intracellular domain
(AICD) depending on the form of tau. Further, model Hirano bodies enhanced or had no
effect on cell death due to tau and GSK3p. These findings affirm a specific role for
Hirano bodies in disease states and provides evidence that formation of Hirano bodies

represents an important pathological structure in AD and FTD.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

Neurodegenerative Diseases

Neurodegenerative diseases such as Alzheimer’s disease levy an overwhelming
burden on modern society. For example, Alzheimer’s disease (AD), the most common
form of dementia, is the sixth leading cause of death in the United States (Alz.org).
Further, it is the only cause of death among the top ten causes of death that cannot be
effectively treated. Among neurodegenerative diseases such as AD, protein aggregations
in the brain are considered major pathological hallmarks. Aggregates are often composed
of proteins important for proper neuronal function such as amyloid beta (Af) found in
senile plaques [1], the microtubule associated protein (MAP) tau found in neurofibrillary
tangles (NFTs) [2], and actin and actin associated proteins that make up Hirano bodies
[3]. Plaques and tangles are considered the main pathological hallmarks of AD. Much
research has been focused on understanding the pathogenesis of AD with limited success,
and the contribution of aggregations themselves to pathogenesis of disease is widely
debated (for review, see [4, 5]). Common pathways in Alzheimer’s disease and other
neurodegenerative diseases result in accumulation of insoluble inclusions, cognitive
decline, and massive synapse and neuron loss [6].
Amyloid precursor protein

The amyloid precursor protein (APP) is a transmembrane protein subject to

multiple cleavage events mediated by three proteases; a, B, and y-secretase [7-9]. APP



proteolysis by B and y-secretase releases an extracellular peptide known as A.
Intramembrane proteolysis of APP by y-secretase also releases an intracellular fragment
known as the amyloid precursor protein intracellular domain (AICD). AICD can be
further processed by caspases that cleave the C-terminus of APP to release a 31 amino
acid peptide called c31 [10, 11]. The amyloid cascade hypothesis suggests that AP is the
primary cause of neurodegenerative alterations in AD, and accordingly, AP has been the
central target of basic research and therapeutics in AD. Despite this, AB-directed
therapies have often failed in the clinic, bringing to light new evidence that AICD may
play an important, understudied role in neurodegenerative disease pathways. AICD has
been shown to be imported into the nucleus where it activates transcription of target
genes and causes cell death [12-15]. Although consistent identification of target genes
remains elusive, it is known that AICD is capable of forming a transcriptionally active
complex composed of the histone acetyltransferase Tip60 and the adaptor protein Fe65,
or the transcription factor CP2/LSF/LBP1 [16-20]. It has recently been shown that
AICD+Fe65 over-expressing mice exhibit AD-like phenotypes including increased levels
of hyperphosphorylated and insoluble tau and cognitive decline not caused by A [21-
24]. Expression of both transgenes probably plays a critical role since either Fe65 or
AICD single transgenic mice fail to cause AD-like phenotypes. Interestingly, Fe65 has
been reported to colocalize with NFTs found in AD [25] and has also been shown to bind
tau directly [26]. It is also able to bind mena [27], an actin binding protein, suggesting a
possible link between the actin and microtubule cytoskeleton. Although controversial,

multiple studies have reported that a mutation in the C-terminus of APP (D664A) that



prevents caspase cleavage and release of c¢31 rescued neurodegeneration induced by
mutant APP [28-30].
Tau

Tau is a microtubule associated protein known to bind, stabilize, and promote
microtubule assembly in vitro [31, 32]. A single MAPT gene generates six tau isoforms
by alternative splicing of its pre-mRNA (Figure 1). Isoforms ranging in size from 352-
441 residues differ by exclusion or inclusion of exons 2,3, and 10. This results in the
generation of either three or four C-terminal microtubule binding repeats (called 3R or
4R) and zero, one, or two N-terminal repeats (called ON, IN, or 2N). Hence, 441 length
tau is denoted 4R2N tau. Although the importance of tau expression is debated, it may be
needed for proper axonal transport [33, 34], growth cone maintenance [35], microtubule
stability [36-39], iron export [40], DNA damage repair [41], and post-synaptic receptor
localization [42]. Tau is an inherently unfolded, highly flexible protein, and because of
this is subject to a variety of post-translational modifications that regulate its function
[43]. The most studied of these modifications is phosphorylation due to the fact that
hyperphosphorylated tau is the primary component of neurofibrillary tangles (NFTs)
found in Alzheimer’s Disease, frontotemporal dementia with parkinsonism linked to
chromosome 17 (FTDP-17), and other neurodegenerative conditions [44-46]. It is thought
that post-translational modification of tau at specific residues facilitates a toxic gain of
function driving the formation of soluble species or insoluble aggregates that promote
cell death [42, 47, 48]. However, identification of the precise mechanisms and
pathological tau species remains elusive. Self-aggregation of tau is mediated by its

microtubule binding repeats, and the presence of N-terminal or C-terminal regions of tau



generally inhibits aggregation. However, specific modifications such as phosphorylation
can, in some cases, promote aggregation of full-length tau [49]. Tau is thought to be
essential to cell death pathways in AD and FTDP-17, and reduction of tau in cell culture
and mouse models of AD prevents cytoskeletal breakdown, neuronal loss and behavioral
impairments induced by AP [50-53]. According to the amyloid cascade hypothesis, AP
acts upstream of tau, inducing tau hyperphosphorylation and cell death [54-57].
Tauopathies

The term “tauopathy” refers to a variety of conditions characterized by the
formation of insoluble aggregates of hyperphosphorylated tau [58]. These conditions
include Alzheimer’s disease as well as many conditions in which tau accumulation is the
primary pathological lesion, such as frontotemporal lobar degeneneration with tau
inclusions (FTLD-tau) [59]. Many of these conditions occur sporadically such as in
progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), and Pick’s
disease (PiD)(for review, see [60]). These conditions are mainly characterized by tau
polymerization, neuron loss, and gliosis in the frontal and temporal cortices. However,
subtle differences between these diseases include differences in the structure of tau
deposits, in their ratio of 3R/4R tau, and involvement of non-neuronal cell types. For
example, PSP is characterized by glial fibrillary tangles in astrocytes and
oligodendrocytes [61-63]. Biochemically, tangles found in PSP constitute two high
molecular weight bands immunoreactive to hyperphosphorylated tau antibodies, rather
than the three typically found in AD brains [64, 65]. In contrast, CBD is pathologically

characterized by extensive neuropil threads, or tau inclusions present in the neurite-rich



areas of the brain [66, 67]. In contrast to PSP, tau inclusions in CBD are composed
entirely of 4R tau isoforms [68].

Autosomal dominant mutations in tau cause another group of tauopathies called
frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17) [69-
71]. Nearly 40 mutations in tau cause dementia in this disease, many of which are point
mutations located in or near the microtubule binding domain [72]. Many of these
mutations have been shown to alter the biochemical properties of tau, notably its ability
to bind and promote microtubule assembly (Table 2). Some of these mutants have also
been shown to increase the tendency of tau to aggregate, probably through modulation of
PHF6 motifs in tau shown to be important for polymerization [73-76]. Other mutants
promote disease progression by altering the alternative mRNA splicing of exon 10 (MT
binding repeat two) resulting in increased expression of 3R tau [60]. This alters the 1:1
ratio of 3R/4R tau thought to be important for proper neuronal function, resulting in
decreased microtubule stability, axonopathy, and buildup of tau deposits [77]. Disease
causing tau mutations show differential patterns of tau deposition, age of onset, duration,
and clinical symptoms such as parkinsonism, personality change, speech disorders, and
language difficulties [72] (Table 2). This underscores the importance of differential
losses and gains of function of each tau mutant. More work is needed to better understand
the normal function of tau as well as important gains or losses of function caused by
mutations that may contribute to neurodegeneration.

Tauopathies including FTDP-17 are often commonly noted as widely devoid of
other pathological inclusions such as amyloid beta containing plaques. However, recent

evidence suggests that seemingly disparate neurodegenerative diseases may be more



commonly connected than previously thought. For example, TAR DNA-binding protein
43 (TDP43) was recently identified as the major protein component of amyotrophic
lateral sclerosis (ALS) and a subtype of FTLD now known as FTLD-TDP [78]. This
discovery led researchers to discover that TDP43 positive inclusions are a significant
finding in a variety of diseases such as AD, primary tauopathies, and Lewy body
disorders [79, 80]. More studies are needed to determine whether TDP43 plays an
important role in neurodegeneration that occurs in these other conditions.

