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Abstract

The neuronal nucleus is highly specialized with a unique and characteristic
organization of the genome, transcription and epigenetic regulation. Little is
known about its chromatin organization as most studies have focused on
rapidly growing and dividing cells. This study has determined the
ultrastructural and molecular organization of the mouse striatal neuronal
nucleus and to correlate this with the distribution of a range of epigenetic
modifications. The relationship of the structural organization to a functional
assay of in vivo transcription detecting nascent RNA together with the
localization of RNA pol I, Il and Ill have been explored. These provide
strikingly different results to the literature, foremost is the highest level of
transcription mediated by RNA pol Il within the perinucleolar heterochromatin.
A novel mechanistic theory of the neuronal nucleolar complex is postulated
which may underlie the establishment and maintenance of the post-mitotic,
non-regenerating and growth restricted status of neurons. Surprisingly, this
unique neuronal nucleolar complex appears to be a focus for disorganization
upon HDAC inhibition and in various neurodegenerative disease models. The
cellular process observed for the extrusion of TDP-43 aggregates out of the
neurons in the novel TDP-43"33"V transgenic mouse models of ALS/FTLD
further implicates a novel mechanism for the extracellular spread of
transmissible proteinopathies. In agreement with recent literature, it is
speculated that prion-like propagation involving RNA-binding proteins with
putative prion domains might underlie the cell-to-cell emanation of

neurodegenerative pathology throughout the nervous system.
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CHAPTER 1

Introduction

“The nervous system is constituted by numerous nervous units (neurons)”
The term “neurons” was defined by Heinrich Wilhelm Gottfried von Waldeyer
back in 1892, decades after the first description of nerve cells by Christian
Gottfried Ehrenberg and Jan Evangelista Purkinje in 1836 and 1837
(Lopez-Munoz et al., 2006, Waldeyer, 1891). The nature of neurons was
recognized in the 1880s through the groundbreaking work by Santiago Ramoén
y Cajal on the structure of the nervous system, in which the basic cellular
features of neurons including dendrites, soma (cell body), axons and small
contact zones (synapses) were revealed (Lopez-Munoz et al.,, 2006). His
study of the nuclear subcompartments together with the remarkable discovery
of the “accessory body” (Cajal body) had provided great insight into the
organization of the mammalian neuronal nucleus (Lafarga et al., 2009).
Following Cajal's meritorious description of the morphology of individual
neuron, the principal biophysical properties of neurons such as their
excitability through ion channel conductance and signal transmission at
synapse were elucidated during the first half of the 20™ century (Albright et al.,
2000) (Figl.1). At present, the selective loss of neurons and progressive
failure of neuronal functions in neurodegenerative diseases of late onset has
become the major focus in the field and represent one of the greatest

challenges to our aging society in the 21 century.

Neurons are arguably the most varied cell type in terms of morphology and
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function. Their fate during differentiation and development, as well as the
activity of mature neurons is fundamentally determined by chromatin
(Takizawa and Meshorer, 2008). Most neurons in the adult brain are fully
differentiated post-mitotic cells which neither divide nor grow substantially.
These unique features may allow the establishment of a stable and
specialized nuclear organization providing a framework for efficient RNA
transcription and processing (Akhmanova et al., 2000). Up to now, there are
very few studies of the organization of nuclear structure and function in
post-mitotic neurons. In this project, | shall focus on the unique nuclear

organization of the interphase post-mitotic neurons in the adult mouse brain.
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Figure 1.1

Diagram of a typical myelinated vertebrate motoneuron, an electrically excitable cell that processes and

transmits information in the nervous system.

(Taken from http://en.wikipedia.org/wiki/File:Complete_neuron_cell_diagram_en.svg)
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1.1 Architectural Organization of the Nucleus

The mammalian nucleus is a dynamic organelle which is highly
compartmentalized into distinct nuclear compartments. Such
compartmentalization, nuclear architecture, both reflects and controls the
arrangement of chromosomes and the genes within them, the distribution of
numerous nuclear bodies as well as the interplay between all these factors
(Takizawa and Meshorer, 2008) (Figl.2). Within the nucleus, genetic material
is packaged in the form of chromatin consisting of DNA, histones and
associating architectural proteins. Distinct chromatin domains, euchromatin
and heterochromatin, are formed with specific patterns of histone
modifications (Grewal and Elgin, 2007). These regions may be held in position
by the nuclear matrix providing a scaffold of three-dimensional organization in
space. According to their gene density, individual chromosomes are
non-randomly arranged in a radial manner in the interphase nucleus. This
territorial organization of chromosomes, chromosome territories, is the major
feature of nuclear architecture which enables efficient regulation of

transcription (Cremer and Cremer, 2010).
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Figure 1.2

The mammalian cell nucleus with various distinct nuclear domains (Adapted from Spector, 2003).

1.1.1 Chromosome Territories

The territorial organization of chromosomes in the animal interphase nuclei
was first suggested by Carl Rabl in the late 19" century (Rabl, 1885) and later
termed chromosome territory (CT) by Theodor Boveri (Boveri, 1909), in which
both studies demonstrated that chromatin was not randomly organized but
each chromosome retained its individuality and remained confined to a distinct
part of the nuclear space (Cremer and Cremer, 2010). More recently, a
growing number of studies have focused on the organization and positioning
of human chromosomes using probes specific for individual chromosomes

with fluorescence in situ hybridization (FISH) (Spector, 2003). In an extensive

22



study, Bickmore and coworkers found that in human lymphocytes and
fibroblasts CTs are organized in a radial manner correlating with their gene
density (Croft et al., 1999, Boyle et al., 2001). Most gene-rich chromosomes
occupy more interior positions of the nucleus, whereas more gene-poor
chromosomes are found towards the nuclear periphery (Figl.3). It is
suggested that such arrangements of chromosomes have been conserved in
vertebrates and are established early in the cell cycle and maintained

throughout interphase (Fedorova and Zink, 2008).

Figure 1.3

Visualization of individual chromosomes in a
human primary peripheral blood lymphocyte
after FISH. Gene-poor chromosomes 18
(green) are localized at the nuclear periphery
and gene-rich chromosomes 19 (red) at more
internal regions (Adapted from Croft, Bridger

et al., 1999).

Similar gene density-correlated radial chromosome arrangements have
also been observed in a parallel study by Cremer and colleagues (Cremer et
al., 2001) who compared the chromosome arrangements in human cell types
with different shaped nuclei, including flat-ellipsoid nuclei of amniotic fluid cells
and fibroblasts as well as spherical B and T lymphocytes. However, their study
further depicted the different radial arrangements of large and small CTs in

ellipsoid and spherical nuclei of human cells.
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1.1.2 Chromatin Dynamics

Although the patterns of chromosome arrangement appears to be
conserved during evolution, these territories are nevertheless dynamic (Babu
et al., 2008). In a quantitative study of chromosome organization in resting and
activated human lymphocytes using cryo-FISH, it was found that different
transcriptional profiles correlate with specific changes in CT organization
(Branco et al., 2008). These include differences in chromosome intermingling,
CT volume and radial position between the two cellular states, indicating an
adaptation to the new transcriptional program. Other studies similarly revealed
changes in the architecture of CTs during cellular differentiation. For instance,
change in chromosome positioning during human adipocyte differentiation
(Kuroda et al., 2004), and reorganization of centromeres, chromosomes and
gene loci during mouse T-cell differentiation (Kim et al.,, 2004). These
demonstrate the potential impact of higher-order chromatin organization on

the regulation of gene expression and silencing during differentiation.

1.1.3 Higher-order Chromatin Organization

The completion of the Human Genome Project has revealed an estimate of
30,000 — 75,000 genes distributed among 3.2 billion base pairs of DNA which
is hierarchically packaged into a higher-order chromatin structure (Spector,
2003). Although it has been found that only 1.5% -2% of the DNA in the human
genome encodes for proteins, recent studies demonstrate that the rest of the

genome is not “junk DNA” as previously suggested but contains elements

24



linked to important regulatory functions (Ecker et al., 2012). The fundamental
repeating subunit of chromatin, nucleosome, consists of 146 base pairs of
DNA wrapped in 1.7 superhelical turns around a histone protein octamer of
four core histone proteins (H2A, H2B, H3 and H4). The nucleosomal array,
“beads-on-a-string” fiber, constitutes the first level of chromatin organization
(Li and Reinberg, 2011). The 30-nm chromatin fiber which comprises
nucleosomal arrays in a more condensed form is generally regarded as the
second structural level of DNA organization. The folding of chromatin fiber
continues with increasing DNA-packing density such that the genes are
arranged in the cell nucleus among the 46 chromosome territories with
accessibility to transcriptional regulators which allow their expression or
repression (Dorigo et al., 2004, Li and Reinberg, 2011) (Figl.4). It is important
to realize that the plasticity and dynamics of such higher-order chromatin
compaction are crucial in the regulation of transcription as well as other

biological processes inherent to DNA (Li and Reinberg, 2011).
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1.1.4 Chromatin Compaction—Heterochromatin and Euch ~ romatin

Heterochromatin was originally described by the German botanist Emil
Heitz as the nuclear regions which stained strongly with basic dyes (Heitz,
1928). Together with euchromatin, they give a qualitative indication of the
state of chromatin compaction (Woodcock and Ghosh, 2010) (Figl.5).
Euchromatin refers to the regions of chromatin which are decondensed and
tend to be transcriptionally active, with the characteristic nucleosomes
enriched in histone H3 trimethylated at lysine 4 (H3K4me3) and H3 acetylated
at lysine 9 (H3K9ac) (Takizawa and Meshorer, 2008). Heterochromatin is
condensed and normally consists of transcriptionally silent regions.
Constitutive heterochromatin tends to be enriched in repetitive DNA
sequences such as the highly repetitive pericentric satellite DNA and typically
marked by histone H3 trimethylated at lysine 9 (H3K9me3), whereas
trimethylation of H3K27 (H3K27me3) is commonly found at facultative
heterochromatin, which can reversibly undergo transitions from condensed,
transcriptionally inactive to become more open and allow transcriptional
activation (Fedorova and Zink, 2008). In general, both constitutive and
facultative heterochromatin are found at the nuclear periphery, although the
areas surrounding the nucleolus are also preferred sites of heterochromatin
assembly. An important feature of heterochromatin is its ability to “spread” or
propagate along the chromosome to adjacent regions (Hines et al., 2009). The
crowded environment typically found in heterochromatin may associate with
more efficient trapping of chromatin binding proteins, which is suggested to

facilitate heterochromatin maintenance (Woodcock and Ghosh, 2010).
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Figure 1.5

Electron micrograph of a
lymphocyte. The darkly stained
heterochromatin  around the
periphery and the lightly stained
euchromatin in the center are
shown. Adapted from (Ovalle

and Nahirney, 2007)

1.2 Epigenetic Regulation

The term “epigenetics” was derived from Conrad Waddington in 1942 with
the definition as “the branch of biology which studies the causal interactions
between genes and their products, which bring the phenotype into being”
(Waddington, 1942). With the completion of the human genome sequence, the
existence of a more complex non-coding genome becomes apparent in which
the organization and regulation may reveal a more thorough understanding of
our phenotype (MacDonald and Roskams, 2009). Epigenetics is how more
broadly referred as a variety of processes resulting in mitotically and/or
meiotically heritable changes in gene function without changing the DNA
sequence. However in neurons, the absence of cell division indicates that
epigenetics refers to the long lasting and stable regulation of gene expression.
Together with regulatory proteins and non-coding RNAs, epigenetic
modifications interplay with each other to bring about chromatin remodeling
and compartmentalization of the nucleus such as the formation of euchromatin
and heterochromatin (Delcuve et al., 2009). Although epigenetic mechanisms

are established early during cellular differentiation and development,
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alterations in cell signaling in response to intrinsic and environmental stimuli
may lead to remodeling of epigenetic marks. These may be further altered in
age-related neurodegeneration and other neurological disorders (Meaney and

Ferguson-Smith, 2010).

The complex hierarchical organization of the genetic material allows the
expression of the encoded genes to be regulated at various levels (Fig 1.6).
The first is at the level of DNA sequence including regulatory elements and
DNA methylation. The second level includes post-translational modification of
histones and nucleosome remodeling at the level of chromatin. The third level
includes chromosomal positioning and spatial organization of specific loci

within the nucleus (Babu et al., 2008).
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Current Opinion in Genetics & Development

Figure 1.6
Hierarchical organization of the genetic material and the several layers of regulation of gene expression

within the nucleus (Adapted from Babu et al., 2008).

1.2.1 DNA Methylation

DNA methylation is one of the best characterized epigenetic modifications

which contributes to gene silencing and is crucial to the stability of gene
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expression states (MacDonald and Roskams, 2009). In the DNA sequence, a
methyl (CH3-) group can be added to the pyrimidine ring of cytosine residues
at position 5 (Fig 1.7B). The majority of cytosines preceding guanine (CpG)
sites in the human genome are found in non-coding regions which are
methylated in order to prevent translocation as well as to maintain
chromosomal stability (Urdinguio et al., 2009). Other CpG sites are found in
clusters called CpG islands surrounding promoters which comprise 1-2% of
the genome. These short CpG-rich regions may escape methylation and thus
allow gene expression (Clouaire and Stancheva, 2008, Delcuve et al., 2009).
DNA methylation is catalyzed by specific DNA methyltransferases (DNMTSs)
dividing into two functionally different classes: maintenance
methyltransferases and de novo methyltransferases (MacDonald and
Roskams, 2009). DNMT1, the primary maintenance methyltransferase, is the
most abundant DNMT in somatic cells which associates with the replication
fork and acts at hemi-methylated CpGs during DNA replication. Its primary role
is therefore to preserve methylation patterns from the parental to the daughter
cells. DNMT3a and DNMT3b are de novo methyltransferases which are highly
expressed in embryonic and non-differentiated cells. They target
unmethylated DNA and establish novel methylation patterns (Espada and

Esteller, 2007, MacDonald and Roskams, 2009).

DNA methylation is essential for proper mammalian development and
contributes to a variety of cellular functions as well as pathologies. Apart from
gene repression, it is also involved in different processes such as genomic
imprinting, inactivation of X chromosome in females, suppression of repetitive

genomic elements, carcinogenesis and aging (Bird, 2002, Jaenisch and Bird,
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2003). Different mechanisms by which methylated cytosines may cause
transcriptional repression are posited. A direct mode of repression may be due
to its intervention with protein binding to a specific target DNA sequence and in
this case transcription factors would be released from the chromatin fiber
(Espada and Esteller, 2007). In the second (indirect) model, it is proposed that
specific binding of regulatory proteins, methyl-CpG-binding domain (MBD)
proteins, to the methylated cytosines may recruit histone deacetylase (HDAC)
containing repressor complexes and therefore lead to chromatin condensation

(MacDonald and Roskams, 2009, Bird, 2002) (Fig 1.7C).
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Figure 1.7

Mechanisms of DNA methylation-mediated gene silencing. (A) The basic repeating subunit of chromatin,
nucleosome. (B) Methylated cytosine with a methyl group (CHsin red) at the 5’ position. (C) De novo
methyltransferases DNMT3a and DNMT3b catalyze the methylation of cytosine residues. Methylated
cytosines (red hexagons) can repress transcription via two distinct mechanisms, either by inhibiting the
binding of transcription factors (TF) to the promoter of a gene, or being bound by methyl binding domain
proteins (MBD) which recruit repressor complexes with histone deacetylase (HDAC) and result in

chromatin condensation. (Adapted from MacDonald and Roskams, 2009)

1.2.1.1 Methyl-CpG Binding Domain Proteins (MBDs)

Methyl-CpG binding domain (MBD) proteins recognize and occupy sites of
DNA methylation and act as methylation-dependent transcriptional repressors,
linking DNA methylation with chromatin modification (Clouaire and Stancheva,
2008). MBDs establish a repressive chromatin environment by recruiting

enzymatic machinery as well as various chromatin modifiers (Bogdanovic and
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Veenstra, 2009). Histone deacetylases (HDAC) and histone methylases have
been identified as the co-repressor complexes associated with MBDs to
mediate chromatin modification and prevention of transcription initiation

(Clouaire and Stancheva, 2008).

In mammals, there are currently five MBD family proteins known as
MeCP2, MBD1, MBD2, MBD3 and MBD4 (Urdinguio et al., 2009) (Figl1.8). A
major action of MBD proteins is to repress transcription via interacting with
HDAC-associated complexes, with the exception of MBD4, which appears to
be involved in DNA repair. Out of the five classic MBD protein family members,
MBD1 is the only one also with the ability to repress transcription from
unmethylated promoters through one of its three zinc-coordinating CXXC

domains (MacDonald and Roskams, 2009).

MBD2a 6 ISR I

MED2b IS I

MBD3 S|

MBD4 [ s DNA N-Glycosylase

Figure 1.8

The five classic MBD protein family members identified by a conserved MBD (blue). Other main
domains of the proteins are indicated such as the common transcriptional repression domain (TRD)
and the zinc binding domains (CxxC) of MBD1, through which it interacts with unmethylated DNA and

represses transcription. (Adapted from MacDonald and Roskams, 2009)
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1.2.1.2 MeCP2 and Rett Syndrome

MeCP2 was first identified by Adrian Bird and co-workers in 1992 as a
53-kDa protein which functions as a transcriptional repressor by recruiting
HDAC and Sin3a through its TRD resulting in chromatin silencing (Lewis et al.,
1992, Nan et al., 1998, Cohen and Greenberg, 2010). A few years later, Huda
Zoghbi and colleagues discovered that MeCP2 mutations cause a progressive
neurodevelopmental disorder, Rett syndrome (RTT), a severe X-linked autism
spectrum disorder striking mostly girls with a prevalence of ~1/10,000 female
live births and represents one of the most common causes of mental
retardation in females (Chahrour et al., 2008, Delcuve et al., 2009). Patients
with classic RTT have a normal period of post-natal development until 6-18
months of age, at which point development regresses with loss of speech and
purposeful hand movements, mental retardation, autistic features, ataxia and
apraxia, as well as motor and respiratory abnormalities (MacDonald and
Roskams, 2009). A number of different mutations, deletions and
rearrangements have been identified in the MECP2 gene and such genetic
variability, together with the pattern of X chromosome inactivation resulting in
mosaic expression of the mutant gene, give rise to a high level of RTT
phenotypic variability. It was found that both loss of function and gain in
MECP2 dosage lead to RTT-like clinical symptoms (Chahrour and Zoghbi,
2007). In addition, studies reveal that high levels of MeCP2 are crucial to
postnatal neuronal maturation in which case MeCP2 deficiency selectively
causes neuronal symptoms and abnormalities in dendritic branching and
synapse formation in the brains of RTT patients. The link between MeCP2

dysfunction and defective postnatal neuronal maturation has been further
33



confirmed by studies with a number of mouse models for RTT (LaSalle, 2004,

Delcuve et al., 2009).

Since the discovery of MeCP2 as the gene causing RTT, the
understanding of MeCP2 behavior and function has evolved. Despite the long
held view that MeCP2 is a transcriptional repressor involved in chromatin
remodeling, surprising results from studies with different approaches have
re-examined the original hypothesized role of MeCP2 (Lasalle and Yasui,
2009, Cohen and Greenberg, 2010). Recently, mounting evidence has argued
against the predominant “enzymatic” model of MeCP2 function and instead an
unexpected twist in the understanding of MeCP2 role has emerged from
studies which reflect a multifunctional nature of MeCP2. Studies in gene
expression profiles of the hypothalamus in MeCP2 mouse models indicated
that MeCP2 regulates the expression of many different genes and
unexpectedly up to 85% of genes appeared to be activated by MeCP2
(Chahrour et al., 2008). Moreover, it was shown that MeCP2 associates with
the major transcriptional activator CREB1 (cCAMP responsive element binding
proteinl) at the promoter of an upregulated gene and therefore suggesting a
potential activation mechanism (Chahrour et al., 2008). The view that MeCP2
function extends beyond transcriptional repression was further supported by
integrated epigenomic analyses of neuronal MeCP2 which revealed that 63%
of MeCP2-bound promoters were actively expressed, however only 6% were
highly methylated (Yasui et al., 2007). These together suggested a more
predominant role of MeCP2 in the modulation of active genes. Apart from the
above, there are indeed other models of MeCP2 functions in the chromatin

implicated by various studies which were summarized in Figure 1.9 (Lasalle
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and Yasui, 2009).
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Figure 1.9

The evolving models of MeCP2. The functional role of MeCP2 has been evolving since the
“transcriptional repressor” model in the 1990s. A structural model was proposed as MeCP2 was found to
make tight bridges and connections between DNA molecules (Georgel et al., 2003). The “loop and
recruit” model was then suggested which implicated the involvement of MeCP2 in chromatin loop
structure and recruitment of chromatin remodeling and RNA splicing factors (Horike et al., 2005). The
“active gene modulator” model was postulated by Yasui and colleagues in 2007 as MeCP2 was shown to
bind to actively expressed promoters. A year later, Chahrour and co-workers proposed the
“transcriptional activator” model as they discovered the interaction between MeCP2 and the activating

factor CREBL1 in the mouse hypothalamus. (Adapted from LaSalle & Yasui, 2009)

The main goal among researchers studying RTT has focused on both the
identification of MeCP2 target genes and the phosphorylation status of MeCP2.
Neuronal activity-dependent phosphorylation of MeCP2 was discovered as a
mechanism involved in MeCP2 modulation of gene expression (Chao and
Zoghbi, 2009, Tao et al., 2009). In resting neurons, MeCP2 is predominately

phosphorylated at serine 80 but dephosphorylated at serine 421, such that
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S80 phosphorylation induces binding of MeCP2 to promoters leading to
repressed expression of target genes. In contrast, MeCP2 in active neurons is
dephosphorylated at S80 but phosphorylated at S421 and this
activity-dependent phosphorylation results in its dissociation from the
promoters and therefore induces transcription. This dynamic balance between
different phosphorylation sites mediates the ability of MeCP2 to regulate
specific gene transcription (Zhou et al., 2006, Tao et al., 2009, Chao and
Zoghbi, 2009). One of the identified MeCP2 target gene, BDNF (brain-derived
neurotrophic factor), has attracted much attention due to its role in neuronal
survival and synaptic changes which are fundamental to learning and memory.
It was found that phosphorylation of MeCP2 allows it to regulate dendritic
patterning, spine morphogenesis as well as activity-dependent induction of
BDNF transcription. It appears that the role of MeCP2 in regulating the
expression of genes such as BDNF is essential in modulating synaptic

function and plasticity (Zhou et al., 2006).
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Figure 1.10

Neuronal activity-dependent phosphorylation of MeCP2 and the resultant shift in gene transcription
program. In resting neurons, S80 phosphorylation of MeCP2 facilitates binding to promoters and
represses transcription. In depolarized neurons, S421 phosphorylation causes MeCP2 to dissociate from
promoters and induces gene transcription. S80A phosphorylation-deficient mutation reduces MeCP2
binding to promoters leading to increased gene expression in resting neurons. (Adapted from Tao et al.,

2009)

1.2.2 Post-translational Modifications of Histones

The N- and C- terminal tails of the core histones H2A, H2B, H3 and H4
protrude out from the nucleosome and are subjected to a variety of
post-translational modifications (PTMs), including acetylation, methylation,
phosphorylation, ubiquitination and ADP-ribosylation (Takizawa and Meshorer,
2008, Kiefer, 2007). Histone PTMs are crucial in the epigenetic regulation of
genes. Although there is still a lot to explore about their role, they are believed
to function in a combinatorial manner to alter or disrupt chromatin structure,
and to provide a “code” for recruiting specific non-histone chromosomal
proteins or factors to chromatin (Delcuve et al., 2009). Histone PTMs are often
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reversible and they are fundamental for the formation of distinct chromatin

domains.

1.2.2.1 Chromatin Domain Formation

Acetylation and methylation of histone are the most well-studied epigenetic
marks (Figl.11) H3K4, H3K36 or H3K79 trimethylation results in an open and
relaxed chromatin structure, and therefore accessibility of DNA to binding
proteins which is the characteristic of euchromatin (Bartova et al., 2008).
Acetylation of histones is generally a marker of euchromatin which is
associated with chromatin decondensation and transcriptional activation.
Histone acetylation is carried out by histone acetyltransferases (HATs) and
this action can be reverted by the more recently discovered histone
deacetylases (HDACs) (Urdinguio et al.,, 2009, Bartova et al., 2005).
Trimethylation of H3K9, H3K27 and H4K20 contribute to chromatin
condensation and transcriptional repression. Methylated H3K9 is recognized
and bound by heterochromatin protein 1 (HP1) whereas Polycomb protein
binds to methylated H3K27 and these result in silencing of genes (Delcuve et
al., 2009, Kiefer, 2007). Histone methyltransferases are responsible for the
methylation of histones and such modification can be reversed by histone
demethylases. H3K9me3 is a typical marker of constitutive heterochromatin,
whereas H3K27me3 specifically marks facultative heterochromatin which can
be activated when needed, an example is the inactive X chromosome (Xi) in

females (Urdinguio et al., 2009, Takizawa and Meshorer, 2008).

In addition to the dynamics of histone PTMs, core histone can also be
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exchanged for a specific histone variant within its own class, which serves as
another important mechanism of chromatin remodeling. Examples include the
H2A variant macroH2A involved in X chromosome inactivation, and the H3
variant CENP-A localized at the centromeres (Kiefer, 2007). Due to the
structural differences between the variants, nucleosome structure and the
subsequent binding of transcription factors are affected resulting in chromatin

remodulation (Shelby et al., 1997).
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Figure 1.11

Tail methylations and acetylations of histones H3 and H4. Numbers indicate the lysine positions along
the histone tails. Histone marks associated with transcriptional activity are denoted by green dots, while
red dots denote histone modifications which are correlated with transcriptional silencing. (Adapted from

Takizawa and Meshorer, 2008)

1.2.2.2 Histone Deacetylases (HDACS)

HDACs are enzymes that remove the acetyl modifications from core
histones and shift them from a negative to a positive charge, which enhance

their interaction with the negatively charged DNA. This reaction is reversible
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and in general, histone hyperacetylation is associated with increased
transcription whereas hypoacetylation (or deacetylation) contributes to
repression of gene expression (MacDonald and Roskams, 2009). The
classical HDAC family is divided into three phylogenetic classes; class I, Il and
IV in which members display different patterns of expression (Yang and Seto,
2008). Class | is comprised of small proteins (377-488 amino acids) which
includes HDAC1, 2, 3 and 8. These proteins are found almost exclusively
within the nucleus (Bjerling et al., 2002, Yang and Seto, 2008). Class Il
includes HDACA4, 5, 6, 7, 9 and 10 which are larger proteins (669-1215 amino
acids) and capable of shuttling in and out of the nucleus in response to cellular
signals (Yang and Seto, 2008). Although HDAC11 displays sequence
similarity to both class | and Il HDACSs, it is phylogenetically classified as a
separate class which makes it the only member of class IV (MacDonald and

Roskams, 2009).

1.2.2.3 Histone Deacetylase Inhibitors (HDACI)

Recent years have witnessed an explosion in the identification and
development of HDAC inhibitors (HDACI). A range of naturally occurring and
synthetic HDACi were identified, many of which have been investigated for
their potential effectiveness as anti-cancer, neuropsychiatric agents, and
candidate drugs for neurodegenerative disorders (MacDonald and Roskams,
2009). Studies suggested two important neuroprotective mechanisms of
HDACI involved in the pathomechanisms of a number of neurodegenerative
diseases. These include transcriptional activation of disease-modifying genes

and restoration of proper histone acetylation homeostasis. Both in vitro and in
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vivo analyses have shown promising results and clinical trials have been
initiated to further evaluate these epigenetic therapy strategies (Hahnen et al.,

2008).

There are four different classes of HDACi which differ in potency and
HDAC isoenzyme selectivity. These include the short chain fatty acids,
hydroxamic acids, benzamides and cyclic tetrapeptides. The fatty acid class
comprises the compounds butyrate, phenylbutyrate and valproic acid (VPA)
(MacDonald and Roskams, 2009). VPA has been commonly employed as an
anticonvulsant and mood stabilizer which achieved FDA approval in 1987. Its
HDAC inhibitory function was discovered in 2001 and various studies have
postulated VPA as a class I-selective HDACi with a pronounced activity
against HDAC?2 at submillimolar doses (Hahnen et al., 2008). A well-studied
mode of VPA action is on sodium channels, where it acts at the
voltage-dependent Na+ channel and inhibits neurons firing at high frequency.
It has also been shown that VPA can reduce sodium conductance and delay
recovery from inactivation (Johannessen, 2000). Members of the hydroxamic
group include trichostatin A (TSA) and vorinostat (also known as
suberoylanilide hydroxamic acid, SAHA). Both TSA and SAHA are potent
pan-HDAC inhibitors of class I/ll HDACs, and crystallographic modeling has
revealed that these HDACI bind directly to the zinc ion in the conserved HDAC
catalytic site and thus eliminate the deacetylase activity (MacDonald and
Roskams, 2009). Moreover, other studies demonstrated that they have a
specific action on gene expression and prominently induce growth arrest,
differentiation, apoptotic cell death of transformed cells in vitro and in vivo

(Hockly et al., 2003). SAHA has been approved by the FDA in 2006 for
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treating cutaneous T-cell lymphoma. Although it is active at submicromolar
concentrations, neither SAHA nor TSA show profound HDAC isoenzyme
selectivities. These illustrate that different classes of HDACI differ in their
potency and HDAC isoenzyme selectivity (Figl.12). Regarding the potential
treatment of neurodegenerative diseases, the main focus is on the
well-established experimental drug TSA as well as the clinically used HDACI
including butyrate, phenylbutyrate, VPA and SAHA, which are all known to

cross the blood-brain barrier (Hahnen et al., 2008).

Inhibitor Class|1ICsg Class llalCsg Class b ICsq
HDAC1 HDAC2 HDAC3 HDAC8 HDAC4 HDAC5 HDAC7 HDAC9 HDAC6 HDAC10
TSA 0.002 pM 0.003 pM 0.004 pi 0.456 pid 0.006 i * 0.005 pM 0.006 pM 0.003 pM *
Varinostat (SAHA) 0.068 pM 0.164 pM 0.048 pM 1.524 pM 0.101 pM = 0.104 pM 0,107 pM 0.090 pM =
Romidepsin (FK-228) 0.036 pM 0.047 pM * 2 0.510 pM * ¥ * § i
redFK-220% 0.002 pM 0.004 pM * * 0.025 pM * & = 0.790 pM *
Apicidin § 0.120 pM 0.043 pM 0.575 pM § » § § § *
SNDX-275 (MS-275) 0.181 ph 1.155 pM 2.311 pM § § ¥ § 0.505 pM § i
VPA 16mM 31mM 31mM 74mM * 2 s § § »

[Not determined.
#on entering the cell, romidepsin (FK-228) is reduced to its active form, redFK-228.

ENo complete inhibition found at doses of 10 pM {romidepsin, apicidin, SNDX-275) or 100 mM (VPA).

HDAC: Histone deacetylases; ICsq: Half maximal inhibitory concentration; TSA: Trichostatin A; VPA: Valproic acid.

