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Abstract

Methyl CpG Binding Protein 2 (MeCP2) is an epigenetic regulator capable of recognizing
and binding to methylated DNA. Mutations in MECP2 are the primary cause of Rett Syndrome
(RTT) and MECP2 Duplication Syndrome (MDS). RTT is a neurodevelopmental disorder that
mainly affects young females. MDS on the other hand is 100% penetrant in males and is rarely
reported in females. The two disorders, although caused by extremely different etiologies, exhibit
many similarities in their phenotypes including but not limited to autistic features, learning
impairments and seizures. However, the molecular basis of this phenotypic similarity remains
unknown. No cure has been identified to date for RTT and MDS. Alternative splicing of
Mecp2/MECP2 leads to the generation of two isoforms, MeCP2E1 and MeCP2E2. Limited
knowledge exists on the expression patterns and function of the two isoforms. In this thesis, | have
attempted to address this knowledge gap by taking part in the validation of custom-made MeCP2
isoform-specific antibodies that are capable of differentially recognizing MeCP2E1 and
MeCP2E2. Using the custom-made MeCP2E1-specific antibody, | also demonstrate that
MeCP2EL1 is expressed at much higher levels in neurons, as compared to astrocytes. My studies
into the functional role of MeCP2 isoforms in neurons suggest that overexpression of both
MECP2E1 and MECP2E2 leads to reduced rRNA levels in neurons. The potential role of MeCP2
as a negative regulator of neuronal rRNA biogenesis is further corroborated by direct binding of
MeCP2 to the rDNA promoter, specifically the methylated fraction of rDNAs. Preliminary
evidence from my studies suggests that MECP2 duplication in mice leads to brain region-specific
alterations in rRNA levels, specifically in the cerebellum. Thus, the data presented in this thesis

addresses two important knowledge gaps in the field of MeCP2 research: the higher levels of



MeCP2E1 in neurons compared to astrocytes and the molecular consequences of MECP2E1 and

MECP2E2 overexpression in neurons.
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Thesis Overview

Chapter 1 consists of an in-depth literature review and rationale for my PhD project. It is
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The general materials and methods are represented in Chapter 2. The two major research aims and
results are included as Chapters 3, 4 and 5. Chapter 3 is on ‘Analysis of MeCP2 isoform-specific
expression in murine neural cells using custom-made antibodies’, which will report and discuss
the development of MeCP2 isoform-specific antibodies and their applications in studying
expression and localization of MeCP2 in murine brain cell types. Chapter 4 is focused on
‘analyzing the effect of neuronal MECP2E1/MECP2E?2 overexpression on rRNA synthesis, which
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Chapter 1: Introduction

1.1 Chromatin and Epigenetics - Introduction and History

In 1879, German cytologist Walther Flemming coined the term ‘chromatin’ to describe
stainable threads observed within the nucleus through microscopic studies. At the time, Flemming
believed that “The word chromatin may serve until its chemical nature is known, and meanwhile
stands for that substance in the cell nucleus which is readily stained” [4]. However, the discovery
of chromatin was an underappreciated milestone that later led to the establishment of ‘epigenetics’
as a fundamental molecular mechanism that governs the development of eukaryotic organisms.
The term epigenetics was initially coined by Conrad Waddington in 1942, who defined it as “the
branch of biology which studies the causal interactions between genes and their products which
bring the phenotype into being’’ [5]. The era of epigenetic research shed light on to the complexity
of gene expression and its regulation that was previously underappreciated by genetic studies

alone.

In eukaryotes, genomic DNA is organized by histones to form chromatin. Nucleosomes
are the fundamental subunits of chromatin, consisting of a nucleosome octamer core and linker
DNA. The nucleosome core includes a 147 bp segment of DNA and two copies each of four core
histone proteins (H2A, H2B, H3 and H4), a feature that is relatively conserved from yeast to
metazoans [6,7]. The four core histones are basic proteins that are highly conserved among
eukaryotes. Each core histone has a mostly a-helical C-terminal domain that facilitates histone-
histone interactions to form octamers around which DNA is wrapped. The C-terminal domain of
histones possess a ‘histone-fold’ motif, which forms a protein—protein interface that facilitates

heterodimerization of histones H2A with H2B, and H3 with H4 [8-10]. All core histones also have
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evolutionarily conserved ‘tail domains’ found at their N-terminal portions, with the only exception
being the C-terminus of histone H2A [11]. The core histone N-terminal sequences contain a high
proportion of lysine (K), arginine (R), glycine (G), alanine (A), and threonine (T) residues that
undergo post-translational modifications (PTMs), which are known as histone post-translational
modifications (hPTMs) and are critical for their epigenetic functions (discussed later). Sequence
analysis of the tail domains identifies them as intrinsically disordered structures. However, when

bound with chromatin, tail domains are considered to adopt specific structures [12-14].

Linker histone H1 is less conserved than core histones, varying in both sequence homology
and number of non-allelic variants among eukaryotes. Studies have indicated that the presence of
histone H1 protects an additional 20 bp of DNA from nuclease digestion, symmetrically positioned
on either side of the 147 bp core DNA shielded by the nucleosome core [15]. The globular domain
of histone H1 is considered sufficient to protect the 20 bp DNA from nuclease digestion. However,
the full-length H1 is required for chromatin compaction [16]. The N-terminal domain of histone
H1 is considered to serve as an anchor for its positioning, sealing off DNA entering and exiting
the nucleosome [17,18]. The C-terminal domain is made up of highly basic residues and functions
to stabilize higher order chromatin structure via neutralization of DNA charge mostly within the
linker DNA, as well as a determinant of H1 binding to chromatin [19-22]. The arrays of
nucleosomes, connected by the linker DNA, termed ‘nucleosomal arrays’ or 10 nm fibers represent
the basic level of chromatin organization. The 10 nm fibers can also fold into chromatin fibers
with 30 nm diameter, and can be detected in special cells such as chicken erythrocytes and starfish

sperm (reviewed in [23]).

Chromatin is the epicenter of epigenetic-mediated regulation of eukaryotic gene

expression. The direct modulation of chromatin structure and re-positioning of nucleosomes by
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chromatin remodelers are an important epigenetic mechanism (discussed in Section 1.1.1). The
hPTMs within the core nucleosomal histones are associated with specific transcriptional states
(discussed in Section 1.1.2). Genomic DNA also encodes several hundreds of non-coding RNAs
that can control chromatin structure (discussed in Section 1.1.3). Moreover, hPTMs are also known
to crosstalk with specific methyl marks present within genomic DNA, i.e. DNA methylation
(discussed in 1.2), creating another layer of the epigenetic code that further determines gene

expression [24,25].

The history of epigenetics and epigenetic mechanisms are often depicted as a linear
sequence of events. In reality however, most epigenetic mechanisms were discovered by separate
groups in an overlapping manner. Table 1.1 attempts to highlight this collective historical effort

that has led to the concept of the epigenome.
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Table 1.1 History of Epigenetics

TIMELINE | 1870-1950 1950-1960 1960-1970 1970-1980 1980-1990 1990-2000 2000-Present
Chromatin | Discovery of DNA Fractionation of Discovery of the | Nucleosome | Nucleosome crystal
nucleic acids double- histones [29] nucleosome crystal structure
[26], helical [30,31] structure to determined to 2.8
histones [27], | structure [28] 7.0 A° [32] A° 7]
chromatin [4]
Histone Link between Isolation of the Discovery of KAT | Histone code
PTMs histone first protein [35], histone [38]
modifications and | fraction with deacetylase HDAC
chromatin [33] Lysine Acetyl [36], Lysine
transferase Methyl transferase
(KAT) [34] KMT [37]
DNA DNA Target of DNA Methylation of Discovery of Discovery of
Methylation methylation | methylation is endogenous Methyl Binding Ten Eleven
linked to X- | CpG dinucleotide | CpG sites [42] Domains (MBD) Translocation
chromosome | [41] proteins [43] methylcytosine
inactivation dioxygenase 1
[39,40] TET1 [44]
Non-coding Discovery of Discovery of Self-Splicing | Discovery of H19, | Discovery of
RNA heterogeneous Intronic non- catalytic Xist, Lin-4 Dicer, Drosha,
nuclear RNA coding RNA RNAs [50-53] PIRNA,
[45] elements [48,49] RNA interference | Enhancer RNA
[46,47] (RNAI) [54,55] [56-59]
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1.1.1 Chromatin Remodeling

Chromatin remodelers utilize the energy from ATP hydrolysis to restructure/reposition the
nucleosomes to facilitate cellular processes such as gene transcription, DNA repair, DNA
replication, and DNA recombination. Previous reports have identified a specific subset of proteins
and protein complexes that are capable of modulating gene expression by nucleosome
repositioning [60]. Chromatin remodelers act by shifting nucleosomes to either alter the spacing
between nucleosomes or to allow/hinder access for transcription factors. In general, chromatin
remodellers act through three main mechanisms: altering chromatin organization (spacing of
nucleosomes), facilitating chromatin access (nucleosome movement or ejection) and chromatin

restructuring (insertion of histone variants) [61,62].

Chromatin remodelers can be categorized into four different groups based on the presence
of specific functional domains: the SWI/SNF (switching defective/sucrose non-fermenting)
family, the ISWI (Imitation SWitch) family, the CHD (Chromodomain-Helicase-DNA binding)
family and INO8O (inositol requiring 80) family [60]. All four chromatin remodelling groups share
a similar ATPase domain. In addition, they also harbor 2 to 20 non-catalytic subunits that confer
functional specificity. The SWI/SNF family has a C-terminally located bromo domain, which
allows it to recognize and bind to acetylated lysine residues within histones. This family of
chromatin remodelers are involved in facilitating chromatin access but do not function in
chromatin assembly [63]. The ISWI family possesses a SANT domain (Swi3, Ada2, N-Cor,
TFIIB) and SLIDE (SANT-like ISWI domain) domain, which forms a nucleosome recognition
module allowing it to bind to DNA and unmodified H4 N-terminal tails. Members of this family
are mostly involved in transcriptional repression, but also facilitate chromatin assembly,

nucleosome spacing and chromatin compaction [61]. The CHD family has two chromo domains,
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which allows it to bind to methylated lysines at the N-terminus. The characterized member of CHD
family is the NURD (nucleosome remodeling and deacetylase) complex, which is involved in
transcriptional repression [64]. The INO80 complex exhibits DNA helicase activity and functions

in homologous recombination and DNA replication [65,66].

1.1.2 Histone Post-Translational Modifications

Histone PTMs along with DNA methylation marks encompass a basic epigenetic
framework in eukaryotic genomes. Although most hPTMs occur in the N-terminal tails of histones,
hPTMs have also been identified within the histone core and C-terminal tails [67-69]. Some of the
most common hPTMs include acetylation, phosphorylation, methylation, sumoylation,
ubiquitination and ADP-ribosylation [25,70]. Even though a multitude of hPTMs have been
discovered, they are mostly confined to a few residues. For instance, lysine residues are the target
for acetylation, methylation, ubiquitination and sumoylation, whereas arginine residues can be
methylated and ADP-ribosylated [71]. These marks are subsequently read by effector proteins or
“readers,” which in turn can recruit other co-activator or co-repressor complexes, and regulate the

chromatin structure and transcriptional activity of genes [72,73].

The site of hPTMs with respect to its position within the nucleosome often influences its
action on chromatin structure [74]. For instance, hPTMs within the nucleosome DNA entry/exit
region such as H3K56ac, H4K77ac and H4K79ac (hPTM nomenclature based on [75]) are known
to enhance DNA unwrapping from the nucleosome [76,77]. The hPTMs occurring within the
nucleosome dyad symmetry axis such as phosphorylation of H3T118, however, mediates
nucleosome destabilization based on in vitro studies [78,79]. Acetylation of H4K91 positioned at

histone-histone interfaces, regulates nucleosome assembly and disassembly [80,81]. In addition to

6
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these direct functions, hPTMs often act as guides for chromatin remodelers, leading to alterations

in chromatin structure [82].

1.1.3 Non-Coding RNAs

Previous studies on the eukaryotic transcriptome have revealed that up to 90% of the
human genome undergoes transcription [83]. However, ENCODE-annotated (Encyclopedia of
DNA Elements) exons for protein-coding genes encompass only 2.94% the genome, with the
remaining transcribed fraction being non-coding RNAs (ncRNAs) [84]. The ncRNAs can be
divided into two sub-categories, namely small RNAs and long non-coding RNAs (IncRNA). Small
ncRNASs are usually 20-30 nucleotides in length and include small nuclear RNAs (snRNA), small
nucleolar RNAs (snoRNA), microRNAs (miRNAS), transfer RNAs (tRNA) and piwi-interacting
RNAs (piRNAs). LncRNAs, on the other hand, have more than 200 nucleotides and consist of

ribosomal RNAs (rRNAs) and other ncRNAs [85,86].