In addition to TDP43, amyloid beta containing plaques are not thought to play a
role in the pathogenesis of FTDP-17 as tau deposits are considered the main pathological
finding. However, multiple studies show diffuse or mature plaque pathology in FTDP-17
patient brains. Plaque pathology has been reported in patient brains harboring either an
R5H, AK280, or P301L tau allele [81-85]. It remains a question why plaque pathology
may take a backseat to predominant tangles, but it may implicate abnormal processing of
APP in the pathogenesis of FTDP-17.

Hirano Bodies

Hirano Bodies are another pathological hallmark of aging and neurodegeneration
that link a wide variety of conditions. Hirano bodies were originally discovered by Dr.
Asao Hirano in patients with amyotrophic lateral sclerosis and parkinsonism-dementia
complex (ALS-PDC) on Guam [86]. They are eosinophilic, paracrystalline inclusions
composed largely of F-actin [87, 88], and they accumulate a variety of cytoskeletal
proteins and signaling molecules (summarized in [89]). Hirano bodies are found in brains
of normal aged individuals [90, 91], and are characteristic of neurodegenerative diseases

such as Alzheimer’s disease [92, 93], amyotrophic lateral sclerosis and Parkinson’s



disease [86], tauopathy including FTLD-tau and FTLD-TDP [94], prion diseases such as
Creutzfeldt-Jakob disease [94, 95] and chronic wasting disease [96, 97], diabetes [98],
and chronic alcoholism [99]. Hirano bodies or Hirano body-like structures (HBLS) have
also been reported in animal models of AD and tauopathy including those expressing
mutant forms of APP, tau, or both [100-103]. For example, HBLS were reported in
Drosophila brains expressing exogenous FTDP-17 tau, where they facilitated retinal
degeneration [103]. In the same report, HBLS were also observed in P301L tau
transgenic mice. Other studies report that neuronal stress facilitates dramatic re-
arrangement of F-actin into inclusions reminiscent of but structurally distinct from
Hirano bodies [104, 105]. Interestingly, these inclusions known as actin-cofilin rods (AC
rods) accumulate hyperphosphorylated tau [106].

Due to lack of a model system to study Hirano bodies, most studies to date focus
on analysis of post-mortem material. These reports show that Hirano bodies accumulate a
variety of epitopes including tau and other MAPs [89, 103, 107, 108], C-terminus of APP
[13, 109], and other actin associated proteins [89]. Interestingly, NFTs were often
reported to be intermingled in the same cell as Hirano bodies, suggesting a possible
connection [86]. In this study, Hirano, et al. found a rough positive correlation between
the frequency of NFTs and Hirano bodies. Similar to NFTs and Pick bodies, Hirano
bodies are frequently found in the CA1 region of the hippocampus although they are
rarely reported elsewhere [110]. Hirano bodies have been reported in a variety of
subcellular localizations in neuronal and non-neuronal cells. However, they are most
often reported in axons and dendritic processes [110]. Some reports identify Hirano

bodies in the soma [87], and still others identify Hirano bodies in oligodendrocytes [92],



schwann cells [111], and in the perineuronal space typically occupied by satellic glial
nuclei [86, 111, 112]. Reports also show the appearance of Hirano bodies as early as the
second decade of life, before the presence of other neuropathological changes [113].

Hirano bodies possess a distinct ultrastructure, and depending on the plane of
section may appear as intersecting parallel filaments, or as a straight row of punctate
densities attributed to F-actin [93, 114]. These filaments are parallel bundles of F-actin
that also appear to be stacked in uneven strata. Hirano bodies are structurally distinct
from AC rods, which are long, narrow bundles of F-actin saturated with ADF/cofilin
found throughout the neuropil in AD brains [115]. AC rods are immunoreactive towards
anti-actin antibodies, but unlike Hirano bodies are not stained with phalloidin. More
studies are needed to determine if Hirano bodies and AC rods share similar mechanisms
of formation, and their existence further underscores the importance of re-arrangement of
actin in aging and neurodegeneration.
Model system for the formation of Hirano bodies

We have developed a model system to study Hirano bodies through expression of
CT, a truncated form of 34-kDa protein, an actin bundling protein found in Dictyostelium
discoideum [89, 116-120]. 34-kDa protein is an actin bundling protein that saturates F-
actin binding at a ratio of 1 34-kDa monomer to 10 actin monomers in a filament [121]. It
has a reduced affinity for actin at micromolar concentrations of calcium and millimolar
concentrations of magnesium [121]. 34-kDa protein localizes to filopodia, cortical
regions, central cytoplasm, posterior regions of polarized cells, and is enriched at sites of
cell-cell contact [121-123]. 34-kDa null Dictyostelium grow and divide normally, but

exhibit some deficits in motility. These cells displayed a higher persistence of motility,



and increased length and number of filopodia [124]. These phenotypes are likely due to
some redundancy between other actin bundling proteins

Protein truncation analysis of 34-kDa protein fragments revealed a total of three
actin binding sites: a strong actin binding site (a.a. 193-254), an N-terminal binding site
(a.a. 1-123), and a C-terminal basic region (a.a. 279-295) [125]. Further analysis also
revealed the presence of two intramolecular interaction zones in 34-kDa protein, denoted
1Z-1 and 1Z-2. Because truncations composed of C-terminal regions of 34-kDa protein
bind F-actin with a higher affinity, it was proposed that the N-terminal region of 34-kDa
protein functions as an inhibitory domain by interacting with the strong actin binding site,
resulting in slightly weaker actin binding. In support of this, mutations in the IZ-1 domain
of 34-kDa protein result in strong, calcium insensitive F-actin binding similar to CT
[119].

Truncation of 34-kDa to form CT (C-terminus, a.a. 124-295) revealed activated
actin binding activity that was calcium insensitive [119, 125]. This fragment contains the
second of two putative calcium binding EF hands and is missing the N-terminal region.
In multiple cell lines including HeLa, Cos7, HEK293, neuronal and glial cell lines, as
well as in primary neurons, CT expression resulted in ellipsoid shaped inclusions
identified as model Hirano bodies [116, 117]. Similar to authentic Hirano bodies found in
aged brain tissue, model Hirano bodies strongly accumulate CT, F-actin, actin associated
proteins, transcription factors, and other signaling molecules [89]. Model Hirano body
formation did not induce cell death and had only minor effects on cell growth [89, 116].
Other mutants of 34-kDa protein have since been shown to induce model Hirano body

formation. AEF1 results from mutation of three aspartate residues to alanine in the first



putative EF hand [117]. Although EF2 was shown to be the only putative EF hand able to
bind calcium, AEF1 resulted in strong calcium insensitive actin binding activity and
Hirano body formation. This is probably because AEF1 disrupts 1Z-1, interfering with the
interaction of the N-terminal inhibitory domain with the strong actin binding site.
Inhibition of calcium binding alone does not result in activated actin binding activity
since the same aspartate to alanine mutations in EF2 (AEF2) results in loss of calcium
binding activity of 34-kDa protein but does not result in HB formation [117].

Recently, we have created a mouse model for the formation of model Hirano
bodies, resulting in expression of CT-GFP in the hippocampus and cerebral cortex of
Thy1Cre”*CT"" mice [126]. CT-GFP was highly expressed in the CA3 region of the
hippocampus, and Hirano bodies were frequently identified as eosinophilic, cytoplasmic
inclusions in the brains of 6 month old homozygous mice. These animals were viable and
no gross defects were observed compared to wild type controls. However,
electrophysiological studies of brain slices from model Hirano body mice showed a
strong paired pulse depression, and deficits in early long-term potentiation although no
deficits in LTP were observed compared to wild type controls 240 min. post-tetanus.
These results further suggest that the presence of Hirano bodies are not deleterious,
although formation of Hirano bodies may cause some slowing of vesicular trafficking at
the synapse, and delayed trafficking of NMDA and AMPA receptors during early LTP

[126].
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Figure 1: Alternative splicing of tau. Adapted from [127]. Six isoforms of tau are
generated from alternative splicing of its pre-mRNA. All isoforms originate from a single
gene located on chromosome 17. Alternative splicing of exons 2, 3, and 10 results in the
presence of either 0, 1, or 2 N-terminal repeats (ON, 1N, or 2N), and the presence of
either 3 or 4 C-terminal microtubule binding repeats (3R or 4R). Thus, the shortest tau
1soform is 352 amino acids in length (ON3R), and the longest tau isoform is 441 amino

acids in length (4R2N).
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Table 1. Evidence of tau-actin interactions