Figure 1.12

HDAC inhibitors differ in potency and HDAC isoenzyme selectivity. (Adapted from Hahnen et al., 2008)

1.3 Functional Organization of Transcription

Transcription is the crucial step in gene expression, yet it remains
challenging to decipher the complex organization of transcription at a cellular
level. With the completion of the human and mouse genome sequences and
the accumulated data on the mammalian transcriptome, it has become clear

that the nucleus is highly organized with particular conformations of the
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genome adapted for transcriptional programs and gene expression which are
tissue-specific (Chakalova and Fraser, 2010). The way specific genes are
arranged in the nucleus is believed to be affected by transcriptional activity
and there are observations of genes moving into and out of a chromosome
territory which may allow specific loci or sets of genes to engage the
transcription machinery. If such machinery is preassembled at high local
concentrations, the efficiency of transcription of these coregulated genes
relying on the same transcription factors would be much increased (Rajapakse
and Groudine, 2011). Indeed, studies on nascent transcripts revealed their
localization as discrete sites or foci throughout the nucleoplasm which led to
the concept of the transcription factory mode (Jackson et al., 1993, Wansink et

al., 1993).

1.3.1 Transcription Factories

Transcription factories were first visualized as discrete nuclear foci of
nascent transcripts by in vivo pulse-labeling with bromo-uridine (Jackson et al.,
1993, Wansink et al., 1993). These studies revealed that transcription did not
occur in a uniform manner throughout the nucleoplasm, but in a limited
number of discrete sites which were sensitive to transcriptional inhibitors.
Moreover, it was shown that RNA polymerase 1l (RNAPII) accumulated in
these transcription factories at much higher concentrations than elsewhere in
the nucleoplasm (Iborra et al., 1996a) (Figl.13). The work by Jackson and
co-workers illustrated that the total number of transcription sites were much
less than the number of active transcription units, suggesting that multiple
genes were present at each site (Jackson et al.,, 1993). The transcription

factory model was therefore coined to reflect the potential assembly of several
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transcription units to each factory (Iborra et al., 1996a).

Figure 1.13

Transcription factories visualized as concentrated
RNA polymerase foci. Immunofluorescence of
hyper-phosphorylated RNA polymerase 1l in a
single optical section of a mouse E12.5 fetal liver
nucleus after deconvolution. Scale bar = 5um.
Image courtesy of L. Chakalova. (Adapted from

Sexton et al., 2007)

In agreement with this transcription factory model, more recent
observations appeared to provide additional support. The classical model of
eukaryotic transcription, in which promoter bound factors recruit an RNA
polymerase enzyme that slides along the DNA and RNA transcript, has been
turned on its head by various studies. These studies demonstrated that it is the
DNA template that slides past a polymerase immobilized in a factory (Figl.14),
a concept rather controversial for many as it contradicts the traditional view
that the gene is the central scaffold to which other complexes are recruited

(Iborra et al., 1996b, Papantonis and Cook, 2011).
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1.3.2 Specialization of Transcription Factories by RNAPI, 1l and Il

Apart from the realization that the active form of RNAPII s
compartmentalized into a limited number of discrete factories in the nucleus,
other studies further demonstrated the specialization of transcription factories
depending on the type of polymerases, promoters, transcription factors and
the chromosomal regions present. Indeed, there appears to be clear spatial
separation of transcription by RNA polymerases I, Il and Il in the nucleus. The
paradigm for such a spatial organization is the nucleolus, in which nucleolar
factories containing RNAPI are dedicated to ribosome synthesis. During
interphase, nascent rRNA is localized in the “dense fibrillar component” on the
surface of the “fibrillar centre” which contains RNAPI. Newly completed
transcripts are processed in the “granular component” and the mature
ribosomal subunits then enter the nucleoplasm. This illustrates that a
dedicated factory containing the machinery for ribosome synthesis is

comprised of a number of active transcription units clustered together (Carter
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et al., 2008). Active forms of RNAPII and Il are also concentrated in dedicated
factories that are localized in mutually exclusive nucleoplasmic regions. In
each HeLa cell nucleus containing approximately 90000 nascent transcripts,
around 15000, 65000 and 10000 are transcribed by RNAPI, Il and Il

respectively (Pombo et al., 1999).

Only a limited set of genes are transcribed by RNAPI and Ill. RNAPI
transcribes the large rRNA (45S rRNA), whereas RNAPIII synthesizes mainly
the small tRNA and 5S rRNA. Other RNAPIII products include the 7SL RNA,
U6 snRNA and a number of small stable RNAs, in which many are involved in
RNA processing. In contrast, RNAPII transcribes a huge variety of genes
(mMRNA) that encode proteins and therefore gains most attention.
Nevertheless, the activities of RNAPI and Il together are responsible for the

bulk of RNA synthesis especially in growing cells (Paule and White, 2000).

Evidence from various studies illustrated that the three nuclear
polymerases |, Il and Ill active on different genes cluster into their own
dedicated factories, such that high local concentrations and efficient
interaction can be achieved within these clusters. It is therefore postulated that
different regions of the nucleus are specialized in transcribing different types of

genes (Cook, 1999, Pombo et al., 1999).

1.3.3 Post-Transcriptional Processing

Following transcription, the main contributor to RNA biogenesis, a series of

post-transcriptional processing events such as 5’ capping, splicing and 3’-end
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polyadenylation take place which regulate and determine the fate of the RNA
transcripts. Studies over the last decade have made it clear that these
processes are integrated and coordinated which occur co-transcriptionally in
the nucleus (Bentley, 2002, Moore and Proudfoot, 2009). The large number of
protein factors required for these nuclear processing steps are recruited to the
C-terminal domain (CTD) of RNAPII, the essential domain that has equally
important functions in transcription and mRNA processing (Fong and Bentley,
2001). By adding a layer of regulatory information, these post-transcriptional
events determine the export, localization and stability of the transcripts, as well
as providing an extra level of complexity to our understanding of gene

regulation (Hocine et al., 2010).

1.3.3.1 Capping of the 5'-end

The first stage of MRNA processing is capping of the 5-end of the
emerging nascent transcript which involves three enzymatic activities.
Occurring early in transcription when the nascent transcript is about 30
nucleotides long, the RNA triphosphatase first removes the 5 terminal
phosphate, the guanylyltransferase then transfers a guanosine
5’-monophosphate to form a 5’-5’-triphosphate linkage which is protected from
ribonucleases. 7-methyltransferase subsequently methylates the N-7 position
of the new guanine ring such that additional mMRNA protection can be achieved
(Shuman, 2001). Capping of the 5’-end confers stability. Apart from protecting
the transcript from 5’ to 3’ exonucleases, it is crucial in recruiting mRNA to
ribosomes. The cap is recognized by protein complexes which assemble on

the cap structure, co-ordinate and facilitate downstream processes including
47



splicing, nuclear mRNA export and translation, thereby enhancing protein

synthesis (Shatkin and Manley, 2000).

1.3.3.2 RNA Splicing

Splicing is responsible for the precise removal of non-coding introns from
pre-mRNA which is required for proper protein expression. Within exons and
adjacent introns, regulatory sequences (cis elements) are present and are
essential for exon recognition. These elements are recognized by a number of
trans-acting factors which assemble into a large macromolecular
ribonucleoprotein (RNP) complex called the spliceosome (Matlin and Moore,
2007). The spliceosome is a dynamic and multi-component machine that
catalyzes splicing through two transesterification reactions and consists of U1,
U2, U4, U5 and U6 small nuclear RNPs (snRNPs) together with many other
additional proteins (Stark and Luhrmann, 2006). Splicing factors which are
non-snRNP proteins are also recruited to the spliceosome for efficient removal

of introns (Matlin and Moore, 2007).

In some instances, the same gene can be processed differently by the
splicing machinery such that two different protein isoforms are produced as a
result of the exclusion of particular exon from the transcript. This process is
called alternative splicing and is considered one of the most important
generators of functional complexity as well as human proteome diversity given
our surprisingly small number of genes (Lee and Irizarry, 2003) (Fig1.15). Up
to 92-94% of the genes in the human genome are subjected to alternative
splicing and thus also represents serious implications in health and disease.

Genome-wide analysis of alternative splicing revealed that the largest set of
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tissue-specific alternatively spliced isoforms was found in the brain. Indeed in
the nervous system, alternative splicing is crucial for genes involved in
information processing and for those encoded proteins with specialized brain
functions acting in the synapse (Lee and lrizarry, 2003, Ule et al., 2005).
Similar to capping, RNA splicing occurs co-transcriptionally in which the CTD
of RNAPII also plays an important role. Several studies demonstrated that
phosphorylation of the CTD enabled efficient and accurate splicing by

recruiting splicing factors to the nascent transcripts (Hocine et al., 2010).
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Figure 1.15

A schematic illustration of alternative splicing in which two different protein isoforms are generated from

the same pre-mRNA.
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1.3.3.3 Polyadenylation of the 3'-end

In order to protect the mRNA against ribonucleases and to increase
translational efficiency, the 3’-end is also subjected to post-transcriptional
modification which involves endonucleolytic cleavage and addition of a poly(A)
tail. Polyadenylation begins with endonucleolytic cleavage occurring 10-30
nucleotides downstream of a signal sequence, a conserved AAUAAA
sequence in mammals, and followed by the addition of up to 250 adenine
residues to the 3’-end by poly(A) polymerase (Proudfoot, 2004, Shatkin and
Manley, 2000). The enzymatic complexes and factors participate in mRNA
3’-end cleavage and polyadenylation are much more complicated as the
recognition of polyadenylation signals and poly(A) tail synthesis require a
protein machinery with multisubunit factors and numerous polypeptides
(Shatkin and Manley, 2000). Moreover, alternative polyadenylation can also
alter the stability, localization and transport of RNA transcripts. It has been
estimated that such processing occurs in more than half of the genes in
human which can be tissue specific and thus have implications in health and
disease. Nevertheless, the mechanism and machinery involved in alternative

polyadenylation are yet to be explored (Hocine et al., 2010).

As with 5’-capping and splicing, many factors associated with
polyadenylation are found to have interaction with the CTD of RNAPII, which
therefore suggest that such processing also begins co-transcriptionally and
continues after transcription (Shatkin and Manley, 2000). Studies further
demonstrated that specific CTD phosphorylation mediates coupling between

transcription and 3’-end processing, some of which illustrated that functional
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poly(A) signals can facilitate efficient transcription termination (Proudfoot,

2004, Hocine et al., 2010).

1.3.3.4 RNA Editing

Apart from these extensive post-transcriptional processing events, RNA
editing of transcripts further increases the transcriptome and proteome
diversity. It is considered a crucial mechanism in which environmental signals
overwrite information encoded by the genes leading to changes in gene
expression and function (Mattick and Mehler, 2008). RNA editing involves
alteration of individual bases of the transcripts including nucleotide
modifications, deletions and insertions which can alter the sequence and
secondary structure with consequences for splicing, interaction with
RNA-binding proteins and degradation (Agranat et al., 2008). The most
common type of RNA editing mechanism in mammals is the transition from
adenosine to inosine (A-to-l) in double stranded RNA by adenosine
deaminases acting on RNAs (ADARs) and predominantly these editing sites
are found in intronic and intergenic sequences. These non-coding RNAs, for
instance microRNAs, are highly important in RNA-mediated regulation of gene

expression (Zinshteyn and Nishikura, 2009).

RNA editing is a particularly active process and important in the CNS for
modifying RNAs that encode proteins such as neuronal ion channels and
pre-synaptic proteins (Jepson and Reenan, 2008). In addition to neural
transmission and plasticity, studies have also implicated a role for RNA editing
in brain development as well as altered brain functions such as learning and

memory (Mattick and Mehler, 2008).
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1.4 Nuclear Bodies

The physical and functional organization of the genome into higher order
complex structures reveals that the mammalian cell nucleus is a highly
organized and dynamic organelle. One prominent feature of the nucleus is its
ability to harbor a myriad of distinct subnuclear organelles, nuclear bodies,
which provide a multitude of specific functionally compartmentalized
environments within the nucleoplasm (Dundr and Misteli, 2001, Mao et al.,
2011) (Figl.16). This compartmentalization paradigm allows the concentration
of reactants and substrates required for specific biological processes, such
that nuclear bodies can serve as reaction sites to facilitate these reactions
efficiently as well as to function as sites for storing or modifying RNAs and

proteins (Mao et al., 2011).

Studies have shown that these nuclear bodies are morphologically and
molecularly distinct as they carry out specialized nuclear functions. Thus,
many of them can be identified by light and electron microscopy as discrete
nuclear foci with characteristic patterns of distribution, and with specific protein
markers detected by fluorescence microscopy (Dundr and Misteli, 2010,
Carmo-Fonseca and Rino, 2011). Nevertheless, nuclear bodies lack a lipid
membrane to separate them from the surrounding nucleoplasm. It rather
appears that the interactions between proteins and proteins/RNA bring about
their structural integrity. Nuclear bodies are dynamically regulated which
respond to both normal physiological processes as well as alterations in
cellular and metabolic conditions. Understanding their functional connections

to the 3D organization of the genome is crucial to decipher the regulation of
52



gene expression and their relevance in human pathology (Dundr and Misteli,

2010, Mao et al., 2011).
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A schematic illustration representing the nuclear landscape and the diversity of nuclear bodies in the

mammalian cell nucleus during interphase. (Adapted from Mao et al., 2011)

1.4.1 The Nucleolus

The most prominent structure within nucleus is the nucleolus which is the
most extensively studied nuclear body and the best-known example of
functional nuclear compartmentalization (Sirri et al., 2008). It is organized
around clusters of rDNA known as the nucleolar organizer regions (NORSs) and

is the site for ribosomal RNAs (rRNAs) synthesis, processing and assembly
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with ribosomal proteins (Pederson, 2011). Nucleoli in mammals typically
exhibit a tripartite organization with three morphologically distinct subregions:
fibrillar centers (FCs), dense fibrillar component (DFC) and granular
component (GC) (Raska, 2003) (Fig.1.16 and 1.17). Nucleolar organization is
intimately linked to ribosome biogenesis in which its function can be reflected
by the tripartite architecture; rDNA transcription by RNA polymerase | occurs
in the FCs or at the border between the FC and the DFC region; pre-rRNAs
are processed by small nucleolar ribonucleoproteins (snoRNPs) within the
DFC; pre-rRNP are then matured and assembled with ribosomal proteins in
the GC region (Boisvert et al., 2007). The level of rDNA transcription is

intricately linked to ribosome biogenesis and hence the requirement of protein

synthesis of the cell (Mao et al., 2011).

Figure 1.17

The tripartite architecture of the
nucleolus. Electron micrograph of a
mouse fibroblast nucleolus showing the
(f) fibrillar center, (d) dense fibrillar
component and (9) granular
component. Asterisk denotes dense
. fibrillar components clump in fibrillar
Y. centers. Arrows indicate perinucleolar

~ heterochromatin. (Adapted from

Raska, 2003)

Other functions of the nucleolus have been described apart from rRNA
synthesis. The nucleolus is implicated in the processing and nuclear export of
certain RNAs, as well as the assembly and maturation of multiple RNP

complexes including telomerase RNA, signal recognition particle RNA and
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microRNAs. Post-translational modifications of a number of nuclear proteins,
regulation and coordination of multiple aspects during the cell cycle have also
been associated with the nucleolus (Pederson, 2011). Furthermore, the
nucleolus senses stress and plays an essential role in coordinating the stress
response. One important example is the stress-induced regulation of the
tumor suppressor protein p53 which has been intensively studied (Boulon et
al., 2010). Specific changes in the morphology and composition of the

nucleolus in response in many forms of stress have also been reviewed.

The nucleolus is characteristically surrounded by a shell of highly
condensed chromatin known as the perinucleolar heterochromatin (Figl.16)
which contains clusters of rDNA as well as satellite DNA surrounding the
NORs (Zhao et al., 2009). The perinucleolar region also contains a number of
other nuclear bodies including the perinucleolar compartments (PNC) and the
Sam68 nuclear body (SNB) whose functions are yet to be determined. A range
of RNA-binding proteins have been found in both PNC and SNB and
additionally the PNC also harbors nascent pol Il transcripts (Mao et al., 2011).
More details regarding the perinucleolar region will be discussed in the
following section. In summary, the nucleolus is now increasingly recognized as
a plurifunctional organelle. Apart from rRNA synthesis, it is the site for
assembling and modifying different RNAs/RNPs, and is further involved in the
regulation of proteins which are crucial in multiple aspects of cell cycle

progression and many forms of stress (Pederson, 2011).
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1.4.2 Perinucleolar Heterochromatin

Perinucleolar heterochromatin (PNH) is the highly compact region of
chromatin surrounding the nucleolus that contains satellite DNA and clusters
of silent rDNA (Fig1.16). Such perinucleolar localization appears to provide a
unique compartment for establishing and preserving the silent state of genes.
Condensation of the highly repeated rDNAs into PNH prevents recombination

therefore maintaining rDNA stability (Zhao et al., 2009).

In fact, studies have illustrated that the perinucleolar region is associated
with the silencing of non-ribosomal genomic regions. For instance, in
X-chromosome inactivation, 80%-90% of the inactive X chromosome (Xi) is
targeted to this perinucleolar region during S phase which is dependent on the
long non-coding RNA (IncRNA) Xist. It is also postulated that the Xi has to
continuously visit this distinct region in order to maintain its silencing
epigenetic state (Zhang et al., 2007). Another IncRNA has also been
implicated in transcriptional silencing of chromosomal domains by targeting
them to the perinucleolar compartment enriched in heterochromatic machinery.
The IncRNA Kcnglotl targets the imprinted chromatin domain to the
perinucleolar region during mid S phase resulting in long-range bidirectional
silencing (Mohammad et al.,, 2008). Interestingly, studies in the yeast
Saccharomyces cerevisiae demonstrate that tRNA gene-mediated silencing is
also dependent on perinucleolar localization, in which RNA pol Il transcription
is antagonized by nearby RNA pol Il transcribed tRNA genes (Wang et al.,
2005). Taken together, the perinucleolar localization acts as a fundamental

mechanism in the establishment and maintenance of the repressive epigenetic
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states of various chromosomal regions including the Xi, imprinted chromatin

domains as well as other heterochromatic domains (Mao et al., 2011).

The perinucleolar region additionally harbors the perinucleolar
compartment (PNC) with an unknown function (Figl.16). Despite the physical
association with the nucleolus, there are little to no known nucleolar factors or
ribosomes synthesized within the structure. A number of studies illustrate that
the PNC is enriched with nascent small RNA pol Ill transcripts and RNA
binding proteins primarily involved in pre-mRNA processing which suggest a
role in RNA metabolism (Pollock and Huang, 2009). It has been shown that
continuous RNA pol Il transcription is crucial for the structural integrity of the
PNC and remarkably its prevalence is closely correlated with the malignant
state of various types of cancer cells. Recent studies suggest that increased
expression of RNA pol Ill transcripts such as tRNAs and 5S rRNA plays a
direct role in driving cell proliferation and oncogenic transformation and thus
may serve as a potential marker for cancer diagnosis and anti-cancer drug

selection (Pollock and Huang, 2009, Marshall et al., 2008).

1.4.3 The Cajal Body

The Cajal body (CB) was originally described by Ramon y Cajal back in
1903 as a small spherical structure within the nucleus of various neurons
which he named the nucleolar “accessory body” (Cajal, 1910). Using the silver
nitrate method he developed, Cajal noticed that this nuclear structure appears
as a separate entity which can be clearly distinguished from other intranuclear
components by its size and silver staining properties (Fig1.18). The accessory
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body however attracted little attention following Cajal’'s characterization until
the 1950s when Barr and colleagues started to investigate the organization of
the accessory body and performed quantitative analysis of its incidence and
provided the first evidence of its dynamic behavior following changes in gene
expression (Nayyar and Barr, 1968). With the introduction of electron
microscopy, ultrastructural studies of the nucleus including the accessory body
became possible. Monneron and Bernhard performed such studies of the
interphase nucleus in mammalian cells in which they reported a nuclear
component comprised of coiled threads of dense material and called it the
“coiled body” (Monneron and Bernhard, 1969). It was later on confirmed that
the accessory body Cajal discovered was indeed the coiled body observed
under electron microscopy (Lafarga et al., 2009). It was not until 1999 that the
nomenclature “Cajal body” was adopted by Gall, almost 100 years after its first

description by Cajal (Gall, 2000).
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Figure 1.18

The Cajal body. A) Cajal's original drawing of the pyramidal neurons in the human cerebral cortex
illustrating (a) the accessory body, (b) nucleolus, (c) nuclear speckles and neurofilaments in the
cytoplasm. B) Neuron stained with the reduced silver nitrate method developed by Cajal revealing the
nucleolus, Cajal body and neurofilaments. C) Sensory ganglion neuron stained using the reduced silver
nitrate method and counterstained with cresyl violet demonstrating the different silver affinity of the
nucleolus and the Cajal body. D) The Cajal body (coiled body) of a silver stained Purkinje neuron under
electron microscopy in which the coiled threads are clearly decorated with silver precipitates.

(Adapted from Lafarga et al., 2009)

The identification of p80 coilin as the principal marker protein using human
auto-antibodies marked the modern era of CB research, which has since been
used almost exclusively in studies to label the CB in mammalian cells
(Andrade et al., 1991). The coiled threads of coilin were found to be essential
for the integrity and function of CB. Through interacting with and concentrating
the components of other proteins in the CB, coilin enhances the efficiency of a

number of nuclear processes (Morris, 2008). The most prominent example is
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the modification and assembly of small nuclear RNP (snRNPs), in which some
of the newly assembled snRNPs eventually form the RNA splicing machinery
and spliceosome (Mao et al., 2011). During the last decade, studies on the CB
function have been greatly influenced by the discovery of the survival motor
neuron protein (SMN) as an important component of the CB. SMN is essential
for proper functioning of motor neurons in mammals, particularly those in the
spinal cord and deficiency of this protein leads to the inherited
neurodegenerative disease spinal muscular atrophy (SMA). It has also been
shown that SMN plays a critical role in the assembly of spliceosomal snRNPs
in the cytoplasm and their transport to the CB in the nucleus (Morris, 2008,

Nizami et al., 2010).

Apart from p80 coilin and SMN, a number of molecular components
involved in transcription, processing and splicing of RNAs are also localized in
the CB. For instance, the five major splicing snRNPs U1, U2, U4, U5, U6 and
their associated proteins as well as the nucleolar components fibrillarin and
Nopp140 (Cioce and Lamond, 2005, Lafarga et al., 2009). The CB has been
implicated in several important cellular processes and one of the
best-understood functions is the assembly and modification of snRNPs and
snoRNPs (Lafarga et al., 2009). It is also suggested to take part in the final
steps of snRNP maturation and to facilitate the formation of high-order
complexes from individual snRNPs (Morris, 2008, Nizami et al., 2010).
Furthermore, studies in cultured cells reported that a group of CB-specific
RNAs (scaRNAs) are present in the CB which are important for
post-transcriptional modifications e.g. methylation and pseudouridylation of

snRNAs (Darzacq et al., 2002). These modifications however may occur
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even in the absence of CBs, suggesting the role of CB in promoting the
efficiency and specificity of snRNP assembly and modification by locally
enriching the reactants, while this might not be essential under normal
physiological condition but becomes crucial in particular stress or pathological

conditions (Nizami et al., 2010).

Despite the idea that CBs are storage sites for many components involved
in various important cellular processes due to their specific CB localization,
evidence has shown that the CBs are also dynamic structures in many ways.
Studies reported that CB abundance is influenced by snRNP levels, changes
in transcription and RNA processing rates in the nucleus. Interestingly, the
nuclei of certain cell types in adult tissues for instance, smooth and cardiac
muscle cells and skin cells may completely lack CBs (Morris, 2008). In
cultured cells, CBs are identified as highly mobile structures which can move
freely throughout the nucleoplasm (Platani et al., 2000). Fluorescence
recovery after Photobleaching (FRAP) studies also implicate a continuous
traffic, interaction and exchange of proteins such as SMN and coilin between
CBs and the nucleoplasm (Sleeman et al., 2003). Furthermore, CBs
disassemble during mitosis and do not reform until G1 phase after reinitiation
of transcription (Carmo-Fonseca et al., 1993). Therefore taken together, it is
postulated that the CBs are kinetic nuclear structures in which their assembly

and formation may be regulated in interphase and mitosis (Morris, 2008).
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1.4.4 Nuclear Speckles

Nuclear speckles are among the most widely studied nuclear domains
which are also known as interchromatin granule clusters as they are found in
the interchromatin regions of the nucleus (Spector and Lamond, 2011). They
were first described based on their distinct morphology. Under
immunofluorescence microscopy, they generally appear as 20-50 irregularly
shaped domains of varying sizes and such punctate nuclear localization
pattern is termed a “speckled pattern” (Figl.19). Speckles are regarded as the
compartment for storing and modifying the splicing machinery and are
enriched in pre-mRNA splicing factors including snRNPs, spliceosome

subunits and other non-snRNP splicing factors such as the serine/arginine-rich

(SR) proteins (Mao et al., 2011).

Figure 1.19

Nuclear speckles in the interchromatin
space in HelLa cells, demonstrating a
punctate nuclear localization of splicing
factors in a speckled pattern throughout
the nucleoplasm. Scale bar = 5 um.
(Adapted from Spector and Lamond,
2011)
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Speckles are dynamic organelles with varying size, shape and number
between different cell types and within a cell type, depending on the level of
gene expression and the availability of active splicing and transcription factors
(Spector and Lamond, 2011). Studies have provided evidence for the dynamic
organization of splicing factors during viral infection when transcription levels
are high, which is correlated to the status of viral gene expression (Bridge et
al., 1995). In the infected cells, splicing factors redistribute to nucleoplasmic
transcription sites and their accumulation in the speckles is reduced.
Therefore, some of the speckle components can exchange continuously with

the nucleoplasm as well as active gene loci (Spector and Lamond, 2011).

A number of poly(A)" RNAs have been found to be localized in speckles,
and a recent study revealed that one such nuclear-retained long non-coding
RNA (IncRNA) Malatl, metastasis-associated lung adenocarcinoma transcript
1, is enriched in speckles (Bernard et al., 2010). Knock-down studies
suggested that Malatl is crucial for splicing factor dynamics which has been
shown to recruit SR family splicing factors to the transcription site of a gene
expression array (Hutchinson et al., 2007). Other studies have also implicated
Malatl in pre-mRNA splicing and processing (Bernard et al., 2010, Mao et al.,

2011).

It has been observed previously that speckles are very close to many
active genes and indeed some particular genes are identified surrounding a
nuclear speckle. It is therefore postulated that nuclear speckles can serve as
hubs for enhanced mRNA metabolic activity and gene activation (Shopland et

al., 2003). Nevertheless, it remains to be explored and confirmed whether the
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active genes move together while recruiting numerous splicing factors and
thus appear as a speckle, or if there is an actual movement of genes to an
existing speckle (Mao et al., 2011). In summary, nuclear speckles are
regarded as the sites for storing and modifying splicing factors which are
recruited to active genes located at other nuclear sites or the periphery of
speckles. Such proximity between speckles and splicing factors may enhance
the splicing efficiency of some particular genes (Shopland et al., 2003, Mao et

al., 2011).

1.4.5 Paraspeckles

Paraspeckles are one of the most recent classes of subnuclear bodies
identified in the mammalian cells in 2002. These newly identified structures
were found diffusely distributed within the nucleoplasm and enriched in about
5-20 subnuclear foci (Fox et al., 2002). These foci were detected in the
interchromatin space as discrete bodies adjacent to nuclear speckles and thus
were named “paraspeckles” and the novel protein found within this nuclear

domain was then named “Paraspeckle Protein 1" (PSPC1) (Fox and Lamond,

2010) (Fig1.20).

Figure 1.20

Fluorescence micrograph of a HelLa cell stained with
anti-SC35 (red), anti-PSPC1 (green) and DAPI (blue)
illustrating the localization of nuclear speckles (red)
and paraspeckles (green) in the interchromatin
space. Scale bar = 10 ym. (Adapted from Fox and

Lamond, 2010)
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Paraspeckles are punctate RNA-protein structures associated with the
nuclear retention of hyperedited mRNAs (Souquere et al., 2010). The core
paraspeckle proteins are the members of the DBHS (Drosophila Behavior
Human Splicing) family: P54NRB/NONO, PSPC1 and PSF/SFPQ. These
proteins are found to interact with an IncRNA, NEAT1/Mene/B, which acts as
an important structural scaffold for the de novo assembly of paraspeckles (Fox
and Lamond, 2010). This is the first description of an IncRNA with a function in
the formation of nuclear body and studies illustrate that NEATL1 is the limiting
factor in the formation of paraspeckles as their prevalence is correlated to
NEAT1 expression levels (Souquere et al., 2010). Paraspeckles may
contribute to the control of gene expression through a mechanism in which
RNA transcripts with double-stranded RNA regions are subject to
adenosine-to-inosine editing and retained in the nucleus within paraspeckles.
This mechanism associated with the formation of paraspeckles has been
reported in a number of endogenous genes and exogenously expressed
genes, which provides an important paradigm for the role of nuclear-retained
RNA transcripts in the regulation of gene expression during several cellular
processes such as differentiation, viral infection and stress responses

(Prasanth et al., 2005, Fox and Lamond, 2010).

Despite the fact that there are no examples of diseases found to be
associated with the absence or presence of paraspeckles, there are however
a number of RNA dominant disorders linked with the production of toxic
nuclear RNAs (Osborne and Thornton, 2006). The most prominent example is
the neuromuscular disorder myotonic dystrophy, in which expanded RNA

transcripts from the mutated genes are retained in the nucleus as small
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aggregates. These aggregates form hairpin structures and sequester the
splicing regulator muscleblind-like proteins resulting in the misregulation of
alternative splicing of several transcripts (Klein et al., 2011, Osborne and
Thornton, 2006). This presents intriguing parallels to paraspeckles which
involve specific RNA-protein interactions, nuclear retention of RNA and
regulatory splicing activities of the proteins. Such parallels implicate the
common themes in nuclear RNA retention both under normal cell conditions

and in diseases (Fox and Lamond, 2010).

1.5 The Neuronal Nucleus and Neurodegenerative

Diseases

There is now a growing consensus that the neuronal nucleus is implicated
in many neurological diseases and studies have shown that dysregulation
within the neuronal nucleus including alterations in a number of nuclear bodies
are associated with these diseases. Loss of the survival motor neuron (SMN)
gene is observed in patients with spinal muscular atrophy (SMA), a
progressive and fatal neurodegenerative disease resulting in muscle wasting
and paralysis (Zimber et al., 2004). Mutation in the methyl-CpG binding protein
2 (MeCP2) gene causes the neurodevelopmental disorder Rett syndrome
(RTT) characterized by a range of neuropsychiatric abnormalities including
motor and cognitive impairment affecting girls almost exclusively (Chahrour et
al., 2008). Abnormal pathological inclusions in the neuronal nucleus are also
present in many of the CAG repeat expansion diseases such as Huntington’s

disease (Davies et al., 1997) and spinocerebellar ataxia (Paulson et al., 1997).
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Here, | shall focus on the neurodegenerative diseases Huntington’s disease
(HD), amyotrophic lateral sclerosis/frontotemporal lobar degeneration
(ALS/FTLD) and frontotemporal dementia with parkinsonism-17 (FTDP-17) in
which studies are carried out in this project with mouse models of these

diseases.