Several studies have revealed the vast and significant functions on ncRNAs [87,88]; some
of these are mediated by the effects of IncRNA on chromatin structure. LncRNAs can influence
gene expression by interacting with chromatin modelers. For instance, the IncRNA second
chromosome locus associated with prostate-1 (SChLAP1) physically interacts with and
antagonizes the SWI/SNF complex, resulting in substantial alterations in gene expression which
have important implications for certain types of cancer [89]. Additionally, miRNAs such as miR-
302 have been linked to modulating chromatin structure through interactions between chromatin

remodeling complexes [90].
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1.2 DNA methylation

DNA methylation is one of, if not the most well-studied epigenetic modifications [91].
Initially, DNA methylation was characterized and analyzed solely within the context of CpG
dinucleotide methylation, usually referred to as 5-methylcytosine (5mC) [92]. Recent studies
however, have revealed a broader variety of methyl marks, including oxidized forms of CpGs [5-
hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxycytosine (5caC)], and non-
CpG methylation/CpH methylation (mHC, in which H = A, C, or T) [24,93] (Figure 1.1). The
discovery of these base modifications has also led to a better understanding of the overarching
influence that DNA methylation has on gene expression. Moreover, the newly discovered variants
of methyl marks also provide insights into the intricate mechanisms behind cell type specificity of

DNA methylation as well as the significance of their distribution within the genome.
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A CpG Methylation

OH
DNMT
/Fere, ATP™ / Fo2-, ATP (Fer, ATP\
SAM gan aKG+ 0, aKG* O, cxK<3+o2
2

Cytosine (CpG) Smethylcytosine Shydroxymethylcytosine Sformylcytosine Scarboxycytosine
(5mC) (5hmC) (5fC) (5CaC)

B Non-CpG (CpH) Methylation (H= A/T/C)

Example: mCpA
NH— CHj

SAM
DNMT/ <
Dam methylase

CpA meA

Figure 1.1 Generation of different types of DNA methylation marks.

A) CpG methylation. DNA methyltransferase (DNMT) enzymes convert cytosines to 5-
methylcytosine (5mC) by transferring a methyl group (-CHs) from S-adenosyl methionine (SAM).
The 5mC is further oxidized into 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and
5-carboxycytosine (5caC) through a series of chemical reactions catalyzed by Ten Eleven
Translocation (TET) enzymes in a reaction involving alpha-ketoglutarate (aKG), oxygen (O2),
adenosine triphosphate (ATP) and Fe?*. B) Non-CpG methylation (CpH methylation: H= A/T/C.

The figure was designed based on [24,93].




Chapter 1

1.2.1 CpG methylation

Methylation of DNA within the CpG dinucleotides (MCG) has been implicated in the
regulation of multiple biological processes, including X-chromosome inactivation (XCI), genomic
imprinting, and chromosome stability [24]. Moreover, CpG methylation has also been identified

as a key modulator of thousands of genes in a variety of organisms.

Regarding genomic distribution, repetitive DNA elements and intergenic regions contain
higher levels of mCG, whereas active regulatory elements such as promoters and enhancers are
mostly devoid of mCG [94,95]. In fact, a large percentage of promoters and enhancers, have been
reported to harbor tight clusters of CpG dinucleotides, known as ‘CpG islands’ that are depleted
of CpG methylation. Furthermore, methylation patterns have been observed in sequences flanking
these CpG islands. These CpG island ‘shores’ are thought to confer tissue specificity to DNA
methylation patterns [96,97]. This genomic distribution also appears to be similar in neurons and
non-neuronal cell types. Initial studies on the role of mCG in gene regulation strongly pointed

towards a predominantly repressive function [98].

In humans, CpG methylation of promoter regions is negatively correlated with gene
expression, whereas methylation of gene bodies has been shown to have a positive correlation with
gene expression, a notion known as the DNA methylation paradox [99]. However, other studies
have indicated a ‘bell-shaped’ correlation between gene-body methylation and gene expression, in
which the lowest and highest expressed genes had markedly lower DNA methylation levels,
whereas the mid-level expressed genes had the highest DNA methylation levels [100]. The
relevance of non-promoter methylation for neurogenic genes was demonstrated by Wu et al., who
showed that Dnmt3a-dependent methylation of intergenic regions and gene bodies antagonizes

Polycomb repression and promotes gene expression in neural stem cells (NSC) [101].

10
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1.2.2 Five (5)-Hydroxymethylcytosine

DNA hydroxymethylation occurs when the hydrogen atom at the C5-position of cytosine
residues is replaced by a hydroxymethyl group [102]. Hydroxymethylation of DNA (5hmC) was
first reported in 1971, in rodent and frog brains [103]. However, at the time this report failed to
garner much attention. The 5hmC methyl mark was brought back into the scientific spotlight in
2009 when two independent labs re-discovered this modification [44,104]. In one of these studies,
Kriaucionis and Heintz identified an abundance of 5hmC marks in neuronal Purkinje cells, using
multiple techniques including mass spectrometry, thin layer chromatography (TLC) and high
performance liquid chromatography (HPLC). According to the same study, the estimated
abundance of 5hmC in Purkinje cells was approximately 0.6% of all cytosine residues [104]. The
other study, reported by Tahiliani et al., identified high levels of 5hmC in mouse embryonic stem
cells (ESCs) with an estimated abundance of 4 - 6 % of all CCGGs [44]. In terms of genomic
distribution patterns, 5ShmC has been shown to be enriched at transcription start sites (TSS) [105].
Furthermore, enrichment of 5hmC has been reported within the intragenic regions of actively
transcribed genes and enhancer elements in mouse and human ESCs, respectively [106,107]. The
generation of 5hmC marks is catalyzed by the ten-eleven translocation dioxygenase (TET) family
which includes TET1, TET2, and TET3 (Figure 1.1). The same enzymes are capable of carrying

out the oxidation of 5hmC to 5fC and 5caC.

1.2.3 Non-CpG methylation
The existence and significance of non-CpG methylation or CpH methylation has only been
appreciated recently, mostly due to technical limitations of past studies. In terms of frequency,

CpH methylation is found in 20-25% of CpH dinucleotides, compared to the 60-90% observed for

11
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CpG dinucleotide methylation in mammalian genomes [108]. CpH methylation has been reported
predominantly in ESCs and neurons. However, in human ESCs, CpH methylation occurs
predominantly within CAG trinucleotides and in adult mouse dentate neurons, it occurs within the
context of CAC trinucleotides [109,110]. The differences in the methylation pattern could enable
recruitment of different ‘readers’ of non-CpG methylation and allow cell type-specific gene

regulatory mechanisms.

CpH methylation is known to be a repressive epigenetic mark. This concept has been
validated by in vitro reporter-based assays [109]. In agreement with these findings, the distribution
of CpH methylation has been inversely correlated with gene expression in neurons. In contrast,
CpH methylation is positively correlated with transcriptional activity in human ESCs [95,108].
Studies in the skeletal muscles of obese individuals have shown that CpH methylation levels of
the peroxisome proliferator-activated receptor gamma (PPAR-y) coactivator-1 alpha (PGC-1a)
promoter are positively correlated with obesity markers such as body mass index, leptin hormone
levels and C-reactive proteins. This was in contrast to CpH methylation observed within the
Pyruvate Dehydrogenase Kinase Isozyme 4 (PDK4) promoter, which exhibited a negative
correlation with the aforementioned obesity parameters. Importantly, gastric bypass surgery and
weight loss reversed the differential methylation patterns observed within these gene promoters to
non-obese levels [111]. This study along with other investigations also proves that similar to CpG

methylation, CpH methylation is influenced by external/environmental factors [112,113].
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1.2.4 Writers of DNA methylation

1.2.4.1 DNA methyltransferases (DNMTSs)

The methylation of cytosine at the C5-position is catalyzed by a group of enzymes known
as DNMTs, which mediate the transfer of a methyl group from S-adenosyl methionine (SAM)
(Figure 1.1A). DNMT3A and DNMT3B, along with DNMT3L (DNA methyltransferase-like
protein) constitute the de novo DNMTs that methylate DNA during embryogenesis [114].
DNMT3B has been shown to be vital for early embryogenesis, whereas DNMT3A plays a more
prominent role in late embryogenesis and is also expressed in differentiated cells. DNMT3L is
thought to be a co-factor for methylation due to its lack of a catalytic domain. However DNMT3L
has been shown to be vital for the silencing of retrotransposons in male germ cells and the
establishment of genomic imprints in oocytes [115]. DNMT1A transfers DNA methyl mark
patterns from the parental DNA strand to the daughter strands, thereby mediating the inheritance
of epigenetic marks between dividing cells [116]. As such, DNMT1A preferentially binds to

hemimethylated DNA.

DNMTs also catalyze CpH methylation. In ESCs, depletion studies of either Dnmt3a,
Dnmt3b or Dnmt3l, as well as a combination of Dnmt3a and Dnmt3b have shown that DNMT3A
and DNMT3B, together with DNMT3L mediate CpH methylation. DNMTL1, on the other hand,
appeared to be dispensable for CpH methylation [117]. These findings were further corroborated
by other in vivo studies showing altered CpH methylation upon loss of Dnmt3a/3b and Dnmta3l,
but not Dnmt1 [112,118-120]. The apparent lack of Dnmt1 involvement suggests that CpH methyl
marks might have to be added after each cell division, evidence for which has been observed in
non-proliferating mouse germ cells that lose CpH methyl marks upon resumption of proliferation

[113,120].

13



Chapter 1

1.2.5 DNA methyl-erasers and DNA demethylation

Erasure of DNA methylation can occur through both passive and active mechanisms.
Passive DNA demethylation can occur during DNA replication, in the absence of maintenance
methyltransferases such as DNMT1 [121]. An excellent example of passive DNA demethylation
is the global 5mC depletion that occurs in the maternal genome during preimplantation embryonic
development [122]. However, further studies elucidated that passive DNA demethylation could
not account for all of the 5mC depletion phenomena observed in vivo. Subsequent studies led to
the identification of TET proteins, and their role in oxidizing 5mC to 5ShmC, turning the spotlight

on a novel mechanism by which 5mC DNA methyl marks could be ‘actively’ demethylated [123].

The TET proteins are mammalian homologs of the trypanosome base J-binding proteins,
JBP1 and JBP2, which are Fe?*- and 2-oxoglutarate (20G)-dependent dioxygenases that require
a-ketoglutarate (aKG) as a co-substrate for enzymatic activity [44,124]. The TET1 protein
oxidizes the fifth carbon of the cytosine residue to create 5hmC (Figure 1.1A). TET proteins are
also known to further oxidize 5ShmC to 5caC and 5fC in an ATP-dependent manner. All members
of the TET protein family harbor a core catalytic domain containing a double-stranded B-helix fold
that contains the crucial metal-binding residues found in the family of Fe?*/a-KG-dependent
oxygenases. Another common component of all TET proteins is the cysteine-rich domain that
precedes the core, which also plays a vital role in their activity. Non-redundant domains of TET
family members include the chromatin-associated CXXC domain found in TET1 and TET3 that
allow them to interact with CpG sequences. However, the association of TET2 with another protein

with CXXC domain (IDAX), also confers it with the same property [125].

Numerous studies have supported the hypothesis that 5ShmC is part of an oxidative

demethylation mechanism, mediated by TET proteins, by promoting Base Excision Repair (BER)
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of DNA, resulting in the conversion of the methylated cytosine back to the unmethylated state.
The formation of 5fC and 5caC, which are oxidized products of 5hmC, destabilizes the N-
glycosidic bond and promotes BER by DNA glycosylase (TDG) and methylated DNA binding
domain-containing protein 4 (MBD4). In another instance, deamination of 5hmC by activation-
induced cytidine deaminase/apolipoprotein B mRNA-editing, enzyme-catalytic, polypeptide
(AID/APOBEC) family of deaminases has been shown to generate 5-hydroxymethyluracil
(5hmU). The AID/APOBEC deaminases also cause the formation of apurinic/apyrimidinic (AP)
sites, which are subsequently cleaved by AP endonuclease 1 (APEX1) and replaced by unmodified

cytosine [126,127].

Previous studies have demonstrated that DNMTs could deaminate methylcytosine to
thymidine, thereby causing a C/T mismatch, which is subsequently repaired by a mismatch-repair
mechanism [128]. Apart from MBD4, MBD3 has also been shown to have demethylase function.
Overexpression of MBD3 caused global as well as target-specific demethylation, specifically at
promoter regions [129]. Within the brain, growth arrest and DNA-damage-inducible
(GADDA45B) has been shown to be critical for neuronal activity-induced DNA demethylation of
gene promoters critical for adult neurogenesis [130]. Although a similar DNA demethylation

activity has been suggested for GADDA45A this activity has been disputed [131-133].