Assay Result Reference
. . MAPs increase viscosity of actin,
Viscosity actin+tubulin mixtures [128]
Critical gelation concentration of
. . mixtures of actin and MAPs
Viscosity increased with increased [129]
phosphorylation
. . - Tau assembles F-actin, increases
Viscosity, turbidity, TEM turbidity, bundles actin [130]
Viscosity Phosphollplds havg no e;ffect on [131]
viscosity of tau-actin mixtures
Actin inhibits tau-tubulin
interactions. Tau forms actin
ELISA, TEM bundles and is observed at cross- | [132]
links
TEM, cosedimentation, affinity MT binding domam.tau pep tide
chromatosraph and full length tau bind actin, [133]
grapiy only full length tau bundles actin
Tau MT binding domain or
Cosedimentation, TEM, AFM proline-rich region sufficient for [134]
actin binding
Overexpression of FTDP-17 tau FTDP-17 tau expression causes
. . phospho-tau reactive actin [103]
in Drosophila p -
inclusions
Primary chick neuron culture, Cell stress induces phospho-tau [106]

colocalization

accumulation in actin-cofilin rods

N2A cell culture; human brain
immunohistochemistry

Endogenous tau colocalizes with
HBs in culture and in AD

[89, 107, 108]

NGF treated PC12 cells,
colocalization

Tau colocalizes with actin in
lammellipodia

[135]

PC12 cell culture

Interaction of tau with the plasma
membrane dependent on F-actin

[136, 137]
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Table 2. Tau mutations produce different phenotypes

Tau mutant Method Result Reference
Genomic DNA Patient with tau R5H allele shows NFTs,
R5H sequencing, MT plaques. Recombinant R5H shows reduced [82]
assembly assay ability to promote MT Assembly
Overexpression of
G272V 441 G272V human Oligodendroglial hyperphosphorylated tau [138]
tau driven by prion filaments, reduced tau solubility
protein promoter
Onset 41-50 yrs, duration 6-10 yrs, late
G272V Clinical symptoms dementia, parkinsonism rare, early [72]
personality change, language difficulties
G272V Live cell tracking of
’ GFP-tubulin+Tau G272V tau reduced ability to regulate MT
P30IL, transfected MCF7 dynamics [139]
AK280
cells
Light scattering Reduced ability to bind and promotq MT
. L assembly. R406W had lowest MT binding
P301L, cosedimentation, . .
R406W frontal gray matter capacity. Human P301L insoluble tau [140]
. composed of 4R. R406W composed of all 6
tau exraction .
isoforms
Onset 41-50, duration 6-10 yrs, rare
. parkinsonism, late dementia, early [72]
P30IL Clinical symptons personality change, language difficulties,
amyotrophy
4RON or 4R2N NFT formation, neuron loss, age-dependent
P301L P301L expression in | increase in insoluble tau, tau filament [141, 142]
mice formation, astrocyte activation
CamKII driven 4RON | Mice show memory and synaptic plasticity
P301L mouse tau deficits, tau accumulation in dendritic spines, 48]
expression, primary decreased synaptic expression of AMPA and
neuron culture NMDA subunits
CamKII driven Tau inclusions, filament formation, memory
R406W forebrain expression deficits. All tau isoforms expressed were [143]
of 4R2N incorporated in tangles
R406W, Primary neuron Wt and R406W tau expression potentiated [47]
P301L culture cell death in the presence of APP, not P301L
R406W Clinical symptons Onset >50 yrs, duration >15 yrs, early [72]
dementia, personality change, mutism
Primary neuron R4Q6W degrease§ phosphorylation, abolishes
R406W culture tau interaction with the plasma membrane [144]
mediated by Annexin A2
AK280 Genomic DNA NFTs, preferential 3R tau deposits, may 81]
sequencing, IHC increase splicing of 3R tau
. Mice show hyperphosphorylation of
K18AK280 CaMKI.I driven endogenous mouse tau, neuron loss, NFTs, [145]
expression . L
tau mislocalization
Binds weakly to MTs, high propensity for
K18AK280 N2a cell culture aggregation which is correlated with further [75, 146, 147]

proteolysis and cell death
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CHAPTER 2
HIRANO BODIES DIFFERENTIALLY MODULATE CELL DEATH INDUCED BY

TAU AND THE AMYLOID PRECURSOR PROTEIN INTRACELLULAR DOMAIN'

1 William Spears, Marcus Fechheimer, Ruth Furukawa. To be submitted to BMC
Neuroscience, 2012.

15



Abstract

Hirano bodies are paracrystalline inclusions found in brains of patients with
Alzheimer’s disease (AD), frontotemporal dementia (FTD), and in normal aged
individuals. Although studies of post-mortem brain tissue provide clues of etiology, the
physiological function of Hirano bodies remains unknown. A cell culture model was
utilized to study the role of mutant tau proteins and model Hirano bodies. Model Hirano
bodies accumulate tau in human astroglioma cells. Model Hirano bodies attenuated or
enhanced cell death due to tau and the amyloid precursor protein intracellular domain
(AICD) depending on the form of mutated tau. Further, model Hirano bodies enhanced or
had no effect on cell death due to tau and GSK3p. These findings affirm a specific role
for Hirano bodies in disease states and provides evidence that formation of Hirano bodies
represents an important pathological structure in AD and FTD.
Introduction

The cause of sporadic Alzheimer’s disease (AD) is unknown, and an intricate
interaction between multiple genetic, epigenetic, and environmental risk factors have
been proposed (for review, see [6]). However, in roughly 1% of total AD cases, studies
show that neurodegeneration results from mutations in the genes encoding the amyoid
precursor protein (APP), presenilin 1 (PSEN1), or PSEN2 [148, 149]. These mutations
result in altered processing of APP, increased deposition of amyloid beta (A), and early
onset neurodegeneration. This led to the formation of the amyloid cascade hypothesis, in

which it is thought that AP inititates a cascade of events leading to tau deposition,
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synaptic dysfunction and cognitive decline [54]. Proteolysis of APP by  and y-secretase
releases AP. Intramembrane proteolysis of APP by y-secretase also releases an
intracellular fragment known as the amyloid precursor protein intracellular domain
(AICD). AICD has been shown to form multi-protein complexes that regulate the
induction of apoptosis (for review, see [150, 151]). Multiple studies suggest that a
downstream effector of AICD is the kinase GSK3. Studies in neuronal cell cultures and
in vivo report upregulation of total levels of GSK3f as well as increased activation, and
tau hyperphosphorylation [18, 21, 152].

Complementary to the amyloid cascade hypothesis was the discovery that
mutations in tau cause a group of familial neurodegenerative diseases called
frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17) [153].
These diseases are characterized pathologically by the formation of neurofibrillary
tangles (NFTs) composed of hyperphosphorylated tau [60]. AP containing plaques found
in AD are often not considered a significant pathological feature of FTDP-17. Thus, the
amyloid cascade hypothesis posits that AP acts upstream of tau to promote
neurodegeneration. Nevertheless, significant plaque pathology is often reported in FTDP-
17 patient brain tissue [81-85].

Hirano bodies are inclusion bodies found in significant numbers in the
hippocampus of patients with AD compared to age matched controls [91]. In addition,
Hirano bodies are found in post-mortem brain tissue of patients afflicted with a variety of
neurodegenerative and other diseases, and in normal aged individuals [110]. Hirano
bodies are also found in patients diagnosed with FTLD-tau such as PSP and PD [154],

although no studies to date explore the cellular basis of this. Although the contribution of
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Hirano bodies to FTDP-17 is unknown, cell culture and transgenic animal models of
FTDP-17 suggest that alterations in the actin cytoskeleton and formation of Hirano
bodies are an important event in the pathogenesis of tauopathy [103, 104, 106]. Hirano
bodies are thought to be composed of primarily filamentous actin and actin associated
proteins [3, 88, 155], but they have also been shown to contain other components of the
neuronal cytoskeleton such as the middle molecular weight neurofilament subunit [113]
and the microtubule associated protein (MAP) tau [107, 108]. Hirano bodies also
accumulate a number of signaling proteins including the transcription factor FAC1 [156],
transforming growth factor-B3 [157], and AICD [13, 109]. Interestingly, Hirano, et al
proposed a positive correlation between the frequency of NFTs and Hirano bodies in
patient samples [86]. In this study, Hirano bodies and NFTs were often found in the same
cell. Although these reports suggest that tau colocalizes with Hirano bodies, the specific
1soforms, mutants, or modifications on tau and physiological consequences of this are
unknown.