1.5.1 Huntington’s Disease

Nuclear subdomains such as the nucleolus, CB and nuclear speckles have
been implicated in polyglutamine (polyQ) diseases caused by expansion of
CAG trinucleotide repeats in which the nucleus is the major site for polyQ
toxicity. There are a variety of polyQ diseases including many spinocerebellar
ataxias (SCAs): SCA1, SCA2, SCA3, SCA6, SCA7, SCA12 and SCA1l7, as
well as spinal and bulbar muscular atrophy (SBMA) and Huntington’s disease
(HD). HD is the most common among the group with well-documented
alterations within the nucleus (DiFiglia et al., 1997, Davies et al., 1997). HD is
a dominantly inherited neurodegenerative disease caused by an expansion of
a CAG repeat in exon 1 of the HD gene, leading to a long polyQ tract in the
encoded protein huntingtin (htt) (HDCR, 1993). It affects approximately 1 in
10,000 people and is clinically characterized by a progressive chorea and a
mental decline which ultimately leads to dementia and death. Studies have
illustrated neuronal dysfunction and neurodegeneration in HD associated with
a prevalent loss of medium spiny neurons which constitute the majority of
striatal neurons (Reiner et al., 1988), though recently more widespread
degeneration has been found occurring in the brain including the cortical
regions. Several mechanisms accounting for the neuronal death caused by

the mutant htt protein have been proposed. However, the exact mechanisms
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on how this mutant protein results in the specific neuronal degeneration and
pathological changes despite its ubiquitous expression in the brain and body

remain unclear.

There is a preponderance of evidence suggesting an alteration of gene
expression and hence transcriptional dysregulation as the central mechanism
underlying neuronal dysfunction in HD. The pivotal role of transcriptional
dysregulation has been implicated by the subcellular localization of the mutant
htt protein in HD. Immunocytochemical studies showed that the proteolytic
N-terminal fragments of mutant htt are found in both the cytoplasm and the
nucleus as insoluble inclusions in the brains of R6/2 transgenic mice, the
disease models of HD, whereas wild type htt is found mostly in the cytoplasm
associating with cytoplasmic granules and microtubules (Davies et al., 1997).
Immunoreactivity of htt in the transgenic mice demonstrated the appearance
of “densely stained circular inclusion” within the neuronal nuclei, and such
neuronal intranuclear inclusion (NII) could also be labeled with anti-ubiquitin
antibodies (Davies et al., 1997). This distinctive labeling of Nlls was observed
in various parts of the CNS such as the cerebral cortex, striatum, cerebellum
and the spinal cord in transgenic mice exhibiting the neurological phenotype.
At the ultrastructural level, EM studies revealed that these inclusions were
accumulated within a specific nuclear region which is quite distinct from the
nucleolus, CB and the surrounding heterochromatin (Davies et al., 1997)
(Figl.21). Other morphological changes in the nucleus apart from the NIl were
detected including prominent indentations of the nuclear membrane,
increased clustering of nuclear pores and condensation of chromatin (Davies

et al., 1997, Davies et al., 1999) (Figl.21). The appearance of these NlIs as
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well as nuclear abnormalities were found to be similar to those observed in HD
post-mortem tissues (DiFiglia et al., 1997). A role for transcriptional
dysregulation in HD has been postulated by the specific localization of the
mutant htt in the nucleus and in fact, these NllIs also represent a pathologic

hallmark for other polyQ diseases (Zoghbi and Orr, 2000).

Figure 1.21

Neuronal intranuclear inclusions (NlIs). A and B) Under conventional EM, NlIs (large arrows) together
with frequent indentations of the nuclear membrane (small arrows) were found in the striatal neuronal
nuclei. C) A typical striatal neuron with a smooth nuclear profile without any inclusion. D) The NIl as a
pale staining structure distinctive from the darkly stained nucleolus (Nu) and the surrounding

heterochromatin. Scale bars in A-C =2 ym and in D = 200nm. (Adapted from Davies et al., 1997)

Tremendous progress with respect to gene expression studies has been
made using transgenic mouse and cellular models of HD and further in human

HD which provide more direct evidence for transcriptional abnormalities in HD
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(Cha, 2007). In line with earlier findings demonstrating a decrease in specific
MRNA species in the striatal neurons of post-mortem human HD brain, studies
in gene expression in the R6/2 mice confirmed the altered mRNA levels of D1
and D2 dopamine receptors preceding the development of clinical symptoms
(Cha et al.,, 1999). These are further supported by other studies showing
transcriptional dysregulation in a number of animal models and human

samples (Cha, 2007, Buckley et al., 2010).

Apart from the mutant protein htt, a toxic role for the mutant expanded CAG
repeat transcripts has also been suggested by recent studies. In human HD
fibroblasts, It was demonstrated that these transcripts are retained in the
nucleus and adopt a double stranded RNA (dsRNA) hairpin-like structure
which interact abnormally with dsRNA-binding proteins, such as the splicing
factor muscleblind-like 1 (MBNL1), and thus result in the loss of a normal
function in RNA regulation. In addition, a greater silencing efficiency and
cleavage by a CAG repeat-targeting siRNA was found in mutant transcripts
compared with normal transcripts (de Mezer et al., 2011). Misregulation of
alternative splicing caused by the sequestration of MBNL1 with nuclear
inclusions containing the mutant transcripts has been demonstrated by
another study implicating its potential contribution to the pathology of polyQ

diseases (Mykowska et al., 2011).

There is now an increasing awareness that ncRNAs are crucial for the
regulation of gene expression. Indeed, a parallel dysregulation of ncRNAs
such as microRNAs is suggested to play a role in neurodegenerative disorders

including HD (Buckley et al., 2010). In both murine models of HD and human
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HD brain tissues, studies demonstrated that the expression of multiple
neuronal-specific microRNAs is decreased, which might be associated with an
increased repression by RE1 Silencing Transcription Factor (REST) (Johnson
et al., 2008b). Another important study illustrated a direct role of mutant htt in
gene silencing activity by microRNAs, in which both exogenous and
endogenous microRNA silencing are greatly impaired (Savas et al., 2008).
These indicate that the molecular pathology of HD may include dysregulation
of both transcriptional and post-transcriptional mechanisms (Buckley et al.,

2010).

More recently, the idea of epigenetic dysregulation in HD has gained much
more attention and there are strong indicators of epigenetic changes
preceding the appearance of symptoms in animal models of HD. Aberrant
levels of histone acetylation and methylation in R6/2 mice and HD brain were
reported in various studies, which showed a decreased levels of histones H3
and H4 acetylation but an increase in H3K9 methylation (Ferrante et al., 2003,
Ryu et al., 2006). In fact, targeting histone deacetylase (HDAC) activity by
using HDAC inhibitors has become a major platform for HD therapeutic
development (Buckley et al., 2010). Various studies have demonstrated the
use of HDACI such as sodium butyrate, phenylbutyrate and SAHA in the
attenuation of neuronal loss, motor dysfunction and increased survival in R6/2
mice (Hockly et al., 2003, Ferrante et al., 2003). These suggest that the
altered epigenetic signatures in HD may be corrected and this ameliorates
some aspects of gene dysregulation resulting in the behavioral recovery

observed.
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1.5.2 Amyotrophic Lateral Sclerosis/Frontotemporal Lobar Degeneration

It is now established that the transactive response DNA-binding protein
with a Mr of 43kDa (TDP-43) is the critical disease protein associated with the
pathogenesis of amyotrophic lateral sclerosis (ALS) and frontotemporal lobar
degeneration with ubiquitin-positive inclusions (FTLD-U), now known as
FTLD-TDP (Geser et al., 2010). Recent advances in the understanding of
TDP-43 and its role in neurodegeneration have verified that ALS and
FTLD-TDP are multi-system diseases and a novel disease concept of TDP-43
proteinopathy is established. TDP-43 proteinopathies encompass a spectrum
of disease that align along a broad disease continuum with shared disease
mechanisms linked to pathological TDP-43, in which ALS and FTLD-TDP

represent two ends of the spectrum (Chen-Plotkin et al., 2010).

TDP-43 is a predominantly nuclear protein encoded by the TARDBP gene
on chromosomel which can shuttle between the nucleus and cytoplasm.
Although its physiological function is yet to be fully characterized, studies have
demonstrated that it can bind to both DNA and RNA and has several roles in
regulating transcription and RNA processing (Ayala et al., 2008b, Ito and

Suzuki, 2011) (Fig.1.22).
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Figure 1.22

TDP-43 under physiological and pathophysiological conditions. a) Under normal physiological conditions,
the majority of TDP-43 resides in the nucleus with functions in regulating gene expression, splicing and
mRNA stability. b) Under pathophysiological conditions, TDP-43 is lost from the nucleus and
accumulates in the cytoplasm. Hyperphosphorylated, ubiquitinated and C-terminal truncated fragments
of TDP-43 are found in the disease state. Pathological TDP-43 has a reduced solubility and thus more
prone to aggregation. The resulting loss-of-function or toxic-gain-of-function mechanisms due to the
changes in TDP-43 may underlie the pathogenesis of TDP-43 proteinopathies. (Adapted from
Chen-Plotkin et al., 2010)

TDP-43 is a ubiquitously expressed protein in rodents and humans
predominantly localized in the nucleus with low levels in the cytoplasm. It has
been identified as a multi-functional protein with structural resemblance to
heterogeneous ribonucleoproteins (hnRNPs) and contains five known
functional domains: two RNA recognition motifs (RRM1 and RRM2), a
glycine-rich carboxy-terminal region, nuclear localization signal (NLS) and
nuclear export signal (NES) (Warraich et al., 2010, Geser et al.,, 2010).
Various studies have reported the diverse physiological functions of TDP-43

through its binding to DNA, RNA and proteins. For instance, by binding to DNA,
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it can act as a transcriptional repressor for several mammalian genes. Its
ability to interact with RNA such as mRNA and pre-mRNA also allows it to
regulate exon splicing of genes including those involved in motor neuron
diseases (Wang et al., 2004, Abhyankar et al., 2007, Chen-Plotkin et al., 2010).
Apart from transcriptional and splicing regulation, studies illustrated that
TDP-43 plays important post-transcriptional roles including the promotion of
MRNA stability (Strong et al., 2007) and microRNA biogenesis and processing
through its association with Drosha (Lagier-Tourenne et al., 2010). In addition,
independent studies in mouse models and human cells have further implicated
it as a developmentally regulated protein crucial for normal prenatal
development and cell survival by maintaining genomic stability (Kraemer et al.,

2010, Ayala et al., 2008a).

TDP-43 pathology has been found in a number of neurodegenerative
diseases and is the most prominent cytopathological feature in ALS and
FTLD-TDP. TDP-43 inclusions are detected in the neuronal cytoplasm,
nucleus, dystrophic neuritis and glial cells in FTLD-TDP. In ALS, round
inclusions of TDP-43 are found in the cytoplasm of motor neurons and there is
a lack of intact TDP-43 protein in the neuronal nuclei (Neumann et al., 2007). It
has therefore been suggested that the inclusions may pull out intact TDP-43
from the nucleus and contribute to subsequent degeneration of motor neurons
(Ito and Suzuki, 2011). ALS is a fatal adult-onset neurodegenerative disease
characterized by selective death of both upper and lower motor neurons
resulting in progressive weakness, muscular wasting, leading to paralysis and
death (Banks et al., 2008). FTLD is the second most common form of

dementia in the presenile age group (<65 years) after Alzheimer’s disease (AD)
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with prominent atrophy of the frontal and temporal lobe, characterized by
progressive deterioration in behavior, personality and language (Rademakers
et al., 2012). It is often associated with manifestation of movement disorders
such as Parkinsonism or motor neuron disease (MND) and studies
demonstrated that 60% of the phenotypes associated with FTLD are

manifested in FTLD-TDP (Kwong et al., 2008).

In 2006, TDP-43 was identified by two groups as the major disease protein
and component of the ubiquitin-positive cytoplasmic inclusions in ALS and
FTLD-TDP (Neumann et al., 2006, Arai et al., 2006). Rapid advances have
since been made in the understanding of the physiological function of TDP-43
and its role in neurodegenerative diseases. These advances link ALS and
FTLD-TDP to a disease spectrum with shared mechanism involving TDP-43
(Arai et al., 2006, Neumann et al., 2006). This relationship has been verified by
different groups in 2008 reporting pathogenic missense mutations in TDP-43
gene in ALS, which therefore indicate the causative link between TDP-43
mutations and neurodegeneration (Sreedharan et al.,, 2008, Kabashi et al.,
2008). In addition, mutations in TDP-43 were also found in patients with FTLD
suggesting that abnormal TDP-43 pathology is involved in neurodegeneration
associated with both ALS and FTLD-TDP (Benajiba et al., 2009). The
accumulating data led to the idea of a spectrum of TDP-43 proteinopathies (Ito
and Suzuki, 2011, Chen-Plotkin et al., 2010). Apart from the shared
accumulation of TDP-43-positive inclusions and overlapping clinical and
pathological features, the transition forms between ALS, ALS with dementia
(ALS-D), FTLD-MND and FTLD-TDP have been reported which indicate that

these TDP-43 proteinopathies may represent different points along one
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continuous and broad clinico-pathological spectrum (Geser et al., 2010,

Chen-Plotkin et al., 2010) (Fig1.23).
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Figure 1.23

Clinico-pathological spectrum of the major TDP-43 proteinopathies extending from FTLD-TDP at one
end to FTLD-MND, ALS-D and ALS at the other end. Blue arrows indicate decreasing clinical syndrome
with MND and increasing with dementia from left to right. The central yellow-to-red central box
represents the spread and severity of TDP-43 pathology in which yellow denotes predominant
involvement of the spinal cord and red denotes involvement of cortical regions of the brain. FTLD-TDP
subtype is the classification of the pattern of inclusions according to (Chen-Plotkin et al., 2010) and the
unclassified type represents absence of TDP-43 pathology or insufficient degree of pathology for

subtyping. (Adapted from Geser et al., 2010)

Since the identification that mutations in TDP-43 cause ALS and
FTLD-TDP, enormous effort has been focused on how this protein leads to the
development of neurodegeneration and neuronal death. Studies revealed that
C-terminal fragments (CTF) with length between 25-35kDa found in the brains
of patients with ALS/FTLD-TDP are highly phosphorylated, implicating the role
of TDP-43 fragmentation and phosphorylation in the disease pathogenesis (Ito
and Suzuki, 2011). Indeed, there are a number of studies together suggesting
that the abnormally modified TDP-43 may promote mislocalization and
aggregation of TDP-43. In cultured cells, it is demonstrated that impaired

autophagic degradation caused by downregulating the expression of ESCRT
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(endosomal sorting complex required for transport) subunits, which are crucial
in the multivesicular body pathway, may result in depletion of nuclear TDP-43
and accumulation of ubiquitin-positive TDP-43 in the cytoplasm (Filimonenko
et al., 2007). It is also postulated that aberrant proteolytic cleavage of TDP-43
may lead to its cytoplasmic deposition as the CTFs no longer contain a NLS
and therefore unable to gain access back to the nucleus. In addition, the
recovered CTFs which are sarkosyl-insoluble may initiate the seeded
aggregation of TDP-43 into cytoplasmic inclusions, in which subsequent
sequestration of full-length TDP-43 by the cytoplasmic aggregates could result
in further depletion of TDP-43 in the nucleus (Neumann et al., 2006).
Furthermore, phosphorylation of TDP-43 has been demonstrated as another
disease-specific phenomenon which may promote TDP-43 oligomerization
and have potential impact on various functions of TDP-43 (Gendron et al.,

2010).

Taken together, it appears that TDP-43-mediated neurotoxicity may be
caused by both toxic gain of function from the cytoplasmic inclusions as well
as loss of TDP-43 function. There is mounting evidence from studies in yeast
and human cells that cytoplasmic TDP-43 aggregates are cytotoxic. The
aggregation of CTFs, the caspase cleavage products of TDP-43, was shown
to be associated with increased cytotoxicity, inducing cell death through a toxic
gain-of-function (Zhang et al., 2009). It is important to note that the presence
of toxic cytoplasmic inclusions is accompanied by a loss of nuclear TDP-43
and hence normal TDP-43 function, including its involvement in transcription,
pre-mRNA splicing and further the biogenesis of microRNAs (Gendron et al.,

2010). In addition to its nuclear activities, loss of important functions within the
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cytoplasm, such as RNA stabilization, translation and degradation, may also
underlie TDP-43-mediated toxicity (Wang et al., 2008, Geser et al., 2010,

Gendron et al., 2010).

Apart from TDP-43, other pathological proteins have also been identified
as the cause of ALS/FTLD-TDP via different disease mechanisms. For
instance, mutations in charged multivesicular body protein-2B (CHMP2B), a
subunit of ESCRT-III, as well as valosin-containing protein (VCP) have been
associated with FTLD and ALS, which are both involved in autophagic
dysregulation (Chen et al., 2012). Recent findings have further strengthened
the concept of the overlapping molecular pathogenesis of the ALS/FTLD-TDP
spectrum. In 2009, mutations in the RNA-binding protein fused In
sarcoma/translated in liposarcoma (FUS/TLS), the functional homolog of
TDP-43, were identified as the cause of autosomal dominant ALS
(Kwiatkowski et al., 2009, Vance et al, 2009). Subsequently,
FUS-immunoreactive cytoplasmic inclusions were detected in the brains of
FTLD patients without either tau or TDP-43 pathology, a condition named
FTLD-FUS (Neumann et al., 2009). Inclusions containing both TDP-43 and
FUS have also been reported in sporadic ALS, suggesting a possibility of
crosstalk and involvement of the two RNA-binding proteins in the disease
cascade of the ALS/FTLD-TDP (Ito and Suzuki, 2011). More recently, Ewing’s
sarcoma (EWS) and TATA-binding protein-associated factor 15 (TAF15),
which comprise the FET family of DNA/RNA-binding proteins together with
FUS, were found as the pathological proteins in FTLD-FUS (Neumann et al.,
2011). After years of intense effort made by researchers worldwide, the

ALS/FTLD gene on chromosome 9p was identified by two independent groups
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in 2011, in which they found an abnormal expansion of a noncoding GGGGCC
hexanucleotide repeat in the chromosome 9 open reading frame 72 (C9orf72)
gene in both familial and sporadic ALS and FTLD (DeJesus-Hernandez et al.,
2011, Renton et al., 2011), This discovery has brought huge excitement in the
field of ALS/FTLD as findings indicate that the C9orf72 mutation is currently
the most common genetic cause of both ALS and FTLD. At the moment, a
number of cellular and animal models involving the manipulation of C9orf72
gene expression are being generated in order to decipher the disease
mechanisms leading to degeneration and TDP-43 aggregation in neurons

(Rademakers et al., 2012).

1.5.3 Frontotemporal Dementia with Parkinsonism-17

One class of neurodegenerative diseases exhibiting a classic form of
cytoplasmic pathology are the tauopathies, in which a prominent and complex
network of filamentous tau (microtubule-associated protein tau, MAPT) protein
is deposited. The accumulation of insoluble and hyperphosphorylated tau
filaments constitute a defining characteristic of tauopathies including
Alzheimer’'s disease (AD), Pick's disease, frontotemporal dementia with
Parkinsonism linked to chromosome 17 (FTDP-17), progressive supranuclear
palsy and corticobasal degeneration (Lee et al., 2001). The tau protein
aggregates adopt the form of neurofibrillary tangles (NFT) with a fibrous
appearance forming straight filaments, twisted filaments and paired helical
filaments (PHF) (Gendron and Petrucelli, 2009). The discovery of FTDP-17
caused by mutations in Tau established that misregulation and dysfunction of

the tau protein result in neurodegeneration and dementia (Poorkaj et al., 1998,
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Hutton et al., 1998, Spillantini et al., 1998). It is therefore crucial to decipher
the mechanisms underlying filamentous tau aggregation which are central to

the neurodegenerative process in tauopathies (Goedert et al., 2012).

Tau was identified as a microtubule-assembly factor in the mid-1970s
(Weingarten et al., 1975), which was subsequently found to be the most
commonly misfolded protein in a number of neurodegenerative diseases. It is
believed to promote microtubule assembly and stabilization and is
predominantly expressed in neurons. It is usually found in axons as a cytosolic
protein important for axonal transport and maintenance (Morris et al., 2011),
however a redistribution to the cell body and dendrites are observed in the
tauopathies. In adult human brain, alternative mRNA splicing from a single
gene around the N-terminal region and microtubule-binding domain (MBD)
produces six main tau isoforms (Goedert et al., 1989). These isoforms are
named by the number of microtubule binding repeat sequences expressed (R)
in the carboxy-terminal half and by which N-terminal exons (N) are included
(Figl.23 and 1.25A). In the normal adult human cerebral cortex, similar levels
of three- and four-repeat isoforms are expressed (Morris et al., 2011, Goedert
and Spillantini, 2011). An intrinsically disordered structure is found in tau which
is subject to a variety of post-translational modifications (Figl.24). Under both
physiological and pathological conditions, the serine and threonine residues
can be phosphorylated by different kinases. It has been demonstrated that
phosphorylation of tau may change its MBD conformation leading to the
detachment of tau from microtubules. The accumulating tau may then form
insoluble filaments and eventually NFTs in the cell bodies and neurites (Morris

et al., 2011).
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Figure 1.24

The structure and function of tau. Tau is an intrinsically disordered protein in which alternative mRNA
splicing can take place at N terminal exons (N1,2) and the microtubule repeat domains (R). The variety
of tau binding partners implicates its role in signaling pathways and the organization of cytoskeleton.

(Adapted from Morris et al., 2011)

Due to the lack of genetic evidence linking tau dysfunction to the
neurodegenerative process, tau inclusions were generally regarded as
epiphenomena of little or no consequence. In 1994, a dominantly inherited
form of frontotemporal dementia with parkinsonism was linked to a region
containing the MAPT gene, chromosome 17g21-22 (Wilhelmsen et al., 1994).
Following this work, additional forms of FTD were identified to be linked to this
region which led to the classification of this FTD subtype as “frontotemporal
dementia and parkinsonism linked to chromosome 17” (FTDP-17). The first
mutations in MAPT were described in FTDP-17 patients in June 1998 (Hutton
et al., 1998, Poorkaj et al., 1998, Spillantini et al., 1998). The identification of
filamentous and hyperphosphorylated tau pathology in these cases

established that tau dysfunction is sufficient to cause neurodegeneration and
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dementia. By 2012, 46 pathogenic mutations in MAPT have been reported
including 39 coding region mutations and 7 intronic mutations (Fig1.25B). The
significance of these findings is that it provides crucial evidence linking MAPT
mutations to the formation of NFTs and neurodegeneration in the absence of
AB amyloid deposits (Goedert et al., 2012). Although it has been reported that
mutations in the progranulin gene may cause tau-negative FTDP-17 (Baker et

al., 2006), MAPT mutations are present in the majority cases of FTDP-17.

FTDP-17 is characterized by early behavioral changes followed by
progressive cognitive, language and motor dysfunction. Patients usually
display a unique pattern of frontotemporal atrophy which is closely linked to
the distribution of filamentous and hyperphosphorylated tau (Poorkaj et al.,
1998). Mutations of the tau gene affect all six isoforms of tau which are
incorporated into the filaments. However the filamentous tau deposits may
vary in terms of their morphologies, isoform compositions and distribution

patterns depending on the type of MAPT mutation (Brandt et al., 2005).
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Figure 1.25

The MAPT gene and the six isoforms of tau and mutations in FTDP-17. A) 16 exons (E) are present in
MAPT and the six tau isoforms (352-441 amino acids) are generated by alternative splicing of E2 (red),
E3 (green) and E10 (yellow). Exons in blue are constitutively spliced. EO and E14 (white) are noncoding.
E6 and E8 (violet) are not transcribed in the adult human brain. E4a (orange) is not expressed in the
CNS. The microtubule binding repeats (R1-R4) are illustrated. There are three isoforms with four repeats
each (4R) and three isoforms with three repeats each (3R). Each repeat consists of 31 or 32 amino acids.
B) Shown are 46 pathogenic mutations in MAPT in which 39 are coding region mutations in E1, E9, E10,

E11, E12, E13, and 7 are intronic mutations flanking E10. (Adapted from Goedert et al., 2012)
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Mutations in tau are either missense, deletion or silent mutations and most
of them are located in exons 9-12 and the adjacent introns (Figl.25B).
Functionally, they can be classified into two largely non-overlapping groups:
mutations that have a primary effect at the protein level, and those that affect
the alternative splicing of tau pre-mRNA and therefore acting at the RNA level
(Gendron and Petrucelli, 2009, Goedert and Spillantini, 2011). About half of
the known mutations fall into the first category, including missense and
deletion changes in tau which give rise to tau proteins with a reduced binding
affinity for microtubules. Studies have shown that this partial loss of tau protein
function may increase its propensity to form abnormal aggregation and
become hyperphosphorylated which overtime will assemble into filaments
(Goedert et al., 1999, Morris et al., 2001). For instance, mutant tau protein with
P301S mutation in exon 10 has been found to lose its ability to promote proper
microtubule assembly, but instead stimulates tau assembly into filaments
(Allen et al., 2002, Bugiani et al., 1999). These suggest that both microtubule
dysregulation and the formation of NFTs caused by these mutations may lead
to tau-mediated toxicity and subsequent impairment in axonal transport and
synaptic damage (Gendron and Petrucelli, 2009). The second group of
mutations influence tau alternative mRNA splicing mainly on exon 10 of MAPT
which perturb the normal ratio of three- to four- repeat isoforms, resulting in an
excess of four-repeat tau isoform. The overproduced four-repeat tau may then
form filamentous inclusions and the imbalanced ratio of isoform expression
may contribute to tau dysfunction (Spillantini et al., 1998, Goedert, 2004,

Gendron and Petrucelli, 2009).

Studies of FTDP-17 have verified the causative role of tau dysfunction in

84



neurodegeneration and dementia, which may also be of central importance for
the pathogenesis of other neurodegenerative diseases with a filamentous tau
pathology. Recently, tau is further implicated in regulating neuronal excitability
and is involved in neuronal deficits and cognitive decline (Morris et al., 2011).
Clearly, tau is increasingly being recognized as a multifunctional protein rather
than purely a microtubule stabilizer. Accumulating evidence has demonstrated
new functions of tau involved in signaling, synaptic functions and cytoskeletal
organization. In order to truly decipher the detrimental consequences of tau
dysfunction and the mechanisms involved in tau-mediated neurodegeneration,
it is crucial to characterize and understand the functions of tau beyond its
well-established microtubule-binding capacity (Gendron and Petrucelli, 2009,

Morris et al., 2011)..

Several studies have reported nuclear localization of tau in both neuronal
(Wang et al., 1993) and non-neuronal cells (Cross et al., 2000). Remarkably,
further work has suggested a nuclear role for tau protein found in the nucleus.
Tau was identified as a key component of perinucleolar heterochromatin and
is involved in nuclear stress response (Sultan et al., 2011). Importantly, it has
also been illustrated that tau is capable of binding to pericentromeric satellite
DNA sequences, which form neuronal caps of perinucleolar heterochromatin,
in both human and mouse (Sjoberg et al., 2006). This implicates a functional
role for nuclear tau in nucleolar organization and heterochromatinization of
specific RNA genes. Currently, very little is known about tau protein
distribution in the nucleus. Although the ultrastructural and molecular
organization of the neuronal nucleus in human tauopathies has not been well

characterized, tau might be involved in a nuclear pathology. Studies
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demonstrated that tau appears to participate in the protection of neuronal
genomic DNA in stress conditions, in which it interacts with DNA and facilitates
repair in central neurons during heat shock (Sultan et al., 2011). It is
postulated that pathological alterations of tau, such as hyperphosphorylation,
might affect its affinity for DNA and impair DNA protection. Interestingly,
another study has reported that aggregation of tau impairs its ability to interact
with DNA (Hua and He, 2002). The disruption of tau-DNA interactions could
lead to neuronal dysfunction which might represent an important
etiopathological mechanism of tauopathies (Sjoberg et al., 2006, Sultan et al.,
2011). There is no doubt that the elucidation of novel functional role of
neuronal nuclear tau would provide great insight for a better understanding of

the pathogenesis of tauopathies.

1.5.4 Emerging Mechanisms of Pathogenesis

Misfolding of proteins and progressive accumulation of aggregates define
most neurodegenerative diseases such as Alzheimer’s disease, Huntington’s
disease, frontotemporal dementia and amyotrophic lateral sclerosis. The
molecular mechanisms underlying the generation of protein aggregates and
the resultant neurodegeneration have been extensively studied. It has been
postulated that alterations in the balance of protein synthesis, aggregation and
clearance may have significant roles in the pathogenesis of these diseases
(Lee et al., 2010) (Figl.26). Emerging evidence also suggests that
propagation and spreading of protein aggregates may occur in these

diseases.
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Figure 1.26

Imbalance between protein synthesis, aggregation and clearance. Protein misfolding or aggregation can
normally be cleared by cellular degradation processes such as autophagy and ubiquitin-proteasome
system. Under disease conditions, protein aggregation is increased due to both an accelerated
production and reduced or dysregulated function of protein degradative systems. This leads to the
production of smaller fragments seeding for further aggregation and propagation in neurodegenerative

diseases. (Adapted from Lee et al., 2010)

1.5.4.1 Dysregulation of Autophagy

Autophagy was first described in 1963 by Christian De Duve as an
intracellular process involved in the degradation of cytoplasmic constitutes,
delivered via a double-membrane autophagosome, by the Ilysosomal
machinery (De Duve, 1963). It has been increasingly recognized that there is
an abundant presence of these autophagosomes in a growing number of

neurodegenerative diseases. Recently an emerging consensus appears to
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suggest that inadequate or impaired autophagy may be the underlying reason
for the buildup of autophagosomes and contributes to neuronal cell death
(Wong and Cuervo, 2010). This view is further supported by accumulating
evidence demonstrating that dysregulation of this degradative system may

play an important role in the pathogenesis of neurodegenerative diseases.

Autophagy has a crucial physiological and homeostatic role in cells in
order to balance between the synthesis, degradation and recycling of
cytoplasmic components including protein aggregates and damaged cellular
organelles (Mizushima, 2007). During autophagy, these are sequestered into
double-membrane autophagosomes which then undergo maturation by fusing
with multivesicular bodies or endosomes to form amphisome. This is followed
by fusion with lysosomes in which the contents are degraded by lysosomal
hydrolases (Banerjee et al., 2010). The autophagy-lysosome pathway and the
ubiquitin-proteasome system together represent the major routes for the
clearance of toxic accumulations in the cells. However, ubiquitin-proteasome
system is majorly involved in the degradation of short-lived proteins with low to
medium molecular weight. Protein aggregates and oligomers with high
molecular weight, such as those commonly found in neurodegenerative
diseases, undergo bulk degradation which require the more efficient
autophagy-lysosome pathways (Banerjee et al., 2010). A variety of studies
using postmortem human tissue, genetic animal and cellular models of
neurodegenerative diseases demonstrate that a lot of the etiological factors
involved in these diseases, such as mutant proteins, may impair the
autophagy process (Pickford et al., 2008, Ravikumar et al., 2004, Li et al.,

2008). Elucidation of the pathophysiological roles of autophagy may also give
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rise to potential therapeutic targets which can be modulated by

pharmacological treatments.