1.2.6 Readers of DNA methylation
The last few decades have witnessed the identification of several families of proteins that
are capable of recognizing and binding to methylated DNA, referred to as ‘readers’ of DNA

methylation. Three main families of ‘DNA methylation readers’ have been identified so far, the
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Methyl Binding Domain (MBD) protein family, Kaiso and Kaiso-like proteins, and SRA domain

proteins [134].

1.2.6.1 MBD Protein Family

The MBD protein family was the first group of 5mC readers to be identified, with (Methyl
CpG Binding Protein 2) MeCP2 being the prototypic family member (Figure 1.2) [135]. To date,
11 MBD proteins have been discovered and consist of MBD1, MBD2, MBD3, MBD4, MBD?5,
MBD6, MeCP2, SETDB1, SETDB2, BAZ2A, and BAZ2B, bhased on the Conserved Domain
Database [CDD, NCBI]. This superfamily can be further categorized as MeCP2_MBD,
KMT_MBD, and HAT_MBD [136]. Within this sub-categorization, only MeCP2_MBD possesses
the canonical MBD domain, which has an evolutionarily conserved intron within the MBD coding
region [43]. MBDL1 is the largest member of the MBD protein family and is known to mediate
epigenetic regulation of gene expression and modulating the H3K9me3 histone mark to facilitate
heterochromatin formation. Multiple studies have highlighted the role of MBD2 and MeCP2 in
gene regulation via their interaction with methylated DNA and are known as both transcriptional
activators and repressors [137-139]. MBD2 has also been attributed to DNA demethylase activity,
further strengthening studies supporting its role as a transcriptional activator [140]. MBD4 has a
C-terminal DNA glycosylase domain, apart from its MBD domain, and has been implicated
primarily in DNA repair [141]. Intriguingly, even though MBD3, MBDS5, and MBD6 also possess
the canonical MBD domain, they do not bind to methylated DNA. Nevertheless, they have been
shown to be associated with heterochromatin and transcriptional repression [142]. SETDB1 and
SETDB2, constituents of the KMT_MBD family, are both histone methyltransferases (KMTSs)

which have a SET domain that allows them to transfer a methyl group from SAM to the amino
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group of a lysine residue on histones or other proteins. BAZ2A is one of the main components of
NoRC, which mediates repression of ribosomal RNA (rRNA) genes transcription by recruiting
histone deacetylases (HDACSs), KMTs and DNMTs [143]. Although BAZ2B shares considerable

sequence homology with BAZ2A, its functions remain relatively unknown [144].

Apart from MBD proteins, Kaiso proteins are known to bind methylated CGCGs using a
three-zinc-finger motif. Similar DNA binding properties have also been identified in Kaiso-related
proteins, ZBTB4 and ZBTB3, which can also bind to single methylated CpG dinucleotide
[145,146]. The third family of proteins that are capable of binding to methylated DNA is the SRA
protein family member, with UHRF1 being the most well-researched protein member. UHRF1 has
been primarily characterized as a transcriptional repressor and also interacts with the histone

methyltransferase G9a [147].

The structural similarities of proteins with a MBD domain, including MeCP2, are shown

below (Figure 1.2).
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Figure 1.2 Structural comparison of the members of Methyl CpG Binding Protein (MBP)
family.

Schematic representation of the major functional domains of the MBP family of proteins. The
MBP family is mainly characterized by the methyl binding domain (MBD), which facilitates the
binding to methylated DNA, except in the case of MBD3. The other major and minor domains
found in each MBP are also shown. TRD: transcription repression domain; CXXC: zinc-finger
(Zn?*) motifs; GR: Glycine and arginine residues; NTD: N-terminal domain; ID: interdomain; CTD:
C-terminal domain E-repeats: glutamic acid repeats; BTB/POZ: Broad-Complex, Tramtrack and

Bric a brac/ POxvirus and Zinc finger domain.
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1.3 MeCP2
MeCP2 is a methyl binding protein which belongs to the MBP family. They are

characterized by the presence of a MBD domain [24].

1.3.1 Mecp2/MECP2 gene and MeCP2 protein structure

MeCP2 is encoded by an X-linked gene located within the Xg28 region in humans and
XqgA7.3 in the mouse (Figure 1.3). The human MECP2 gene is flanked by IRAK1 and OPN1LW
(also called RCP), while the mouse Mecp2 gene is flanked by Irakl and Opnlmw. The human
MECP2 gene spans 75925 bp (~76 kb), while the length of mouse Mecp2 gene is 59099 bp (~59

kb). Both MECP2 and Mecp2 genes consist of 4 exons and 3 introns.
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Figure 1.3 Genome map of the human and mouse MECP2/Mecp2 genes.

A) Schematic of the X chromosome marking the Xg28 location in humans. Information was
downloaded from the UCSC Genome Browser on the Human Dec. 2013 (GRCh38/hg38)
Assembly. B) Schematic of the X chromosome marking the XgA7.3 location in mice. Information
was downloaded from the UCSC Genome Browser on the Mouse Dec. 2011 (GRCm38/mm10)

Assembly. The MECP2/Mecp?2 gene is highlighted in blue, in both A & B.
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Three features characterize the MECP2: a vast intergenic region (40 kb) separating MECP2
from the closest upstream gene, the large size of intron 2 (~60 kb) and a highly conserved 8.5 kb
3 untranslated region (3’UTR) with multiple polyadenylation sites [148]. The Mecp2 promoter
resembles that of a housekeeping gene since it does not possess a canonical TATA-box [149]. The
core promoter sequence lies between -179 and -309 (relative to the TSS). Several regulatory
regions have been identified within the MECP2 promoter, including two negative regulatory
elements [(-309 to -370) and (-553 to -681)] and one positive regulatory element (-847 to -1,071)
[148]. Apart from inherent regulatory regions, several transcription factor binding sites have also
been identified within the MECP2 promoter, including those for SP1, TAF1 and CTCF [150].
Interestingly, Adachi et al., identified a minimal segment of the proximal promoter (-677/-56) that
is essential to drive Mecp2 expression in neurons [149]. Moreover, they also demonstrated that the
same region is not sufficient to drive Mecp2 in non-neuronal cells. However, Rastegar et al.
showed that this promoter is enough to drive Mecp2 expression in both neurons and glial cells
(astrocytes) [151]. Furthermore, cis-regulatory G-quadruplexes (nucleic acid secondary structures
that form in guanine-rich DNA sequences) have also been identified at the MECP2 5'UTR by
bioinformatic analyses, which have been proposed to be having significant regulatory functions

including the modulation of other cis- and trans-acting interactions [152].

One of the key defining features of MeCP2 is its ability to recognize and bind to methylated
DNA [153]. Interestingly, MECP?2 itself appears to be governed by promoter methylation which
was initially discovered by Nagarajan et al. [154]. They identified increased methylation within
the MECP2 promoter regions spanning -531 and -243 bp in the cerebral cortex of male autistic
patients. Increased methylation correlated with reduced MECP2 expression, further corroborating

the potential involvement of promoter DNA methylation in MECP2 downregulation [154].
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Subsequently, our research group demonstrated a correlation between DNA methylation of 6
regulatory elements (three elements within the Mecp2 promoter and three elements in intron 1),
and the expression of Mecp2 isoforms in NSC and adult mouse brain [2,155,156]. The core
promoter of the human and mouse MECP2/Mecp2 show remarkable similarity [149] and thus
might be regulated similarly, which is yet to be confirmed. DNA methylation of the X-
chromosome itself has been implicated in the regulation of Mecp2 expression in neuronal cells
since DNA methylation is a major mechanism involved in XCI. Studies in heterozygous MeCP2
mouse models have shown that XCI patterns were unbalanced, favoring the expression of the wild-
type allele in most mutant females [157]. However, studies of XCI in Rett Syndrome (RTT) patient
brains have indicated balanced XClI, suggesting potential differences of XCI in humans and mouse

models of RTT [158].

As mentioned previously, MECP2 has an unusually long and highly conserved 3'UTR
[159]. To date, four mRNA transcripts have been identified which are generated by alternative
polyadenylation and producing transcripts with varying lengths (~1.8, ~5.4, ~7.5, and ~10.2 kb)
[160]. The precise correlation between the different transcripts and MeCP2 protein expression
remains unknown. However, the varying brain developmental expression profiles of the mRNA
transcripts suggests an important role for them in the developing brain [161,162]. The significance
of the 3"UTR sequence is further corroborated by various reports that have identified multiple

mutations within the MECP2 3"UTR, the majority been found in autistic patients [163].

1.3.2 MeCP2 functional domains
MeCP2 is an intrinsically disordered protein with approximately 60% of the protein being

unstructured [164,165]. Five biochemically distinct domains have been identified so far, the N-
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terminal domain, the MBD domain, the interdomain (ID), the TRD domain and the C-terminal
domain (Figure 1.2 and 1.4). In RTT patients, mutations in regions coding for all five domains
have been identified, highlighting the importance of all five domains for proper MeCP2 function.
However, it should be emphasized that the majority of mutations have been localized to the MBD
and TRD domains, which are expected considering their central roles in MeCP2 function and

interactions.

There are two MeCP2 isoforms named MeCP2E1 and MeCP2E2 [166,167] which differ
only at the N-terminal domain (Figure 1.4) and has been implicated in MeCP2 isoform-specific
functions. For instance, Dastidar et al. demonstrated that a unique sequence in the N-terminus of
MeCP2E2 allows it to preferentially bind to FOXG1 [168]. MeCP2 has also been shown to be
involved in chromocenter (clusters of constitutive heterochromatin) formation during myogenic

differentiation and to interact with HP1 via its N-terminus [169].

The sequence encoding the MBD domain is a mutational hotspot leading to RTT (approx.
45% of all RTT causal mutations) [170]. The MBD domain allows MeCP2 to recognize and bind
to methylated DNA, as well as non-methylated DNA sequences [171,172]. The MBD domain is
also known to be involved in MeCP2 protein-protein interactions with mSIN3a, NCoR, and
DNMT1 [173]. The ID domain of MeCP2 was initially named solely based on its position between
the MBD and TRD domain. However, the ID domain was later found to confer an autonomous
methylation-independent DNA-binding activity to MeCP2 as well as promote MBD-dependent
interactions [174]. Initially, MeCP2 was characterized as a transcriptional repressor based on its
interaction with other transcriptional repressors such as mSIN3A and HDAC [175,176]. These

interactions were mostly mediated by the TRD domain [177]. The TRD domain of MeCP2 has
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also been shown to allow MeCP2 to interact with YY1, YB1 and c-SKI, highlighting the

association of MeCP2 with other transcription factors [178].

1.3.3 MeCP2 isoforms: expression and regulation

Alternative splicing of the first two exons of the MECP2/Mecp2 gene leads to the
generation of two splice variants, MeCP2E1 (also known as MeCP2B/a) and MeCP2E2 (also
known as MeCP2A/B) (Figure 1.4) [166,167]. The inclusion of the TSS from exon 1 codes for
MeCP2E1 and comprises exons 1, 3 and 4, whereas the utilization of the TSS from exon 2
translates to MeCP2E2 and comprises exons 2, 3 and 4. In terms of the protein sequence, the two

isoforms only differ at their short N-terminal sequences.
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Figure 1.4 MECP2/Mecp2 gene and protein isoforms MeCP2E1 and MeCP2E2.

A) Schematic representation of MECP2/Mecp?2 gene structure and the generation of two isoforms,
MeCP2E1 and MeCP2E2, by alternative splicing. The MeCP2E1 isoform includes exons 1, 3 and
4, while MeCP2E2 includes exons 2, 3 and 4, arising from the TSS (ATG) found in the exon 1 and

exon 2, respectively. B) The major domains of the two MeCP2 isoforms are shown. MeCP2
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isoforms differ at their N-termini. The domains are MBD: methyl-CpG-binding domain, ID:
Intervening domain, TRD: Transcriptional repression domain, CTD: C-terminal domain and, AT-

Hook domains.

A study from 2004 reported that within the human brain, MECP2EL1 transcript levels are
approximately 12-fold greater than MECP2EZ2. In contrast, a relatively higher level of MECP2E2
expression has been reported in liver, placenta, prostate gland and skeletal muscle [166]. A study
of Mecp2e2 during mouse development revealed a restrictive expression for Mecp2e2 to the dorsal

thalamus and cortical layer V towards P21 and P60, as compared to P1 [179].