A single MAPT gene generates six tau isoforms by alternative splicing of its pre-
mRNA. Isoforms ranging in size from 352-441 residues differ by exclusion or inclusion
of exons 2,3, and 10. Tau is a microtubule associated protein localized mainly in neuronal
axons [158], and is also found in oligodendrocytes [159]. In both cell types,
hyperphosphorylated tau is thought to play an important role in the neurodegeneration
since it is the main component of NFTs [44, 160, 161]. Additionally, abnormal tau
phosphorylation is an early marker of AD [162, 163] and phosphorylated tau levels
correlate with the severity of AD [164]. However, the precise mechanisms causing

abnormal tau phosphorylation leading to pathological tau formation remain unclear.
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Early studies of Hirano bodies were reliant on immunohistochemical staining of
post-mortem brain tissue due to lack of a model system to study their formation or
physiological function. We have developed a cell culture model of Hirano bodies by
expressing a truncated form of 34-kDa protein from Dictyostelium [89, 116-119].
Truncation of the amino terminus of 34-kDa protein to form CT results in a gain of
function in activated actin binding activity and formation of model Hirano bodies in
mammalian cells and in transgenic mice [117, 126]. Model Hirano bodies mitigate the
transcriptional activating activity of the APP intracellular domain (AICD), resulting in a
decrease in cell death [13]. Further, model Hirano bodies decrease cell death potentiated
by AICD and a pseudohyperphosphorylated (PHP) tau mimic [165].

We investigated the association of both wild type and mutant forms of tau with
Hirano bodies, and the impact of this on cell death pathways involving tau and AICD.
We report that all tau isoforms and mutants tested associate with model Hirano bodies.
However, tau mutants differentially influenced cell death in the presence/absence of
AICD and model Hirano bodies. Additionally, we show that model Hirano bodies
potentiate cell death initiated by tau and GSK3p. These results extend previous reports
affirming a specific role for Hirano bodies in aging and disease states and provides
further evidence that the presence of Hirano bodies may have an important contribution
to the pathogenesis of AD and FTD.

Methods
Cell culture and expression plasmid construction
Human H4 astroglioma cells (American Type Culture Collection, Manassas, VA)

were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10%
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fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA) at 37°C and 5% CO..
Transient transfection was performed with either FuGene 6 (Roche Applied Science,
Nutley, NJ) or Lipofectamine LTX (Invitrogen, Carlsbad, CA) according to
manufacturer’s instructions. For generation of an expression construct for model Hirano
body formation, C-terminal amino acids 124-295 from Dictyostelium were cloned into
the BamH]1 site of pEGFP-N1 (Clontech, Mountain View, CA) to generate the CT-GFP
fusion protein [89]. 352PHP is a tau mutant created in the shortest (352) tau isoform in
which 10 serine/threonine residues (S198, S199, S202, T231, S235, S396, S404, S409,
S413, and S422) were mutated to glutamic acid to mimic a hyperphosphorylated state (a
generous gift from Roland Brandt, University of Osnabriick, Osnabriick, Germany) [166].
To generate N-terminal FLAG-tagged tau constructs, the coding sequence of 352PHP
was digested from the 352PHP plasmid with Clal. The coding sequence of 441 length
human wt tau was digested out of pET-29b (Addgene plasmid 16316) [167]. Clal
restriction sites were introduced through PCR, and the tau coding sequence was cloned
into the Clal site of the remainder of the 352PHP plasmid backbone. Tau mutants were
constructed from 441 length tau using a QuikChange II XL Site-Directed Mutagenesis
Kit (Stratagene, La Jolla CA). Primers for mutagenesis were:

AK280 5 GCAGATAATTAATAAGCTGGATCTTAGC,

R5H 5’ATGGCTGAGCCCCACCAGGAGTTCGAAG,

G272V 5’GCACCAGCCGGGAGTCGGGAAGGTGCAG,

P301L 5’ ATCAACACGTCCTGGGAGGCGGCAG,

20



R406W 5’GGACACGTCTCCATGGCATCTCAGCAATG. Tau constructs K18 and
K18AK280 comprise the microtubule binding repeats of 441 length tau (a.a. 244-372),
and were generated using the following primers:
sense 5> CGATAGATCGATGCAGACAGCCCCCGTGCCCATGCC,
anti-sense 5° CGATAGATCGATTCATTCAATCTTTTTATTTCCTCCG. Clal sites
were added to each end of K18 through the above primers and PCR products were
digested and ligated into the Clal site of the remainder of the 352PHP plasmid backbone
after deletion of the coding sequence. Coding sequences of all plasmids were verified by
sequencing.
Cell death assays

24 hours prior to transfection, 8,000 H4 cells/well were plated into 96-well plates
(Nalge Nunc, Rochester, NY). Cells were transiently transfected with equal amounts of
plasmid (250 ng each) using Lipofectamine LTX (Invitrogen, Carlsbad, CA) according to
manufacturer’s instructions. Plasmids encoded GFP (pEGFP-N1, Clontech, Mountain
View, CA), CT-GFP [89], AICD (APPc58-myc, C-terminal 58 amino acids of APP-695,
a generous gift from Bradley Hyman, Harvard Medical School) [168], or HA epitope-
tagged GSK3p (Addgene plasmid 15994) [169]. 24 hours post-transfection, H4 cells were
incubated with a mixture of a final concentration of 264 uM Hoechst 33258 and 9 nM
Sytox Orange (Molecular Probes) for 15 min prior to visualization using a Zeiss IM-35
epifluoresence microscope with a 63x oil immersion objective equipped with a CCD 300-
T-RC camera (Dage MT]I) controlled by Scion Image software. Fluoresence images from
GFP, Sytox Orange, and Hoechst was superimposed in Photoshop and live and dead cells

were counted. Since H4 cells have low transfection efficiencies (~30%), the presence of
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EGFP or CT-GFP was used to indicate transfected cells. The total number of GFP
positive, sytox orange positive cells was compared to total GFP positive cells and
displayed as percent cell death. At least three independent trials were conducted per
experiment, and > 50 cells/well were counted for each trial. Mean and standard
deviations are plotted in the graphs. Analysis of statistical significance was performed
using Student’s t-test.
Immunofluoresence

H4 cells were plated onto glass coverslips and allowed to adhere for 24 hours.
Cells were transiently transfected with equal amounts of plasmid (1 pg each) using
Lipofectamine LTX (Invitrogen, Carlsbad, CA) according to manufacturer’s instructions.
24 hours post-transfection, cells were fixed in 3.7% formaldehyde in PBS for 10 min,
washed three times for 10 min each in PBS, permeabilized with 0.2% Triton X-100 for 5
min, and blocked with 5% bovine serum albumin in PBS for 1 h at room temperature.
Cells were incubated with appropriate primary antibody for 1 h at rom temperature,
washed 3 times 10 min each in PBS and incubated with secondary antibody for 1 h at
room temperature. Cells were washed 3 times 10 min in PBS and mounted on glass slides
using Crystal Mount (Biomedia). Coverslips were visualized with a Zeiss Axioobserver
Z1 equipped with an AxioCam MRm controlled by AxioVision4.6 software. Antibodies
used were anti-FLAG rabbit antibody to label tau (Sigma-Aldrich, St. Louis, MO), and
Alexa Fluor 350 conjugated anti-rabbit secondary antibody (Molecular Probes, Eugene,
OR). F-actin was visualized using TRITC conjugated phalloidin (Sigma-Aldrich, St.

Louis, MO), and nuclei were stained with DAPI (Sigma-Aldrich, St. Louis, MO).

22



Results
Localization of tau and Hirano bodies

The interaction of altered forms of tau with model Hirano bodies and the impact
of this interaction on disease pathways leading to cell death was investigated in this
study. Hirano bodies have been proposed to have a glial origin [92], and because glial
cells have been shown to be important mediators of cell death induced by AP and tau
[170], H4 human astroglioma cells were utilized.