1.5.4.2 Prion-like Transmission of Protein Aggregat es

Although protein misfolding and the accumulation of fibrillar aggregates
occur in most neurodegenerative diseases, the concept of disease
propagation by “infectious” protein aggregates in the CNS has always been
confined to prion diseases including Creutzfeldt-Jakob disease (CJD) and
bovine spongiform encephalopathy (BSE) (Lee et al., 2010). Recently, the
hypothesis of prion-like mechanism has emerged from new evidence
suggesting the possibility of protein spreading involving aggregates such as
tau, amyloid-B, huntingtin and a-synuclein in Alzheimer's disease,
Huntington’s disease, Parkinson’s disease and frontotemporal dementia.
These disease-associated aggregates are also found to share distinct
biophysical and biochemical characteristics with prions (Frost and Diamond,

2010).

For two decades, the idea of propagation of protein misfolding in the CNS
has been constrained to prion diseases, which are also known as
transmissible spongiform encephalopathies (TSEs) (Soto, 2012). It is well
established that the accumulation of protein aggregates in these diseases
plays a major pathogenic role. TSEs are infectious and studies have
implicated the misfolded prion protein as the active and crucial component of
the infectious agent (Soto, 2011). Seeded by the misfolded prion protein,

autocatalytic conversion of the natively folded prion protein is self-replicated,
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which therefore spread throughout the body and occasionally between
individuals (Soto, 2012). Accumulating evidence has now expanded this
notion of pathological spreading, a characteristic of prion strains, to include
other non-prion protein aggregates associated with a variety of
neurodegenerative diseases (Aguzzi and Rajendran, 2009, Soto, 2011, Lee et
al., 2010). In vitro and in vivo studies have reported this mechanism of
prion-like self-propagation in proteins such as AP, a-synuclein, tau and
huntingtin (Petkova et al., 2005, Yonetani et al., 2009, Frost et al., 2009, Frost
and Diamond, 2010, Ren et al., 2009). In order for these intracellular
aggregates to gain access to the extracellular space as well as the
neighboring cell's cytosol, there must be mechanisms allowing the
transference of disease proteins. Studies suggest that these may include
secretory mechanism such as vesicle-mediated exocytosis, or by damage of
the host cell leading to leakage through membrane disruption (Guo and Lee,
2011, Lee et al., 2010). The released aggregates may then be internalized into
neighboring cells via endocytosis and subsequently bind the natively folded
proteins and seed their aggregation (Frost et al., 2009, Guo and Lee, 2011).
Alternative mechanisms of direct cellular contact may also take place through
tunneling nanotubes or by packaging into exosomes (Aguzzi and Rajendran,

2009, Lee et al., 2010).

Studies in Parkinson’s and Alzheimer’s disease patients appear to indicate
that normally intracellular proteins such as a-synuclein and tau may indeed be
released via secretory mechanisms (El-Agnaf et al., 2006, Vandermeeren et
al., 1993). The concept of prion-like spreading of NFTs and AR amyloid

plaques in the brain has been supported by a number of reports (Braak and
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Braak, 1991, de Calignon et al., 2012). Other in vitro and in vivo studies also
demonstrated the misfolding and aggregation of tau which is transmissible in a
prion-like manner in cultured cells as well as transgenic mice (Clavaguera et
al., 2009, Frost et al., 2009, Guo and Lee, 2011). Accumulating evidence from
experiments in cultured cells further support the notion that a variety of protein
aggregates including AP, a-synuclein, tau and polyglutamine may be
transferred directly from cell to cell (Frost and Diamond, 2010). There is no
doubt that understanding the mechanisms of disease spreading and
progression has profound therapeutic implications. Many of the current
therapies for neurodegenerative diseases focus on the prevention of cell death
and promotion of neuronal survival by targeting nonspecific mechanisms
(Frost and Diamond, 2010). The identification of prion-like spreading of
disease-associated aggregates may give rise to the development of novel
diagnostic techniques and therapeutic strategies aiming to prevent the initial
formation of seeds and the subsequent propagation of protein aggregates

(Lee et al., 2010, Soto, 2012, Prusiner, 2012).

1.6 Aims and Objectives

The neuronal nucleus is a highly specialized organelle with uniqgue and
characteristic organization of the genome, transcription and epigenetic
regulation. Little is known about the chromatin organization in the neuronal
nucleus as most studies focus on rapidly growing and dividing cells. The aim
of this work is to investigate the ultrastructural and molecular organization of
the mouse striatal neuronal nucleus and to correlate this with the distribution of

a variety of epigenetic modifications. The relationship of the neuronal nuclear
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organization to a functional assay of in vivo transcription detecting nascent
RNA together with the localization of three RNA polymerases I, Il and 111 will be
explored. Two clinically used histone deacetylase inhibitors, sodium valporate
(VPA) and suberoylanilide hydroxamic acid (SAHA) will be used to study their
effects on the neuronal nuclear organization. Furthermore, the architectural
and functional organization of the neuronal nucleus in a number of transgenic
mouse models of human neurodegeneration, including Huntington’s disease,
amyotrophic lateral sclerosis and frontotemporal dementia, will be investigated
and compared with that in the wild type to see if there are any distinctive

changes in the unique neuronal nuclear organization.
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CHAPTER 2

Materials and Methods

2.1 Transgenic Mice and Controls

2.1.1 Huntington’s Disease (htt exon-1 ~ “A¢'%%)

C57BL6/J mice expressing exon 1 of the human HD gene which contains a
highly expanded CAG repeat sequence (141-147) were used in the studies.
These mice called the R6/2 line are the prototypical transgenic model for
early-onset HD and have been extensively studied (Mangiarini et al., 1996,

Davies et al., 1997).

2.1.2 ALS/FTLD (TDP-43M337)

The ALS/FTLD mice used in the studies were produced by Veronique
Schaeffer and Michel Goedert recently at the MRC/LMB Cambridge and are
unpublished. The M337V mutation was introduced by site-directed
mutagenesis into the cDNA encoding the human TDP-43 protein. The mutated
cDNA was subcloned into a murine thyl.2 genomic expression vector (gift
from Dr. H. van der Putten, Novartis, Basel, Switzerland) and this TDP-43
expression construct was produced by subcloning M337V TARDBP cDNA into
a unique Xhol site of the expression vector. A Kozak consensus sequence
was introduced upstream of the initiation codon and vector sequences were
removed before microinjection. By pronuclear injection of (C57BL/6J-CBA) F;

embryos transgenic mice were produced. With the use of the primer pair
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5-CACAGACACACACCCAGGACATAG-3' and 5-AGATTTCCCCAGCCAGC
ATC-3’, founders were identified by PCR analysis of lysates from tail biopsies.
Founder animals were then intercrossed with C57BL/6J mice to establish the
lines. The human TDP-43 protein was expressed throughout the nervous
system including the spinal cord, brain stem, cerebral cortex and hippocampus.
The amounts of total (mouse and human) TDP-43 protein were higher in the
brain (x2.2, p<0.01) and the spinal cord (x1.7, p<0.01) of TDP-43"33"V
transgenic mice compare to non-transgenic controls. Total TDP-43 was
expressed primarily in the nucleus in non-transgenic controls whereas in

transgenic mice it was detected in both the nucleus and the cytoplasm.

2.1.3 FTDP-17 (Tau"™%%)

The neuron-specific mouse thyl promoter was used to produce transgenic
mice expressing the shortest human four-repeat tau isoform with the P301S
mutation. Six founders were obtained and five of them transmitted the
transgene in a Mendelian manner. Three out of five lines expressed high
levels of human tau protein in both the brain and spinal cord which were used
to establish homozygous lines. The present study focuses on line 2541.
Homozygous mice from this line developed a neurological phenotype
characterized by general muscle weakness, tremor and a severe paraparesis
at 5-6 months of age, and were unable to extend their hindlimbs when lifted by
the tail. A similar phenotype was observed in heterozygous mice at 12-14
months of age. These mice were produced by Bridget Allen and Michel
Goedert (MRC/LMB Cambridge) and have been extensively characterized

(Allen et al., 2002).
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2.1.4 Littermate Controls (C57BL6/J)

Control mice were bred on a C57BL6/J background and in all cases these
were the sex matched and age matched littermates of the transgenic mice

used in the studies.

2.2 Tissue Preparation
2.2.1 Tissue Preparation for Confocal Light Microsc  opy

Transgenic mice and their littermate controls received a lethal
intraperitoneal injection of sodium pentobarbitone (Sagatal) and then perfused
through the left cardiac ventricle with aldehyde containing fixatives. Animals
were perfused with 2% sodium periodate-lysine-paraformaldehyde (PLP), or
4% paraformaldehyde (PFA) in 0.1M sodium phosphate buffer (pH 7.4)
(Davies et al., 1997). The brains were removed after decapitation and placed
in the same fixative at 4°C for 4-6 hours before being transferred to
cryoprotectant solution of 30% sucrose in 0.1M sodium phosphate buffer (pH

7.4) for 48 hours at 4°C.

Brains were cut into half and placed onto the Leica SM2000R sledge
microtome with OCT compound (Miles Laboratories) and frozen with
powdered solid CO,. 40um thick sections were cut in the coronal plane and
collected using a paintbrush and put serially in a “dimple tray” filled with 0.1M

sodium phosphate buffer.

C57BL6/J mice were also used in HDACI studies. Sodium valproate (VPA)
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was given at 120mg/kg for 120 minutes before perfusion. Vorinostat
(suberoylanilide hydroxamic acid, SAHA) was given at 50mg/kg for 120
minutes. Both HDACIi were given as intraperitoneal injections and littermate

controls received an injection of an equal volume of vehicle (saline).

2.2.2 Tissue Preparation for Electron Microscopy

Brains from transgenic and control mice were removed and for standard
transmission electron microscopy (TEM), brains were placed in a fresh
solution of 4% PFA with 0.1% glutaraldehyde overnight at 4°C. Brains for
iImmuno-electron microscopy were placed in either 2% PLP fixative in
phosphate buffer (pH 7.4) or 4% PFA with or without 0.1% glutaraldehyde
overnight at 4°C. After post-fixation, coronal sections were cut of either 50 or
200pum on a Vibratome (Agar Scientific Series 1000) and collected in serial
order in 0.1M phosphate buffer before being placed in 2% glutaraldehyde in

the same buffer for 30 minutes.

2.2.3 In vivo Transcription Run-on Assay

The novel in vivo transcription run on assay adopted from Casafont and
coworkers (Casafont et al., 2006) was developed for these studies. Freely
behaving mice were caged in groups of 3-4 in an environmentally enhanced
environment and received an intraperitoneal injection of 5'-fluorouridine in
sterile saline (5ul per gram of a 0.4 M solution, 524mg/kg) for varying time
periods (5, 10, 15, 30, 45, 60 minutes and 24 hours) prior to terminal
anaesthesia. Tissue preparation for confocal light microscopy and electron
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microscopy were performed using standard protocols.

Control experiments for in vivo transcription run-on assay

Three lines of evidence give us confidence that a peripheral injection of
5'-fluorouridine effectively and specifically labels nascent RNA within

individual neurons of the mouse brain.

1. Identical patterns of labeling of both nucleoplasmic transcription factories
were obtained with both monoclonal and polyclonal antibodies to BrdU (Sigma
and AbCam respectively) whereas antibodies directed to 1dU/BrdU (Caltag)
failed to reveal anti labeling. Identical patterns of labeling were obtained when
using confocal laser microscopy and FITC-labeled secondary antibodies for
frozen sections or transmission electron-microscopy and nano-gold labeled

secondary antibodies on resin embedded (post-embedding) sections.

2. Treatment of frozen sections with RNase A (200 pg/ml at 37 °C for 60
mins) abolished all immuno-labeling whilst pre-treatment of the sections with

DNase | (100ug/ml at 37 °C for one 60 mins) was without any effect.

3. A time dependent and progressive change in immuno-labeling was
evident for all studies. At early time points discrete punctate foci of labeling
were observed throughout the nucleoplasm, over the perinucleolar
heterochromatin and the nucleolus, at later time points labeling was observed
around the nuclear membrane and through the nuclear pores. After much later
time points labeling can be found throughout the neuronal cytoplasm

extending into the dendrites and into axons and axon terminals (Stephen Hunt
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and Kerri Tokichi, personal communication). These observations are

consistent with the temporal gradient in RNA movement throughout the cell.

*Actinomycin D is a potent and specific inhibitor of RNA polymerases,
however it appears to have a highly variable ability to penetrate the CNS.
Several published reports suggest that only ~10% of peripherally administered
drug crosses the blood brain barrier. Although we did find that use of this
compound reduced the labeling of RNA following 5-fluorouridine
administration (150 pg/kg for 180 minutes), the results have not been included

due to uncertainty of the exact mechanism of action.

2.3 Tissue Processing
2.3.1 Immunocytochemistry for Confocal Light Micros copy

Primary antibody solutions were made up in 1ml of primary antibody buffer
(0.1M Tris-HCL, 0.3% Triton, 0.02% sodium azide) as shown in Table 2.2.
Sections were incubated free-floating in primary antibody solutions at 4°C for
72 hours, then washed in 0.1M sodium phosphate buffer for 10 minutes
(repeated 3 times). Fluorescein isothiocyanate (FITC)-conjugated secondary
antibodies (Jackson ImmunoResearch Laboratories Inc.) at a concentration of
1:100 in 1ml of 0.1M sodium phosphate buffer were added to the sections
which were incubated in the dark for 90-120 minutes. Sections were washed
again in 0.1M sodium phosphate buffer for 10 minutes (repeated 3 times) and
then stained with a diluted pyronin Y (PYY, Sigma Aldrich UK) solution made

up in 0.1M sodium phosphate buffer (1:3000) for 4 minutes in the dark. For
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triple labeling, instead of staining with PYY, sections were first stained with
DAPI (4,6-diamidino-2-phenylindol) made up in 0.1M sodium phosphate buffer
(1:15000) for 4 minutes in the dark, then sodium phosphate buffer washes
were repeated 3 times, followed by PYY staining. Sections were then mounted
onto gelatinized glass slides using a paintbrush, coverslipped with the
mounting medium Mowiol-DABCO (1,4-diazabicyclo[2.2.2]octane) and sealed
with a small rim of clear nail varnish. All slides were stored at 4°C in the dark

until they were analyzed with the Leica confocal microscope.

2.3.2 Tissue Processing for Electron Microscopy

After being osmicated (90 min in 1% osmium tetraoxide in 0.1M sodium
phosphate buffer or in 1% osmium tetraoxide and 1.5% potassium
ferrocyanide in 0.1M sodium phosphate buffer at 4°C), the sections were
washed in 0.1M sodium phosphate .buffer for 10 minutes and dehydrated
through a graded ethanol series (25%, 50%, 70%, 90%, 100% x 4). The
sections were then cleared in propylene oxide (100% x 4) and incubated in a
solution of 33% araldite resin in propylene oxide for 20 minutes, and replaced
by a 66% resin mixture for 20 minutes, followed by 100% resin for 3-4 hours.
After that, it was replaced with 100% resin and catalyst (0.2ml benzyl
dimethylamine) and then left to harden for a few days. Ultrathin sections
(approximately 70nm) were cut with a diamond knife on a Reichert Ultracut
ultramicrotome. The sections were collected on copper-mesh grids coated
with a thin formavar film, counter-stained with lead citrate for approximately 4
minutes and viewed in a Jeol 1010 transmission electron microscope. Digital

images were captured on a Gatan Orius CCD camera.
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2.3.3 Post-embedding Immuno-gold Labeling

70-90 nm sections were cut on a diamond knife from lowicryl embedded
blocks and collected on Formavar coated Nickel-200 grids. Grids were then
washed on a 50ul drop of sodium phosphate buffer for 3 x 15 minutes, before
incubation in primary antibody dissolved in the same buffer (1:50-1:500) on a
similar 50ul drop for 6 hours. Sections were washed in sodium phosphate
buffer for 3 x 15 minutes and incubated in secondary antibody (1:200) for 2
hours (10 nm gold labeled anti-rabbit IgG or 10nm gold labeled anti-mouse
IgG). Sections were finally washed in sodium phosphate buffer for 3 x 15

minutes and distilled water for 3 x 5 minutes before air drying.

Grids were counterstained with a 2% aqueous Uranyl acetate solution for 4
minutes followed by a further 4 minutes in distilled water. Sections were air
dried before analysis in a Jeol 1010 transmission electron microscope. Digital

images were captured on a Gatan Orius CCD camera.

2.3.4 Three-Dimensional Fluorescence In Situ Hybrid  ization

3D FISH was carried out for the detection of mouse centromeres and
telomeres with PNA (Dako) probes. PNA is a synthetic DNA/RNA analogue
capable of binding to DNA/RNA in a sequence-specific manner obeying the
Watson-Crick base pairing rules. In PNA the sugar phosphate backbone has
been replaced by a neutral peptide/polyamide backbone keeping the

distances between the bases exactly the same as in DNA. The neutral peptide
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backbone gives PNA excellent properties for hybridizing to DNA/RNA, and in
addition, PNAs are highly resistant to degradation by DNases, RNases,

proteinases and peptidases.

Pre-treatment

With a diamond pen an area of approximately 20 x 20 mm was marked on
Superfrost Plus (Thermo Scientific) glass slides around 2 x 20um frozen
sections of mouse striatum. Slides were immersed in TBS for approximately 2
minutes, then in 3.7% formaldehyde in TBS for 2 minutes. Slides were washed
in TBS and then in TBS for 2 x 5 minutes. Slides were then immersed in
Pre-Treatment Solution (Vial 1 of Dako kit diluted 1:2000 in TBS) for 10
minutes, and washed in TBS and then again in TBS for 2 x 5 minutes. After
that, slides were immersed in cold (4°C) ethanol series (70%, 85% and 95%)
for 2 x 2 minutes and left in a vertical position until they were dry, or use a cold

air stream to dry (~ 5 minutes).

Denaturation and hybridization

10 ul of PNA Probe (Cy3 or FITC labeled) (Dako Vial 2) was added to the
marked area on the slides. Marked area was covered with an 18 x 18 mm
coverslip. Slides were placed on a pre-heated PCR hotplate adjusted to 80 °C
for 5 minutes. Then they were placed in the dark at room temperature for

90-120 minutes.

Rinse and washing

Slides were immersed in working solution of the Rinse Solution (Vial 3

diluted 1:50) to remove coverslips briefly for approximately 1 minute. Slides
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were then immersed in the pre-heated working solution of the Wash Solution
(vial 4 diluted 1:50) for 5 minutes at 65 °C. After that, they were immersed in
the same cold ethanol series as previously (70%, 85% and 96%) for 3 x 2
minutes. Slides were air dried vertically or dried using a cold air stream for

approximately 5 minutes.

Counterstaining and mounting

20 pl of mounting solution was applied onto each slide (Vectashield hard
set containing 4°,6-diamidino-2-phenylindole, DAPI at 0.lug/ml, Vector

Laboratories UK) and was covered with a 24 x 50 mm coverslip.

Procedural notes

1. The optimal pre-treatment may vary depending on the metaphase spread
preparation. An alternative pre-treatment procedure was incubation with 1

mg/mL pepsin (Code S3002) in 0.01 mol/L HCI for 10 minutes at 37 °C.

2. For convenience, the ethanol series for dehydration could be stored in the
freezer at -18 °C, or in a refrigerator at 4-8 °C. Covered with lids, the series

could be stored for several weeks and be used for a maximum of 20 times.

3. Denaturation should be performed at minimum 80 °C and maximum 90 °C.

Denaturing temperatures below 75 °C may impair results seriously.

4. The hybridization times in the protocol should be regarded as minimum

times required. The slides could be left longer up to 2-4 hours.
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5. The recommended wash was in a water bath with shaking. Washing
temperature should not deviate more than + 3 °C from the target temperature

(65 °C).

6. If there was high background staining, an optional wash procedure was
washing for 2 x 15 minutes in 70% formamide/ 10 mmol/L PBS (1 ml 1 mol/L
PBS + 29 ml pure water + 70 ml formamide) at room temperature followed by

2 x 15 minute wash in PBS.

The 3D FISH protocol was carried out in collaboration with Dr. Aysha S. Raza

Pan Centromeres Starfish, Cambridge Biosciences Cy3, FITC

Cambridge, UK

Pan Centromeres Poseidon, Kreatech, Amsterdam, NL FITC

Mouse X chromosome Stafish, Cambridge Biosciences Biotin

Pan Telomeres, PNA Dako, Ely, UK Cy3
Table 2.1

A table showing the FISH probes used for detecting the mouse centromeres and telomeres (Dilution as

supplied).

2.3.5 Primary Antibodies Table

Primary Antibody Source Species Dilution
Histone H1 AE-4 (05-457) Upstate Mouse 1gG 1:1000
MacroH2A Sc-67322 Santa Cruz Biotechnology Rabbit 1:1000

H3K9M3 07-523 Upstate Rabbit 1:1000
H3K9Ac 06-942 Millipore Rabbit IgG 1:1000
H3K27M3 07-449 Upstate Rabbit 1:1000
H3Ac 06-599 Millipore Rabbit IgG 1:1000
H4Ac 06-598 Millipore Rabbit 1:1000
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H4K20M3
HPla
ATRX
MeCP2
Phospho-MeCP2-pS80
Phospho-MeCP2-pS421
p80 coilin
p80 coilin
Nopp140

Anti centromere

(Kinetochore) protein
CENP-A

CENP-A

CENP-A
RNA Pol | (RPA194)
RNA Pol Il 8WG16
RNA Pol Il H5
RNA Pol Il 4H8

RNA Pol Il H224

RNA Pol Il H14
RNA Pol Il C21
RNA Pol 1l A10

RNA Pol Il RPC32
RNA Pol 1l RPC32
RNA Pol 1l RPC39
RNA Pol 11l
Fibrillarin
UBF-1 (EP2741Y)
UBF-1 (H-300)
DICER
ADAR?2 (Red1)
Drosha
DGCRS8 (Pasha)

SF2/ASF/SRp30

07-463
07-346
Sc-10078
07-013
AP3595a
204/10
5P10
RF12

15-235

RCA

C51A7

07-574
Sc-28714
MMS-126R
MMS-129R
Ab5408
Sc-90001
MMS-134R
Sc-900
Sc-17798
Sc-48365
Sc-28712
Sc-21753
HPA 005891
Ab5821
Ab75781
Sc-9131
Ab13503
ab64830
Ab-07-717
Ab36865

Sc-28724

Millipore
Upstate
Santa Cruz Biotechnology
Upstate
Abgent
ME Greenberg

Dundee Cell Products
Dundee Cell Products

UT Meier

Antibodies Incorporated

Davis California USA
T. Fukagawa

Cell Signalling
Technology

Upstate
Santa Cruz Biotechnology
Covance
Covance
ABCAM
Santa Cruz Biotechnology
Covance
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Sigma (Prestige)
ABCAM
ABCAM
Santa Cruz Biotechnology
ABCAM
ABCAM
Millipore
ABCAM

Santa Cruz Biotechnology
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Rabbit
Rabbit
Goat
Rabbit
Rabbit
Rabbit
Rabbit
Mouse 1gG
Rabbit

Human

Rat

Rabbit

Rabbit IgG
Rabbit
Mouse 1gG
Mouse IgM
Mouse 1gG
Rabbit
Mouse IgM
Rabbit
Rabbit
Mouse 1gG
Rabbit
Mouse 1gG
Mouse 1gG
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit IgG
Rabbit

Rabbit

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

1:500-1:1000

1:500-1:1000

1:500-1:1000

1:500-1:1000

1:500-1:1000

1:500-1:1000

1:500-1:1000

1:500-1:1000

1:500-1:1000

1:500-1:1000

1:500-1:1000

1:500-1:1000

1:500-1:1000

1:500-1:1000

1:500-1:1000

1:500-1:1000

1:1000

1:500-1:1000

1:500-1:1000

1:500-1:1000

1:500-1:1000

1:500-1:1000

1:500-1:1000

1:500



9G8/SRp20 Sc-28722 Santa Cruz Biotechnology Rabbit 1:500
SAFB NB100-2593 Novus Biologicals Rabbit 1:500
TARDBP 10782-2-AP Proteintech Group Europe Rabbit 1:500-1:1000
FUS/TLS Sc-47711 Santa Cruz Biotechnology Mouse 1:500-1:1000
PSPC1 AB1013 Dundee Cell Products Rabbit 1:1000
SFPQ (PSF) 15585-1-AP Proteintech Group Europe Rabbit 1:1000
p54nrb (NONO) Sc-67016 Santa Cruz Biotechnology Rabbit 1:1000
MBNL1/2/3 Sc-98455 Santa Cruz Biotechnology Rabbit 1:500-1:1000
EWSR1 Ab93837 ABCAM Rabbit 1:500-1:1000
TAF15 Ab69581 ABCAM Rabbit 1:500-1:1000
IdU/BrdU U4 Caltag Laboratories Mouse IgG  1:500-1:1000
BrdU BU-33 Sigma Mouse IgG  1:500-1:2000
BrduU Ab38890 Abcam Rabbit 1:500-1:2000
Table 2.2

A table showing the different primary antibodies used in the studies throughout this thesis.

2.4 Image Analysis

Slides were viewed under the Leica TCS SPE confocal laser scanning
microscope with a 63xoil immersion objective. Z series stacks were taken and
serial sections were acquired. ImageJ 1.43s (2010) was used for quantitative
image analyses. Deconvolution and isosurface rendering were performed
using the Huygens Professional (SVI) and Imaris software with assistance
from Daniel Ciantar. Electron micrographs were obtained by a Gatan Orius
digital camera (SC600 CCD) with the Gatan software. In all studies, multiple
replicates were performed with several animals. All statistical tests were by
Student’s unpaired t-test unless otherwise stated in the text. Significance

value of p <0.05 was used for multiple comparisons.
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CHAPTER 3

Results

Studies in this thesis focus on the striatum, in which over 95% of the cells
are medium spiny neurons. These GABAergic projection neurons are
spherical cells with a diameter of approximately 10um. The striatal neurons
have been well characterized and extensively studied in this laboratory. The
structural, functional and molecular organization of the striatal neurons is well
understood, and the pathological changes within the striatum in HD,
ALS/FTLD and FTDP-17 have also been documented (DiFiglia et al., 1997,

Halabi et al., 2012).

3.1 Epigenetic Characterization of the Striatal

Neuronal Nucleus

An immunocytochemical study was carried out to localize various
epigenetic markers involved in histone modifications, DNA methylation,
chromosomal domains and perinucleolar bodies in the striatal neuronal
nucleus. All primary antibodies used are well-characterized which produce a
distinct staining pattern. Analysis by confocal microscopy of
immunofluorescently stained sections revealed the distribution of these
proteins and their subnuclear localization in a Z-series stack. The localization
in relation to the nucleolus was shown in conjunction with pyronin Y (RNA)

staining which clearly demarcated both the nucleolus and the cytoplasm.
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3.1.1 Histone Modifications

Immunofluorescence of H3K9M3 (marker of constitutive heterochromatin)
and H1 (linker histone 1) revealed a similar distribution as perinucleolar foci
around the nucleoli (Fig 3.1A and C). This is very surprising as a linker histone
Is expected to label all DNA. However, this interesting result has also been
reported in a number of studies (Akhmanova et al, 2000).
Immunofluorescence of H3K27M3 (a marker of facultative heterochromatin)
however illustrated both perinucleolar and nucleoplasmic foci (Fig 3.1B). In
contrast to the heterochromatin associated proteins, antibodies against
acetylated histones H3K9Ac (marker of euchromatin), AcH3 (acetylation of
lysine residues 9 and 14 on H3 tail) and AcH4 (acetylation of lysine residues
5,8,12 and 16 on H4 tail) demonstrated homogeneous nucleoplasmic staining.
Nevertheless, nucleoplasmic staining with AcH4 was relatively heterogeneous

(Fig 3.1D-F).
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Figure 3.1

Fluorescence immunocytochemistry of striatal neuronal nuclei stained for various histone modifications
and RNA

Nucleolus and cytoplasm were counterstained red for RNA with pyronin Y. FITC immunofluorescence
(green) staining identified H3K9M3 (A) and Histone H1 (C) as foci around the nucleoli (red structures).
Immunofluorescence (green) of H3K27M3 in conjunction with pyronin Y (red) revealed its localization as
perinucleolar and nucleoplasmic foci (B). H3K9Ac (D) and AcH3 (E) both revealed homogeneous
nucleoplasmic staining (green) whereas AcH4 (F) demonstrated a heterogeneous distribution inside the

nucleus. Scale bars = 10uym
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3.1.2 MBDs and Other Heterochromatin Associated Pro  teins

Antibodies to the heterochromatin associated protein MeCP2, methyl-CpG
binding protein 2, identified as perinucleolar foci adjacent to the nucleoli (Fig
3.2A). Immunofluorescence analysis of phosphorylation of MeCP2 at serine
80 and 421 with phosphorylation specific antibodies revealed a broadly similar
staining pattern (Fig 3.2B-C), although nuclear foci in addition to perinucleolar
foci were found in phospho-MeCP2-pS80 stained nuclei (Fig 3.2B). Similar to
other heterochromatin associated proteins, immunolocalization revealed
perinucleolar foci around the nucleoli with antibodies against ATRX
(alpha-thalassemia mental retardation X-linked), a chromatin remodeling
protein that recognizes and binds to MeCP2 (Fig 3.2D). Unexpectedly,
antibody against HP1a (heterochromatin protein 1), which binds to H3K9M3
leading to DNA methylation and binding of MeCP2, demonstrated a

homogeneous nucleoplasmic staining (Fig 3.2E).
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Immunolocalization of Methyl-CpG binding domain proteins and heterochromatin associated proteins in

Figure 3.2

striatal neuronal nucleus

Perinucleolar immunofluorescence (green) of MeCP2 (A), Phospho-MeCP2-pS421 (C), and ATRX (D)
adjacent to the nucleoli (red dots) stained with pyronin Y. Immunofluorescence (green) of
Phospho-MeCP2-pS80 (B) demonstrated perinucleolar and nuclear foci. Homogeneous nucleoplasmic
staining (green) was found with antibody against HP1a (E) counterstained with pyronin Y (red) showing

the cytoplasm. Scale bars = 10uym
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3.1.3 Perinucleolar Heterochromatin

Neuronal nuclei can stained for their content of DNA and RNA with the
fluorescent dyes 4’,6-diamidino-2-phenylindole (DAPI) and pyronin Y (PYY).
Within the nucleoplasm are further defined areas of DAPI-positive
heterochromatin. Despite the absence of heterochromatin around the nuclear
membrane, there is a distinct perinucleolar ring of heterochromatin in addition
to 1-2 large masses of perinucleolar heterochromatin and nucleoplasmic
masses of heterochromatin (Fig 3.3). Epigenetic analysis of the molecular
composition of the perinucleolar heterochromatin (PNH) suggested that it
contains methylated DNA, bound by high levels of MeCP2, ATRX and the
epigenetic marks of histone variants H3KO9M3 and H3K27M3. Genomic
regions present within the PNH were identified using a combination of 3D-
fluorescence in situ hybridization (FISH) and 3D-immunocytochemistry (ICC)
analyses. Antibodies against the kinetochore protein CENP-A or ACA
(autoimmune antisera from patients with CREST-type scleroderma) revealed
multiple foci, centromeres, within the neuronal nuclei. Interestingly, triple
labeling for DNA, RNA and centromeres illustrated that the majority of
centromeres were found on the borders of the PNH. Using either 3D-FISH with
pan-centromeric probes or ACA antibodies, it was confirmed that the majority
of centromeres (86%) were found in clusters associated with PNH (Fig 3.4).
Moreover, 3D-FISH with the pan-telomeric probes also demonstrated that
telomeres clustered around the nucleolus and 80% were found on the borders
of PNH (Fig 3.4). These results suggested that most of the chromosomes loop
into the nuclear interior while having both ends associated with the PNH,

which therefore implied that these neurons do not follow the classical Rabl
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model for radiating chromosomal arrangement. Further investigations of the
PNH using electron microscopy in both male and female mice illustrated that
these areas of PNH were 30% larger in female compared to male mice. In
addition, ICC analysis with antibody against the histone variant macro-H2A.1,
which is specifically associated with the inactive X chromosome, identified the
PNH in female but not male mice (data not shown). These together indicated
that the large caps of PNH which characterize the striatal neuronal nucleus are

an amalgamation of constitutive and facultative heterochromatin.