An analysis of the expression and distribution patterns of the two MeCP2 isoforms at the
protein level were initially hampered by the lack of MeCP2-isoform specific antibodies. In 2012,
our lab reported for the first time, the generation of an anti-MeCP2E1-specific antibody and
provided evidence for the higher expression of MeCP2E1 in neurons as compared to astrocytes
[1]. More recently, we also reported the generation of an anti-MeCP2E2 antibody, which allowed
us to perform a direct comparison of the expression patterns of the two isoforms within the murine
brain. Our studies revealed temporal as well as brain region specific alterations in the expression

levels of MeCP2E1 and MeCP2E2 [2].

1.3.4 MeCP2 functions and target genes
Due to its diverse roles in neural cells, MeCP2 is considered to be a ‘master regulator’ of
the brain (Figure 1.5). As the prototypical member of the MBD protein family, MeCP2 was

initially deemed to be a transcriptional repressor. These theories were further strengthened by
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studies that demonstrated the recruitment of co-repressor complexes such as Co-REST [180].
However, later studies elucidated that MeCP2 is also involved in transcriptional activation [139].
Subsequent investigations highlighted the significance of MeCP2 PTMs, especially
phosphorylation, in MeCP2’s role as a transcriptional regulator [181-183]. Additionally, MeCP2
has also been reported to directly interact with chromatin and modulate gene expression via
chromatin compaction and looping. The latter mechanism has been shown to be critical for the

silencing of a particular MeCP2 target, DLX5 [184].
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Figure 1.5 Multiple functions of MeCP2 in the brain.
MeCP2 is a multifunctional epigenetic and transcriptional regulator. It has known roles in
transcriptional activation, transcriptional repression, chromatin compaction and chromatin loop

formation.

Reprinted with permission from [178].
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Studies analyzing MeCP2 binding patterns have demonstrated that within the neuronal
genome, MeCP2 exhibits global binding and tracks methyl-CpG density [185]. In neurons, MeCP2
IS as abundant as the histone octamer, and deficiency of Mecp2 leads to the doubling of histone
H1. These observations suggest that MeCP2 could be involved in the DNA methylation-dependent

regulation of global transcriptional noise [185].

Hundreds of MeCP2 targets have been identified to date. A partial list of MeCP2-target
genes identified till 2012 is shown in Table 1.2 [178]. Some of these targets, such as Brain-derived
neurotrophic factor (BDNF) and Insulin-like growth factor-1 (IGF-1), have been used as
therapeutic options for RTT, with varying degrees of success [186]. However, most of the MeCP2-
targets pursued as therapeutic options have a vast array of functions in neurons and other neural
cell types. Therefore, the risk of off-target effects is much higher with current therapeutic options,
drawing similarities to the ‘grenade effect’ (high risk of collateral damage). Therefore, an active
area of research within the field is to identify MeCP2-targets which can be modulated with minimal

off-target effects (akin to bullets).
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Table 1.2 A list of known MeCP2 target genes (Reprinted with permission from [178])

Gene Function Cell/tissue Direct association with MeCP2 Reference
target type studied | (cell line used for ChlP)
PCDHBL | Cell adhesion Oral cancer Yes (SH-SY5Y) [187]
PCDH7 | Cell adhesion cell lines Yes (SH-SY5Y)
APBP3 Intracellular (ZA, Yes (SH-SY5Y)
signal KOSC2,
transduction HSC5 and
NA)
CLU Extracellular No (SH-SY5Y)
molecular
chaperone
CRMP1 | Component of Yes (SH-SY5Y)
semaphorin
signal
transduction
pathway
DNMI Vesicular Yes (SH-SY5Y) [188]
trafficking,

production of
microtubule
bundles and

hydrolyzes GTP
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GNBI Integrates RTT patient Yes (SH-SY5Y)
signals between | brain (frontal
receptor and cortex)
effector proteins
APLP1 Enhancer of No (SH-SY5Y)
neuronal
apoptosis
COo1 Mitochondrial No (SH-SY5Y)
respiratory
chain
GDI1 Regulates No (SH-SY5Y)
GDP/GTP
exchange
Bdnf Neuronal Mouse E14 Yes (mouse E14 cortical culture [189][182]
plasticity and cortical and rat E18 cortical neurons)
survival culture and rat
E18 cortical
neurons
Fxydl lon transport RTT mice Yes (adult mouse [190,191]
regulator for Na | cerebellum brain, Mecp2 Wild type (WT), and
and K-ATPase | and RTT Mecp2 null mouse; HEK293T

patient brain

cells)
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(superior

frontal gyrus)

Reln Neuronal layer | RTT mice Yes (adult mouse brain) [190]
formation and cerebellum
Gtl2 cell-cell
interactions
Growth
suppressor
ID1, ID2 | Regulation of SH-SY5Y Yes (SH-SY5Y) [192]
ID3 and | neuronal
ID4 differentiation
IGFBP3 | Modulation of | RTT mouse Yes (HelLa cells; mouse cortex) [193]
IGF functions model
UBE3A | Ubiquitin ligase | Brain cerebral | No (adult mouse cerebellum) [194]
GABRB3 | GABA-A samples of
receptor RTT, AS and
autism
patients
Sst Regulation of RTT mouse Yes (RTT mouse models [139]
Oprk1 cell migration models (Mecp2 null and MECP2 Tg) and
Gamt Signal (Mecp2 null control mice; Hypothalamus)
Gprinl transduction and MECP2
Organ Tg) and
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Mef2c morphogenesis | control mice
Neurite and
A2bpl development Hypothalamus
Neuron
development
and
differentiation
RNA splicing
and mRNA
processing
xHairy2a | Neuronal Xenopus Yes (Xenopus neurula stage [195]
differentiation embryos embryos)
Sgkl Cellular stress RTT mouse Yes (mouse brain tissue) [196]
Fkbp5 response model
Hormone
signalling
Ugcrcl Mitochondrial RTT mouse Yes (adult mice; whole brain) [197]
respiratory model
chain
Crh Stress response | RTT mouse Yes (mouse brain) [198]
model
DIx5 Transcription Not done Yes (mouse brain) [184]

factor
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1.4 Rett Syndrome (RTT)

1.4.1 RTT prevalence and phenotypes

RTT is a neurological disorder that predominantly afflicts females. It is a relatively rare
disorder, with a prevalence of 1:10,000 live female births [199]. Patients with RTT are
asymptomatic for approximately 6-18 months following birth, after which they display regression
of learned skills and receding developmental milestones. Prominent RTT phenotypes include
mental retardation, stereotypic hand movements, communication deficits and abnormal gait. Other
symptoms include seizures, scoliosis, gastrointestinal dysfunction, and respiratory complications
[184]. During the initial phase of the disorder, some patients have reduced social interactions.
However, this phenotype seems to change as patients mature [200,201]. A broad range of lifespan
has been reported for RTT patients, however, most patients require constant medical care [199].
Since MECP2 is an X-linked gene, XCI greatly influences phenotypic severity in RTT females.
Previous reports have suggested that skewing of XCI could correlate with the clinical severity of
RTT [202], however, other groups have reported a lack of complete correlation between the two

parameters [203,204].

Although considered to be a predominantly female disorder, RTT has also been described
in males [205]. However, in males, MECP2 mutations often cause fatal congenital encephalopathy,
and most cases have a shorter lifespan than female RTT patients. Interestingly, a recent review
highlighted that in male RTT patients, only 56 % of reported cases have MECP2 mutations [206].
RTT can be caused by mutations in MECP2, other genes such as CDKL5 and FOXG1 or multiple
genes (reviewed in [207]). Therefore, Reichow et al. also found 67% of the patients with other
mutations including mutations in CDKL5 and FOXG1 [206]. This highlights the possibility that

additional genetic factors influencing RTT-like symptoms in males.
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1.4.2 MeCP2 and Rett Syndrome

Mutations in the MECP2 gene have been reported in more than 90% of classic RTT patients
[208]. Approximately 600 mutations have been identified so far within the MECP2 gene, with
missense and nonsense mutations being the most frequent ones. Even though mutations have been
identified across the entire MECP2 gene, eight recurring mutations account for more than 65% of
reported cases. These mutations are clustered within two functional domains of MeCP2, with four
mutations located in the MBD domain (R106W, R133C, T158M, and R168X) and four residing

within the TRD domain (R255X, R270X, R294X, and R306C) [178,209,210].

As stated earlier, alternative splicing of the first two exons leads to the formation of two
MeCP2 isoforms, MeCP2E1 and MeCP2E2. The majority of mutations occur in regions common
to both isoforms (80-85%). However, exon one mutations have been identified in approximately
0.03-1 % of RTT patients [208,211,212]. Despite the low-frequency rates of exon one mutations,
studies have shown that patients with exon one mutations exhibit greater clinical severity,
underscoring its significance [213]. Various groups have reported exon one mutations that either
affect or do not alter exon two transcription/translation, suggesting that certain mutations are likely

to affect MeCP2 expression/function in an isoform-specific manner [214-216].

1.4.3 Mecp2 mouse models of RTT

Several mouse models have been developed for RTT that recapitulate a broad range of
symptoms observed in human patients. The various RTT mouse models can be categorized as
either: i) Mecp2-deficient mouse models [217-219], ii) Mecp2 mutant mouse models [220,221],

iii) mouse models with brain-region/cell type-specific deletion of Mecp2 [222-225], and iv) knock-
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in mouse models carrying specific Mecp2 mutations [226,227]. The hemizygous null mice of
various models differ in terms of lifespan and range of phenotypes that they exhibit [228]. Of
special note, the brain-region/cell type-specific mouse models exhibited both overlapping and non-
overlapping phenotypes, implying unique functions of MeCP2 within different parts of the brain.
For instance, forebrain neuron-specific conditional Mecp2 mutant mice displayed several known
RTT phenotypes, including increased anxiety, impaired motor coordination, and abnormal social

behavior, however, within the same mouse model, locomotor activity remained unaffected [225].

1.4.4 Challenges for RTT therapy

The role of MeCP2 as a transcriptional regulator was already recognized before the
discovery of MECP2 mutations as the primary cause of RTT. This link led to a plethora of gene
expression studies in a variety of biological samples relevant to RTT. These studies include gene
expression profiling of postmortem brain samples from human RTT patients [229] and clonal
lymphocyte cell cultures derived from RTT patients [230]. Similar gene expression profiling
studies have been conducted in brain samples of RTT mouse models, specifically from brain
regions such as cerebellum [231] and striatum [232], or cells isolated from mouse brain [233]. As
expected, these studies cumulatively generated a wide list of MeCP2 target genes, partial list of
which is shown in Table 1.2. However, a distinct shortcoming of these studies was the lack of
overlapping targets identified between these studies, as well as the failure to identify a specific
cellular or signaling pathway that would connect these targets. A recent study by Li et al. has
partially addressed this shortcoming by identifying protein synthesis as a major cellular pathway
that is hugely influenced by MeCP2-deficiency that, when restored, can also rescue many of the

structural and functional deficits observed in neurons lacking MeCP2 [234].
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1.5 MECP2 Duplication Syndrome (MDS)
1.5.1 Causes of MDS

MECP2 Duplication Syndrome is caused by overexpression and/or increased copy number
of the MECP2 gene which can occur de novo or by maternal inheritance [235]. Synonyms of
‘trisomy Xq28” and ‘Xq28 Duplication Syndrome’ have also been used to refer to MDS because
MDS is caused by duplication of DNA sequences within Xg28, which consist of MECP2 as well
as other genes. The duplicated region within the Xg28 region can range from 200 kb to 2.2 Mb
[236], while some reports show that the duplicated region can also exceed 4 Mb [235]. The
duplicated regions within Xq28 vary considerably between patients, but in most cases, the minimal
duplicated region includes only MECP2 and the adjacent IRAK1 gene and seems to be sufficient
to cause the major phenotypes of MDS [236-238]. However, the potential contribution of nearby
regulatory genes in MDS phenotypes should not be ignored and should be explored further. The
MDS discovery represented a paradigm shift in our understanding of MeCP2-associated
neurological disorders. Before MDS was established as a neurodevelopmental disorder, MECP2
mutations were thought to be primarily associated with females, mostly due to its links to RTT.
However, the report of a duplication of the entire MECP2 gene locus in a male patient who
presented with similar phenotypes to RTT along with hypotonia and mental retardation [239]
suggested that MeCP2 dosage is a critical factor leading to neurological disorders in males and

females.