Since some studies show differences in the biochemical properties of FTDP-17
mutated tau [74, 75, 82, 139, 140, 171], and because preferential accumulation of
different forms of tau might indicate physiological function of Hirano bodies, mutant tau
and model Hirano body localization was investigated. FLAG-tagged wt tau expression
plasmids were created in the longest (441 a.a.) and shortest (352 a.a.) isoforms, and tau
mutants RSH, G272V, P301L, and R406W were created in 441 length tau (Figure 1A).
We also utilized a FLAG-tagged tau mutant that mimics a hyperphosphorylated state
through mutagenesis of 10 serine/threonine residues to glutamate (352PHP) [166], and a
tau mutant known to aggregate in cell cultures (K18AK280) [146]. All mutant tau
proteins as well as wt tau isoforms showed strong colocalization with model Hirano
bodies except for 352PHP, which was diffusely localized throughout the cell, as shown in
Figure 1B. Further, truncated tau mutants containing only the microtubule binding region
of tau (K18 or K18AK280) colocalize with model Hirano bodies. These two mutants also
showed a strong nuclear localization. In contrast, all other tau constructs were
cytoplasmic (Figure 1B). In general, tau appeared to be present throughout the model

Hirano body or formed a ring-like structure around the periphery of the model Hirano
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body. These results show that regardless of specific point mutations, tau shows
enrichment at sites of F-actin accumulation. However, hyperphosphorylation at may
decrease this association, as shown for 352PHP tau.
Hirano Bodies, tau, and AICD

In order to functionally assay the effects of disease relevant tau protein, Brandt
and colleagues developed a tau phosphomimic (352PHP) [136, 166, 172-176]. Mutated
residues represent sites of hyperphosphorylation identified in paired helical filaments
(PHFs) of AD patients, which are precursor structures to mature NFTs [177]. Previous
reports show that PHP tau induces cell death when expressed in neuronal cell cultures
[47, 166, 173]. Model Hirano bodies protected against AICD-induced cell death in the
presence of 352 wt tau or 352PHP tau [165]. We investigated whether model Hirano
bodies would have an effect on cell death induced by wt tau isoforms and tau mutants
found in FTDP-17 in the presence of AICD. As previously reported, expression of AICD
resulted in modest levels of cell death (figure 2A, white bars), and model Hirano bodies
significantly lowered this death (white bars *p < 0.05). Transfection of 352 or 441 wt tau
resulted in low levels of cell death (gray bars), and the presence of model Hirano bodies
had no effect on this cell death (check bars). Although cotransfection of wt tau
isoforms+AICD (black bars) caused an incremental increase in cell death, a marked
potentiation in cell death was observed upon cotransfection of 352PHP+AICD consistent
with previous data from our laboratory [165]. The presence of model Hirano bodies
protected against cell death induced by both 352 wt tau+AICD (***p <0.001), 441 wt

tau+AICD (**p <0.01), and 352PHP tau+AICD (stripe bars, ** p < 0.01). These results
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suggest that tau hyperphosphorylation enhances cell death and that model Hirano bodies
are able to mitigate cell death induced by wt and hyperphosphorylated tau.
FTDP-17 tau and Hirano bodies differentially modulate cell death.

Previous studies indicate that expression of FTDP-17 tau has differential
cytototoxic effects when expressed in cell cultures and in various animal models of
tauopathy [42, 48, 103] that may be attributable to the biochemical properties of tau [73,
74]. Given this, the effect of mutated tau on AICD-induced cell death in the presence or
absence of model Hirano bodies was investigated. As expected, exogenous expression of
tau mutants (gray bars) R5H (figure 2B), R406W (figure 2B), G272V (figure 2C), or
P301L (figure 2C) did not produce significant cell death. Similarly, coexpression of
either RSH or R406W tau in the presence of model Hirano bodies resulted only in
background levels of cell death (figure 3B, check bars). In contrast, expression of either
G272V tau (**p <0.01) or P301L (***p <0.001) tau in the presence of model Hirano
bodies resulted in significant potentiation of cell death (figure 2C, check bars). Similar to
352PHP tau, FTDP-17 tau mutants enhance cell death in the presence of AICD compared
to wt tau isoforms+AICD (figure 2B,C, black bars). The presence of model Hirano
bodies protected from cell death due to AICD and either RSH or R406W tau (Figure 2B,
stripe bars **p < 0.01). However, in cells expressing either G272V tau+AICD or P301L
tau+AICD, model Hirano bodies had no effect on cell death (figure 2C, stripe bars).
These data suggest that model Hirano bodies either mitigate or promote cell death

induced by tau and/or AICD, depending on the tau variant used.
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Hirano bodies are not protective against aggregation prone tau

The tau mutant AK280 is representative of a group of FTDP-17 mutants
previously shown to have increased susceptibility to aggregation compared to wt tau [74-
76], although whether or not tau polymerization is directly neurotoxic continues to be a
major question (for review, see [4]). It has been demonstrated that different stages of tau
aggregates pose disparate consequences to cells ranging from toxic in the oligomer form
[178] to inconsequential or protective in the mature NFT form [179]. Previous studies
have established a cell culture model of tau aggregation through expression of a tau
fragment with a high propensity for B-structure and aggregation [147], termed
K18AK280. Studies show that expression of KISAK280 tau causes cell death prior to the
formation of mature aggregations [145-147]. The effect of KI8AK280 tau on cell death
in the presence of model Hirano bodies was investigated. Consistent with previous
reports, expression of KI18AK280 resulted in significant cell death compared to
expression of K18 (figure 2D, gray bars ***p < 0.001). Model Hirano bodies had no
effect on this death (check bars). Expression of KI8AK280 with AICD increased cell
death (black bars *p < 0.05), and the presence of model Hirano bodies lowered this cell
death (stripe bars *p < 0.05). Notably, CT-GFP expression only lowered levels of cell
death due to AICD.
Hirano bodies differentially influence cell death induced by GSK3pf and tau.

GSK3p is one of the most well studied kinases in AD, and its contribution to
pathogenesis of AD is likely essential (for review, see [180]). Specifically, GSK3p is
thought to become upregulated and over-activated by AP and AICD, triggering a cascade

of signaling events leading to tau hyperphosphorylation, apoptosis, and cell death [21,
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181]. The contribution of activated GSK3p and tau to cell death in the presence of model
Hirano bodies was investigated. Exogenous expression of a constitutively active mutant
of GSK3p (S9A) causes cell death similar to that of AICD, and that CT-GFP expression
has no effect on this death (figure 3A, white bars). In contrast, exogenous expression of
GSK3p (S9A) in the presence of 352 wt tau or 352PHP tau causes significant
potentiation of cell death compared to GSK3p (S9A) alone (figure 3A, black bars ***p <
0.001, **p <0.01). Interestingly, although 352 wt tau and 352PHP tau produce similar
amounts of cell death under these conditions, 441 wt tau expression causes only an
incremental increase in cell death when expressed with GSK33 S9A. Exogenous
expression of GSK3f (S9A) with either wt tau isoforms or 352PHP tau in the presence of
model Hirano bodies causes even further potentiation of cell death (figure 3A, check
bars).

The effect of FTDP-17 tau expression on cell death induced by GSK3 (S9A) and
model Hirano bodies was investigated. Exogenous expression of tau mutants RSH,
P301L, and R406W in the presence of GSK3[ (S9A) increased cell death compared to
expression of GSK3p (S9A) alone (figure 3B, black bars). However, expression of
G272V tau in the presence of GSK3p (S9A) resulted in only incremental increases in cell
death compared to expression of GSK3 (S9A) alone. We also observed differences in
the ability of model Hirano bodies to modulate cell death in the presence of FTDP-17
mutant tau and GSK3 (S9A). Model Hirano bodies enhanced cell death in the presence
of GSK3 (S9A)+G272V tau and GSK3 (S9A)+P301L tau. (figure 3B, check bars ***p
<0.001). However, model Hirano bodies had no effect on cell death induced by GSK3f3

(S9A)+R5H tau or GSK3B (S9A)+R406W tau (figure 3B, check bars).
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GSK3p (S9A) also enhanced cell death in the presence of K18 tau or KISAK280
tau compared to expression of GSK3p (S9A) alone (figure 3C, black bars ***p < 0.001).
Model Hirano bodies did not have a statistically significant effect on this cell death
although exogenous CT-GFP+GSK3p (S9A)+K 18 tau resulted in a small increase in cell
death compared to exogenous GSK3p (S9A)+K18 tau (figure 3C, check bars). We also
measured cell death under conditions in which expression of GSK3f (S9A) did not
induce significantly greater levels of cell death than GFP controls (figure 3D), showing
that GSK3p (S9A)-induced cell death is dose dependent. Similar to previous results
(figure 3A-C), exogenous expression of GSK3 (S9A)+441 wt tau or GSK3p
(S9A)+P301L tau potentiated cell death compared to GSK3 (S9A) alone (figure 3D,
black bars). In addition, the presence of model Hirano bodies further increased this cell
death compared to expression of GSK3 (S9A)+441 wt tau (check bars, *p < 0.05) or
GSK3pB (S9A)+P301L tau (check bars ***p <(0.001). These results show that model
Hirano bodies are not protective against cell death induced by GSK3f and tau, and
depending on the mutation, may further increase cell death.
Discussion