Nucleoplasmic

/ heterochromatin

1-\

Perinucleolar

heterochromatin
Nucleolus

Figure 3.3
DAPI staining of the striatal neuronal nucleus
The nucleolus, the perinucleolar and nucleoplasmic heterochromatin are revealed by DAPI staining.

Scale bar = 5uym
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Figure 3.4

Association of centromeres and telomeres with perinucleolar heterochromatin

(A) and (C) Triple labeled sections of striatum revealing heterochromatin (condensed DNA stained blue
with DAPI), nucleolus and cytoplasm (RNA stained red with pyronin Y) and centromeres (green ACA
antibody, FITC).

(B) and (D) Striatal neuronal nuclei double labeled for DNA (DAPI) and 3D FISH for telomeres (red).

(E) 3D FISH with pan-centromeric probes revealed that the majority of centromeres (86%) were found in
clusters associated with PNH, much greater than that associated with the nuclear membrane or within

nucleoplasm. Scale bars = 10um
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3.1.4 Rosettes of Perinucleolar Cajal Bodies

Interspersed between these large masses of PNH were found the Cajal
body marker proteins Nopp140 and p80 coilin, which localized to several
spherical and crescent shaped structures distributed around the periphery of
the nucleolus (Fig 3.5 and Fig 3.6). However under electron microscopy, only
the largest p80 coilin/Nopp140/SMN positive structures were seen as coiled
bodies (Fig 3.8C). Thus, the nucleolus appeared to be completely encircled in
a rim of heterochromatin to which large caps of heterochromatic masses (PNH)

and intercalated rosettes of perinucleolar Cajal bodies were attached (Fig 3.6).

Figure 3.5

Immunolocalization of the Cajal body markers Nopp140 and p80 coilin in the striatal neuronal nucleus
(A-C) Triple labeling with FITC (green), DAPI (blue) and pyronin Y (red) demonstrated
immunolocalization of Noppl140 (green) adjacent to DAPI stained heterochromatin foci (blue) and
overlapped with pyronin Y stained nucleoli.

(D-F) Immunofluorescence of p80 cailin (green) localized as perinucleolar caps surrounding pyronin Y

stained nucleoli (red dots). Scale bars = 2uym
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Figure 3.6

Isosurface rendered images of striatal neuronal nuclei immunostained for markers of CBs

(A) Isosurface rendered image of triple labeled z-series of sections (N=52) of nucleolus (stained red for
RNA with pyronin Y), PNH (stained blue for condensed DNA with DAPI) and perinucleolar rosette of
Cajal bodies (FITC green immunofluorescence for Nopp140).

(B) Isosurface rendered images from two nuclei of striatal neurons (confocal z-series of 30 sections)
immunostained for p80 coilin (green) and counterstained for pyronin Y (red nucleolus) clearly showing

the perinucleolar rosette of Cajal body marker p80 coilin.
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Epigenetic Roadmap of Striatal Neuronal Nucleus

HPla H3K27M3

H3K9%Ac H4K20M3
AcH3 P-MeCP2-pS80
AcH4

Polycomb complex
(EED)

MeCP2
P-MeCP2-pS80

H3K27M3
H4K20M3

Figure 3.7

Schematic diagram summarizing the immunofluorescence staining results with different antibodies in the
striatal neuronal nucleus

Immunofluorescence of antibodies under confocal microscopy demonstrated the distribution and
localization of various proteins associated with epigenetic modifications. Blue dots represent DAPI
stained heterochromatin foci and red dot represents pyronin Y stained nucleolus. MeCP2,
phosphor-MeCP2-pS80, phosphor-MeCP2-pS421, ATRX, H1, H3K9M3, H3K27M3 and H4K20M3 were
associated with perinucleolar heterochromatin. H3K27M3, H4K20M3 and phosph-MeCP2-pS80 were
also localized in nucleoplasmic heterochromatin. HP1a, H3K9Ac, AcH3 and AcH4 were distributed
throughout the nucleoplasm representing the euchromatin. The Cajal body markers Nopp140 and p80
coilin were found adjacent to the perinucleolar heterochromatin around the nucleolus. (Results not

shown for EED, H4K20M3, UBF, fibrillarin and inactive X)
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3.2 Functional Transcriptional Characterization of

Neuronal Nucleus

3.2.1 In vivo Transcription

To investigate the functional significance of this epigenetic and
ultrastructural organization of the neuronal nucleus, a novel in vivo nuclear
transcription run-on assay was used to detect nascent RNA synthesized within
specific time frames in the mouse bran. Nascent RNA produced 15 minutes
after an intraperitoneal in vivo injection of 5’fluorouridine localized to the
striatal neuronal nucleus was shown in Fig 3.8A, in which RNA was distributed
throughout the nucleoplasm as discrete puncta, or transcription factories.
Analysis of serial sections through several neuronal nuclei revealed that in a
nucleus there are on average 8580 +/- 1296 (mean +/- sd) such sites, which
occupy approximately 12% of the nucleoplasm. Together with a recent report
of 8800 expressed genes within the mouse striatum, approximately 1 gene per
transcription factory is suggested. Although the authors suggest that this
estimate is highly conservative, the true value is likely to be between 1 and 2.5
taken account of the 21,622 expressed genes in the mouse genome (Zhang et
al., 2004). It is therefore unlikely that neurons have any
super-transcription-factories, transcribing up to 20 genes, as described in
other cell types (Eskiw and Fraser, 2011). Surprisingly, the PNH appeared to
be heavily labeled for nascent RNA whereas very low levels of RNA synthesis
were found within the nucleolus. In addition, high levels of transcription were

also observed at nuclear periphery adjacent to the nuclear membranes (Fig
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3.8A). This punctuate pattern of labeling became less distinct with increasing
time after fluorouridine injection, in which the nuclear pores and cytoplasm
were additionally labeled. At later time points the axons and dendrites were

also labeled.

Post-embedding immunogold ICC was used to further detect and quantify
nascent RNA in the nucleolus, PNH and Cajal body (Fig 3.8B-D). A Z-stack of
approximately 50 sections was taken for serial section analysis and this was
repeated three times. No RNA synthesis was detected within the Cajal body
and very low levels of transcription were found in the nucleolus. However
within the PNH, significantly higher levels of transcription, a rate of synthesis
1500% greater than that in the nucleoplasm was found which nevertheless
accounted for only 27% of the total transcription in the nucleus. This
suggested that in the striatal neuronal nucleus, RNA synthesis is continuously
taking place at different rates within various nuclear sub-compartments, with
the highest rates within the PNH. The patterns of nascent RNA distribution
detected in both immunofluorescence and immunoelectron microscopy
analyses demonstrated consistent results which presented striking differences
to the accepted patterns of transcription in the eukaryotic cell nucleus
(Chakalova and Fraser, 2010, Papantonis and Cook, 2010, Fraser and
Bickmore, 2007, Akhtar and Gasser, 2007). (See chapter 2.2.3 Control

experiments for in vivo transcription run-on assay)
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Figure 3.8

Sections of striatal neurons stained for the transcription run-on assay localizing nascent RNA

(A) Striatal neuronal nucleus stained with Fluoro-UTP (green FITC) for nascent RNA and for total RNA
(red pyronin Y). Scale bar = 1uym.

(B) Analysis of 50 thin sections (70nm) through striatal neuronal nuclei 15 minutes after administration of
fluorouridine in vivo. Detection and quantification of nascent RNA using post-embedding immunogold
immunocytochemistry indicated the significant highest rate of RNA synthesis within the perinucleolar
heterochromatin.

(C), (D), (E) EM immuno-localization of nascent RNA with post-embedding nano-gold detection. Scale

bars = 500nm.
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Figure 3.9

Nucleus of striatal neuron stained for nascent RNA (green FITC) and total RNA (red pyronin Y) in (A),
and densitometric scan across transect of nucleus encompassing euchromatin, heterochromatin
(asterisks), nucleolus and Cajal body (CB, arrowed) and perinucleolar heterochromatin (PNH) in (B).

Scale bar in (A) = 1um.

3.2.2 Ultrastructural Localization of the RNA Polym  erase Enzymes

Apart from nascent RNA production, the demonstration of active subunits
of RNA polymerase enzymes provided further support and evidence as to the

nature of the transcripts. ICC with various antibodies to both dephosphorylated
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and phosphorylated forms of the C-terminal domain of RNA polymerase I,
which recognized RNA pol Il in the poised, initiation and elongation phases of
MRNA transcription, demonstrated extensive labeling throughout the
nucleoplasm and yet failed to detect any sites within the PNH (Fig 3.10).
Surprisingly, PNH was clearly labeled with antibodies to RNA polymerase Il
albeit with fairly low density (Fig 3.10G). Post-embedding ICC further labeled
RNA polymerase | within the nucleolus, in addition to UBF, an essential
component of RNA pol | mediated transcription. These antibodies clearly
labeled the nucleolus but not the PNH (data not shown). It is therefore
postulated that the nascent RNA detected at early time points within the PNH
was the product of RNA polymerase Ill mediated transcription. No labeling
was found in the perinucleolar Cajal bodies with antibodies to 5’fluorouridine or
any of the RNA polymerase enzymes, suggesting that the Cajal bodies were

not involved in transcription or transcriptosome assembly.

123



N

RNA Polymerase Il (RPBI)

H5 H14* 4HB

{
t 1 t

H22 AWGH H21

Total RNA Polymerase II: H224

'Hypophosphorylated RNA Pol II
(Promoter binding): BWG16

Ser® phosphorylated RNA Polymerase 11
(Transcription initiation): H14, 4H8

3Ser? phosphorylated RNA Polymerase 11
(Transcription elongation): H5

Figure 3.10

Immunocytochemical localization of RNA polymerases in the striatal neuronal nucleus

RNA polymerase Il detected in euchromatin by antibodies 8WG16 (A, K), H5 (B, H), H14 (C, M), H224 (D,
L) and 4H8 (F, J). RNA polymerase lll detected in the perinucleolar heterochromatin with antibody
RPC32 (H-136) (G). Section in (E) was stained with pyronin Y showing nucleolus and perinucleolar
heterochromatin, and was shown stained for RNA polymerase Il in (F). Schematic diagram in (N)
illustrates the C-terminal domain of RNA polymerase I, this heptad repeat is present in 52 copies in the

murine protein. The antigenic specificity of the antibodies used is illustrated.

3.2.3 Post-transcriptional Processing

Despite the high levels of RNA seen within the nucleolus, a very low level
of transcription was detected. This was in accord with a detailed and thorough
ultrastructural and ICC analysis of the striatal neuronal nucleolus, which failed
to demonstrate the classic tripartite structure; fibrillar centre (FC), granular

component (GC) and dense fibrillar component (DFC) for a large percentage
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of striatal neurons. Rather there seemed to be FC surrounding by an
entanglement of the GC and DFC (Elizabeth Slavik-Smith PhD thesis,

personal communications).

Surprisingly, localization of several RNA modifying enzymes with ICC
ascribed additional functions to the nucleolus. Antibodies to the RNA-editing
enzymes ADAR2 (RED1), Dicer, Drosha and DGCRS8 were all localized in the
neuronal nucleoli (Fig 3.11). This might suggest that the neuronal nucleolus is
additionally specialized for non-coding RNA (ncRNA) editing and processing.
Indeed, additional roles of the nucleolus other than rRNA transcription have
currently become a topic of considerable interest (Boulon et al., 2010). This
would appear to be in accord with the previous demonstration of RNA pol Il
mediated transcription within the PNH around the nucleolus. Taken together
the perinucleolar rosette of Cajal bodies, these results suggest that the PNH,
nucleolus and Cajal bodies form an integrated complex which is highly
developed in neurons. It might be suggested that transcription of ncCRNA takes
place in the PNH, editing and processing in the nucleolus, and then maturation

in the Cajal bodies. However, this hypothesis remains to be proven.
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Figure 3.11

Immunofluorescence of RNA processing enzymes in the striatal neuronal nucleoli

Nucleoli of striatal neurons stained with antibodies to the RNA processing enzymes ADAR2 (RED1) in
(A), DICER1 (B), Drosha (C), and DGCR8 (Pasha) in (D). Sections were lightly counterstained with

pyronin Y. Scale bars = 2um.

3.3 Neuronal Nuclear Rearrangement Induced by

HDAC Inhibition

In order to investigate any change in the patterns of epigenetic
modifications in the striatal neurons following histone deacetylase (HDAC)
inhibition which activates transcription, ICC was carried out with antibodies

used previously to localize their nuclear distribution in the nuclei of drug

126



treated mice. Two clinically used histone deacetylase inhibitors (HDACI) were
used for the studies: selective HDACI sodium valporate (VPA); and
non-selective HDACi suberoylanilide hydroxamic acid (SAHA, Vorinostat),
which are both potent and CNS active. Mice without drug treatment were
injected with saline as controls for comparison. All brain sections of control
and drug treated mice were processed equally in paired processing. For each
study, around 10 non-adjacent sections were examined per mouse and 5-10

mice were studied in each saline, VPA and SAHA treatment.

3.3.1 Histone H1 and Histone Acetylation

Immunofluorescence of the linker histone H1 demonstrated perinucleolar
foci in striatal neuronal nuclei of saline treated mice. The same staining pattern

was also observed following both VPA and SAHA treatment (Fig 3.12).

Figure 3.12

Histone H1 immunolocalization in the striatal neuronal nuclei of saline, VPA and SAHA treated mice

Immunofluorescence (green) revealed perinucleolar foci adjacent to the nucleoli (red dots) in saline
treated mice (A). Similar staining was found in both VPA treated (B) and SAHA treated (C) mice. Pyronin

Y counterstaining (red) illustrated the nucleoli and cytoplasm. Scale bars = 10uym

In addition to ICC, transect analysis was carried out using ImageJ software
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in order to access and quantify the intensity of staining within the nuclei.
Transects were taken through the nuclei, each of which represented the
diameter (around 10um/40 pixels) and the intensity of staining was analyzed
within each transect using line profiles. 40 transects from 40 nuclei were taken
each from saline, VPA and SAHA treated mice. An average staining intensity
was then plotted as a line graph as shown in Fig 3.14A and Fig 3.16A. AcH3
immunofluorescence revealed homogeneous nucleoplasmic staining in both
saline and VPA treated mice (Fig 3.13A and B). However a much brighter
staining was found in VPA treated mice, with a significantly higher average
intensity of nucleoplasmic staining (21.4% increase compared with saline
controls) as shown in Fig 3.14. This indicated that following HDAC inhibition
with VPA treatment, there was indeed an increased acetylation of histone (on
lysine residues 9 and 14 on H3 tail). The nuclear distribution of AcH4 in both
saline and VPA treated mice was comparatively heterogeneous (Fig 3.13C
and D). However unlike AcH3, there was a significant decrease (10.9%
compared with controls) in the average nucleoplasmic staining intensity

following VPA treatment (Fig 3.14).
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Figure 3.13

AcH3 and AcH4 immunolocalization in striatal neuronal nuclei of saline and VPA treated mice

Brighter AcH3 nucleoplasmic staining (green) was observed in the nuclei of VPA treated mice (B)
compared to that in saline treated mice (A). Immunofluorescence (green) of AcH4 revealed
heterogeneous nucleoplasmic staining in both saline (C) and VPA treated (D) mice. However, staining
intensity was relatively weaker with VPA treatment. Pyronin Y counterstaining (red) revealed the

nucleolus and cytoplasm. Scale bars = 10um.
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Figure 3.14

Average intensities of AcH3 and AcH4 nucleoplasmic staining in saline and VPA treated mice

(A) Transect analysis through the cells stained for AcH3 and AcH4 in saline and VPA treated mice. The
average intensities of FITC (green) nucleoplasmic staining were plotted as a line graph (n=40). Each
transect represented the cell diameter with a length of 10um/40 pixels.

(B) The average intensity of AcH3 nucleoplasmic staining was significantly increased in the nuclei of
VPA treated mice compared with that in saline treated mice. However, a significant decrease in the
average intensity of AcH4 nucleoplasmic staining was found following VPA treatment compared with

saline treated controls.
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A more prominent increase in both histones H3 and H4 acetylation was
observed with the non-selective HDACi SAHA. Immunofluorescence of AcH3
revealed similar homogeneous nucleoplasmic staining in the striatal neuronal
nuclei of both saline and SAHA treated mice. Again a much brighter staining
was found following SAHA treatment (Fig 3.15A and B), with an 18.8%
increase in the average nucleoplasmic staining intensity compared with the
saline controls (Fig 3.16). Similar heterogeneous nucleoplasmic distribution of
AcH4 was observed in saline and SAHA treated mice (Fig 3.15C and D).
Interestingly, a more significant increase in the average intensity of AcH4
staining (26.8% compared with saline controls) was found in the nuclei of

SAHA treated mice (Fig 3.16).
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Figure 3.15

AcH3 and AcH4 immunolocalization in striatal neuronal nuclei of saline and SAHA treated mice

Brighter homogeneous nucleoplasmic staining (green) with antibody against AcH3 was observed in the
nuclei of SAHA treated mice (B) compared to that in saline treated mice (A). Immunofluorescence (green)
of AcH4 revealed heterogeneous nucleoplasmic staining in both saline (C) and SAHA treated (D) mice. It
was found that staining intensity was also increased following SAHA treatment, compared with saline
treated controls. Pyronin Y counterstaining (red) revealed the nucleolus and cytoplasm. Scale bars =

10pm.
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Figure 3.16

Average intensities of AcH3 and AcH4 nucleoplasmic staining in saline and SAHA treated mice

(A) Transect analysis through the cells stained for AcH3 and AcH4 in saline and SAHA treated mice. The
average intensities of FITC (green) nucleoplasmic staining were plotted as a line graph (n=40). Each
transect represented the cell diameter with a length of 10um/40 pixels.

(B) The average intensity of AcH3 nucleoplasmic staining was significantly greater in the nuclei of SAHA
treated mice compared with that in saline treated mice. A significant increase in the average intensity of
AcH4 nucleoplasmic staining was also found in SAHA treated mice compared with saline treated

controls.
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3.3.2 Perinucleolar Heterochromatin

Immunofluorescence of the PNH associated protein H3KOM3 revealed a
dramatic change in its nuclear distribution following VPA treatment, suggesting
a reorganization of the PNH domains upon transcriptional activation. Clear
perinucleolar foci were identified adjacent to the nucleoli in the striatal
neuronal nuclei of saline treated mice (Fig 3.17A), whereas in VPA treated
mice, H3KOM3 stained foci were bigger in size with an average of 1.78 +/-
0.03um? compared with saline controls (1.18 +/- 0.02um?). These bigger foci
were localized towards the nuclear periphery and bits of scattered
nucleoplasmic staining were observed (Fig 3.17B and C). Shell analysis was
also carried out using the Concentric Circles plugin in ImageJ 1.43s (2010) to
assess the relative radial distribution of these immunostained foci. Concentric
rings were displayed in a non-destructive overlay such that the nucleoplasm
was divided into 5 shells of equal thickness (1-5 from the centre towards the
nuclear periphery). Area of foci was measured in each ring and plotted against
the respective ring number. Fig 3.17D illustrated clearly the peripheralized

localization of H3K9M3 immunofluorescence.
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Figure 3.17

Immunolocalization of H3K9M3 in striatal neuronal nuclei of saline treated mice and its change in nuclear

distribution in VPA treated mice

(A) Immunofluorescence (green) revealed perinucleolar foci adjacent to the nucleoli (red dots) in saline
treated controls. (B) H3K9M3 stained foci (green) in the nuclei of VPA treated mice were bigger in size

and localized towards nuclear periphery.

(C) Average area of each H3K9M3 stained perinucleolar focus was significantly increased in VPA
treated mice compared with saline treated controls (n=200). (D) Shell analysis of H3K9M3 distribution

illustrating a peripheralized radial distribution of the protein in VPA treated mice compared with controls.

The nucleoli and cytoplasm were identified with pyronin Y (red). Scale bars = 10um

ICC studies with antibody against the same PNH marker H3K9M3
demonstrated similar changes following treatment with the other HDACi SAHA
(Fig 3.18C). Nevertheless, there was a more dramatic increase in the average
area of immunostained perinucleolar foci from 1.72 +/- 0.04um? in the saline
treated mice to 3.84 +/- 0.11um? following SAHA treatment (Fig 3.18A). These
foci were also redistributed towards the nuclear periphery with bits of scattered

nucleoplasmic staining observed (Fig 3.18C).
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Figure 3.18
Immunolocalization of H3K9M3 in striatal neuronal nuclei of saline treated mice and its change in nuclear

distribution in SAHA treated mice

(A) Average area of each H3K9M3 stained perinucleolar focus was significantly increased (more than

doubled) in SAHA treated mice compared with saline treated controls (n=200).

(B) Immunofluorescence (green) revealed perinucleolar foci adjacent to the nucleoli (red dots) in saline

treated controls.

(C) H3K9MS3 stained foci (green) in the nuclei of SAHA treated mice were much bigger in size and

redistributed towards the nuclear periphery.

Pyronin Y staining (red) revealed the nucleoli and cytoplasm. Scale bars = 10um
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Immunofluorescence of another established marker of PNH, MeCP2, in the
nuclei of saline and HDACI treated mice provided further evidence for the
reorganization of the PNH domains following transcriptional activation.
Perinucleolar foci were identified in saline treated controls, similar to H3K9M3
immunofluorescence (Fig 3.19B). A dramatic relocalization of MeCP2, with a
strong nucleoplasmic distribution throughout the whole nucleus in addition to
perinucleolar foci, was observed following VPA treatment (Fig 3.19C). The
average area of each MeCP2 stained perinucleolar focus was significantly
increased from 0.87 +/- 0.04um? in saline treated controls to 1.57 +/- 0.05um?

in VPA treated mice (Fig 3.19A).

Similar relocalization of MeCP2 was also revealed in the nuclei of SAHA
treated mice. Apart from increased size of perinucleolar foci, prominent
nucleoplasmic staining was observed although it was relatively heterogeneous
(Fig 3.20C). Again there was a more significant increase in the average area
of each MeCP2 stained perinucleolar focus in SAHA treated mice compared
with VPA treatment. The average area of perinucleolar foci increased from
1.35 +/- 0.06um? in controls to 2.85 +/- 0.11um? following SAHA treatment (Fig

3.20A).
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Figure 3.19

Immunolocalization of MeCP2 in striatal neuronal nuclei of saline treated mice and its redistribution in
VPA treated mice

(A) The average area of each perinucleolar focus was significantly greater in VPA treated mice
compared with saline treated controls (n=200). (B) MeCP2 stained perinucleolar foci (green) around the
nucleoli (red dots) in saline treated mice. (C) Immunofluorescence (green) revealed perinucleolar foci as

well as nucleoplasmic staining following VPA treatment.

Pyronin Y (red) localized the nucleoli and cytoplasm. Scale bars = 10uym
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Figure 3.20

Immunolocalization of MeCP2 in striatal neuronal nuclei of saline treated mice and its redistribution in
SAHA treated mice

(A) The average area of each perinucleolar focus was significantly increased in SAHA treated mice
compared with saline treated controls (n=200). (B) MeCP2 stained perinucleolar foci (green) around the
nucleoli (red dots) in saline treated mice. (C) Heterogeneous nucleoplasmic staining in addition to

perinucleolar foci were observed in the nuclei of SAHA treated mice.

Pyronin Y (red) localized the nucleoli and cytoplasm. Scale bars = 10uym
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3.3.3 MBDs and Other Heterochromatin Associated Pro  teins

Transcriptional activation by VPA treatment resulted in nuclear
redistribution of both phosph-MeCP2-pS80 and pS421 similar to that observed
with MeCP2 antibody, with nucleoplasmic staining in addition to perinucleolar
foci (Fig 3.21B and E). HDAC inhibition by SAHA demonstrated perinucleolar
and nuclear foci apart from a lightly stained nucleoplasm with antibody against

phosph-MeCP2-pS80 (Fig 3.21C).

Figure 3.21

Phospho-MeCP2-pS80 and phosphor-MeCP2-pS421 immunolocalization in the striatal neuronal nuclei
of saline, VPA and SAHA treated mice

(A-C) Phospho-MeCP2-pS80 Immunofluorescence (green) revealed perinucleolar foci adjacent to the
nucleoli (red dots) as well as nuclear foci in saline treated mice (A). However, nucleoplasmic staining in
addition to perinucleolar foci (green) was found in VPA treated mice (B). In the nuclei of SAHA treated
mice, nucleoplasm was lightly stained apart from nuclear and perinucleolar foci (green) (C).

(D-E) Phospho-MeCP2-pS421 immunofluorescence (green) revealed perinucleolar foci (green) adjacent
to the nucleoli (red dots) in saline treated mice (D). However, in the nuclei of VPA treated mice, both
nucleoplasmic staining and perinucleolar foci (green) were observed (E). The nucleoli and cytoplasm

were illustrated with pyronin Y counterstaining (red). Scale bars = 10um

140



Although a similar redistribution of MeCP2 was observed in the striatal
neuronal nuclei following either VPA or SAHA treatment, ATRX
immunofluorescence revealed typical perinucleolar foci in both saline and VPA
treated mice (Fig 3.22A and B), while nuclear microfoci away from the nucleoli
were found in SAHA treated mice (Fig 3.22C). ATRX is a chromatin
remodeling protein that typically recognizes and binds to MeCP2. The
differences in MeCP2 and ATRX redistribution after VPA and SAHA treatment
implied dissociation between MeCP2 and ATRX upon transcriptional

activation by HDACI.

Figure 3.22

ATRX immunolocalization in the striatal neuronal nuclei of saline, VPA and SAHA treated mice

Immunofluorescence (green) revealed perinucleolar foci adjacent to the nucleoli (red dots) in saline
treated mice (A). Similar staining was found in VPA treated mice (B). However, nuclear microfoci away
from the nucleoli were found following SAHA treatment (C). Pyronin Y counterstaining (red) illustrated

the nucleoli and cytoplasm. Scale bars = 10um

Despite the dramatic reorganization of the PNH marker proteins observed
following HDACI treatment, no significant change was found with antibodies
against other heterochromatin associated proteins such as the
heterochromatin protein HPla and H3K27M3 (marker of facultative

heterochromatin). HP1a immunofluorescence revealed similar staining pattern

141



in the nuclei of saline, VPA and SAHA treated mice (Fig 3.23). Similarly, no
significant change in H3K27M3 immunolocalization was found in either VPA or

SAHA treated mice, although staining was relatively weaker following SAHA

treatment (Fig 3.24).

Figure 3.23

HP1a immunolocalization in the striatal neuronal nuclei of saline, VPA and SAHA treated mice
Immunofluorescence (green) revealed nucleoplasmic staining and perinucleolar foci adjacent to the
nucleoli (red dots) in saline treated mice (A). Similar staining was found in both VPA treated (B) and
SAHA treated (C) mice. Pyronin Y counterstaining (red) illustrated the nucleoli and cytoplasm. Scale

bars = 10um

Figure 3.24

H3K27M3 immunolocalization in the striatal neuronal nuclei of saline, VPA and SAHA treated mice

Immunofluorescence (green) revealed perinucleolar and nucleoplasmic foci in saline treated mice (A).
Similar staining was found following VPA treatment (B). In the nuclei of SAHA treated mice, the amount
of perinucleolar and nucleoplasmic staining was decreased (C). The nucleoli and cytoplasm were

identified with pyronin Y (red). Scale bars = 10um
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3.3.4 Cajal Bodies

Apart from PNH, another perinucleolar body, the Cajal bodies, appeared to
be dramatically reorganized by HDAC inhibition. ICC studies with the marker
proteins p80 coilin and Noppl40 revealed an overall increase in size and
number of immunostained foci in the nuclei of both VPA and SAHA treated
mice. Following both treatment, Nopp140 immunofluorescence demonstrated
a massive increase in the size of foci which covered the nucleoli and occupied
a larger volume of the nucleoplasm, in addition to an increased number of foci
(Fig 3.25A-C). There was also a significant increase in the size of the
perinucleolar caps stained with p80 coilin in VPA treated mice (Fig 3.25E). In
the nuclei of SAHA treated mice, p80 coilin stained nuclear foci and microfoci

were present throughout the nucleoplasm away from the nucleoli (Fig 3.25F).
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Figure 3.25

Immunolocalization of the Cajal body marker proteins Nopp140 and p80 coilin in the striatal neuronal
nuclei of saline, VPA and SAHA treated mice

(A-C) Immunofluorescence of Nopp140 (green) as nucleolar foci in saline treated mice (A), and the

increased size and number of foci in the nuclei of VPA treated (B) and SAHA treated (C) mice.

(D-F) Immunofluorescence of p80 cailin (green) localized as perinucleolar caps surrounding pyronin Y
stained nucleoli (red dots) in saline treated mice (D). An increased size and number of perinucleolar and
nucleoplasmic foci (green) were observed in VPA treated (E) and SAHA treated (F) mice. Pyronin Y (red)

stained the nucleoli and cytoplasm. Scale bars = 10uym
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Linker Histone and

Histone Acetylation

H1 No change No change
AcH3 ! 1 intensity 1 1 intensity
AcH4 | intensity 1 intensity

Heterochromatin

H3K9M3 } 1 area of foci + 1 1 area of foci
Nuclear peripheralization Nuclear peripheralization
MeCP2 1} 1 area of foci + 1 1 area of foci
Nucleoplasmic staining Nucleoplasmic staining
Phospho-MeCP2-pS80 * 1 number of foci * 1 number of foci

Nucleoplasmic staining

ATRX No change * 1 number of microfoci
HPla No change No change
H3K27M3 No change J | intensity
Nopp140 1 1 area and number of foci 1 1 area and number of foci
p80 coilin 1 1 area and number of foci 1 4 area of foci and number
of microfoci

Table 3.1
A table summarizing the principal findings in the HDACI treated mice. Striatal neuronal nuclear
reorganization induced by VPA and SAHA is illustrated. 1 denotes the extent of increase, | denotes

the extent of decrease.
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3.4 Neuronal Nuclear Rearrangement in

Neurodegenerative Disease Models

In all transgenic mouse models of Huntington's disease, ALS/FTLD,
FTDP-17 and their respective litter mate controls, striatal neurons were
analysed for any pathological changes. In all three human neurodegenerative
diseases prominent changes within the striatum have been documented
(DiFiglia et al., 1997, Halabi et al., 2012). It should be noted however that the
HD transgene was expressed downstream of human HD gene promoter

P301S and

sequences and expressed at approximately control levels, the Tau
TDP-43"33"V transgenes were expressed downstream of Thyl promoter
sequences and exceeded the level of expression of the wild type gene. For
each study, approximately 10 non-adjacent sections were examined per

mouse and 5-10 transgenic mice (R6/2, TDP-43 and Tau respectively)

together with their litter mate controls were studied.