Unlike RTT, MDS has a clear familial disposition, with the majority of cases being
reported in males inheriting the duplication from a carrier mother. Many female carriers are
asymptomatic due to extreme (>90%) or complete skewing of XCI with the duplication-bearing X

chromosome being preferentially inactivated [240]. This is also in agreement with studies that
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have reported mild learning problems in female carriers with 70% XCI skewing or less [241,242].
Skewing of XClI also confers a longer lifespan for affected females, since 40% of males with MDS
tend to die by the age of 25 [243]. However, a rare case of paternal transmission of MECP2
duplication to an affected daughter who also exhibited similar phenotypes as the father has also

been reported [244].

Apart from MDS, there have been reports of patients with MECP?2 triplication [245] and
these patients demonstrate much more severe phenotypes compared to MDS patients [236]

consistent with MeCP2 dosage effects.

1.5.2 Prevalence and phenotypes of MDS

MDS is accounts for approximately 1% of unexplained cases of X-linked mental
retardation [238]. As a recently established disorder, MDS prevalence is still unclear. However,
according to a previous report, there are approximately 150 MDS patients diagnosed so far, based
on information gathered from 14 published studies [236,238-240,242,243,245-253]. A more recent
analysis of reports on MDS patients suggests that MDS may represent approximately 1% of X-

linked mental retardation cases [235].

MDS is primarily a neurological disorder. The disease is characterized by autistic features,
stereotypic behavior, gait abnormalities, infantile hypotonia, recurrent infections and seizures
[243,254]. In addition to these phenotypes common to RTT, hyposensitivity to pain and
temperature has also been reported [255]. Due to its significant association with
immunodeficiency, recurrent infections and allergies, MDS is considered to be a type of

‘syndromic immunodeficiency’ [235].
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Previous studies have also demonstrated that the size of duplication does not correlate with
phenotypic severity [256]. As mentioned earlier, the MECP2 and IRAK1 minimal duplication are
sufficient to cause core MDS phenotypes [236-238]. IRAKL1 is a critical component of several
signalling pathways involved in innate immunity [257]. The immunological impairments observed
in MDS patients was previously considered to be partly due to IRAK1 overexpression [248].
However, more recent studies have demonstrated that MeCP2 is also capable of negatively
modulating the function of T cells [258], implying that MECP2 duplication is sufficient to account

for most, if not all the phenotypes observed in MDS patients.

1.5.3 Mouse models of MDS

Currently, there are two mouse models of MDS, the MECP2 Tg1 model [259] and the Tau-
Mecp2 model [260]. Interestingly, these mouse models were initially developed to characterize the
functional role of MeCP2 in neuronal development and to relate it back to RTT. For the same
reason, these models were initially included under animal models of RTT. The two animal models
of MDS have contributed significantly in terms of characterizing the functional consequences of
MECP2 overexpression as well as deciphering potential therapeutic strategies for MDS. A

comparison of the two MDS mouse models is shown in Table 1.3.
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Table 1.3 Mouse models of MECP2 Duplication Syndrome

MECP2 Tgl [259]

Tau-Mecp2 [260]

Method of MECP2/Mecp2

overexpression

PAC clone containing the
entire MECP2 locus was
expressed under human

MECP2 promoter

Mecp2 cDNA was targeted to
the endogenous Tau locus
which drives neuronal-specific

MeCP2 overexpression

Overexpression levels as Approximately two fold 4-6 fold

compared to WT

counterpart

Phenotypes Ataxic gait, stereotypies, Severe motor dysfunction,

spasticity, anxiety,
abnormal social behavior,

and seizures, reduced

tremors, and gait ataxia,
growth retardation, cataracts,

lesions, reduced fertility

fertility
Disease onset in hemizygote | 10 weeks Weaning age
mice
Death 1 year/ premature death No premature death

Sex-specific defects

Severe phenotypes in male
mice; female mice were
normal or displayed milder

phenotypes

Not available
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1.5.3.1 MECP2 Tg1 model

In 2004, Dr. Huda Zoghbi’s lab developed the first mouse model for MDS [259].
Overexpression of the MECP2 gene was achieved by transgenic insertion of a human P1-derived
artificial chromosome (PAC) clone that contained the full-length MECP2, driven by human
MECP2 promoter. MECP2 Tg1 transgenic mice developed normally during the first 10-12 weeks
with most mice displaying several neurological phenotypes after the 10" week. Within the 20-25"
week, hemizygous mice showed enhanced learning abilities as well as synaptic plasticity.
However, this improvement period was followed by a significant decline in physical activity
(hypoactivity) and an increase in the frequency of seizures, curvature of the thoracic spine
(kyphosis), and loss of control over voluntary muscle movements (ataxia). Approximately 30% of
the mice faced premature death. For mice who survived, death occurred within a period of one
year. The phenotypic progression of the disease is illustrated in Figure 1.6. Many of the
phenotypes displayed by these mice are also exhibited in human patients including ataxic gait,
stereotypies, spasticity, anxiety, abnormal social behaviors and seizures [254]. For these reasons,

we used this model of MDS for some of our studies.
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Figure 1.6 Phenotypic progression of MECP2 Duplication Syndrome (MDS) in MECP2 Tgl
mice

Transgenic mice are born normal and remain relatively normal until 10 weeks of age when
phenotypic symptoms appear. The progression of disease varies during the course of the animal’s
lifetime and improves around 20 weeks of age. This is followed by a severe relapse associated

with seizures, kyphosis, hyperactivity, ataxia prior to death or premature death.

Information extracted from [254].

Subsequent studies have also identified molecular targets of MeCP2 that have been linked
to specific phenotypes observed in the F1 hybrid MECP2 Tgl mouse such as corticotropin-
releasing hormone (Crh) [connected to anxiety] and the opioid receptor mu (Oprm1) [connected
to abnormal social behavior] [261]. Studies on cellular morphology also revealed alterations in
neuron spine turnover and dendritic arborization in MECP2 Tg1 mice crossed with the thyl-GFP-
M line [262]. A recent study demonstrated phenotypic rescue of this mouse model using antisense

oligonucleotides, opening novel therapeutic avenues [263].
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1.5.3.2 Tau-Mecp2 mouse model

Unlike the MECP2 Tg1 mice, in the Tau-Mecp2 mouse model Mecp2 overexpression was
achieved by inserting the Mecp2 cDNA into the endogenous Tau locus which restricts MeCP2
expression within post-mitotic neurons [260]. These mice displayed progressive motor
dysfunction characterized by tremors, gait ataxia, and side-to-side swaying. Similar to the MECP2
Tgl mice, they were relatively normal at birth. However, they showed ~60% growth retardation
at weaning. After nine months, more debilitating phenotypes such as cataracts and lesions caused
by scratching developed. In contrast to the MECP2 Tgl mice, Tau-Mecp2 mice did not show

premature death.

It should be noted that the two MDS mouse models differ significantly in terms of
phenotypes displayed and lifespan. The major differences might arise from the difference in the
transgene delivery (human promoter vs. endogenous Tau promoter) and cell type differences (Tau
expression is restricted to post-mitotic neurons). A recent study using a similar MECP2 Tg1 mouse
model demonstrated the ability of antisense oligonucleotides to rescue a range of neurological
phenotypes caused by MECP2 duplication [263]. However, the differences in MDS mouse models
imply that potential rescue strategies such as the antisense oligonucleotides should be tested in
multiple models of MDS to further confirm their efficacy. A comparison of two of the most

frequently used mouse models of RTT and MDS has been outlined below (Table 1.4).
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Table 1.4 Comparison of RTT (Mecp2t™118ird-+) and MDS (MECP2 Tgl) mouse models

RTT (Mecp2tmL-1Bird-/+) MDS (MECP2 Tgl17+)
Changes in MeCP2 Loss of MeCP2 expression Overexpression of MeCP2
expression (2-fold)
Differences in Hindlimb grasping, Increased anxiety, abnormal
phenotypes hypoactivity, abnormal gait and | social behaviors, premature

breathing, impaired coordination | death, seizures, abnormal
nervous system phenotypes,
increased aggressiveness,

abnormal cognitive behaviors

Lifespan 7-8 weeks ~1 year

1.6 Phenotypic overlap between RTT and MDS

Interestingly, MDS was first identified and diagnosed in 2004 by Ariani et al. in a patient
with RTT phenotypes [264]. This study also shows that MDS and RTT share similar phenotypes
even through caused by extreme changes in MECP2 expression and function/expression,
respectively. Many of these initial studies mention that the patients diagnosed with MDS also
presented RTT phenotypes, further illustrating that the two disorders share a certain set of
phenotypes [239,264]. Another point to be noted is that both MDS animal models discussed in
Section 1.5 were initially developed to study MeCP2 function in relation to RTT and later

established as MDS models.

Studies have demonstrated that loss- and gain-of-function of the same gene can lead to
diverse neurological disorders with overlapping phenotypes [265]. A few examples include: 1)
Potocki-Lupski and Smith-Magenis syndromes that are caused by duplications and microdeletion
of 17p11.2, respectively; 2) Angelman syndrome and 15q11-g13 duplication syndrome, caused by

deletion or duplication of 15911-g13 respectively; 3) RTT and MDS, caused by loss- and gain-of-
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MeCP2, respectively [265]. In the case of RTT and MDS, the initial observations suggested RTT
and Xqg28 duplication had similar overlapping phenotypes, yet within the duplicated genes, dose-
dependent MECP2 expression changes seem to be the primary cause of the core phenotypes
[236,248]. The two disorders which are caused by two distinct etiologies, share several key
neurological phenotypes including autism, mental retardation, impaired motor control, epilepsy
and anxiety (Figure 1.7). Similar to RTT, therapeutic strategies are challenged by the lack of
knowledge of the molecular pathways affected by MECP2 overexpression. In this thesis, 1 am

examining if neuronal rRNA levels are altered by MECP2 overexpression.

» Microcephaly
» Normal growth up to 2 years
*» Developmental regression

7« Autism
» Mental retardation ‘
» Impaired motor control
* Epilepsy
* Impaired behavior
* Anxiety

* Macrocephaly

» Symptoms develop soon
after birth
« Frequent infections

MDS

Figure 1.7 Phenotypic overlap between Rett Syndrome and MECP2 Duplication Syndrome.
Rett Syndrome (RTT) is caused by loss-of-function mutations in MECP2. In contrast, MECP2
Duplication Syndrome (MDS) is caused by duplication of the MECP2 locus, also known as Xq28
duplication. By comparing the major phenotypes seen in human RTT and MDS patients, it was

evident that the two disorders share several broad phenotypes.

Information extracted from [235,265].
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1.7 Ribosomal RNA genomic organization, rDNA transcription, and processing
1.7.1 Ribosomal RNA genomic organization

Ribosomal rRNA synthesis which involves rDNA transcription and processing occurs
within nucleoli. Nucleoli are nuclear subdomains where ribosome biogenesis occurs and therefore

is known as the ribosome factory [266] (Figure 1.8).
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Figure 1. 8 Ribosome biogenesis and protein synthesis.

The rDNA are transcribed as 45S pre-rRNAs by RNA polymerase | (Poll). The 45S pre-rRNA is
processed to mature rRNA including 18S, 5.8S and 28S, which in combination with ribosomal
proteins form the 40S and 60S ribosomal subunits. The two subunits are then transported outside
of the nucleolus to the nucleus to generate the mature ribosomes. BDNF and mTOR are major

regulators of protein synthesis.

44



Chapter 1

In mammalian cells, rDNAs exist as tandem repeats of 100 or more genes within each
genome. Apart from occurring as clusters known as nucleolar organizer regions (NORS), rDNAs
are also distributed between multiple chromosomes. In humans, rDNA repeats are found in five
acrocentric chromosomes, namely chromosomes 13, 14, 15, 21 and 22, whereas in mouse, they
are located on chromosomes 12, 15, 16, 17, 18, and 19 [267,268]. Individual rDNA transcription
units are quite large, with sizes of approximately 43 kb and 45 kb in humans and mouse,
respectively [269,270]. The majority of this vast region is covered by the intergenic spacers (IGSs),
which covers approximately 30 kb and consists of simple sequence repeats, transposable element
spacer promoters, repetitive enhancer elements, gene promoters and transcription terminators
(reviewed in [271]). The rDNA promoter possesses a bipartite structure, with a core promoter and
upstream control element (UCE) [272,273]. Sequences coding for 45S pre-rRNA account for the
remaining ~13-15 kb of the rDNA transcription units. As part of an epigenetic regulatory
mechanism, terminator sequences are found flanking each rDNA transcription unit which facilitate
the release of Poll, thereby promoting further rRNA synthesis by increasing the pool of

transcription-competent Poll units [274].