Our results show that tau colocalizes with model Hirano bodies (figure 1B)
consistent with previous studies [89, 107, 108]. However, model Hirano bodies only
weakly colocalize with pseudohyperphosphorylated tau (352PHP). Model Hirano bodies
mitigate cell death induced by AICD and AICD in the presence of wt tau isoforms,
352PHP, and tau mutants R5H, R406W, K18, and K18AK280 (figure 2A,B,D). In
contrast, we show that model Hirano bodies potentiate cell death in the presence of

G272V tau and P301L tau (figure 2C). Similarly, model Hirano bodies do not protect
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from cell death in the presence of AICD+G272V tau or AICD+P301L tau (figure 3C).
We also show that model Hirano bodies potentiate cell death induced by expression of
activated GSK3p (S9A) and wt tau isoforms, 352 PHP, and tau mutants G272V and
P301L (figure 3A,B). However, model Hirano bodies have no effect on cell death
induced by GSK3p (S9A) and tau mutants RSH, R406W, K18, or KIS8AK280 (figure
3B,C).
Tau associates with Hirano bodies

Previous reports support the hypothesis that tau associates with Hirano bodies [89,
107, 108]. Moreover, multiple studies point to the role of tau as an actin binding protein
[103, 106, 130, 132-134, 136, 137]. However, this idea is not without controversy.
Studies of tau-actin interactions utilize a range of experimental approaches that yield
differential results [182]. Nonetheless, we demonstrate that wt tau, as well as tau mutants
known to cause FTDP-17 (R5H, G272V, P301L, and R406W) colocalize with model
Hirano bodies in H4 cells (figure 1B). Further, tau fragments containing only the
microtubule binding domain (K18 or K18AK280) were sufficient to associate with model
Hirano bodies. This supports previous reports demonstrating that the microtubule binding
domain of tau is capable of binding F-actin alone [134], and underscores the importance
of this region in cytoskeletal interactions. Additionally, a tau mutant known to promote
its self-aggregation (K18AK280) was sufficient to associate with model Hirano bodies. In
contrast, a tau phosphomimic (352PHP) showed only weak colocalization with model
Hirano bodies. This is supported by data showing that tau phosphorylation reduces its
interaction with F-actin in vitro [129]. It is also well known that tau phosphorylation at

multiple sites in vivo decreases its association with microtubules [183, 184]. The ability
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of tau to bind actin may also be related to ability of tau to promote cell death in the
presence of model Hirano bodies, and further investigation is needed to determine
whether changes in the actin binding ability of tau correlates with changes in cell death.
Model Hirano bodies differentially modulate cell death in the presence of FTDP-17 tau
The ability of tau to promote cell death in the presence of model Hirano bodies
and/or AICD correlates most strongly with the propensity of tau to self-aggregate.
Multiple studies show that FTDP-17 tau mutants vary widely in their ability to form
PHFs and NFTs in vitro, in cell culture, and in vivo (Table 2). Tau mutants P301L and
K18AK280 show the greatest tendency to aggregate, and these mutants potentiated the
highest levels of cell death in the presence of model Hirano bodies. Additionally, model
Hirano bodies were not able to protect against these aggregation-prone tau mutants in the
presence of AICD. In contrast, wt tau isoforms and tau mutants R406W and R5H did not
cause cell death in the presence of model Hirano bodies, and model Hirano bodies were
able to protect from cell death induced by these tau mutants in the presence of AICD.
Although little is known about the RSH tau mutation, R406W tau does not robustly
aggregate in vitro or in cell cultures (Table 1). In fact, R406W tau has been shown to be
hypophosphorylated in resting cells compared to wt tau [144, 185], and
hypophosphorylated when exposed to GSK3p in vitro [186]. Although the RSH and
R406W mutations are on opposite sides of the tau molecule, residue 5 and 406 exist in
close proximity upon the normal paperclip-like folding of tau [49, 187], and it is
conceivable that the two mutations result in similar losses/gains of function. Thus, tau
processing may be related to tau aggregation and cell death. The specific tau species

responsible for potentiating cell death in our model is unknown, and more studies are
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needed to determine whether further tau modification contributes to cell death. In support
of a relationship between aggregation and cell death, some FTDP-17 patients exhibit
more aggressive symptoms than AD patients, coincident with robust tau pathology at an
earlier age of onset (for review, see [72]).

All tau mutants except for K18AK280 tau were incapable of inducing cell death
alone consistent with previous reports [ 146, 147]. The ability of KISAK280 tau to cause
cell death was attributed to the ability of this fragment to aggregate since mutation of
hexapeptide motifs in tau essential for B-structure and aggregation reduced cell death and
rescued neurodegeneration [73, 145]. Expression of P301L tau or G272V tau in the
presence of model Hirano bodies significantly increased cell death. Model Hirano bodies
have no effect on cell death initiated by expression of exogenous K18AK280 tau.
However, because this mutant is capable of initiating cell death on its own, it likely does
not need model Hirano bodies to further aid its aggregation. A possible mechanism for
the interaction of model Hirano bodies and tau is that model Hirano bodies increase the
local concentration of tau through a direct or indirect interaction. Tau mutants most prone
to aggregation then initiate cell death. These results are consistent with studies showing
that cell stress or neurodegeneration facilitates dramatic F-actin rearrangement in the
presence of wt or mutant tau [103, 106].

Hirano bodies, tau, and AICD

Multiple reports suggest that AICD is likely important to the pathogenesis of AD
[21-24]. However, this idea is controversial [188]. Transgenic mice expressing AICD and
Fe65 exhibit classical AD-like deficits including increased hyperphosphorylated,

insoluble tau and cognitive decline not caused by amyloid beta [21]. Conversely, Fe65
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can bind Teashirt, forming a multi-protein complex to silence expression of caspase-4
[189].

Our data is consistent with the idea that tau significantly contributes to cell death
in the presence of AICD. This complements previous results showing that expression of
exogenous c31/APP/352PHP tau or AICD/352PHP tau results in a potentiation of cell
death compared to cells expressing AICD or 352PHP alone [165]. In this study, co-
expression of wt 352 or 441 tau and AICD produced a similar level of cell death to AICD
alone. Cell death initiated by 441 tau and AICD was not statistically significant from cell
death induced by AICD alone. Cell death induced by 352 wt tau and AICD was also
modest relative to cell death caused by AICD alone. In contrast, expression of all tau
mutants tested enhanced cell death in the presence of AICD (albeit at different levels)
relative to expression of AICD or tau alone. These results support a model in which
AICD potentiates cell death in the presence of tau through an unknown mechanism.
Interestingly, model Hirano bodies reduced cell death initiated by K18AK280 tau and
AICD, although this tau variant has the greatest propensity to aggregate (Table 1). This
may be because K18AK280 tau is largely already processed into a pathological tau
species, and does not need to undergo the same further processing compared to full-
length tau mutants P301L or G272V. This further suggests that model Hirano bodies may
promote early tau processing and/or aggregation depending on the tau species present.
Model Hirano bodies differentially potentiate cell death induced by GSK3f and tau.

Multiple studies suggest that a downstream effector of A and AICD is the kinase
GSK3p. Studies in neuronal cell cultures report upregulation of total levels of GSK3p as

well as increased activation, and tau hyperphosphorylation [18, 21, 152]. Further, tau
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hyperphosphorylation promotes tau aggregation in some models [49, 190, 191]. To test
the hypothesis that model Hirano bodies protect against hyperphosphorylated tau, we
utilized a constitutively active GSK3[3 mutant created by ablation of its inhibitory
phosphorylation site (S9A). Expression of GSK3f alone induced moderate cell death,
consistent with previous reports implicating a role for GSK3 in facilitating apoptosis
[192, 193]. In all tau constructs tested except for RSH, R406W, K18, or KISAK280,
expression of exogenous GSK3f and tau in the presence of model Hirano bodies strongly
potentiated cell death compared to expression of GSK3f and tau. These results suggest
that GSK3p induces formation of hyperphosphorylated tau species, that in the presence of
model Hirano bodies could potentiate cell death by increasing the local concentration of
tau. Interestingly, model Hirano bodies did not further enhance cell death in the presence
of a tau mutant shown previously to be hypophosphorylated in the presence of GSK3p, or
tau mutants that did not contain the majority of GSK3f phosphorylation sites (K18 and
K18AK280). This may suggest a complementary role for phosphorylation and
aggregation.