3.4.1 Heterochromatin and Cajal Bodies in R6/2 Tran  sgenic Mice

The heterochromatic organization in the striatal neuronal nuclei of the
Huntington’s disease models R6/2 transgenic mice was studied and compared
with that in the wild type mice with DAPI staining. Condensed DNA was readily
stained with DAPI and therefore heterochromatic foci (comprised of
condensed DNA) were revealed in the striatal neuronal nuclei (Fig 3.26B and
C). In the R6/2 mice, the average area of nucleoplasm was significantly

reduced compared with that in the wild type mice, suggesting shrinkage of
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neurons (Fig 3.26B and C). Despite the reduced size of nuclei, the number of
heterochromatic foci and the proportion of heterochromatin over nucleoplasm
were significantly increased. Heterochromatin around the nucleolus
(perinucleolar heterochromatin) and heterochromatin in the nucleoplasm
(nucleoplasmic heterochromatin) were distinguished, and the area and
proportion of perinucleolar and nucleoplasmic heterochromatin were analyzed
in the nuclei of both R6/2 and wild type mice. In the R6/2 mice, there was a
significant increase in both types of heterochromatin and the proportion of
perinucleolar heterochromatin was found to be doubled (7% to 14%)
compared with that in the wild type mice (p<0.001) (Fig 3.26A). Moreover, the
proportion of perinucleolar heterochromatin (14%) was significantly higher
than the proportion of nucleoplasmic heterochromatin (9%) in the R6/2 mice
(p<0.001), whereas there was no significant difference between the proportion
of perinucleolar (7%) and nucleoplasmic (7%) heterochromatin in the wild type

mice (Fig 3.26A).
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Figure 3.26

Perinucleolar and nucleoplasmic heterochromatin in the striatal neuronal nuclei of wild type and R6/2
transgenic mice

(A) The proportion of perinucleolar and nucleoplasmic heterochromatin was significantly increased in the
R6/2 transgenic mice. The proportion of perinucleolar heterochromatin in the R6/2 mice was found to be
doubled comparing with that in the wild type mice (p<0.001). No significant difference was found
between the proportion of perinucleolar and nucleoplasmic heterochromatin within the wild type mice.
However in the R6/2 mice, the proportion of perinucleolar heterochromatin was significantly higher than

the proportion of nucleoplasmic heterochromatin (p<0.001).

(B) DAPI staining of the striatal neuronal nuclei in wild type controls. No significant difference between
the amount of perinucleolar heterochromatin (white arrow) and nucleoplasmic heterochromatin (white
arrow head). Scale bar = 10uym

(C) An increased amount of perinucleolar (white arrow) and nucleoplasmic heterochromatin (white arrow

head) was observed in the R6/2 mice under DAPI staining, despite the reduced size of nuclei compared

with the wild type. Scale bar = 10uym
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ICC studies of the PNH marker proteins MeCP2 and H3KOMS3 as well as
the Cajal body marker p80 coilin further illustrated disorganization of these
perinucleolar structures in the disease state in R6/2 mice. In the striatal
neuronal nuclei of these transgenic mice, an increased number and size of
MeCP2 stained nuclear foci was observed, some of which relocalized towards
the nuclear periphery (Fig 3.27D). H3K9M3 immunofluorescence
demonstrated pronounced increase in the size of nucleolar foci covering the
nucleoli. There were also additional nucleoplasmic microfoci (Fig 3.27E) which
were never present in the wild type mice (Fig 3.27B). Moreover, an increased
area of p80 coilin stained perinucleolar caps were observed together with

numerous free nucleoplasmic foci in the nuclei of R6/2 mice (Fig 3.27F).
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Figure 3.27

Immunofluorescence of MeCP2, H3K9M3 and p80 coilin in the striatal neuronal nuclei of wild type and
R6/2 transgenic mice

(A, D) MeCP2 stained perinucleolar foci (green) around the nucleoli (red dots) in the wild type mice (A)
and the increased number and size of MeCP2 stained nuclear foci (green) in the R6/2 mice (D).

(B, E) H3K9M3 immunofluorescence (green) revealed perinucleolar foci adjacent to the nucleoli (red
dots) in the wild type mice (B), whereas a significantly increased size of nucleolar foci (green) in addition
to free nucleoplasmic foci were found in the R6/2 mice (E).

(C, F) p80 coilin immunofluorescence (green) localized as perinucleolar caps around the nucleoli (red
dots) in the wild type (C). In the nuclei of R6/2 mice, an increased size of p80 coilin stained perinucleolar

foci and free nucleoplasmic foci (green) were observed (F).

The nucleoli and cytoplasm were stained with pyronin Y (red) and scale bars = 10um.
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3.4.2 Perinucleolar Heterochromatin in TDP-43 and T  au Transgenic Mice

Apart from the R6/2 Huntington’s disease models, two other transgenic
mice, TDP-43"33"V and Tau"°'®, neurodegenerative disease models of
amyotrophic lateral sclerosis/frontotemporal lobar degeneration and
Frontotemporal Dementia with Parkinsonism-17 respectively, were used to
study any changes in the perinucleolar structures with ICC. Detailed studies
on the neuropathological mechanism specifically in the TDP-43"3"Y mice are

described in the following section.

Immunolocalization of the PNH marker proteins H3K9M3 and MeCP2,
which were typically found as perinucleolar foci in the wild type, revealed
interesting reorganization in the disease models and these changes varied
between TDP-43 and Tau transgenic mice. In the nuclei of TDP-43 transgenic
mice, H3K9M3 stained foci increased significantly in size and clustered around
the nucleoli (Fig 3.28C), whereas MeCP2 immunofluorescence demonstrated
a dramatic increase in the number of small nuclear microfoci distributed
throughout the nucleoplasm (Fig 3.29C). In the nuclei of Tau transgenic mice,
H3K9M3 immunofluorescence revealed a massive increase in the size of both
perinucleolar and nucleoplasmic foci away from the nucleoli (Fig 3.28D).
However, there was no increase in the size of MeCP2 stained perinucleolar
foci in the Tau transgenic mice, despite the appearance of additional nuclear

foci towards the periphery (Fig 3.29D).

151



45 1

Average area of each focus (um?)
[N
whn
I

TDP43 TAU

Figure 3.28

Immunolocalization of H3K9M3 in striatal neuronal nuclei of wild type, TDP-43 and Tau transgenic mice

(A) Average area of each perinucleolar focus was significantly increased in TDP-43 (3.09 +/- 0.13pm2)
and Tau (4.22 +/- 0.14pm2) transgenic mice compared with that in the wild type (1.67 +/- 0.06pm2) n=200,
p<0.001. (B) H3K9M3 immunofluorescence (green) as perinucleolar foci adjacent to the nucleoli (red) in
wild type mice. (C) H3K9MS3 stained foci (green) were much bigger in size and clustered around the
nucleoli (red) in TDP-43 transgenic mice. (D) Significantly increased size of perinucleolar foci together

with nucleoplasmic foci (green) were observed in Tau transgenic mice.

The nucleoli and cytoplasm were identified with pyronin Y (red) and scale bars = 10uym
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Figure 3.29

MeCP2 stained nuclear foci in striatal neuronal nuclei of wild type, TDP-43 and Tau transgenic mice
(A) Average number of nuclear foci immunostained with antibodies to MeCP2 was significantly
increased in TDP-43 (9.15 +/- 0.40) and Tau (3.5 +/- 0.20) transgenic mice compared with the wild
type (1.69 +/- 0.07) n=200, p<0.001. (B) Immunofluorescence (green) revealed perinucleolar foci
adjacent to the nucleoli (red dots) in wild type mice. (C) Perinucleolar foci as well as smaller nuclear
foci (green) were observed in TDP-43 transgenic mice. (D) Perinucleolar and nucleoplasmic foci

(green) in Tau transgenic mice.

Pyronin Y (red) localized the nucleoli and the cytoplasm. Scale bars = 10um
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3.4.3 Cajal Bodies in TDP-43 and Tau Transgenic Mic e

ICC studies with the Cajal body marker protein p80 coilin illustrated
reorganization of the perinucleolar rosettes of Cajal bodies in the striatal
neuronal nuclei of both TDP-43 and Tau transgenic mice. These was a
significant increase in the number of p80 coilin stained foci from 2.00 +/- 0.11
in the wild type to 2.54 +/- 0.12 in the TDP-43 and 2.96 +/- 0.15 in the Tau
transgenic mice (p<0.01) (Fig 3.30A). In addition, the size of these p80 coilin
stained foci was also increased and apart from perinucleolar foci, free
nucleoplasmic foci away from the nucleoli were observed in these transgenic
mice (Fig 3.30D and E). Therefore, these foci occupied a much larger volume
of the nucleoplasm and the average area of p80 coilin stained Cajal bodies per
neuron increased significantly from 1.28 +/- 0.09um? in the wild type to 2.97 +/-
0.14um? and 2.93 +/- 0.19um? in the TDP-43 and Tau transgenic mice

respectively (p<0.001) (Fig 3.30B).
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Figure 3.30

Immunolocalization of Cajal body marker p80 coilin in striatal neuronal nuclei of wild type, TDP-43 and
Tau transgenic mice

(A) Average number of p80 coilin stained Cajal bodies per neuron was significantly increased in both
TDP-43 transgenic mice and Tau transgenic mice (p<0.01). (B) Average area of p80 coilin stained Cajal
bodies per neuron was significantly increased in both TDP-43 and Tau transgenic mice compared with
the wild type (p<0.001) n=200. (C) Immunofluorescence (green) revealed perinucleolar foci surrounding
the nucleoli (red dots) in wild type mice. (D) p80 coilin stained foci (green) around the nucleoli (red dots)
occupied a larger volume of the nucleoplasm in the TDP-43 transgenic mice. (E) Both perinucleolar and

free nucleoplasmic foci (green) were observed in Tau transgenic mice.

Pyronin Y (red) recognized the nucleoli and cytoplasm. Scale bars = 10um
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3.5 Bipartite Pathological Mechanism in TDP-43 M7

Transgenic Mice

The neuron-specific elements of the mouse thyl promoter were used to
produce the TDP-43Y¥*"V transgenic mice expressing human TDP-43.
Homozygous mice were not viable and died at 15 days postnatal with signs of
delayed development (smaller size and lower weight compared to age
matched controls) as well as motor impairments. Therefore heterozygous mice
(TDP-4333"V*"y were used in the studies which developed an unsteady gait
and tremors at around 1 month of age. This phenotype persisted throughout
the lifespan of these mice, which expressed 2.2x the level of TDP-43 found in
the wild type mice, albeit with a different sub-cellular localization. Two

prominent pathological features were identified in these novel transgenic mice.

Transmission electron microscopy (TEM) was used to evaluate the
ultrastructural changes occurring in the TDP-43 transgenic mice compared to
littermate controls at 3 and 6 months of age. Confocal microscopy and
post-embedding immunogold electron microscopy were used to identify the
sub-cellular location of a variety of proteins. TEM analyses demonstrated
striking ultrastructural changes in both the nucleus and the cytoplasm of
striatal and cortical neurons. These include the appearance of punctuate, dark
nuclear foci as well as multiple large vacuoles within the cytoplasm,

3M337V

suggesting a bipartite pathological mechanism in the TDP-4 transgenic

mice.
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3.5.1 Nuclear Pathology

Neuronal nuclei within the striatum and cortex of TDP-43"**"V transgenic
mice contain multiple dark foci that resemble nuclear stress bodies or
paraspeckles in TEM studies (Fig 3.31A and 3.32A). However
immunocytochemical studies with antibodies that recognize such structures
(9G8, HAP, PSP1, P54™ and PSF) failed to colocalize with these novel
nuclear bodies. Surprising, the methyl-cytosine binding protein MeCP2 (Fig
3.31B) and the RNA binding protein muscleblind MBNL-1 (Fig 3.32B)
appeared to colocalise with these nuclear foci. Since MeCP2 is normally
localized within perinucleolar heterochromatin, | additionally studied the
distribution of the marker protein H3K9M3. The perinucleolar heterochromatic
regions recognized by this protein encircled the nucleoli and were much larger
(Fig 3.31D) compared with those from control mice (Fig 3.31E). In the
TDP-43Y¥"V mice, nuclear Cajal bodies indicated by the marker p80 coilin
occupied a larger volume of nucleoplasm and were more numerous (Fig 3.31F)

compared with those found in the wild type (Fig 3.31G).
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Figure 3.31

M337V

Nuclear pathology of TDP-43 transgenic mice

M3V transgenic mouse.

(A) Transmission electron micrograph of a striatal neuron in the TDP-43
Numerous dark foci were found throughout the spherical nucleus (Black arrows) surrounding the central
nucleolus (Nu) and perinucleolar heterochromatin (PNH). Many such small foci were immunostained
with antibodies to MeCP2, which were more numerous in the TDP-43 transgenic mice (while arrows in B)
than in the control (C). PNH stained with the marker H3K9M3 was more abundant in nuclei from the
TDP-43 transgenic mice (D) than in the control (E). In the TDP-43 transgenic mice, the Cajal body
marker protein p80 coilin was found within both perinucleolar and free nucleoplasmic Cajal bodies, which

were more numerous and occupied a larger volume of the nucleoplasm (F) compared with that in the

control (G). In (B)-(G) immunostaining is green, RNA stained with pyronin Y is stained red.

Scale bars = 2um in (A) and 10um in (B)-(G).
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Figure 3.32

Dark nuclear microfoci and muscleblind immunofluorescence in TDP-43 transgenic mice
(A) Transmission electron micrograph of a striatal neuronal nucleus under high power revealed multiple

dark grape-like foci (black arrows) in the TDP-43 transgenic mice. Scale bar = 600nm

(B) Muscleblind MBNL-1 immunofluorescence (green) identified multiple nuclear microfoci (4.75 +/- 0.70

foci per neuron which were only present in TDP-43 transgenic mice.
(C) No muscleblind MBNL-1 immunofluorescence was detected in wild type mice.

Nucleoli and cytoplasm were stained with pyronin Y (red), n=50, scale bars = 10um

3.5.2 Cytoplasmic Vacuolation

Within the cytoplasm of striatal and cortical neurons of TDP-43"337V

transgenic mice, numerous double membrane enclosed vacuoles of varying
sizes could be seen with TEM (Fig 3.33). These vacuoles (autophagosomes)
appeared to colocalize with TDP-43 immunostained cytoplasmic foci (Fig 3.34)
in which theTDP-43 was phosphorylated at serine 403/404 and 409/410, as
well as being ubiquitinated (Fig 3.38). LC3 staining further colocalized with
phosphorylated TDP-43, and Western blots showing an increase in the ratio of

LC3-1 to LC3-Il confirmed the activation of autophagy (data not shown).
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Moreover, a clear redistribution of TDP-43 from the nucleus in the wild type, to
the cytoplasm in the transgenic mice was observed (Fig 3.35) and western
blotting revealed these were sarkosyl-insoluble (data not shown). Interestingly,
35 kDa fragments of cytoplasmic TDP-43 were also detected (Fig 3.36),
suggesting that insoluble TDP-43 was C-terminally cleaved into a shorter
35kDa fragment which therefore no longer contained the nuclear localization

signal (NLS) (Fig 3.37).

Figure 3.33

Electron micrographs of striatal neurons exhibiting prominent vacuolation
Multiple vacuoles bordered by a double membrane (asterisks) were found throughout the neuronal

cytoplasm between the nuclear membrane and cell membrane.

Scale bars = 2um
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Figure 3.34

Cytoplasmic vacuolation in the striatal neuron of TDP-43 transgenic mice

(A) Immunofluorescence (green) identified TDP-43 as multiple cytoplasmic foci (white arrows) which
appeared to colocalize with the vacuoles observed with TEM. Nucleoli and cytoplasm were stained with
pyronin Y (red), scale bar = 10um

(B) Numerous double membrane enclosed vacuoles (black arrows) of varying sizes (diameter
1.54+/-0.22pm range from 0.4um to 3.5um) were found within the cytoplasm with TEM.

Scale bar = 2um
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Figure 3.35

Redistribution of TDP-43 from the nucleus to the cytoplasm

(A) Average number of TDP-43 stained cytoplasmic foci was 5.86 +/- 0.38 per neuron in TDP-43
transgenic mice, compared with virtually none 0.27 +/- 0.06 in wild type mice. (n=150)

(B) TDP-43 immunofluorescence (green) was localized throughout the nucleoplasm but not in the
cytoplasm in the wild type.

(C) A clear redistribution of TDP-43 immunofluorescence (green) to the cytoplasm as multiple foci in

TDP-43 transgenic mice.

Pyronin Y (red) identified the nucleoli and cytoplasm, scale bars = 10um
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Figure 3.36

Immunoblot analysis depicting the cytoplasmic localization of TDP-43 and the detection of a 35kDa
TDP-43 fragment in TDP-43 transgenic mice

Western blotting of cytoplasmic and nuclear fractions revealed an increased expression of total TDP-43
and relatively increased amounts of cytoplasmic TDP-43 in the transgenic mice compared to wild type
mice. Interestingly, cleavage of TDP-43 was suggested by the detection of a 35kDa TDP-43 fragment in
the TDP-43 transgenic mice (black arrow). Lamin and GAPDH are the specific markers of nucleus and
cytoplasm respectively. The equivalent sized bands of these markers in the columns of both wild type
and TDP-43 transgenic mice indicated the equal amounts of nuclear and cytoplasmic protein loaded

onto the gel.

(Immunoblot courtesy of Veronique Schaeffer, unpublished)
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Figure 3.37

Transmission electron micrograph of cytoplasmic vacuoles containing filamentous structures

(A) and (B) High power TEM reveled filamentous contents within the cytoplasmic vacuoles.
Scale bars = 0.5um

(C) and (D) TDP-43 stained cytoplasmic foci colocalization with autophagic vacuoles suggested these

fiber-like structures were possibly C-terminally cleaved (35kDa) fragments of TDP-43.
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Figure 3.38

Pathology associated TDP-43 fragments potentially found in the cytoplasmic vacuoles

Filamentous structures within the vacuoles might comprise the glycine (G) rich region (green) of the
TDP-43 protein, with the M337V mutation sites, S403/404, S409/410 phosphorylation and ubiquitination,

which is also a prion-like domain located further away from the nuclear localization signal (NLS).

3.5.3 Nuclear Origin and Nuclear Contents of Vacuol es

TEM studies revealed that these double membrane enclosed vacuoles
were derived by a process of budding-off from the outer nuclear membrane
(Fig 3.39) which then migrated towards the plasma membrane. Remarkably,
apart from TDP-43, immunofluorescence with antibodies against the
RNA-binding proteins (RBPs) SF2/ASF, 9G8, FUS/TLS (fused in
sarcoma/translated in liposarcoma) and p54™ demonstrated cytoplasmic foci,
suggesting that these nuclear proteins were redistributed to the cytoplasmic
vacuoles in the TDP-43 transgenic mice (Fig 3.40). Nevertheless, these were
highly selective as many other nuclear proteins such as MeCP2, H3K9M3, p80

coilin, AcH3 and AcH4 were never similarly redistributed.
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Figure 3.39

Nuclear origin of cytoplasmic vacuoles

Double membrane enclosed vacuoles in the cytoplasm (Cy) appeared to be derived by a process of
budding-off from the nuclear (Nu) membrane (B). High power TEM further identified the outer nuclear

membrane (white arrows) to be the origin of these cytoplasmic vacuoles (A). Scale bar = 200nm
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Figure 3.40

Redistribution of a highly select group of nuclear proteins (RBPS) to the cytoplasmic vacuoles
Immunofluorescence (green) identified the RBPs as nuclear foci in the wild type, and relocalized as
cytoplasmic foci in the TDP-43 transgenic mice. These included the SR proteins and splicing factors
SF2/ASF (A) and 9G8 (B), as well as FUS/TLS (C) and p54nrb (D). Both RNA and RBPs were
sequestered within the cytoplasmic vacuoles, indicated by the colocalization of RNA staining (red) and
immunofluorescence (green) which therefore appeared yellow. Pyronin Y (red) revealed the nucleoli and

the cytoplasm, scale bars = 10um

3.5.4 Fusion of Vacuoles with Plasma Membrane and R ecruitment of
Phagocytotic Glial Cells

These nuclear membrane derived vacuoles, or autophagosomes,
traversed the somal cytoplasm and eventually fused with the cell membrane
and extruded their contents into the extracellular space (Fig 3.41). In no
instances have | seen the fusion of these autophagosomes with either dense
core lysosomes or multivesicular bodies. Apart from LC3, no other autophagic

markers were localized to these structures (data not shown). Moreover,
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neurons within the brains of the TDP-43 transgenic mice contained very little

lipofuscin, in contrast to similar neurons in Tau™%°

transgenic mice of the
same age and background strain. At some sites where the autophagosomes
fused with the plasma membrane, microglial cells were found attached to the
outside of the neuron (Fig 3.42), suggesting that the fusion of the
autophagosomes recruited both microglial cells and astrocytes and stimulated
engulfment of cellular debris by these cells (Fig 3.43). Occasionally, the
autophagosome might fuse with an adjacent neuron via the plasma membrane
(Fig 3.44) and possibly releasing the contents into the neighboring cell. These
together suggested a novel type of autophagic processing (exophagy or
nucleophagy) by nuclear membrane derived autophagosomes (exosomes)
containing truncated, phosphorylated and ubiquitinated TDP-43 in addition to
selected nuclear proteins, which resulted in the extrusion of intracellular
material and activation of a glial response. The novel cellular process
identified in these TDP-43 transgenic mice might well contribute to the spread

of transmissible filamentous proteinaceous agents within the central nervous

system.
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Figure 3.41

Autophagosomes originated from the nuclear membrane fused with plasma membrane
(A) Electron micrograph of a cytoplasmic (Cy) vacuole, or autophagosome, derived from the nuclear (Nu)

membrane. (B) The autophagosome then fused with the cell membrane (black arrows) and extruded the

contents into the surrounding neuropil. Scale bar = 500nm

Figure 3.42
Recruitment of phagocytotic glial cells

(A) and (B) Cytoplasmic vacuolation and the recruitment of microglial cells. The fusion of
autophagosomes with the cell membrane (black arrows) was associated with the presence of microglia

(M) attached to the outside of the neuron. Scale bar = 2um in (A).
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Figure 3.43
Recruitment of both astrocytes (A) and microglial cells (B) and engulfment of cellular debris by these
cells. (A) An astrocyte with a cytoplasmic vacuole which appeared to contain cellular debris. This vacuole

might have been taken up by the astrocyte from a vacuolated neuron.

Figure 3.44

Fusion of the autophagosome with an adjacent neuron

TEM revealed the fusion of a nuclear membrane derived autophagosome with the neighboring neuron
(big arrows). Under high power membrane of the autophagosome in cytoplasm 1 was found to be in

contact with the plasma membrane in cytoplasm 2 (top left corner box).
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3.5.5 Degenerating Neurons

Interspersed between these highly vacuolated cells, there were numerous
degenerating neurons undergoing dark cell degeneration, with typical
condensed features of nucleus and cytoplasm under TEM (Fig 3.45). Whether
these neurons were dying because of losing much of their cytoplasmic volume
via extrusion of vacuoles, or failure to dispose of toxic aggregates, remained to

be explored.

Figure 3.45

TEM revealed neurons undergoing dark cell degeneration
(A), (B) and (C) Examples of degenerating neurons undergoing dark cell degeneration were found
throughout the tissue in the TDP-43 transgenic mice. Shrinkage and condensed appearance of neurons

were observed interspersed between highly vacuolated cells. Scale bar = 2um

In conclusion, dynamic changes in the striatal neuronal nuclear
organization of the perinucleolar structures, including the PNH and CBs, are

identified in transgenic mouse models of three human neurodegenerative
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diseases (HD, ALS/FTLD and FTDP-17). The dramatic rearrangement of the
neuronal nucleolar complex might implicate dysregulation of both transcription
and splicing in these mice. Remarkably, the novel TDP-43"**"V transgenic
mice further exhibited a bipartite pathological mechanism in both the nucleus
and the cytoplasm. These include the striking appearance of dark nuclear
microfoci as well as double membrane enclosed vacuoles within the
cytoplasm, accompanied by the sub-cellular redistribution of TDP-43 from the
nucleus to the cytoplasm. In addition, the cellular process observed for the
extrusion of TDP-43 aggregates from the nucleus through the cytoplasm and
eventually out of the neuron might suggest a novel mechanism leading to the
extracellular spread of transmissible protein aggregates within the CNS.
These unique pathological features have never been demonstrated in other
neurodegenerative disease models including the R6/2 and Tau transgenic

mice.
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CHAPTER 4

Discussion

4.1 Overview of the Neuronal Nucleus

4.1.1 Milestones in the Understanding of the Neuron  al Nucleus

More than a century ago, the neuronal nucleolus and the associated “cap”
structure were first described by Giuseppe Levi. In 1896, he discovered an
unusual feature of the neuronal nucleus, namely the Levi “basophil grume”,
which corresponds to the large nucleolus-associated mass of heterochromatin
(Levi, 1896). Another significant discovery in the mammalian neurons was
made by Santiago Ramon y Cajal in 1903, in which the accessory body (Cajal
body) was visualized with the reduced silver nitrate method. Seven years later,
a thorough description and analysis of the organization of some major nuclear
components at the light microscopic level was also published (Cajal, 1910,
Lafarga et al., 2009). Towards the 1990s, accumulating data demonstrated a
distinct pattern of chromatin organization in interphase nuclei, particularly in
neurons. This resulted in an emerging interest in the spatial organization of the
nucleus during interphase. Studies followed to reveal the dynamic reposition
of specific chromatin domains such as the centromeres under physiological
stimuli. In addition, the association between nuclear compartmentalization and
regulation of transcription was further implicated by the non-random
organization of specific genomic sequences in neurons (Manuelidis, 1984,
Manuelidis, 1985, Borden and Manuelidis, 1988, Billia and de Boni, 1991,
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Holowacz and De Boni, 1991). Subsequently, molecular analysis of various
nuclear components, for instance the coiled (Cajal) body, led to a more
comprehensive picture of their non-random interphasic position and functions

(Lamond and Carmo-Fonseca, 1993, Bohmann et al., 1995).

Transcriptionally active and inactive chromatin domains in neurons were
characterized in a relatively recent study, which emphasized the presence of a
distinctive shell of heterochromatin separating the single nucleolus from the
rest of the nucleus in large neurons, to which inactive ribosomal DNA repeats
are attached to (Akhmanova et al.,, 2000). Contemporary research has
focused on the localization of specific chromosomal loci within the nucleus
(Cremer et al., 2001, Cremer and Cremer, 2010) and additionally the role of
NcRNAs in determining the location and formation of nuclear bodies (Dundr
and Misteli, 2010). However, these studies have not been performed in

neurons.
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Figure 4.1
Milestones in the understanding of the neuronal nuclear organization. Timeline illustrating the important
discoveries and contributions to the knowledge of the neuronal nuclear organization and the

understanding of nuclear structure and function.

4.1.2 Unique Nuclear Organization of the Post-mitot  ic Neuron

The mammalian neuron is highly specialized with a unique biology,
independent from its nerve impulse generating and conducting properties.
Most neurons of the adult CNS are fully differentiated which neither divide nor
regenerate, and do not grow substantially. With the absence of DNA
replication and chromosome segregation, the post-mitotic nature of neurons
suggests a unique neuronal nuclear organization most efficient for RNA

transcription and processing (Akhmanova et al., 2000).

It is important to realize that the majority of studies of the nuclear
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architecture and function have been undertaken in cells in culture, most
frequently in rapidly growing, dividing and highly transformed cells such as
HelLa cells. Therefore, little is known regarding the unique neuronal nuclear
organization and up to now, the spatial organization as well as the
heterochromatic arrangement within the neuronal nucleus is still poorly
understood. One of the very few studies attempting to investigate the neuronal
chromatin organization was carried out by Akhmanova and co-workers, in
which the neuronal nuclear and nucleolar chromatin domains in the Purkinje
and granule cells of the cerebellum in adult FVB mice were characterized
(Akhmanova et al., 2000). The presence of the perinucleolar heterochromatin
(PNH) in large neurons was suggested to serve as an attachment site for
inactive DNA such that RNA pol Il (and Ill) transcriptional domains in the
nucleus are separated from RNA pol | domain in the nucleolus (Akhmanova et
al., 2000). In addition, two perinucleolar heterochromatin domains, each with
different protein and DNA constituents, were reported in the study and the

results obtained are summarized in Fig 4.2.
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Figure 4.2

Neuronal nuclear and nucleolar chromatin domains. A schematic overview illustrating the
transcriptionally active and inactive chromatin domains in the FVB neuron. A large single nucleolus is
surrounded by a shell of heterochromatin, to which inactive DNA domains are attached. The protein and
DNA composition of PNH | and Il are indicated. A perinucleolar cap (PNC) of Cajal body (coilin) is

localized surrounding the nucleolus. (Adapted from Akhmanova et al., 2000)

Recently, the perinucleolar complex, especially the heterochromatic
domains, has become one of the hottest areas of research in the field. A
growing body of evidence has illustrated the intimate association between the
highly organized PNH and the maintenance of nucleolar structure.
Remarkably, the present study revealed the highest level of transcription
within the specialized PNH, together with the localization of the key
heterochromatic structures including centromeres, telomeres and the
inactivated X chromosome. As the pattern of the unique genomic organization

in neurons needs to be maintained throughout the whole lifespan, there has to
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be a dedicated mechanism, potentially operating for a lifetime (approximately
80 years in humans), and it appears that epigenetic regulation holds the key

for the maintenance of this specialized neuronal nuclear organization.

4.2 Organization of the Neuronal Nucleus

This thesis has determined the ultrastructural and molecular composition of
the neuronal nucleus in the mouse striatum, including the characterization of
the unique organization of the chromosomal domains, subnuclear bodies and
epigenetic marking. In addition, using a novel in vivo transcription run on
assay to detect nascent RNA (Casafont et al., 2006, Cmarko et al., 2000,
Casafont et al.,, 2009), the patterns of RNA transcription within these
subnuclear structures are demonstrated and further combined with the

ultrastructural localization of RNA polymerases I, 1l and .

These novel findings provide important insights into the organization of the
mammalian neuronal nucleus, which indicate that the nucleus of the CNS
neuron exhibits a distinct structural and functional organization that has never
been recognized previously. The exciting and unexpected results also
implicate a novel mechanism for the establishment and maintenance of the
post-mitotic nature of neurons. These findings provide fundamental basis for
our understanding of the complex 3D spatial arrangement of transcription and
post-transcriptional processing in the neuronal nucleus. There is no doubt that
elucidation of the impact of dysregulation of these processes, which are
observed in a number of neurodegenerative diseases, would lead to a better

understanding of the pathogenic mechanisms of these devastating diseases.
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4.2.1 Epigenetic Characterization of the Neuronal N ucleus

The chromosomal architecture and epigenetic status of various nuclear
domains in the mouse striatum are characterized in this study, with a definitive
epigenetic roadmap established by immunofluorescence with antibodies
against specific epigenetic modifications (Fig 3.7). Characteristic markers of
euchromatin and heterochromatin domains are localized including those
typically associated with the PNH. Heterochromatin markers are generally
localized as perinucleolar foci, in contrast with markers of euchromatin
(histone acetylation) which reveal homogeneous nucleoplasmic staining. The
complex structural and molecular arrangement of the neuronal nucleolus and
the perinucleolar region, a unique feature of neurons, is demonstrated in this

study, which has never been reported previously.