1.7.2 RNA polymerase I-mediated rDNA transcription

Optimal ribosome biogenesis rates in mammalian cells require the synthesis of
approximately 8-10 million rRNA transcripts every 24 hours [275]. Transcription of rRNA is
mediated by Poll, along with a multitude of accessory factors, and involves various steps including
polymerase recruitment, initiation, promoter escape, elongation, termination and re-initiation all

of which occurs within the nucleolus (reviewed in [274]) (Figure 1.8).
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The initial step in rDNA transcription is the formation of pre-initiation complex (PIC) at
the core promoter. The PIC complex consists mainly of Poll and SL1 [(TIF)-1B in mouse]. The
SL1 itself is a complex of the TATA-box binding protein (TBP) and other TBP-associated factors
(TAF) consisting of TAFI110, TAFI63, and TAFI48 [276,277]. SL1 confers selectivity and
specificity for Poll recruitment and PIC formation since Poll itself does not possess sequence-
specific DNA-binding activity [277]. SL1 recruits Poll to the rDNA promoters by the interaction
of TAFI63 and TAFI110 subunits with RRN3, a factor associated with Poll. In addition to SL1,
PIC formation and recruitment of Poll also requires Upstream Binding Factor (UBF). The exact
role of UBF in this process remains unclear, however, conditional deletion of UBF leads to
dissociation of both Poll and SL1 from the rDNA promoter, highlighting its significance [278].
Human Poll units consist of Polla and PolIf. Even though Polla comprises 90% of this pool and
is catalytically active, it is incapable of initiating rDNA transcription. Instead, Pollf is the

polymerase that can initiate rDNA transcription accurately [279].

Successful PIC formation and initiation is followed by promoter escape, wherein Poll
leaves the rDNA promoter and proceeds to the transcription elongation phase. During, Poll-
promoter escape, RRN3 dissociates from PolIf} and becomes inactivated [280]. Termination of
Poll transcription elongation requires two separate factors, transcription termination factor for Poll
(TTF1), which bends the 3" end of the transcribed region thereby pausing Poll and transcript
release factor (PTRF), that mediates the dissociation of TTF1-paused ternary transcription
complex [281]. Previous studies have also suggested that transcription termination facilitates
reinitiation of Poll transcription through PTRF by recycling Poll released from termination sites
back to the initial promoter, where UBF and SL1 remain bound, even after Poll promoter escape

[277,281].
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1.7.3 Epigenetic regulation of ribosome biogenesis

The rDNAs are the most abundant genes within the eukaryotic genome [282]. However,
only a fraction of the rDNAs are transcriptionally active, with the remaining subpopulation existing
as transcriptionally inactive genes. The active/inactive fractions of rDNA possess distinct
epigenetic signatures as well as different nucleosome positioning [283]. A major decider of the
active/inactive fraction of rDNA is TTF1. Apart from mediating transcriptional termination, TTF1
also binds to the 5’end of individual rDNA units at the To termination site (promoter-proximal
terminator) and recruits chromatin remodeling complexes that determine the transcriptional
activity of the corresponding rDNA units [284]. In the active rDNAs, TTF1 recruits Cockayne
syndrome protein B (CSB), a DNA-dependent ATPase remodeler, as well as G9a, a histone
methyltransferase that is responsible for mono- and dimethylation of H3K9. G9a, in turn,
facilitates the association of heterochromatin proteinly (HP1y) capable of recognizing H3K9
methylation, to the rDNA [285]. Despite the common association of H3K9 methylation and HP1y-
binding with transcriptional repression, the aforementioned studies confirmed that within the

context of rDNA transcription, these marks correlate with transcriptional activation.

TTF1-mediated inactivation of rDNAs occurs through a temporally regulated and
sequential process involving significant crosstalk between multiple epigenetic mechanisms [286].
In inactive rDNAs, TTF1 recruits the nucleolar remodeling complex (NoRC), an ISWI/SNF2-
containing ATP-dependent chromatin remodeler. NORC is comprised of two individual subunits,
ATPase SNF2h and TIP5 (TTF-I-interacting protein 5). Initially, NoRC is recruited to the rDNA
promoter by the interaction between TIP5 and TTF1 bound to the promoter-proximal terminator
To. Subsequently, NoRC recruits histone methyltransferases and histone deacetylases, causing

methylation of H3K9, H3K20, as well as H3K27 and H4 deacetylation, respectively. These histone

47



Chapter 1

modifications are followed by recruitment of DNMTSs leading to methylation of CpG dinucleotides

within the rDNA promoter [284].

The murine rDNA has four CpG dinucleotides within its regulatory region at positions -
167, -143, -133, and +8. However, studies have shown that methylation of CpG -133 is sufficient
to impair rDNA transcription [287]. Methylation of CpG-133 has been demonstrated to inhibit the
binding of UBF to the UCE region, which prevents initiation complex formation and thereby,
transcription [287]. The correlation between DNA methylation and rDNA transcription is a bit
more complex in humans, with 25 CpGs in the rDNA promoter. Human rDNAs often exhibit a
mosaic methylation pattern wherein they are neither completely methylated nor unmethylated
[288]. However, the correlation between decreased rRNA expression and significant
hypermethylation in the promoter and 5" regulatory region observed in suicide patients suggest
that DNA methylation has a repressive role in the regulation of human rDNA transcription, similar

to mice [289].

The role of ncRNAs in the regulation of rDNA expression represents an additional layer of
epigenetic complexity. In mouse cells, transcripts from promoters residing within the IGS regions
[promoter-associated RNA (pRNA)] are known to bind to the NoRC complex [290]. Studies have
demonstrated that knockdown of pRNA leads to displacement of NoRC from the nucleoli as well
as alterations of histone modifications, decreased rDNA DNA methylation, and enhanced 45S pre-
rRNA synthesis [290]. Subsequent studies have linked the function of pRNA to its RNA structure
(reviewed in [291]). The recognition of TIPS towards pRNA is based on its phylogenetically
conserved secondary structure. Mutations that alter the secondary stem-loop structure of pRNA
impair binding of the TIP5 subunit of NoRC to pRNA, thereby compromising the nucleolar

localization of NORC and consequently its repressive functions [292]. In addition to highlighting
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the critical role of ncRNA in rRNA transcription, these studies also provide evidence for an RNA-

dependent association of NoRC with rDNA promoters.

Aside from epigenetic marks that mediate various layers of repression, inactive rDNAs are
also characterized by a change in nucleosome positions with respect to their coverage of the
promoter and TSS [293]. In mouse cells, within the active rDNAs, nucleosomes span the region
covering -157 to the TSS, whereas in inactive rDNAs, nucleosomes shift by approximately 25
nucleotides, from -132 to +22, implying a strong correlation between active/inactive rDNA ratio
and nucleosome positioning. This shift in nucleosome positioning is mediated by NoRC,
specifically the ATPase SNF2h subunit. In the repressive state, the nucleosome position, the UCE
region harboring the CpG-133 and the UBF binding site are shifted to the nucleosomal linker
region, whereas the core promoter is displaced to the inside of the nucleosome. Thus, in silent
rDNAs, the nucleosome separates the UCE and core promoter, hindering the binding of the

UBF/SL1 complex, thereby preventing PIC formation.

In summary, the interplay of different epigenetic mechanisms leads to the formation of
active and inactive rDNA fractions. TTF1 has been proven to be the master regulator of this

process, based on its recruitment of CSB/G9a or NoRC.

1.7.4 Ribosomal RNA processing

Poll-mediated transcription of rDNAs leads to the generation of a polycistronic primary
transcript, named 45S pre-rRNA (reviewed in [271]). This primary transcript then undergoes a
series of both endonucleolytic as well as exonucleolytic cleavages to yield the mature forms of

rRNAs namely, 18S, 28S, and 5.8S rRNA (Figure 1.9). The 18S, 28S, and 5.8S rRNAs are flanked
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by the 5" and 3’ external transcribed sequences (ETS) in the primary transcript and are also
separated from each other by two internal transcribed sequences (ITS). Co-transcriptional
association of the newly transcribed 45S pre-rRNA with ribosomal proteins (RPs), pre-ribosomal
factors (PRFs), and small nucleolar ribonucleoprotein particles (SnoRNPSs) leads to the formation
of ribonucleoprotein complexes, which become the focal point of 45S pre-rRNA folding, rRNA

modifications and the initial stages of ribosome assembly .
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Figure 1.9 Ribosomal RNA (rRNA) processing in mammalian cells. “Pre-ribosomal RNA
(rRNA) processing in mammalian cells. The pre-rRNA processing presented here combines data
from studies in human and murine cells. Alternative cleavage sequences are depicted in different
colors. Short-lived precursors are represented with dotted lines. Cleavage of the 45S pre-rRNA can
either start in the 5’-ETS (red) or in the ITS1 (green), which defines two pathways. If cleavage of
the 5"-ETS occurs first (41S pre-rRNA), subsequent cleavage in the ITS1 takes place either at site
2 or at site E (purple). Initial cleavage at site 2 is the major pathway in HeLa cells, considering the
abundance of the 30S pre-rRNA relative to the 41S. In mouse cell lines, the 36S pre-rRNA is readily
detected. The endonuclease NOB1 is necessary for maturation of the 3’ end of the 18S-E pre-rRNA
in the cytoplasm. Formation of the long and short 5" ends of the 5.8S rRNA is not fully documented
in mammalian cells. The 5.8S rRNA 3’-end maturation pathway primarily involves exonucleases,
but the 7S pre-rRNA was also proposed to result from endonucleolytic cleavage of the 12S pre-
rRNA. It has not been formally demonstrated that final maturation of the 6S pre-rRNA takes place
in the cytoplasm in mammalian cells, but this was shown in Xenopus laevis and Saccharomyces

cerevisiae.”

Reprinted with permission from [294]

1.7.4.1 5°ETS processing

The initial stage of rRNA processing involves the endonucleolytic processing of the 5'ETS
and cleavage within the ITS1. An early event in this step involves the cleavage of the two sites A’
or AQ within the 5’ETS. Efficient cleavage of A" has been shown to be dependent on U3, U14, E1,
and E3 snoRNPs [295]. However, in human cells, the recruitment of the U Three Protein (UTP-

A) complex upstream of U3 snoRNAs has been shown to be critical for this step, as well as 5'—3’
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exoribonuclease-2 (XRN2) [296]. This cleavage step appears to promote access to the processing
machinery for further processing of the primary transcript. The temporal sequence of 5'ETS
removal relative to ITS1 cleavage varies greatly between species. For instance, in humans, the
generation of the 30S pre-rRNA indicates that ITS cleavage preceded 5'ETS cleavage. Moreover,
in mouse, ITS1 cleavage at site E before cleavage at site two leads to the generation of 36S rRNA

[297,298].

In mammalian cells, two alternate pathways exist for 5’ETS cleavage, endonucleolytic
cleavage at sites A0 and Al, which leads to the formation of the 43S and 30S rRNA precursors,
both reactions being mediated by endoribonucleases. The U3 snoRNA is critical for 5'ETS
processing as it hybridizes with distant segments of the pre-rRNA and chaperones of RNA folding.
A multitude of factors are also involved besides U3 snoRNA, including snR30/U17, U14

snoRNAs, the SSU processome and a host of ribosomal proteins [299,300].

1.7.4.2 18S rRNA maturation

Excision of nucleotides from the 3’ end of the 21S pre-rRNA leads to the formation of the
21S-C intermediate. This trimming of the 21S pre-rRNA has been proposed to be mediated by the
exosome and does not proceed further than the boundary of domain C within ITS1 in mammals
[301]. In mammalian cells, the formation of the 3’ end of the 18S rRNA requires both
endonucleases and exonucleases. Cleavage within the endonucleolytic site two and site E leads to
the formation of 18S-E pre-rRNA. Subsequently, these pre-rRNA undergo 3'—5’ exonucleolytic
trimming. This shortening of the 3’ end of the 18S-E precursor occurs within the nucleus and the
cytoplasm. Following nuclear export, processing of the 18S-E pre-rRNA is likely mediated by

NIN1/PSMD8 binding protein 1 homolog (NOBL1), via cleavage at site three, leading to the
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formation of mature 18S rRNA [301,302]. The oligouridylation of 18S-E pre-rRNA, which occurs
in the cytoplasm, is thought to promote the recruitment of an exonuclease. Cytoplasmic processing

of 18S-E pre-rRNA by exonucleolytic trimming could facilitate NOB1 access to site 3 [301].