Notably, we observed similar results in the ability of model Hirano bodies to
mitigate/enhance cell death in the presence of tau, tau+AICD, or tau+GSK3p. This may
be because tau phosphorylation facilitates tau aggregation in our model. Given this, it is
interesting that 352PHP tau produced low levels of cell death when expressed alone, and
that model Hirano bodies were able to reduce cell death due to 352PHP tau and AICD.
However, a mouse model of tauopathy created by overexpression of 352PHP tau failed to
cause tau aggregation and neurodegeneration and resulted in a decrease in tau

phosphorylation at certain sites compared to transgenic mice expressing wt tau [174].
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Consistent with this, in vitro studies characterizing the 352PHP tau mutant show that
these mutations collectively inhibit aggregation compared to wt tau [175]. Therefore,
transient phosphorylation and dephosphorylation of tau may be critical to formation of a
pathologically relevant tau species, and phosphorylation of specific residues likely affects
modification at other sites. Indeed, GSK3p activity has been shown to differ between
primed versus non-primed substrates [194]. These results support the hypothesis that
model Hirano bodies enhance cell death in the presence of aggregation-prone tau, and
reduce cell death in the presence of other tau variants.
Conclusions

In this study, we provide further evidence that Hirano bodies have a specific
effect on the pathogenesis of neurodegenerative disease, with respect to tau and C-
terminal fragments of APP. We suggest that Hirano bodies do not serve a general
protective function by simply accumulating cytosolic proteins, but rather protect against
cell death initiated by AICD and mitigate or enhance cell death dependent on the
biochemical properties of tau. More work is needed to explore the function of Hirano
bodies in vivo, and whether in vitro studies correlate or aid in interpretation of the results
presented here. This data complements key discoveries made in transgenic animal models
and neuronal cell culture reporting abnormal rearrangement of F-actin during cell stress
or neurodegeneration, and suggest that Hirano bodies play a complex role in the

pathogenesis of disease.
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CHAPTER 3
CONCLUSIONS

In the current study, I have shown that tau associates with model Hirano bodies,
an interaction that differentially affects cell death. Mutant tau proteins previously shown
to have a greater propensity to aggregate compared to wt tau potentiate cell death in the
presence of model Hirano bodies. Consistent with this, model Hirano bodies protect
against cell death initiated by AICD and tau not prone to aggregation. Model Hirano
bodies also potentiate cell death in the presence of GSK3f and tau, although not in the
presence of tau fragments containing only the microtubule binding domain, or in the
presence of tau mutants R406W and R5H. This is consistent with studies showing that
hyperphosphorylation of regions adjacent to the microtubule binding domain of tau is
important for aggregation and induction of cell death. However, more studies are needed
to determine the mechanistic basis of cell death in our model.
Future directions: GSK3f

GSK3p was investigated due to previously published data implicating it as a
target of AICD mediated signaling [18, 21]. In neuronal cell culture models, total GSK3f3
levels were increased and over-activated upon expression of exogenous AICD [18]. This
resulted in abnormal tau phosphorylation and cell death. However, more studies are
needed to determine whether this is occurring in our model. These studies could utilize
antibodies against total GSK3f and activated GSK3p (phosphorylated Y216) and western

blotting to determine if total or activated levels of GSK3f are modulated by AICD in the
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presence or absence of model Hirano bodies. Further, a mutant form of GSK3f (K85A)
results in ablation of the ATP binding site and is known to have a dominant negative
effect [195]. Inhibitors are also commercially available, although the specificity of many
inhibitors is debated due to high sequence and structural homology to other kinases [180].
GSK3p (K85A) could be expressed in the presence of AICD and AICD+tau to determine
whether suppression of GSK3[3 mitigates cell death. Localization patterns of endogenous
as well as exogenous epitope tagged GSK3f could also be performed to determine if
GSK3p colocalizes with model Hirano bodies. If so, this may provide a mechanistic basis
for further tau phosphorylation and increases in cell death, or conversely, decreased
ability of GSK3p to modulate other processes contributing to cell death. However, I have
found that model Hirano bodies have no affect on cell death, albeit at low levels, initiated
by GSK3p. Although GSK3p is one particular downstream target of AICD, a growing
number of AICD interacting partners and gene targets may also contribute to cell death
(for review, see [150]). Previous data from our laboratory shows that AICD-dependent
cell death involves, at least in part, tat-interacting protein 60 kDa (Tip60), p53, and
caspases [165]. Interestingly, another study identified a2-actin, tropomyosin, and
transgelin as gene targets of AICD using a microarray approach in primary cortical
neurons, establishing a link between actin dynamics and AICD signaling [12].
Future directions: tau aggregation

I also found marked differences in the ability of tau mutants to promote cell death
in the presence of model Hirano bodies, and a similar trend in the presence of AICD and
model Hirano bodies. All mutants tested potentiated cell death in the presence of AICD

to a greater extent than wt 352 or 441 tau. However, model Hirano bodies did not reduce
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cell death potentiated by G272V tau+AICD or P301L tau+AICD. In contrast, model
Hirano bodies protected against cell death potentiated by R5H tau+AICD or
R406W+AICD. This trend may be related to the biochemical properties of tau. G272V,
P301L, 441AK280, and K18AK280 have been shown to readily aggregate in vitro in the
presence of polyanionic cofactors [74-76]. Further, 441AK280 tau has been shown to
aggregate in the absence of cofactors in vitro [74], and form electron dense aggregates in
stably transfected CHO cells [196], properties not shown for other tau mutants.
Truncation of 441AK280 to K18AK280 further aids aggregation and causes significant
levels of cell death in neuronal cell cultures and AD-like deficits in transgenic mice [145-
147]. K18AK280 also caused significant cell death in my experiments, and model Hirano
bodies failed to reduce this death. These data are consistent with the hypothesis that
aggregation contributes significantly to cell death observed upon expression of G272V
tau+CT-GFP or P301L tau+CT-GFP. However, further experiments are needed to
characterize whether this process is occurring in our model. Structural studies aimed at
determining the region of tau responsible for aggregation show that the presence of either
1 (in 3R tau) or 2 (in 4R tau) hexapeptide motifs are essential for formation of B structure
and aggregation [73]. Ablation of these motifs by mutating specific isoleucine residues to
proline disrupts the potential for B structure and aggregation in tau. Interestingly, in cell
culture and transgenic mouse models of tau aggregation, disruption of hexapeptide motifs
by B-breaking mutations in K18AK280 tau rescue tau aggregation and neurodegeneration
[145, 147]. In our model, if tau aggregation is in fact contributing to cell death, I would
expect that introduction of these point mutations would at least partially rescue cell death.