The DNA and RNA content of the neuronal nucleus can be visualized with
the fluorescent dyes DAPI and PYY respectively. It is demonstrated that a
typical striatal neuronal nucleus contains a large nucleolus (stained with PYY
due to the presence of rRNA) surrounded by a rim of heterochromatin
(condensed DNA) and attached to large caps of PNH, which is intercalated
with a nucleolar rosette of CBs (Fig 3.5 and 3.6). In addition to the PNH
domain | and Il described previously by Akhmanova (Akhmanova et al., 2000),
a novel perinucleolar heterochromatic mass (PNH IIl) has been characterized
which contains methylated DNA and a range of epigenetic markers such as
MeCP2, ATRX, H1 and H3K9M3 (Fig 4.3). Using a combination of 3D-FISH
and 3D-ICC analyses, the genomic regions present within this newly defined

enigmatic mass are further identified. Results illustrate that the majority of
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centromeres (86%) and telomeres (80%) are found on the borders of PNH (Fig
3.4). Further EM and ICC analyses have also implicated the localization of the
inactive X chromosome within the PNH (data not shown). This suggests that
the majority of chromosomes loop into the nuclear interior with both ends
associated with the PNH, which indicates that the radiating chromosomal
arrangement of the classical Rabl model may not be found in CNS neurons.
Indeed, the nuclear peripheral ring of heterochromatin, typically found in many
cells, is often absent in neurons. These findings confirm the early observations
that the PNH contains DNA repeat sequences found in centromeres and
telomeres, as well as the inactive X chromosome in female mice (Manuelidis,
1984, Borden and Manuelidis, 1988, Vadakkan et al., 2006, Moore and Bar,
1953). Therefore, this intriguing perinucleolar heterochromatic mass appears

to be an amalgamation of both constitutive and facultative heterochromatin.

Surprisingly, a number of RNA modifying enzymes are found to be
localized within the striatal neuronal nucleolus, including the RNA-editing
enzymes ADAR2 as well as the RNA-processing enzymes DICER, Drosha
and DGCRS8 (Pasha) (Fig 3.11). This indicates that the neuronal nucleolus
might also be specialized for ncRNA editing and processing. Although DICER
was previously found to be localized in the cytoplasm, accumulating evidence
has recently identified this miRNA-processing enzyme in the nucleus, and
specifically within the nucleolus (Shiohama et al., 2007). Other studies have
also reported the association of RNA-editing enzymes such as ADAR2 with
the nucleolus (Desterro et al., 2003). At present, additional nucleolar functions
unrelated to rRNA transcription have become the topic of considerable interest

(Boulon et al., 2010). Figure 4.3 summarizes and describes the epigenetic
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characterization of the neuronal nucleolar complex in the mouse striatum.

The Striatal Neuronal Nucleolar Complex

Perinucleolar Heterochromatin*

(PNH III) Inactive X
(MeCP2, P-MeCP2-pS80, P-MeCP2-pS421, ATRX, / Telomeres
histone H1, H3K9M3, H3K27M3, H4K20M3)

Centromere
(centromeres, CENPs,
H4K20M3, methyl cytosine)

inactive rDNA

(methyl cytosine)

PNH I

(methyl cytosine, H3K27M3, DAPT)

PNH II

(Polycomb complex EED)

Nucleolus
(Drosha, D6CRS (Pasha), ADAR2, DICER)

nucleolar rosette
(p80 coilin, Nopp140, sym10)

Cajal Body

(p80 coilin/Nopp140/sym10, SMN)

*Pericentromeric Heterochromatin

Figure 4.3

The striatal neuronal nucleolar complex. A schematic diagram illustrating the nucleolar chromatin
domains and the associated proteins in the mouse striatal neuronal nucleus. The nucleolus (dark blue) is
surrounded by a characteristic ring of heterochromatin (light green) which is intercalated between a
nucleolar rosette of Cajal bodies (red). A number of RNA modifying enzymes are localized within the
nucleolus. Perinucleolar heterochromatin (PNH) | and Il have been reported previously by Akhmanova. A
novel PNH, PNH Il (green) is characterized in the present study which is associated with a range of
epigenetic markers as well as the centromeres, telomeres and inactive X chromosome. *PNH Il is also
regarded as pericentromeric heterochromatin as results revealed its association with the majority of

centromeres.

4.2.2 Ultrastructural and Functional Significance

In order to understand the functional significance of this unique neuronal
nuclear organization, an in vivo nuclear transcription run-on assay is used to
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detect nascent RNA synthesized within various subnuclear domains.
Remarkably, the newly defined PNH is heavily labeled for nascent RNA,
whereas no RNA synthesis is detected within the CBs, and very low levels are
found in the nucleolus. Further analyses using post-embedding immunogold
ICC indicate the significantly higher rate of transcription within the PNH, which
appears to be 15 times greater than that in the nucleoplasm, although
accounts for only 27% of the total transcription in the nucleus (Fig 3.8). It is
therefore suggested that in conscious freely moving mice, RNA is synthesized
at different rates within various sub-compartments of the neuronal nucleus.
These findings are strikingly different to the accepted patterns of transcription
in the eukaryotic nucleus (Chakalova and Fraser, 2010, Papantonis and Cook,

2010, Fraser and Bickmore, 2007, Akhtar and Gasser, 2007).

In  contrast with Akhmanova’'s finding that the perinucleolar
heterochromatic domain is transcriptionally silent as dogma suggests, this
study has challenged the classical view that heterochromatin is
transcriptionally inactive due to the high level of chromatin condensation.
Remarkably, recent studies in a variety of organisms have shed new light on
this paradoxical argument and provide evidence demonstrating the
association between heterochromatin and gene expression. Sequencing
projects have revealed the influences of heterochromatin on gene expression,
in which they found several hundred of heterochromatic genes in drosophila,
plants and mammals (Yasuhara and Wakimoto, 2006). It is also realized that
the boundaries between heterochromatin and euchromatin are not always
precise, as studies suggest that euchromatin-heterochromatin transition zones

may exist (Yasuhara and Wakimoto, 2006, Yasuhara and Wakimoto, 2008).
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Indeed, transcription in heterochromatin has been well documented in the
fission yeast Schizosaccharomyces pombe, which implicates RNA
interference mechanisms in targeting and maintaining heterochromatin. These
mechanisms are suggested to be crucially dependent on small ncRNA
transcription (Grewal and Jia, 2007, Eymery et al., 2009, Grewal and Elgin,
2007, Cam et al., 2009). Therefore it might be speculated that transcriptional
activities detected within the PNH are associated with ncRNA and hence RNA
interference, whereas transcription of coding RNA are shut. Furthermore,
mounting evidence has recently illustrated a multifunctional and perhaps gene
activating role of MeCP2 (Chahrour et al., 2008, Yasui et al., 2007). The
specific localization of MeCP2 within the PNH found in this study suggests that
the PNH and its associated MeCP2 may not be dedicated to transcriptional

inactivation but expression of particular genes.

In addition to the detection of nascent RNA synthesis within the neuronal
nucleus, ultrastructural localization of the three RNA polymerase enzymes
further provides evidence as to the nature of the transcripts. RNA pol | is
associated with the production of rRNA, RNA pol Il with mRNA synthesis, and
RNA pol 1l with tRNA, ncRNA and short interspersed nuclear elements
(SINESs) transcription. Antibodies to RNA pol | label the nucleolus, whereas the
CBs do not label with any of the RNA polymerase enzymes. Surprisingly, the
highly active level of transcription detected within the PNH is not associated
with RNA pol | or Il, but instead specifically labeled with RNA pol Ill. In contrast
to the PNH, other non-nucleolar associated heterochromatic regions do not
exhibit active transcription and fail to label with RNA pol Ill. Thus, these results

have additionally determined a unique feature of the newly defined PNH,
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namely a high density of RNA pol Il mediated transcription in vivo. What is
then the significance of a prominent perinucleolar heterochromatic domain

with high levels of transcription specifically by RNA 111?

In many organisms particularly vertebrates, SINEs are the most abundant
DNA elements containing tRNA-class pol Il promoters. These ncRNAs are
actively and specifically transcribed within the centromeric heterochromatic
regions by RNA pol Il and are highly expressed in the mouse brain (Prades et
al., 1996, Ponicsan et al., 2010, Allen et al., 2004). Studies have demonstrated
that there are approximately 550,000 B1 and 350,000 B2 SINEs which
together comprise 6% of the mouse genome (Boyle et al., 1990). Interestingly,
recent studies reveal that there may be multiple regulatory interactions
between SINEs and the miRNA-processing enzyme DICER, which has been
found to localize within the neuronal nucleolus in this study. Apart from miRNA
processing, DICER1 is implicated in heterochromatin assembly, and
chromatin remodeling at human Alu SINE repeats is suggested to play
important roles in the regulation of mIRNA expression (Saito et al., 2009,
Murchison et al., 2005, Kanellopoulou et al., 2005). Moreover, accumulation of
human Alu RNA or Alu-like B1 and B2 RNAs in the mouse is found to be highly
toxic which is associated with a decreased activity of DICER (Kaneko et al.,
2011). Together with other reports, it is suggested that SINE RNA
accumulation associated with DICER depletion may result in degeneration
observed in various pathological degenerative conditions (Kaneko et al., 2011,
Schaefer et al., 2007, Cuellar et al., 2008). Furthermore, increased B2 SINE
expression may repress mRNA transcription by binding directly to RNA pol Il

in response to stress (Ponicsan et al., 2010, Allen et al., 2004, Yakovchuk et
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al., 2011).

4.2.3 The Integrated Neuronal Nucleolar Complex

Recently, a growing body of evidence has demonstrated that ongoing
transcription of NncRNA is a prerequisite for the formation and maintenance of
different nuclear subdomains, including the CBs, speckles, paraspeckles and
nuclear stress bodies (Shevtsov and Dundr, 2011, Mao et al., 2011, Souquere
et al., 2010). In the neuronal nucleus, transcription of specific SINEs within the
PNH may be crucial for forming and maintaining this complex heterochromatic
domain. New functions of CBs in the maturation and processing of a variety of
NcRNA species have also been reported (Stanek and Neugebauer, 2006,
Pontes and Pikaard, 2008). It may be postulated that the perinucleolar rosette
of CBs in the neuronal nucleus function as sites for the maturation of ncRNA
formed in the PNH. Additional support is provided by the localization of a
number of RNA processing and editing enzymes within the neuronal nucleolus.
Together, these suggest that the PNH, nucleolus and the intercalated CBs
function as an integrated complex for the transcription, processing, editing and
maturation of ncRNAs such as SINEs. RNA pol Ill mediated transcription
taking place in the PNH, post-transcriptional RNA processing and editing in
the nucleolus, and finally maturation in the CBs. This specific complex is

believed to be highly developed and specialized in neurons.

Why is this unique nuclear organization specific to neurons and when does
it first become apparent in neuronal development? The formation of a single
centrally located nucleolus surrounded by perinucleolar shell of CBs and PNH
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occurs around 2-3 weeks postnatally in the mouse striatal neuronal nucleus
(unpublished observations). This is some time after the neurons have gone
through their last round of cell division (E12-E21) and exited the cell cycle.
Remarkably, it coincides with the period when the activity of RNA pol | is down
regulated and neuronal cell growth is reduced, It would be tempting to
speculate that the cessation of cell division together with decreasing cell
growth, reflected in reduced ribosome biogenesis, bring together centromeres,
telomeres and rDNA in a single stable complex. The prevention of
chromosome segregation and mitosis initiation would need to be maintained
for the lifespan of the neuron (Verdaasdonk and Bloom, 2011). Moreover, the
low rates of RNA pol | transcription observed in these neurons, which appear
to trigger nuclear reorganization, are consistent with the exceptionally long half
life of rRNA reported in the mammalian brain (Mallwain and Bachelard, 1985).
These may implicate an intimate relationship among the perinucleolar
structures which may be crucial in the maintenance of the unique neuronal

nucleolar complex.

4.3 Neuronal Nuclear Rearrangement Induced by

HDAC Inhibition

Having established the ultrastructural and functional organization of the
unique nuclear and nucleolar structures in the striatal neuron, it is surprising to
find that this highly specialized arrangement of the neuronal nucleus is not
static but dynamic. Changes in the patterns of epigenetic modifications are

induced by HDAC inhibitors VPA and SAHA which activate transcription. The
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unique neuronal nucleolar complex also appears to be a focus for

disorganization.

4.3.1 Histone Modifications

Although immunofluorescence of the linker histone H1 remains the same
following both VPA and SAHA treatment, staining intensity of AcH3 protein is
significantly increased. A prominent increase in AcH3 level after VPA
treatment has also been reported in a clinical study, which further
demonstrated that the percent increase in AcH3 was positively correlated with
the levels of VPA, suggesting a dose-response characteristic of the chromatin
remodeling response (Sharma et al., 2006). A relatively heterogeneous
nuclear distribution of AcH4 is found in both saline and HDACI treated mice.
However, an increase in nucleoplasmic staining intensity is observed only in
SAHA treated mice, which is absent following VPA treatment (Fig 3.14 and
3.16). This is consistent with Sharma’s study that there may be no clear cut
correlation between the dose of VPA and the levels of histone H4 acetylation
(Sharma et al., 2006). This may also indicate the different selectivities
between the two HDACI, in which the fatty acid VPA is a class I-selective
HDACI, whereas the hydroxamic acid SAHA is a potent but non-selective
inhibitor of class I/l HDACs. Moreover, there appears to be an enhanced
staining of AcH4 at the nuclear periphery following SAHA treatment, in
agreement with other studies illustrating a strong and rapid enhancement of
histone H4 acetylation at the nuclear periphery following a wide range of
doses of HDACI treatment in different cell types (Taddei et al., 1999). The
acetylation levels of histones H3 and H4 are strongly predictive of a chromatin
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structure which is favorable for gene expression. The significant increase in
histone acetylation, especially of lysine residues 9 and 14 on H3 tail, induced
by VPA and SAHA treatment illustrates that inhibition of histone deacetylases
indeed plays a causative role in histone hyperacetylation which is conducive to

transcriptional activation.

4.3.2 Perinucleolar Heterochromatin

A dramatic change in the nuclear distribution of the PNH marker protein
H3K9M3 is induced by both VPA and SAHA, indicating a rearrangement of the
PNH domains in the neuronal nucleus following transcriptional activation.
Following HDACI treatment, H3K9M3 stained foci appear much bigger in size
and demonstrate a nuclear peripheralized distribution in addition to scattered
nucleoplasmic staining (Fig 3.17and 3.18 ). A greater increase in the size of
immunostained perinucleolar foci is also found in the neuronal nuclei of SAHA
treated mice. Nuclear peripheralization of the heterochromatic domains has
previously been reported in a number of studies following HDACI treatment.
Relocation of pericentric heterochromatin at the nuclear periphery as well as
an increase in size of the regions were observed in mammalian cells after TSA
treatment (Taddei et al., 2001). Peripheralization of centromeric
heterochromatin induced by TSA and sodium butyrate has also been
demonstrated, in which a global histone hyperacetylation leading to chromatin
decondensation was further characterized (Bartova et al., 2005). Remarkably,
apart from reduced levels of HP1 proteins following HDAC inhibition, these
studies illustrated an internal reposition of HP1 together with peripheral

redistribution of centromeric clusters in the nucleus. These findings appear to
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suggest an important role of histone under-acetylation within pericentromeric
heterochromatin for their association with HP1 and their specialized nuclear
compartmentalization. Specifically, this under-acetylated state may be crucial
in centromere function and chromosomal segregation (Taddei et al., 2001,
Bartova et al., 2005, Bartova et al., 2008). Although in the present study, no
significant changes are observed regarding the levels of HP1 proteins and
their nuclear distribution following VPA or SAHA treatment, which may be due
to the differences in cell types, there is no doubt that HDAC inhibition may
cause dynamic rearrangement of chromatin in parallel with changes in the
patterns of epigenetic modifications. It may therefore be postulated that the
ultrastructural organization of the nucleus is driven by the cellular state of gene

expression.

Further evidence for the reorganization of PNH following transcriptional
activation by HDACI is revealed by immunolocalization of MeCP2, another
characteristic epigenetic marker of PNH. A dramatic redistribution of MeCP2 is
induced by VPA and SAHA. Instead of clear perinucleolar foci as observed in
saline treated mice, prominent nucleoplasmic staining in addition to larger
perinucleolar foci are found (Fig 3.19 and 3.20). This may implicate a
reorganization of the chromatin domains resulting in a switch in the
transcriptional state of MeCP2 from inactive to active. Interestingly, despite the
significant nucleoplasmic redistribution of MeCP2, ATRX immunofluorescence
reveals no such changes in nuclear distribution after HDACi treatment. VPA
has no effect on ATRX immunolocalization whereas SAHA induces
nucleoplasmic microfoci away from the nucleoli (Fig 3.22). ATRX is a

chromatin remodeling protein which characteristically binds to MeCP2. The
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differences in MeCP2 and ATRX redistribution following both VPA and SAHA
treatment indicate that there may be dissociation between MeCP2 and ATRX
upon transcriptional activation by HDACI. The absence of ATRX redistribution
in VPA treated mice and its nuclear rearrangement in SAHA treated mice may

again demonstrate their differences in HDAC selectivities.

The intriguing findings in MeCP2 are very important since mutations in the
gene encoding MeCP2 cause the progressive neurodevelopmental disorder
Rett syndrome (RTT), an autism-spectrum disorder characterized by a range
of neurobehavioral abnormalities and neurological dysfunction (Chahrour et al.,
2008). A growing body of evidence has recently challenged the predominant
‘enzymatic’ model of MeCP2 function and hypothesizes a multifunctional
nature of MeCP2. Studies with MeCP2 mouse models reported that MeCP2 is
involved in the regulation of many different genes in the hypothalamus, and
surprisingly up to 85% of genes are activated by MeCP2. Together with its
association with the major transcriptional activator CREB1, MeCP2 is
postulated as both an activator and a repressor of transcription (Chahrour et
al., 2008). Further evidence is revealed by integrated epigenomic analyses of
neuronal MeCP2, in which 63% of MeCP2-bound promoters are actively
expressed whereas only 6% are highly methylated (Yasui et al., 2007). Taken
together these suggest that the primary function of MeCP2 extends beyond
transcriptional repression, with a more predominant role in the modulation of
active genes (Lasalle and Yasui, 2009). The understanding of MeCP2 function
and how it regulates target genes would be crucial towards the elucidation of
the molecular basis of RTT and the development of therapeutic treatments. In

the future, it would be fascinating to study the organization of chromatin
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domains in the neuronal nuclei of MeCP2 knock-out mice, such that the effect
of the absence of MeCP2 on nuclear organization and the distribution of

various epigenetic modifications could be explored.

The differential phosphorylation of MeCP2 in response to changes in the
state of neuronal activity is a mechanism employed by MeCP2 in the
modulation of gene expression (Chao and Zoghbi, 2009). In resting neurons,
MeCP2 is predominately phosphorylated at serine 80 and dephosphorylated
at serine 421, in which S80 phosphorylation promotes binding of MeCP2 to
promoters and thus reduces gene transcription. On the contrary in active
neurons, MeCP2 is dephosphorylated at S80 but phosphorylated at S421
which results in the release of MeCP2 from promoters and thus gene
transcription (Zhou et al.,, 2006) (Fig 1.10). Taken into account of the
antagonistic roles played by S80 and S421, it would be expected to see S80
dephosphorylation and S421 phosphorylation following transcriptional
activation induced by HDACi. In the present study however,
phospho-MeCP2-pS80 immunofluorescence staining is increased after HDAC
inhibition by both VPA and SAHA. Moreover, similar reorganization and
increased staining of phospho-MeCP2-pS80 and pS421 are observed

following VPA treatment (Fig 3.21).

In this study, both MeCP2 and H3K9M3 are established markers of the
PNH, in which reorganization following HDACI-induced transcriptional
activation is clearly demonstrated. This has further implied the association
between the ultrastructural organization of the neuronal nucleus, specifically

the PNH, and the cellular state of functional transcriptional activity.
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4.3.3 Cajal Bodies

In addition to nuclear redistribution of the PNH, the CBs also appear to be
dramatically reorganized following both VPA and SAHA treatment, with an
overall increase in size and number of p80 coilin and Nopp140 immunostained
foci in the nuclei. Moreover, SAHA treatment induces p80 coilin stained
nuclear foci and microfoci away from the nucleoli within the nucleoplasm (Fig
3.25). Very little is known about the organization and distribution of CBs
following HDACI treatment except a few studies on the SMN protein, which
mediates the assembly of snRNPs, the crucial components for pre-mRNA
splicing. Mutations in SMN, leading to insufficient levels of the protein, cause
the autosomal-recessive motor neuron disease spinal muscular atrophy (SMA)
(Avila et al., 2007). HDACIi such as VPA, SAHA and sodium butyrate have
been illustrated to stimulate an increase in SMN protein, in which VPA also
demonstrated a dose-responsive elevation in the number of gems, indicating
the increased SMN protein levels (Mattis et al., 2006). Another study in a
mouse model of SMA reported that single intraperitoneal doses of TSA
resulted in modest increases in SMN expression, in addition to increased
levels of H3 and H4 acetylation (Avila et al., 2007). Repeated daily doses of
TSA further demonstrated attenuated weight loss, improved survival and
motor behavior. These show that the hydroxamic acid TSA increases SMN
expression in vivo and may ameliorate the disease phenotype when delivered

after disease onset (Avila et al., 2007).
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4.3.4 Association between Ultrastructural Nuclear O  rganization and
Transcriptional Activity

The effects of HDACI treatments on both the PNH and CBs appear to
implicate transcriptional interference in the reorganization of the nuclear
structure. Such changes in the balance of cellular transcriptional activity have
been studied further with Actinomycin D (Act D) treatment which inhibits
transcription. Changes in the patterns of nuclear distribution of both markers of
PNH and CBs are detected in the neuronal nuclei of mice following Act D
treatment. In contrast with nuclear peripheralization induced by HDACi which
activate transcription, transcriptional inhibition by Act D results in centralized
redistribution of the PNH marker protein H3KOM3 as well as the formation of
distinct nucleolar caps with the CBs marker Nopp140 (data not shown, see
chapter 2.2.3 *Actinomycin D). These intriguing findings are consistent with
previous studies in HelLa cells which demonstrated the segregation of
nucleolar components during Act D-induced transcriptional inhibition, with the
formation of nucleolar caps accompanied by heterochromatic domain
surrounding the segregated nucleolus (Shav-Tal et al., 2005). It has been
further illustrated that nucleolar segregation and capping are
energy-dependent and concerted process, which involve dynamic nuclear
spatial reshuffling and formation of specific domains in response to stress
conditions such as transcriptional arrest (Shav-Tal et al., 2005). The formation
of Noppl40-stained perinucleolar caps following Act D treatment is also
reported in Shav-Tal’'s study and such nucleolar capping has been observed in
a variety of studies following drug administration that leads to transcriptional

shut down (Dousset et al.,, 2000, Andersen et al., 2002). Reduction in RNA
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transcription may result in an excess pool of free posttranscriptional factors
which accumulate and cause the observed clustering of perinucleolar proteins
(Shav-Tal et al., 2005). These provide additional support for the theory that

nuclear organization is driven by the cellular state of gene expression.

4.4 Neuronal Nuclear Rearrangement in

Neurodegenerative Disease Models

Dynamic changes in the nuclear distribution of epigenetic modifications as
well as the organization of the perinucleolar structures, including the PNH and
CBs, are demonstrated in the striatal neurons upon HDACI treatment which
are the potential therapeutics of neurodegenerative diseases. Remarkably,
dramatic rearrangement of the neuronal nucleus is also found in
neurodegenerative disease models of Huntington’s disease (HD), ALS/FTLD
and FTDP-17. Disorganization of the perinucleolar complex is further

illustrated in these transgenic mice.

4.4.1 Reorganization of the Perinucleolar Heterochr  omatin

A growing body of evidence has illustrated a linkage between changes in
DNA methylation as well as histone modifications and progression of HD
(Urdinguio et al., 2009). Heterochromatic foci comprised of condensed DNA
are readily stained with DAPI and therefore staining with DAPI may indirectly
reflect the pattern of DNA methylation. In the striatal neuronal nuclei of R6/2

transgenic mice, a significantly increased proportion of heterochromatin (6%
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increase in area) compared with that in the wild type mice (Fig 3.26) might
indicate an increased level of DNA methylation and hence gene silencing, a
potential pathogenic mechanism suggested in HD. Various studies in HD
patients and disease models have provided further support by demonstrating
altered patterns of histone modifications associated with increased silencing of
chromatin. These include a decreased level of histones H3 and H4 acetylation
and increased H3K9 methylation (Steffan et al., 2000, Ryu et al., 2006, Stack
et al., 2007). In addition to the overall increase in heterochromatin, a
significantly higher proportion of PNH (7% increase in area) is found in the
R6/2 mice compared with that in the wild type mice. This is in agreement with
previous HD studies reporting an increase in the specific PNH marker
H3K9M3 (Stack et al., 2007). In order to verify the association between the
increase in DNA compaction and increase in the level of DNA methylation,
immunocytochemical analysis with the antibody against methyl cytosine may
be carried out in the future to directly visualize the distribution of methylated

DNA in the neuronal nucleus.

Recently, studies in the fission yeast S. Pombe have proposed that
transient transcriptional derepression may lead to functional reorganization of
the nucleus involving post-transcriptional regulation by RNA interference, such
that heterochromatin may remain in silence (Grewal and Jia, 2007, Eymery et
al., 2009, Grewal and Elgin, 2007, Cam et al., 2009). This together with the
high level of transcription found specifically within the PNH in the neuronal
nuclei of wild type mice may suggest that in these R6/2 mice, an increased
transcriptional activity in the PNH results in the maintenance of silencing of

some particular genes. It would be fascinating to study and compare the
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transcriptional activity in this specific perinucleolar heterochromatic domain
with other regions of the chromatin in the R6/2 mice using the in vivo
transcription run-on assay developed in the present study. Interestingly, a
recent study of gene expression profiles in the R6/2 mice revealed differential
upregulation of genes which might be associated with the onset and

progression of HD (Tang et al., 2011).

Apart from the R6/2 mice, TDP-43"**"V and Tau"***® transgenic mice,
mouse models of ALS/FTLD and FTDP-17 respectively, have further
implicated the reorganization of the PNH in neurodegeneration. Consistent
with the increased proportion of PNH found in the R6/2 mice,
immunofluorescence of the PNH marker H3K9M3 reveals pronounced
increase in the size of perinucleolar foci together with extra nucleoplasmic foci
in R6/2, TDP-43 and Tau transgenic mice. Interestingly, ICC studies with
another marker of PNH, MeCP2, reveal differential reorganization which varies
among the three neurodegenerative disease models. In the neuronal nuclei of
R6/2 mice, MeCP2 immunofluorescence demonstrates a dramatic increase in
both the size and number of foci (Fig 3.27D), whereas in the Tau transgenic
mice, no increase in the size of MeCP2-stained foci is found despite the
presence of additional nuclear foci towards the periphery (Fig 3.29D). MeCP2
in the nuclei of TDP-43 transgenic mice is reorganized into numerous
microfoci distributed throughout the nucleoplasm (Fig 3.29C). These novel
nuclear structures in the TDP-43 transgenic mice would be further discussed
in the following section. The observed differences in the nuclear
rearrangement of MeCP2 in these disease models may be due to the

intriguing multifunctional nature of MeCP2 and its specific involvement in the
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different disease mechanisms.

4.4.2 Reorganization of the Cajal Bodies

Nuclear rearrangement of the PNH is accompanied by reorganization of
the perinucleolar rosettes of CBs in the striatal neuronal nuclei of both TDP-43
and Tau transgenic mice. The size and number of CB marker p80 coilin
stained foci are significantly increased which occupy a much larger volume of
the nucleoplasm. In addition to the typical perinucleolar foci, p80 coilin
immunofluorescence reveals prominent nucleoplasmic foci away from the
nucleoli (Fig 3.30). The increase in the proportion of free nucleoplasmic CBs
together with a decrease in the proportion of nucleolus-associated CBs have
been observed previously in the striatal neuronal nuclei of R6/2 mice (E.
Slavik-Smith, unpublished data). Surprisingly, many of the CBs containing the
proteins such as p80 coilin, SMN and Nopp140 which have lost their
association with the nucleolus are found to be associated with the neuronal
intranuclear inclusions (NIIs) (data not shown). The presence of Nlls in HD
transgenic mice and human post-mortem brains, as well as in other CAG
repeat diseases has been well documented (Davies et al., 1997, Yamada et
al., 2001). The observation of CBs in close contact with Nlls was also reported
in human brains of dentatorubral-pallidoluysian atrophy and Machado-Joseph
disease. There is a possibility that these NII-CBs could be associated with
specific genes and the interaction between Nlls and CBs may also play a role
in the pathogenesis of these diseases (Platani et al.,, 2000, Yamada et al.,

2001).
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The rearrangement of the CBs and the dissociation from the nucleolus may
indicate a reduced transport of the basic constituents of the pre-rRNA
processing machinery into the nucleolus. This may reflect an overall decrease
in the cytoplasmic needs for ribosome biogenesis and hence protein synthesis,
or transcriptional dysregulation under disease conditions. This could be further
coupled with the dramatic increase in the perinucleolar heterochromatic
domain demonstrated in various disease models in order to maintain silencing

of some particular genes.

Very little has been explored on the behavior of CBs in neurodegenerative
diseases at present, apart from SMA in which reduced SMN protein levels
result in changes in the organization of CBs and the associated gems
containing SMN. Recently, a study in the Purkinje cell (PC) degeneration (pcd)
mice, mouse models of the human inherited spinocerebellar ataxias (SCA),
has shed new light on the organization of the nucleolus and CBs in
neurodegeneration (Baltanas et al., 2011). DNA damage-induced PC
degeneration was found to disrupt the structure and function of the nucleolus,
with inhibition of rRNA synthesis and the biogenesis of ribosomes. This was
accompanied by reorganization and reduction in the number of CBs, and the
overall disassembly of the protein synthesis machinery might eventually result
in neuronal cell death (Baltanas et al., 2011). Apart from nuclear redistribution
of the CB marker coilin, irregularly shaped CBs were found in the PCs in these
pcd mice. These suggest that disruption of both the nucleolus and CBs are

nuclear hallmarks of neurodegeneration in PCs.

Another study in transgenic mice expressing human TDP-43 in neurons
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has recently reported an altered distribution of the CBs in which the increased
level of TDP-43 caused a disruption in the normal nuclear distribution of
SMN-associated Gemini of coiled bodies (GEMs) in motor neurons (Shan et
al., 2010). ICC analysis using SMN antibody revealed a significant increase in
the number of GEMs in the transgene-expressing motor neurons. However,
instead of losing association with the nucleolus, these SMN stained foci were
present diffusely within the nucleolus (Shan et al., 2010). In addition, it was
also demonstrated that SMN-containing GEMs failed to form in the neuronal
nuclei of TDP-43 knockout mice. These appear to implicate the critical role of
TDP-43 in RNA processing and the pathways that control RNA splicing (Shan
et al.,, 2010). Nevertheless, these studies have never included p80 coilin or
Noppl40 and hence unable to give a comprehensive overview of the
distribution of all CBs within the nucleus. The dramatic redistribution of both
p80 coilin and Nopp140 demonstrated in the present study is therefore very

interesting and provocative, which needs to be further explored.