1.7.4.3 Maturation of 5.8S rRNA and 28S rRNA

The initial processing of the 5’end of 32S rRNA is mediated by the exonuclease XRN2
[303]. Subsequent endonucleolytic cleavage of 32S rRNA, within the ITS2 (site 4b in mouse), leads
to the formation of 12S and 28.5S rRNAs. The transition from 28.5S rRNA to 28S rRNA is relatively
quick, with one intermediary step involving trimming of the 5’end of the 28.5S rRNA, which is
mediated by XRN2 [303]. Processing of 5.85 rRNA however, is a multi-step process.
Endonucleolytic cleavage of site 4a within ITS2 leads to the formation of 7S rRNA [304,305].
Further maturation of 7S rRNA involves the function of several exosome components and
exosome-associated factors such as MTR4, MPP6, and CD1 [306,307]. The resultant rRNA,
termed 6S rRNA, undergoes a final processing step mediated by 3'—5’ exoribonuclease ERI1 to

form 5.8S rRNA [308].

1.8 Role of epigenetics in neural differentiation and neuronal disorders

Brain development is an extremely complicated biological process with intertwined
influences of genetics, epigenetics, and environmental cues. These factors fine tune the
development of interconnections between brain cell types during brain development. Epigenetic

mechanisms are involved in numerous processes during brain development which include cellular
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differentiation [309], experience-dependent cellular adaptations that modulate neuronal plasticity

[310], and finally maintaining proper brain functions throughout life [24].

1.8.1 The role of epigenetics in neurogenesis and neural cell function

Different epigenetic mechanisms such as DNA methylation, hPTMs, and miRNAs are
known to be involved in the development, differentiation and function of various brain cell types.
The role of DNA methylation in neurogenesis has been primarily studied by deletion studies of
DNMTs and MBD proteins. In the case of DNMTL, specific deletion in embryonic neural
progenitor cells leads to hypomethylation and subsequent derepression of glial differentiation-
related genes and premature astroglial differentiation [311]. Dnmt3a-null mice exhibit impaired
neurogenesis and have approximately 10-fold fewer neurons [312]. Deficiency of DNMT3B
specifically within the neuroepithelium (cells generate neurons and astrocytes at specific stages of
development) leads to premature neuronal differentiation [84]. Moreover, hypomorphic germline
mutations of DNMT3B are associated with immunodeficiency, centromere instability, facial
anomalies (ICF) syndrome, a disorder which also leads to mental retardation [313]. In terms of
MBD proteins, MBD1-deficiency is known to impair adult hippocampal neurogenesis [314]. Mbd2
depletion leads to decreased lifespan of olfactory receptor neurons [315]. Depletion of MBD3, on
the other hand, leads to altered neural cell fate determination in the cerebral cortex [316].

MeCP2 has been shown to promote neuronal differentiation in neural precursor cells [317].
However, another study demonstrated that MeCP2 is involved in the maturation of neurons rather
than regulating cell fate decisions during neurodifferentiation [318]. Apart from being a central
player of gene regulation and a chromatin structural protein, MeCP2 also regulates neuronal

morphology and maintenance of neural connections. MeCP2 expression peaks around the time of
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synaptogenesis (formation of synapses, which are points of communication between two neurons)
during mouse brain development suggesting its involvement in synaptic plasticity as well [207].
Several histone modifiers have been identified as regulators of adult neurogenesis. The
histone acetyltransferase Querkopf is known to regulate adult neurogenesis in vivo [319,320].
NSC/neural progenitor cells derived from Querkopf mutant mice display reduced self-renewal and
differentiation capacity [319]. Apart from histone acetyltransferases, histone deacetylases like
HDAC?2 are also known to regulate adult neurogenesis [321]. Both HDAC1 and HDAC2 are

known to regulate the differentiation of oligodendrocytes [322].

Another intriguing involvement of histones is the utilization of histone variants for specific
neuronal functions such as activity-dependent gene regulation [323]. Histone variants are non-
allelic histone proteins capable of replacing their canonical counterparts within nucleosomes. For
instance, following neuronal depolarization, the histone chaperone DAXX facilitates the
incorporation of the H3.3 variant into chromatin associated with several activity-dependent gene
loci, leading to their transcriptional activation [324]. A recent study has shown that the
incorporation of canonical histones of H3 family such as H3.1 and H3.2 versus the variant H3.3
could be developmentally regulated in neurons. In embryonic neurons, H3.1 and H3.2 constitute
the majority of H3. However, as neurons mature, H3.3 accumulates to become the predominant
H3 in adult neurons. Moreover, the expression and turnover of H3.3 was sensitive to environmental
influences, in contrast to the canonical H3 [325]. These observations suggest that the incorporation
of histone variants is an epigenetic mechanism that allows experience-mediated regulation in

neurons.

Neuron-specific isoforms of histone modifiers also play a major role in regulating neuronal

activity-dependent functions. For example, Lysine-specific demethylase 1 (LSD1/KDM1A) is a
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transcriptional co-repressor that demethylates H3K4 [326]. The mammalian LSD1 gene has 21
exons and alternative splicing of the LSD1 gene which includes exon E8a leads to the generation
of two isoforms restricted to the nervous system. These two isoforms, LSD1-8a and LSD1-2a/8a,
are collectively known as neuroLSD1 and co-exist with LSD1 in neurons [327]. Toffolo et al.
showed that LSD1-8a is capable of promoting neurite growth, upon phosphorylation of the
Thr369b residue encoded by exon E8a, suggesting a unique function that is carried out by the
neuro-specific isoform [328]. Subsequent studies by the same group demonstrated that neuroLSD1
levels are regulated by neuronal activity and control neuronal excitation in the mammalian brain

[329].

Approximately 40% of highly expressed IncRNAs exhibit brain-specific expression
[330,331]. A prominent example of regulatory RNAs within the brain is Natural antisense
transcripts (NATS), a relatively novel epigenetic mechanism with significant implications in brain
function [332,333]. Studies have shown that BDNF, which encodes a growth factor critical for
numerous aspects of neuronal growth and function as well as a target of MeCP2, exhibits active
transcription from both strands, leading to the transcription of a noncoding natural antisense
transcript, BDNF-AS. Knockdown of BDNF-AS leads to an increase in BDNF levels in vitro,
suggesting that the antisense transcript negatively regulates BDNF itself. The increased levels of
BDNF led to induced neuronal outgrowth, suggesting that pharmacological inhibition of BDNF-

AS could be a significant tool for locus-specific upregulation of BDNF [334].

1.8.2 Epigenetics and neurodevelopment (neurogenesis and brain development)
Several studies have demonstrated the general importance of mIiRNAs in brain

development by conditional Dicer knockout studies, which in most cases leads to neuronal
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apoptosis [335-337]. The miR-17-92 cluster has been shown to play a vital role in neuronal
generation during corticogenesis by regulating neural stem cell expansion [338]. miR-124 is a
neural-specific miRNA that acts as a neuronal fate determinant in the subventricular zone, and
thus plays a significant role in brain development [339]. miR-124-1 knockout mice exhibit
decreased brain size, as well as cell death in the hippocampus and cortex. The extent of neuronal
damage was also evident by the front and hind limb clasping response in miR-124-1 knockout
mice, a phenotype observed in many neurodegenerative disorders [340]. Altogether, these studies

demonstrate the critical role of miRNAs in mammalian brain development.

Histone modifying enzymes are also known to affect brain development [341]. For
instance, HDAC1 and HDAC2 are known to have critical roles in regulating the progression of
neuronal precursors to mature neurons in vivo. Simultaneous deletion of HDAC1 and HDAC2
leads to hippocampal abnormalities and death within seven days following birth, highlighting the
essential role of the two HDACS in brain development [342]. Mice lacking HDAC3 die within 24

hours of birth, and have altered proportions of oligodendrocytes and astrocytes [343].

Intergenerational as well as transgenerational epigenetic effects influence brain
development [344]. Transgenerational epigenetic effects include epigenetic memory of exposure
to environmental insults such as alcohol, drugs, smoking, nutritional changes and parental stress
at the pre-conception stage or even before that. These environmental insults can change epigenetic
mechanisms in the germ-line and thereby transmit epigenetic memory [345]. For example, pre-
conception paternal alcohol consumption has been shown to change DNA methylation profiles of
the sperm and somatic cells of the offspring. As these DNA methylation patterns are associated

with imprinting and chromatin remodeling [346], they have been postulated to be linked to the
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severe spectrum of neurodevelopmental disorders referred to as Fetal Alcohol Spectrum Disorders,

in which brain development is severely affected [347].

1.8.3 Epigenetic modifiers involved in neuronal disorders

Many CNS disorders have direct links to alterations in epigenetic mechanisms. One of the
most well-studied neuronal disorders directly linked to epigenetics is RTT, cause by mutations on
MECP2 [178,207]. Alpha-thalassemia X-linked (ATR-X) syndrome, characterized by profound
mental retardation, is caused by changes in the methylation of rDNAs, Y-specific repeats, and
subtelomeric repeats [348]. Methylation-coupled silencing of the FMR1 gene following an
expansion of its 5’UTR leads to Fragile X syndrome, the most prevalent cause of heritable mental
retardation [349]. Rubinstein-Taybi syndrome is an example of a CNS disorder caused by
mutations in a histone acetyltransferase coding gene (CREBBP) and is characterized by impaired

long-term memory [350].

Several epigenetic mechanisms have also been linked to disorders with genetic causal
factors. In many human postmortem Parkinson’s disorder (PD) brains, DNMT1 has been observed
to relocate from the nucleus to the cytoplasm. This translocation has led to hypomethylation of
many genes associated with PD, including SCNA (which encodes a-synuclein) [351]. Higher levels
of a-synuclein are associated with defects in the dendritic development of newly generated neurons
in the adult mouse hippocampus [352]. LRRK2, which encodes a Leucine-rich repeat kinase 2, is
another gene that is significantly associated with PD [353]. Mutations in LRRK2, such as LRRK2
G2019S, result in impaired survival of newly generated neurons in the olfactory bulb and mouse
dentate gyrus [354]. Recent studies have shown that miR-205 post-transcriptionally regulates

LRRK2. Intriguingly, the expression of miR-205 itself is downregulated in patients with sporadic
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PD, suggesting that alterations of epigenetic regulators could be a causal factor of PD [355].
Reduction in the levels of miR-133b and miR-34b/34c have also been reported in PD patients [356].

Alzheimer's disease (AD) is another epigenetics-associated disorder [357]. Both genome-
wide and gene-specific DNA methylation changes have been reported in AD patients [358].
Genome-wide decrease in both 5mC and 5hmC levels have been observed in the hippocampus of
AD patients [359]. Moreover, the expression of Psenl and Psen2, mutations of which is known to
be associated with early-onset AD, is regulated by both DNA methylation as well as H3K9/14
acetylation in the mouse cerebral cortex during development [360].

Overall, epigenetic mechanisms and its associated factors, specifically MeCP2, play a
critical role in brain and nervous system development. Alternations in these fine-tuned epigenetic
mechanisms lead to neurodevelopmental disorders such as RTT and MDS. Understanding the role
of epigenetic mechanisms in brain cell types as well as models of neurological disorders should

lead to the development of better rescue and treatment strategies for these disorders.

1.9 MeCP2 and rRNA synthesis

A direct role for MeCP2 in regulating rRNA biogenesis has not been investigated before.
However, previous studies on the effects of Mecp2/MECP2 deficiency has often reported
observations that suggest a potential role of MeCP2 in regulating neuronal rRNA biogenesis. One
of the first observations were reported by Singleton et al., (2011), by demonstrating that Mecp2
deficient neurons had significantly smaller number of nucleoli [361]. Within the same study, the
authors hypothesized that the smaller neurons could be indicative of rDNA silencing by Mecp?2
deficiency, but the hypothesis was never tested nor proven by future studies. In a separate study,

Gabel et al., demonstrated decreased levels of 18S and 28S rRNA in mouse primary neurons in
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which Mecp2 was depleted by shRNA knockdown [362]. These observations were part of a study
in which the primary objective was to investigate the repression of long genes (>100kb) by MeCP2
in a DNA methylation-dependent manner [362]. In a separate study, aimed to analyze the globally
compromised transcription and protein translation in MECP2-deficient neurons, Li et al.,
demonstrated that 5.8S rRNA was also decreased. These studies used a human in vitro
experimental model in which neuronal cells derived from human embryonic stem cells with a loss-
of-function MECP2 allele [234]. Collectively, these studies hint towards rRNA regulation by

MeCP2.

1.10 Summary

MeCP2 is a multifunctional transcriptional regulator that is highly expressed in neurons
and is capable of recognizing and binding to methylated DNA [80]. Alternate splicing of the first
two exons of Mecp2/MECP?2 leads to the generation of two isoforms, MeCP2E1 and MeCP2E?2
[166,167]. Since the discovery of the two MeCP2 isoforms, further characterization of their
expression in the central nervous system and their functions had been hindered by the lack of
specific antibodies that can differentiate the isoforms. For the same reason, little is known about
the expression and localization within different neural cell types of the brain. In order to understand
the significance of MeCP2 functions and neurological disorders caused by loss or overexpression
of MeCP2, characterization of MeCP2 isoform-specific expression and localization patterns is

essential.