Other assays to measure tau aggregation could include thioflavinS fluorescence assays
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that measure the total amyloidogenic protein present in cell lysates. Alternatively,
separation of soluble/insoluble fractions and western blotting could reveal changes in
insoluble tau levels. I have shown that a large fraction of exogenously expressed tau is
colocalized with model Hirano bodies in most mutants tested in this study. Additionally, I
hypothesized that model Hirano bodies may contribute to cell death observed in the
presence of P301L tau and G272V tau by increasing the local contribution of tau near the
model Hirano body. Thus, it may be useful to utilize transmission electron microscopy
(TEM) to detect localization of fibrillar structures relative to model Hirano bodies.
Further, Hirano bodies exhibit a characteristic ultrastructure that may be modified by tau
expression. Recent studies in our laboratory (Connor Sweetnam, unpublished data) show
that tau does not induce Hirano body formation or result in significantly greater numbers
of Hirano bodies contrary to one previous study [197]. On the contrary, expression of 441
wt tau, 352 wt tau, or P301L tau in the presence of CT-GFP results in decreased numbers
of model Hirano bodies in H4 cells compared to expression of CT-GFP alone.
Future directions: post-translation modification of tau

Multiple post-translational modifications could also contribute to the differential
cell death observed between tau mutants. Among the modifications thought to facilitate
tau aggregation are phosphorylation at specific residues [191, 198], acetylation [199,
200], and truncation by various proteases [201]. It is possible, for example that G272V
tau and P301L tau are differentially phosphorylated at specific sites compared to wt tau,
R5H tau, R406W tau, or 352PHP tau, and it is known that phosphorylation at different
residues results in different functional outcomes. For example, GSK3p preferentially

targets substrates that have been prephosphorylated by other priming kinases [202].
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Indeed, GSK3p activity has been shown to differ between primed versus non-primed
substrates [194]. This may account for differences in cell death seen between 352PHP
tau, G272V tau, and P301L tau in the presence of AICD and model Hirano bodies. In
addition, a mouse model of tauopathy created by overexpression of 352PHP tau failed to
cause tau aggregation and neurodegeneration and resulted in a decrease in tau
phosphorylation at certain sites compared to transgenic mice expressing wt tau [174].
Consistent with this, in vitro studies characterizing the 352PHP tau mutant show that
these mutations collectively inhibit aggregation compared to wt tau [175]. Therefore,
transient phosphorylation and dephosphorylation of tau may be critical to formation of a
pathologically relevant tau species, and phosphorylation of specific residues likely affects
phosphorylation and modification at other sites. Given this, it may be useful to measure
whether tau phosphorylation differs among experimental conditions used in this study,
and whether this correlates with cell death. This can be accomplished by western blotting
using antibodies that recognize particular phosphorylated tau epitopes. These same
antibodies can also be used to determine the subcellular localization of tau during
different conditions. In this study, tau localization was measured only in the presence of
CT-GFP. However, more colocalization studies are needed to investigate changes in tau
localization in the presence of AICD and model Hirano bodies. Upon transfection of
AICD and tau, differential tau modification could affect its localization with Hirano
bodies. If AICD expression results in increased tau phosphorylation, for example, the
colocalization between tau and model Hirano bodies could be abolished. In support of
this, I report that 352PHP tau does not show strong colocalization with model Hirano

bodies. However, other post-translational modifications may contribute to increased cell
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death in the presence of AICD. In an unbiased approach, tau expressed in the presence of
AICD could be purified and analyzed by mass spectrometry.
Future directions: tau-actin binding studies

Differential tau-actin binding likely has important consequences in vivo, because
tau is predominantly localized to the distal axon in mature neurons [158], an interaction
that is dependent on intact F-actin [136, 137]. Hyperphosphorylation or F-actin
depolymerization destroys axonal retention of tau, resulting in its accumulation in the
somatodendritic compartment [ 136, 203]. In early AD, this mediates destruction of actin-
rich dendritic spines and synaptic dysfunction [42, 48, 203]. I have shown that wt tau as
well as tau mutants colocalize with model Hirano bodies. However, this does not prove a
direct interaction and more studies are needed to determine whether this interaction is
mediated by other factors. No studies to date have attempted to determine the ability of
tau mutants to bind actin relative to wt tau. Certain FTDP-17 tau mutants as well as
352PHP tau have been shown to have decreased ability to bind microtubules [140, 204],
and the same region of tau responsible for microtubule binding is also important for actin
binding [134]. Therefore, tau mutations and phosphorylation may affect actin binding. To
this end, I have generated all previously tested tau mutants in bacterial expression
plasmids (pET 29b, Novagen) for purification. Future experiments in our laboratory will
be focused on determining the actin binding capability of FTDP-17 tau mutants and
352PHP tau compared to wt tau using a surface plasmon resonance technique (Biacore)

[205, 206].
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Future directions: In vivo models

More studies are needed in relevant cell culture and in vivo models to adequately
determine the contribution of tau to cell death in the presence of model Hirano bodies and
AICD. Specifically, it would be useful to determine if endogenous tau colocalizes with
model Hirano bodies in primary neuronal cultures, or in human neuronal iPS cells that
express endogenous tau. Antibodies to different phosphorylated states of tau as well as
different isoforms could be used with and without AICD to further characterize the
interactions between tau and Hirano bodies. Studies show that tau colocalizes with
Hirano bodies in post-mortem human brain tissue, but this is not a widely accepted
phenomenon [154]. In addition, epitopes used to generate antibodies in these studies are
somewhat unknown, and may include other MAPs. Therefore, a more exhaustive study of
tau colocalization with Hirano bodies in human brain material is needed and would reveal
the specific isoforms and modifications that facilitate this interaction. Lastly, various
transgenic mouse models of tauopathy are available that express mutant forms of tau that
recapitulate key aspects of AD and FTDP-17 [142, 207, 208]. Genetic crosses of our
Hirano body model mice with these tauopathy mice would help to characterize the
putative interaction between tau and Hirano bodies, and their relationship to the
formation of tau pathology, electrophysiology, and behavior.

In conclusion, the data presented here provides the first detailed study of the
association between pathological tau mutants and Hirano bodies, and is the first to
demonstrate the potential consequences of this interaction as it relates to cell death. The
contribution of AICD to AD and FTLD-tau is poorly understood and may play an

important role in human disease as well as in various mouse models of AD that use
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FTDP-17 tau mutants to recapitulate tau pathology. These results extend previous reports
affirming a specific role for Hirano bodies in aging and disease states and provide further
evidence that the presence of Hirano bodies may have an important contribution to the

pathogenesis of neurodegenerative disease.
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Table 1: Relative aggregation properties of tau and cell death. S = aggregates in solution
with recombinant protein, C = aggregates in cell culture, B = aggregates in mouse models

of tauopathy. ND = not determined.
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Table 1. Relative aggregation properties of tau and cell death

Propensity to
Tau aggregate Cell death % protection (of total,
mutant seres CT-GFP+tau CIT’-GFP+tau(+{11CD) Reference

S C B

352PHP - - - 9% 50% [147-149]

441 wt + - - 4% 48% [73, 150, 151]

352 wt + - + 6% 59% [73, 152]

R5H + ND ND 5% 54% [82]

R406W + - + 5% 58% [75, 153]

K18 + - - 6% 41% [75]

G272V + ND + 17% 0% [75, 137]

P301L + + + 26% 0% [75, 140, 141, 154]

K18AK280 | + + + 24% 41% [75, 144-146]

76




Figure 1: Immunofluoresence localization of tau and model Hirano bodies. (A) Point
mutations R5H, G272V, P301L, and R406W were created in the 2N4R (441) tau isoform.
Arrows represent boundaries of K18 (a.a. 244-372)[146]. N1 and N2 represent N-
terminal repeats 1 and 2. R1, R2, R3, and R4 represent microtubule binding domain
repeats 1-4. Yellow circles designate 10 serine/threonine to glutamic acid mutations that
occur in 352PHP tau [172]. This mutant was created in the 352 tau isoform lacking N1,
N2, and R2. (B) H4 cells were transiently transfected with FLAG-tagged tau constructs
and CT-GFP to induce model Hirano bodies (green). 24 h post-transfection, cells were
fixed and stained for good preservation of F-actin. Tau was stained with anti-FLAG
primary antibody and Alexa Fluor350 secondary antibody (blue). F-actin was stained
using TRITC-phalloidin (red). All tau isoforms colocalize with model Hirano bodies

except 352PHP tau, which is localized diffusely throughout the cell. Scale bar = 20 pum.
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Figure 2: FTDP-17 tau and model Hirano bodies differentially modulate cell death. H4
cells were transiently transfected with equal amounts of plasmid DNA encoding AICD
and/or tau in the presence (check, stripe bars) or absence (gray, black bars) of model
Hirano bodies (CT-GFP). Model Hirano bodies protect from cell death induced by AICD
and/or tau, except in tau mutants G272V, P301L, and K18AK280. *p < 0.05, **p < 0.01,

**%p < 0.001. Error bars represent the standard deviation.
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Figure 3: Model Hirano bodies differentially influence cell death in the presence of
GSK3p and tau. H4 cells were transiently transfected with equal amounts of plasmid
DNA encoding constitutively active GSK3 (S9A) and tau (black bars) or GSK3p (S9A),
tau, and model Hirano bodies (check bars). Model Hirano bodies significantly promote
cell death induced by GSK3 (S9A) and tau except in tau mutants RSH, R406W, K18,
and K18AK280, where they have no effect. *p <0.05, **p <0.01, ***p <0.001. Error

bars represent the standard deviation.
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