4.4.3 Disorganization of the Neuronal Nucleolar Com  plex

In this study, an ultrastructural nuclear reorganization of the chromatin,
particularly the PNH and CBs, has been illustrated in the neurodegenerative
disease models of HD, ALS/FTLD and FTDP-17. Interestingly, an emerging
literature has suggested that an elevated expression of certain transposable
elements, such as SINEs, may be correlated with a number of
neurodegenerative diseases (Li et al., 2012). These elements, which are
normally active in the brain, have been demonstrated to associate with

TDP-43. However in FTLD patients and TDP-43 disease models, such
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association was reduced and a large fraction of these elements became
de-repressed (Li et al., 2012). This might indicate mis-regulation of SINEs and
a potential increase in expression, which could be reflected by the increased
PNH observed in the disease models in the present study. Regarding the
postulated functional significance of the unique neuronal nucleolar complex
(chapter 4.2.3), disorganization of the integrated perinucleolar structures
found in these transgenic mice may imply dysregulation of transcription,
post-transcriptional RNA processing and splicing, which leads to imbalances
in gene expression. Indeed, transcriptional dysregulation and perturbation in
RNA metabolism are increasingly being recognized as the key players in the

pathogenic mechanisms of a variety of neurodegenerative diseases.

4.5 Bipartite Pathological Mechanism in TDP-43  M337V

Transgenic Mice

The new transgenic mouse line expressing human mutant TDP-43M337V
develops a marked neurological phenotype by 3 months of age (V. Schaeffer,
unpublished data). This phenotype persisted throughout the lifespan of these
transgenic mice, which express 2.2x the level of TDP-43 found in the wild type,
albeit with a sub-cellular redistribution from the nucleus to the cytoplasm.
Prominent pathological features in both the nucleus and the cytoplasm are
identified in these novel mouse models of ALS/FTLD, suggesting a bipartite
pathological mechanism. The cellular process observed for the extrusion of
aberrantly truncated, phosphorylated and aggregated TDP-43 from the

nucleus through the cytoplasm and eventually out of the neuron might further
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implicate a novel mechanism for the extracellular spread of transmissible

proteinopathies.

4.5.1 Nuclear Pathology

Within the CNS, one of the most striking ultrastructural pathological
changes is the appearance of multiple small punctate foci in the neuronal
nucleus. These novel nuclear bodies appear to be colocalized with the
RNA-binding proteins muscleblind-like 1 (MBNL-1) and MeCP2 (Fig 3.31A-B
and 3.32). Muscleblind proteins are important in the regulation of alternative
splicing of pre-mRNAs Recently, the multifunctional nature of MeCP2 has also
implicated its role in mMRNA splicing (Long et al., 2011). In humans, MBNL1
proteins are crucial in diseases caused by microsatellite expansions,
especially in myotonic dystrophy (DM). A key pathogenic mechanism of DM is
associated with splicing misregulation due to depletion of MBNL1 activity
through sequestration (Fernandez-Costa et al., 2011). DM is originated by the
expansion of RNA repeats in which the expanded CUG or CCUG repeats form
nuclear RNA foci and sequester MBNL1. As a result, depletion of the splicing
factor MBNL1 may lead to disruption of the normal splicing pattern and
contribute to DM pathogenesis (Ho et al., 2004). Various studies have further
reported MBNL1 relevance in other neurological disorders caused by
trinucleotide expansion. For instance, RNA foci which colocalize with MBNL1
were identified in neurons in Huntington’s disease-like 2 (HDL2) cortex and in
brains from spinocerebellar ataxia type 8 (SCA8) patients (Fernandez-Costa
et al., 2011). Intranuclear RNA inclusions found in fragile X-associated tremor

ataxia syndrome (FXTAS) caused by an expansion of CGG repeats were also
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demonstrated to recruit MBNL1. These may suggest a mutant repeat RNA
toxic gain-of-function mechanism of pathogenesis (Wojciechowska and

Krzyzosiak, 2011).

The appearance of nuclear micro-foci associated with MBNL1 observed in
the TDP-43 transgenic mice might similarly indicate splicing dysregulation.
This would be consistent with the significant changes in nuclear distribution of
CBs, which are associated with the cellular splicing activities. Moreover,
rearrangement of both the PNH and CBs may suggest dysregulation of
transcription and splicing, which are both regulated by TDP-43. Thus, loss of
TDP-43 nuclear function could also be the underlying disease mechanism in

these transgenic mice.

4.5.2 Cytoplasmic Vacuolation

In addition to the profound ultrastructural changes in the nucleus, striking
pathological features within the cytoplasm are also observed in the TDP-43
transgenic mice. TEM analyses reveal numerous double membrane enclosed
vacuoles throughout the cytoplasm containing pale, flocculent material.
Remarkably, these vacuoles appear to colocalize with TDP-43 immunostained
cytoplasmic foci (Fig 3.34). ICC studies further illustrate the colocalization of
these cytoplasmic vacuoles with phosphorylated, ubiquitinated and C-terminal
truncated TDP-43, accompanied by a dramatic TDP-43 redistribution from the
nucleus to the cytoplasm (Fig 3.35). The accumulation of TDP-43 into
cytoplasmic aggregates has been identified not only in ALS and FTLD, but

also in many other neurodegenerative diseases such as Parkinson’s disease,
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Alzheimer’'s disease and Huntington’s diseases (Sreedharan et al., 2008,
Neumann, 2009, Sephton et al., 2010). In many of these diseases, TDP-43
cytoplasmic redistribution and aggregation are accompanied by
phosphorylation, ubiquitination and the C-terminal truncation of TDP-43 (lgaz
et al.,, 2009, Neumann, 2009). A recent study in cultured cell models
demonstrated in vitro aggregation and fibrillization of human mutant TDP-43,
in which intracellular seeding appeared to reproduce some prominent features
of TDP-43 inclusions observed in patients (Furukawa et al., 2011). Although
cytoplasmic aggregation of mutant TDP-43 has been reported in yeast, C.
elegans, drosophila, mice and HelLa cells (Johnson et al., 2008a, Liachko et
al., 2010, Xu et al., 2011, Che et al., 2011), cytoplasmic TDP-43 sequestered
in double membrane enclosed vacuoles illustrated in the present study has

never been found previously.

4.5.3 Nuclear Origin and Nuclear Contents of Vacuol es

Surprisingly, TEM analyses reveal that the double membrane enclosed
vacuoles are derived by a process of budding-off from the outer nuclear
membrane (Fig 3.39), which then migrate towards the plasma membrane
before fusing and releasing their contents into the extracellular space (Fig
3.41). Although the autophagic nature is supported by the colocalization of
LC3 immunostaining as well as the upregulation of LC3-1l (data not shown),
these autophagosomes do not appear to fuse with either lysosomes or
multivesicular bodies. No interaction is found between the autophagosomes
and the autophagic markers including lysosome-associated membrane protein

2 (LAMP2), sequestesome 1 (SQSTM1), valosin containing protein (VCP) and
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charged multivesicular body protein 2B (CHMP2B), indicating the lack of
association with autophagic processing apart from LC3 (data not shown).
Further ICC analysis with the specific outer nuclear membrane protein nesprin
may be carried out in the future to verify the nuclear origin of the

autophagosomes.

The process of formation of an autophagosome from the nuclear
membrane has previously been described in skeletal and cardiac muscles
from mutant mouse models of Emery-Dreifuss muscular dystrophy (EDMD)
and termed nucleophagy, an autophagic process in which parts of the nucleus
are specifically degraded (Ozawa et al.,, 2006, Mijaljica et al.,, 2010).
Nucleophagy has been described in yeast and recent studies provide further
evidence for autophagic degradation of nuclear components in mammalian
cells in nuclear envelopathies caused by mutations in the genes encoding
A-type lamins (LMNA) and emerin (EMD) (Mijaljica et al., 2010, Park et al.,
2009). However in EDMD, autophagosomes containing emerin fuse with
lysosomes and multivesicular bodies followed by autophagic processing of
their contents, with no evidence for the extracellular release of their contents

as described in the TDP-43 transgenic mice in the present study.

A more recent study in drosophila larval muscle cells demonstrated that
nuclear envelope budding may act as an endogenous nuclear export pathway
for large ribonucleoprotein particles (RNPs), and these RNP granules exit the
nucleus by budding through the inner and outer nuclear membranes in a
mechanism similar to that of herpes viruses following neuronal infection

(Speese et al., 2012). Remarkably, in the TDP-43 transgenic mice, both RNA
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and a highly select group of nuclear proteins are found within the cytoplasmic
vacuoles including SF2/ASF, 9G8, FUS/TLS and p54™ in addition to TDP-43
(Fig 3.40). These nuclear proteins are all specific RNA-binding proteins (RBPs)
in which SF2/ASF and 9G8 are splicing factors, p54™ is a marker of
paraspeckle, FUS/TLS is another ALS disease protein and a homolog to
TDP-43. Mutations in FUS/TLS have been discovered in ALS and together
with TDP-43, both RBPs are recognized as the major components of
cytoplasmic inclusions in ALS as well as FTLD-U (Kwiatkowski et al., 2009).
Studies have further identified prion-like domains in these proteins (Gitler and
Shorter, 2011) which appear to be at the opposite end of the protein molecule
to the nuclear localization signal. Proteolytic cleavage of these proteins may
therefore result in cytoplasmic localization and aggregation of the truncated
fragments containing the prion-like domains (Fig 4.4). Moreover, TDP-43 has
recently been illustrated to bind to FUS/TLS and such binding was enhanced
by TDP-43 mutations due to the increased stability of mutant TDP-43 (Ling et
al., 2010). Interestingly, the study has also identified TDP-43 complexes with
Drosha and ADARS, suggesting that TDP-43 may be involved in both mRNA
and microRNA processing (Ling et al., 2010). This might further implicate

microRNA dysregulation as another pathogenic mechanism for TDP-43.

206



101 176197 262 274
Bru BRaM
| [RRw] [RAM] |

Prion-lika damain

TDP-43

267 285 a7 422 453 50) 526
RGG | Zn | RGG

Prion-like domain Prion-like domain

o

FUS/TLS

PY maotif

Figure 4.4

Cytoplasmic aggregation of TDP-43 and FUS/TLS which contain prion-like domains

A) Domain architecture of TDP-43 and FUS/TLS. Both ALS disease proteins contain prion-like domains
in addition to RNA-recognition motifs (RRMs) and glycine-rich regions (Gly-rich). B) Cytoplasmic
aggregation of TDP-43 and FUS/TLS. A yeast cell expressing a FUS-YFP fusion protein is shown. C) in
vitro filamentous aggregation of FUS (1-422). (Adapted from Gitler and Shorter, 2011)

A central role for RBPs and RNA metabolism has become increasingly
recognized in ALS and FTLD-U. In addition to FUS/TLS, two other proteins
Ewing sarcoma break point region 1 (EWSR1) and TATA-binding
protein-associated factor 15 (TAF15), which constitute the FET protein family,
have recently been identified to cause ALS (Couthouis et al., 2011, Couthouis
et al., 2012). Studies in yeast demonstrate that TDP-43 together with the FET
protein family are prominent members of a select group of RBPs with
prion-like properties, which harbor a RNA recognition motif (RRM) and a

putative prion domain (Alberti et al., 2009, Toombs et al., 2010, King et al.,
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2012) (Fig 4.5). An algorithm has been designed to detect prion domains and
by using this algorithm, 29 RRM-bearing proteins with a prion domain are
identified in the human genome (King et al., 2012). Startlingly, an increasing
number of these RRM-bearing prion candidates have been associated with
the pathology of various neurodegenerative diseases including ALS, FTLD-U,
Alzheimer’s disease and Huntington’s disease. It is postulated that the unique
pairing of RRM binding domains and prion-like domains is the important
element for the high propensity of aggregation formation, and such prion-like
mechanism of disease propagation has been theorized in many

neurodegenerative diseases (Prusiner, 2012).

The FET family of proteins are ranked as the top 3 RNA-binding prion
candidates, and TDP-43 is ranked 10" (King et al., 2012). Remarkably, ICC
studies reveal both EWSR1 and TAF15 as cytoplasmic aggregates in the
TDP-43 transgenic mice (Fig 4.6), which further illustrate colocalization of
TDP-43 and EWSR1 cytoplasmic aggregates in the striatal neurons of these
mice (Fig 4.7). This strongly implicates the four RBPs with prion-like domains
(TDP-43, FUS/TLS, EWSR1 and TAF15) in the pathogenesis of ALS and

FTLD-U.
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Schematic view of the domain architecture, prion propensities and sequences of TDP-43, FUS/TLS,
EWSR1 and TAF15 proteins
The domain construct of each protein is illustrated in which all four proteins contain at least 1 RRM
(prion-like) domain. The prion propensities predicted by different algorithms are
depicted in the plots below the domain architecture. The sequence of each protein is demonstrated at

the bottom. (Adapted from King et al., 2012)
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Figure 4.6
Immunofluorescence of EWSR1 and TAF15 (green) identify cytoplasmic aggregates in the striatal
neurons of a 6-month-old TDP-43 transgenic mouse. Pyronin Y (red) recognizes the nucleoli and the

cytoplasm. Scale bars = 5uym

Figure 4.7

Colocalization of TDP-43 with EWSR1 in the striatal neuronal cytoplasm
Triple labeling with TDP-43 (green, B), EWSR1 (red, D) and DAPI (blue, C) reveals colocalization of

TDP-43 and EWSRL1 in cytoplasmic aggregates as shown by the yellow aggregates in A).

Scale bars = 5um

Taken together these results may suggest a potential mechanism for the
formation of cytoplasmic aggregates in the TDP-43 transgenic mice. Mutant
TDP-43 is redistributed from the nucleus to the cytoplasm in which the

prion-like domain contained in the C-terminus induces aggregation of TDP-43,
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and possibly also the FET protein family. RNA then recognizes and binds to
the RRM domains of these proteins. Subsequently, RBPs such as SF2/ASF,
9G8 and p54™ bind to the RNA and together these form the ribonuclear
protein complex (RNP) in the cytoplasm (Fig 4.8). It is important to realize that
these RBPs are associated with nuclear speckles, paraspeckles and have
predominant nuclear functions in RNA splicing. Therefore, the sequestration of
these proteins in the cytoplasm may result in splicing dysregulation and
perturbation in RNA metabolism. Interestingly, the newly discovered repeat
expansion in the C9orf72 gene, which is currently the most common genetic
cause of both ALS and FTLD, also similarly indicates sequestration of RBPs in
pathological RNA foci leading to disruption of RNA processing

(DeJesus-Hernandez et al., 2011, Renton et al., 2011).

RBPs
968/P54nrb/SF2(ASF)

/
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Figure 4.8

Schematic diagram depicting the proposed mechanism of the formation of cytoplasmic aggregates
Proteins comprising both RRM binding domains and prion-like domains aggregate in the cytoplasm via
their prion-like domain (blue). RNA (red) binds to the RRM domains of these proteins. Subsequently,
RNA-binding proteins (green) recognize and bind to the RNA. These together form the ribonuclear

protein complex (RNP) in the cytoplasm.
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4.5.4 Novel Mechanism for the Extracellular Spread  of Transmissible
Proteinopathies

The fusion of cytoplasmic vacuoles with the plasma membrane appears to
recruit both microglial cells and astrocytes and stimulate engulfment of cellular
debris by these cells (Fig 3.41, 3.42, 3.43). Throughout the tissue there are
also degenerating neurons undergoing dark cell degeneration (Fig 3.45).
Whether these are neurons which have lost much of their cytoplasmic volume
via extrusion of vacuoles, or are degenerating because they fail to dispose the
toxic aggregates, remains elusive. Nevertheless, the extracellular release of
vacuolar contents into the extracellular space suggests an unconventional
egress mechanism by exophagy, which has recently been illustrated in yeast.
A number of studies reported a previously unknown secretion route taken by
the yeast acyl-coenzymes A-binding protein. This protein is sequestered into
autophagic vesicles which are re-routed to the plasma membrane where these
vesicles fuse with the plasma membrane and release their contents

(Abrahamsen and Stenmark, 2010, Duran et al., 2010).

The fusion of the vacuoles with the adjacent neurons observed in the
TDP-43 transgenic mice has provided robust evidence for the extracellular
spreading of protein aggregates (Fig 3.44). Remarkably, TDP-43
immunofluorescence reveals further support in which extracellular aggregates
of TDP-43 in addition to cytoplasmic aggregates are found in both the striatum
and the dentate granule cell layer of the dentate gyrus (Fig 4.9). Preliminary
studies also identify these aggregates in the hippocampal CA1 and CA3 areas

as well as the frontal cortex. This indicates the extracellular spreading of
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TDP-43 aggregates within the brain of the transgenic mice.

Figure 4.9

Extracellular spreading of TDP-43 aggregates
TDP-43 immunofluorescence (green) reveals extracellular aggregates (white arrows) in addition to
cytoplasmic aggregates in both the striatum (A) and the dentate granule cell layer of the dentate gyrus

(B). Pyronin Y (red) recognizes the nucleoli and the cytoplasm. Scale bars = 10uym

These results therefore suggest that selected features of both nucleophagy
and exophagy are exhibited in the TDP-43 transgenic mice and this might
provide a novel mechanism for the extracellular spread of protein aggregates
in transmissible proteinopathies (Fig 4.10). The twin nuclear and cytoplasmic
pathologies also appear to link both RBPsS/RNA splicing together with
autophagic processes. Furthermore, a prion-like transfer mechanism involving
RBPs with putative prion domains might underlie the emanation of
neurodegenerative pathology from one cell to another throughout the CNS
(King et al., 2012). Such hypothesis of common prion-like mechanism of

seeding, aggregation and potential transmissibility involving aggregates such
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as tau, amyloid-3, huntingtin and a-synuclein has emerged from recent studies
in various neurodegenerative diseases, including Alzheimer's disease,
Huntington’s disease, Parkinson’s disease and FTLD (Frost and Diamond,

2010) (chapter 1.5.4.2).
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Figure 4.10

Mechanisms of cell-to-cell transmission of protein aggregates

Protein aggregates might be released from neurons and internalized into neighboring neurons via
different mechanisms. Internalized aggregates could act as seeds and induce further aggregation
leading to the formation of pathological inclusions. In the present study, a novel mechanism involving
nuclear membrane blebbing and exophagy (red bended arrow) is implicated for the extracellular spread

M337v

of protein aggregates in the TDP-43 transgenic mice. (Adapted from Lee et al., 2010)
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4.6 Conclusions

The neuronal nucleus is highly specialized with a unique and characteristic
organization of the genome, transcription and epigenetic regulation. Little
information is available on its chromatin organization as most studies have
focused on cells which are rapidly growing and dividing. This study has
investigated the ultrastructural and molecular organization of the mouse
striatal neuronal nucleus and to correlate this with the distribution of a range of
epigenetic modifications. The relationship of the structural organization to a
functional assay of in vivo transcription detecting nascent RNA together with
the localization of RNA pol I, Il and Il have been explored. These studies
provide strikingly different results to the literature, including a unique pattern of
RNA transcription within the neuronal nucleus, and the oxymoron of
transcriptionally active heterochromatin. Moreover, a novel mechanistic theory
of the unique neuronal nucleolar complex has been postulated based on the

transcription, processing and maturation of RNA pol Il transcribed ncRNAs.

Surprisingly, this highly specialized neuronal nuclear arrangement
appears to be dynamic, as changes in the patterns of epigenetic modifications
as well as reorganization of the perinucleolar structures including the PNH and
CBs are induced by two clinically used HDACi (VPA and SAHA) which activate
transcription. Dramatic rearrangement of the neuronal nucleus is also found in
several neurodegenerative disease models, which further illustrate disruption
of the perinucleolar complex. Remarkably, these results implicate the unique
neuronal nucleolar complex as the focus for disorganization upon HDACI

treatment and in neurodegenerative diseases. In addition, the bipartite
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pathological mechanism in both the nucleus and cytoplasm of the novel
TDP-43Y¥"V transgenic mouse models of ALS/FTLD appears to link both
RBPs/RNA splicing with autophagic processes. The cellular process observed
for the extrusion of TDP-43 aggregates out of the neuron might also implicate
a novel mechanism for the extracellular spread of transmissible
proteinopathies. Findings of this study together with recent literature further
postulate that prion-like propagation involving RBPs with putative prion
domains might underlie the emanation of neurodegenerative pathology from

one cell to another throughout the CNS.

4.6.1 The Unique Neuronal Nuclear Organization

This thesis has determined the ultrastructural and molecular composition of
the mouse striatal neuronal nucleus, including the characterization of the
unique organization of the chromosomal domains, subnuclear bodies and
epigenetic modifications (Fig 4.3). In addition, the patterns of RNA
transcription detected by a novel in vivo transcription run on assay have been
demonstrated in combination with the ultrastructural localization of RNA
polymerases I, Il and lll. The relative rates of transcription within different
subnuclear structures reveal surprising results as the highest rate of
transcription is detected within the PNH, which is mediated by RNA pol lll. This
provides further evidence against the dogma that heterochromatin is
transcriptionally silent (Yasuhara and Wakimoto, 2006). Taken together, it is
postulated that the PNH, nucleolus and the intercalated CBs function as an
integrated complex for the transcription, processing, editing and maturation of

NcRNAs such as SINEs. RNA pol Il mediated transcription taking place in the
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PNH, post-transcriptional RNA processing and editing in the nucleolus, and
finally maturation in the CBs. This neuronal nucleolar complex is believed to

be highly developed and specialized in neurons.

These novel findings provide important insights into the organization of the
mammalian neuronal nucleus, which exhibits a distinct structural and
functional organization that has never been reported previously. The exciting
findings may further implicate a novel mechanism for the establishment and
maintenance of the post-mitotic nature of neurons. There is no doubt that
these also provide fundamental basis for our understanding of the complex 3D
spatial arrangement of transcription and post-transcriptional processing in the

neuronal nucleus.

4.6.2 Epigenetic Regulation and Its Dynamics in the Neuronal Nucleus

Having established the ultrastructural and functional organization of the
neuronal nucleus in terms of chromatin, transcription and epigenetic regulation,
it is astonishing to realize that such unique and specialized organization is not
static but dynamic. Changes in the patterns of epigenetic modifications as well
as reorganization of the prominent perinucleolar structures, PNH and CBs, are
induced upon treatments with the HDACi VPA and SAHA, which are the
potential therapeutics of neurodegenerative diseases. The effects of HDACI
treatments on these nuclear subdomains appear to implicate transcriptional
interference in the reorganization of the neuronal nucleus, supporting the
theory that nuclear organization is driven by the cellular state of gene

expression. Remarkably, dramatic rearrangement of the neuronal nucleus is
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also found in the R6/2, TDP-43"**"Y and Tau"***® transgenic mouse models of
HD, ALS/FTLD and FTDP-17 respectively. ICC and TEM studies in these

transgenic mice further demonstrate disruption of the perinucleolar bodies.

Recently, the critical role of HDACs in the epigenetic regulation of neuronal
function has come into focus. Deciphering the molecular nature of the
epigenetic mechanisms in the CNS may provide important insight into the
development of novel therapeutics (Haggarty and Tsai, 2011). Taken together,
these results implicate the unique neuronal nucleolar complex as the focus for
disorganization following HDACI treatments as well as in neurodegenerative
diseases. Regarding the postulated functional significance of the unique
neuronal nucleolar complex (chapter 4.2.3), disorganization of these
integrated perinucleolar structures may indicate dysregulation of transcription,
post-transcriptional RNA processing and splicing, leading to imbalances in
gene expression. It is noteworthy that transcriptional dysregulation and
perturbation in the RNA metabolism are increasingly being recognized as the
key players in the common pathogenic mechanisms of a variety of

neurodegenerative diseases (Hanson et al., 2012).

4.6.3 Common Mechanisms of Pathogenesis in Neurodeg  enerative
Diseases

The bipartite pathological mechanism in both the nucleus and cytoplasm of
the novel TDP-43"33"V transgenic mice appears to link both RBPS/RNA
splicing with autophagic processes. The cellular process observed for the

extrusion of TDP-43 aggregates from the nucleus through the cytoplasm and
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eventually out of the neuron might also implicate a novel mechanism, involving
nuclear membrane blebbing and exophagy, for the extracellular spread of

transmissible proteinopathies (Fig 4.10).

A growing body of evidence has suggested a role for perturbed RNA
metabolism in neurodegenerative diseases. The importance of RBPs in RNA
processing and their dysfunction in these diseases indicate that there may be
common themes in RNA dysregulation such as deficits in pre-mRNA splicing
(Hanson et al., 2012). Recently, an increasing number of RBPs with prion-like
domains have been associated with the pathology of various
neurodegenerative diseases which exhibit prion-like mechanism of disease
propagation (Prusiner, 2012). Remarkably, ICC and TEM studies in the
TDP-43"33"V transgenic mice reveal cytoplasmic aggregation of TDP-43 and
the FET family of proteins (FUS/TLS, EWSR1, TAF15) in the striatal neurons,
which are all RNA-binding prion candidates implicated in ALS (Couthouis et al.,
2011, Couthouis et al., 2012). These findings may suggest a potential disease
mechanism for the formation of cytoplasmic inclusions, in which pathogenic
proteins containing both RRM binding domains and prion-like domains
aggregate in the cytoplasm, with subsequent binding of RNA and RBPs (Fig
4.8). Sequestration of these RBPs, which are important splicing regulators,

may eventually result in perturbation in RNA splicing and processing.

Furthermore, it is also postulated that a prion-like mechanism involving
RBPs with putative prion domains might underlie the cell-to-cell transmission
of neurodegenerative pathology throughout the nervous system (King et al.,

2012). The theory of common prion-like mechanism of seeding, aggregation
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and transmission involving protein aggregates such as tau, amyloid-p,
huntingtin and a-synuclein has recently emerged from studies in a range of
neurodegenerative diseases, including Alzheimer's disease, Huntington’s
disease, Parkinson’s disease and FTLD (Frost and Diamond, 2010). The
unifying pathogenic mechanisms underlying these neuropathologically and
anatomically distinct diseases have profound therapeutic implications which
may give rise to the development of novel diagnostic techniques and

treatments.

4.7 Future Studies

Having determined the ultrastructural and molecular composition of the
mouse striatal neuronal nucleus, including its chromosomal and subnuclear
domains, it would be fascinating to investigate the presence of the splicing
factor speckles (SFS) and paraspeckles (PS) in the neuronal nucleus.
Recently a number of specific subnuclear domains such as the SFS and PS
have been found in the mammalian cell types which are nucleated by a variety
of ncRNAs. Although the ultrastructural appearance of the PS has recently
been characterized (Souquere et al., 2010), it has never been demonstrated in
neurons. The nuclear distribution of the SFS and their spatial relationship to
the PS, as well as the relationship between SFS/PS and other subnuclear
domains may be addressed. In addition, RNA in situ hybridization techniques
could be used to determine the distribution of the ncRNAs NEAT1 and
MALAT1 within the SFS/PS if found in the neuronal nucleus. The SFS/PS
complex may further be studied in HDACI treated mice and transgenic disease

models. This thesis has already demonstrated prominent nuclear changes
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occurring in these mice, and preliminary data also reveal an increase in the
SFS marker SF2/ASF following HDACI treatment. It would be interesting to
see if the SFS/PS complex is another focus for disorganization leading to

splicing dysregulation.

The unique neuronal nucleolar complex has been determined as a focus
for disorganization in both HDACIi treated mice and neurodegenerative
disease models. In addition to the rearrangement of the PNH and CBs, it
would be crucial to investigate the organization and distribution of the
nucleolus in these mice. ICC and TEM analyses using the specific marker
fibrillarin might reveal any changes in this central subnuclear structure.
Regarding its enrichment in RNA processing and editing enzymes found in the
neuronal nucleus, disorganization may also reflect RNA dysregulation.
Moreover, the dramatic disruption of the unique perinucleolar structures
demonstrated in both neurodegenerative disease models and mice treated
with HDACI, the potential therapeutics for these diseases, may indicate some
promising areas for future research. These might include investigating the

potential restorative effects of HDACI in these disease models.

5'-fluorouridine labeling of nascent RNA as well as immunogold localization
of RNA polymerases may further address the pattern of transcriptional activity
within various nuclear subdomains in HDACI treated mice and disease models.
These patterns may then be compared and related to that identified in the
neuronal nucleus in this study. Functional implications of the disorganized
neuronal nucleolar complex could be revealed in changes in these patterns

which might indicate transcriptional dysregulation.
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The intriguing identification of RBPs with prion-like domains in
neurodegenerative diseases has provided enormous insight into the
pathogenic mechanism of these diseases. Out of the 210 RBPs in the human
genome, 29 have a putative prion domain (King et al., 2012). It is believed that
additional RNA-binding prion candidates will soon be identified which might be
important disease-causing proteins. Investigation of their presence as
pathological protein aggregates in neurodegenerative disease models, for
instance the TDP-43"**"Y transgenic mice, would add to the list of ALS/FTLD

associated RBPs in addition to TDP-43 and the FET protein family identified.

The concept of the unifying mechanism of prion-like spreading in
neurodegenerative diseases represents an exciting direction for future studies.
Seeding, aggregation and self-propagation of proteins such as amyloid-, tau,
huntingtin and a-synuclein have been reported recently in different studies
(Lee et al., 2010, Prusiner, 2012). Remarkably, the present study in the
TDP-43Y¥"V transgenic mice reveals extracellular spreading of TDP-43
aggregates in the dentate gyrus, hippocampal CA1 and CAS3 regions and the
frontal cortex, in addition to the striatum. This might indicate the potential
transmissibility of TDP-43 pathology. These studies could also be carried out

in the Tau"3%S

and R6/2 transgenic mice, as studies have demonstrated the
self-propagating properties and in vivo spreading of tau and huntingtin (Soto,
2011). Deciphering the underlying mechanisms of how these aggregates gain
access to the extracellular space and get internalized into the neighboring

neurons would have important therapeutic implications for these devastating

diseases.
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In the present study, transgenic mice expressing TDP4 and tau
under the control of murine Thyl.2 promoter were used as the disease models
to study ALS/FTLD and FTDP-17 respectively. Although Thyl.2 promoter is
generally “neuron-specific” and drives expression of the mutated protein
predominately in the neurons, transgene expression may be exhibited in other
non-neural tissues outside the CNS. Expression patterns may also
demonstrate background strain and line-to-line variation correlated to the
severity of phenotype, such that the expression of transgene may be varied in
different founder lines generated even from the same transgene construct. A
number of broad promoters may induce especially high levels of transgene
expression in neurons that are typically not affected in particular diseases,
which therefore unable to reflect the phenotypes observed in patients.
Different regional expression under Thyl.2 promoter has been observed in
some studies which reported higher transgene expression in particular brain
regions and less in other regions and the spinal cord. ALS is a motor neuron
disease affecting both upper and lower motor neurons, and FTLD affects
neurons in the frontal and temporal lobes of the brain. However, this study
focused primarily on neurons in the striatum, which is predominately affected
in HD, but not in ALS or FTLD. It could be more important to study the effects
of transgene expression in motor neurons in ALS, and other promoters such
as the CNS-specific prion promoter might be used to drive high level of
transgene expression in the motor neurons. In addition, it would be crucial to
study these transgenic mice in the pre-symptomatic stage apart from the end
stage in order to dissect any earlier changes involved in disease

pathogenesis.
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