Loss-of-function/expression mutations in the MECP2 gene are the primary cause of RTT,
while increased expression (overexpression) of MECP2 through gene duplication leads to MDS.

Both diseases are neurological disorders which have no cure [178,207]. RTT is a
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neurodevelopmental disorder affecting mostly young females. MDS, on the other hand, occurs
almost exclusively in males [243]. Surprisingly, even with extremely different etiologies, the two
disorders exhibit many overlapping phenotypes [265]. This observation suggests that at least for a
subset of cellular processes, the net outcome of MECP2-deficiency and MECP2 overexpression
could be the same. However, such a central cellular process that is common to the two disorders

has not been identified to date.

Ribosomal RNA synthesis is a critical cellular process, essential for proper survival and
function of all cells, including neurons. The synthesis of rRNA occurs within the nucleoli which
are sites of active rDNA transcription and rRNA processing. The 45S pre-rRNAs generated by
rDNA transcription are processed to generate mature rRNAs (28S, 18S, and 5.8S), which are then
assembled into ribosomes along with ribosomal proteins. Regulation of rRNA synthesis occurs at
two stages, at the rDNA transcription and rRNA processing. Multiple epigenetic mechanisms
modulate rRNA synthesis, which is a tightly regulated process, controlled at multiple steps..
However, the role of MeCP2 in regulating neuronal rRNA synthesis and its relevance to MeCP2-

associated disorders is not yet fully investigated.

1.11 Rationale, Hypotheses, and Research Aims
1.11.1 Rationale

Despite the discovery of the second isoform of MeCP2 in 2004, endogenous protein
expression levels of MeCP2E1 and MeCP2E2 remained unexplored due to the absence of reagents
that could specifically detect the individual isoforms. Even though other groups had studied the
two MeCP2 isoforms at the transcript level, the question remained whether transcript levels

accurately reflect expression levels of the proteins. Furthermore, regulatory mechanisms that could
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affect individual MeCP2 isoforms at the protein level were also unexplored due to a lack of MeCP2
isoform-specific antibodies. Therefore, the development of MeCP2 isoform-specific antibodies
was a critical step in the advancement of MeCP2 research. Nonetheless, at the transcript level,
Mecp2el/MECP2E1 was shown to be expressed at much higher levels than Mecp2e2/MECP2E2
in mouse and human brain samples [167]. Moreover, deletion of Mecp2 specifically in mice
neurons was shown to be sufficient for the occurrence of RTT-like phenotypes [220]. Collectively,
these studies suggested that MeCP2 expression, presumably MeCP2E1, was critical for neuronal
function. However, abnormalities in astrocytes deficient of Mecp2 were also reported, and was
implicated in the etiology of RTT [363]. The individual contributions of neurons and glia towards
MDS are still unknown. As a primary step towards understanding the contribution of MeCP2
isoforms in the function of neurons and astrocytes, the development of MeCP2 isoform-specific

antibodies and subsequent expression studies in both cell types was essential.

MDS is one of the primary disorders associated with MeCP2 dysfunction. Behavioral
impairments caused by MECP2 duplication have been extensively characterized in human
patients, as well as primate and rodent animal models [364-366]. However, the molecular
mechanism underlying the MDS phenotype is poorly understood. MDS and RTT share many
phenotypes including mental retardation and autistic features which implies that there might be
cellular processes that are similarly affected in both disorders. Previous research studies have
reported that Mecp2/MECP2-deficient neurons have lower levels of mature rRNAs, in addition to
decreased protein synthesis [234]. Perturbations in rRNA biogenesis are increasingly being
associated with neurological disorders [367]. However, potential alterations in rRNA levels by

MeCP2 overexpression have not been investigated to date. In the current study, | examined the
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effect of MeCP2 overexpression on neuronal rRNA levels in vitro, as well as in vivo in a mouse

model of MDS.

1.11.2 Hypotheses
e The MeCP2EL1 isoform exhibits differential expression patterns and/or levels in
neurons, as compared to astrocytes.
e Overexpression of MECP2 changes the levels of precursor and mature rRNA levels

in primary neurons.

1.11.3 Research aims
Specific Aim 1. Analysis of MeCP2 isoform-specific expression in murine neural cells using
custom-made antibodies

Specific Aim 2. Determine the effects of MECP2 overexpression on rRNA levels in neurons
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Chapter 2: Materials and Methods

2.1 Ethics statement

Experiments were conducted in accordance with the standards of the Canadian Council on
Animal Care with the approval of the Office of Research Ethics at the University of Manitoba. All
experiments were conducted in accordance with animal experimentation guidelines (University of
Manitoba). All experimental procedures outlined here were reviewed and approved (protocol
numbers: 09-020/1, 09-020/1/2, 12-031, 12-031/1/2, 12-031/1/2/3) by the University of Manitoba

Bannatyne Campus Protocol Management and Review Committee.

2.2 MeCP2 isoform-specific antibody production

2.2.1 Peptide selection for antibody synthesis

Peptide selection was performed by Dr. Rastegar and her team, in consultation with
commercial companies. As the ultimate purpose of the MeCP2 antibodies generated was to study
expression and functions of human MeCP2, the human MeCP2 amino acid sequence was used to
identify a suitable peptide. Moreover, the human MeCP2E1 and MeCP2E2 amino acid sequences
are 94% and 95.3% similar to that of the mouse sequence, respectively, as determined by Pairwise
Sequence Alignment (PROTEIN) in EMBOSS Needle (Figure 2.1). This high percentage of
sequence similarity implicated its suitability in using the generated antibody in mouse model

systems as well.
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H-MeCP2E2 151 DPNDFDFTVIGRGSPSRREQKPPKKPKSPKAPGTGRGRGRPKGSGTTRPK 200
FEEEEErrrrr et e e e e e e e e el
M-MeCP2E2 151 DPNDFDFTVTIGRGSPSRREQKPPKKPKSPKAPGTGRGRGRPKGSGTGRPK 200
H-MeCP2E2 201 AATSEGVQVKRVLEKSPGKLLVKMPFQTSPGGKAEGGGATTSTQVMVIKR 250
FEotrrrrrrr et rr =t brr e b e e
M-MeCP2E2 201 AAASEGVQVKRVLEKSPGKLVVKMPFQASPGGKGEGGGATTSAQVMVIKR 250
H-MeCP2E2 251 PGRKRKAEADPQAIPKKRGRKPGSVVAAAAAEAKKKAVKESSIRSVQETV 300
FEEEEErrrrr et e e e e e e e e el
M-MeCP2E2 251 PGRKRKAEADPQAIPKKRGRKPGSVVAAAAAEAKKKAVKESSIRSVHETV 300
H-MeCP2E2 301 LPIKKRKTREIVSIEVKEVVKPLLVSTLGEKSGKGLKTCKSPGRKSKESS 350
CEEEEEEEErr et e e e e e e et e e
M-MeCP2E2 301 LPIKKRKTREIVSIEVKEVVKPLLVSTLGEKSGKGLKTCKSPGRKSKESS 350
H-MeCP2E2 351 PKGRSSSASSPPKKEHHHHHHHSESPKAPVPLLPPLPPPPPEPESSEDPT 400
RN N N R N R RN RN
M-MeCP2E2 351 PKGRSSSASSPPKKEHHHHHHHSESTKAPMPLLP--SPPPPEPESSEDPI 398
H-MeCP2E2 401 SPPEPQDLSSSVCKEEKMPRGGSLESDGCPKEPAKTQPAVATAATAAEKY 450
FEEEEErr st e e e e e e e e bbb e e b i
M-MeCP2E2 399 SPPEPQDLSSSICKEEKMPRGGSLESDGCPKEPAKTQPMVATTTTVAEKY 448
H-MeCP2E2 451 KHRGEGERKDIVSSSMPRPNREEPVDSRIPVTERVS 486
CEEEEEEE et et e e e e
M-MeCP2E2 449 KHRGEGERKDIVSSSMPRPNREEPVDSRIPVTERVS 484

Figure 2.1 Amino acid sequence alignments of human and mouse MeCP2 isoforms.

A) Alignment of human (H-MeCP2E1) and mouse MeCP2E1 (M-MeCP2E1). B) Alignment of
human (H-MeCP2E2) and mouse MeCP2E2 (M-MeCP2E2). Pairwise sequence alignment was
done by EMBOSS Needle in which Matrix: EBLOSUM62, Gap-penalty: 10.0, Extend-penalty:

0.5 were used.

In order to identify an epitope that was specific for MeCP2E1, we aligned the amino acid
sequences of the two isoforms using Pairwise Sequence Alignment (PROTEIN) in EMBOSS
Needle (Figure 2.2). There was a 96% similarity between the sequences. The two isoforms differ
by 21 unique N-terminal amino acids in MeCP2E1 and 9 unique N-terminal amino acids in
MeCP2E2. Therefore, in order to generate an antibody that was specific for MeCP2E1, the 21

amino acids MAAAAAAAPSGGGGGGEEERL was used for further analysis.
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H-MeCP2E1 1 MAAAAAAAPSGGGGGGEEERLEEKSEDQDLQGLKDKPLKFKKVKKDKKEE 50
B FEEEErr e et et
H-MeCP2E2 I MVAGMLGLREEKSEDQDLQGLKDKPLKFKKVKKDKKEE 38
H-MeCP2E1 51 KEGKHEPVQPSAHHSAEPAEAGKAETSEGSGSAPAVPEASASPKQRRSII 100
CErrrrrerrrrrrerrrrrr et e et et e
H-MeCP2E2 39 KEGKHEPVQPSAHHSAEPAEAGKAETSEGSGSAPAVPEASASPKQRRSII 88
H-MeCP2E1 101 RDRGPMYDDPTLPEGWTRKLKQRKSGRSAGKYDVYLINPQGKAFRSKVEL 150
CErrrrrerrrrrrerrrrrr et e et et e
H-MeCP2E2 89 RDRGPMYDDPTLPEGWTRKLKQRKSGRSAGKYDVYLINPQGKAFRSKVEL 138
H-MeCP2E1 151 IAYFEKVGDTSLDPNDFDFTVTGRGSPSRREQKPPKKPKSPKAPGTGRGR 200
A
H-MeCP2E2 139 IAYFEKVGDTSLDPNDFDFTVTGRGSPSRREQKPPKKPKSPKAPGTGRGR 188
H-MeCP2E1 201 GRPKGSGTTRPKAATSEGVQVKRVLEKSPGKLLVKMPFQTSPGGKAEGGG 250
A
H-MeCP2E2 189 GRPKGSGTTRPKAATSEGVQVKRVLEKSPGKLLVKMPFQTSPGGKAEGGG 238
H-MeCP2E1 251 ATTSTQVMVIKRPGRKRKAEADPQATPKKRGRKPGSVVAAAAAEAKKKAV 300
A
H-MeCP2E2 239 ATTSTQVMVIKRPGRKRKAEADPQATPKKRGRKPGSVVAAAAAEAKKKAV 288
H-MeCP2E1 301 KESSIRSVQETVLPIKKRKTRETVSIEVKEVVKPLLVSTLGEKSGKGLKT 350
A
H-MeCP2E2 289 KESSIRSVQETVLPIKKRKTRETVSIEVKEVVKPLLVSTLGEKSGKGLKT 338
H-MeCP2E1 351 CKSPGRKSKESSPKGRSSSASSPPKKEHHHHHHHSESPKAPVPLLPPLPP 400
A
H-MeCP2E2 339 CKSPGRKSKESSPKGRSSSASSPPKKEHHHHHHHSESPKAPVPLLPPLPP 388
H-MeCP2E1 401 PPPEPESSEDPTSPPEPQDLSSSVCKEEKMPRGGSLESDGCPKEPAKTQP 450
A
H-MeCP2E2 389 PPPEPESSEDPTSPPEPQDLSSSVCKEEKMPRGGSLESDGCPKEPAKTQP 438
H-MeCP2E1 451 AVATAATAAEKYKHRGEGERKDIVSSSMPRPNREEPVDSRTPVTERVS 498
N
H-MeCP2E2 439 AVATAATAAEKYKHRGEGERKDIVSSSMPRPNREEPVDSRTPVTERVS 486

Figure 2.2 Selection of peptide sequence for anti-MeCP2E1 and anti-MeCP2E2 antibodies.
Amino acid sequence alignment of human MeCP2E1 (H-MeCP2El1) and MeCP2E2 (H-
MeCP2E?2). Pairwise sequence alignment was done by EMBOSS Needle in which Matrix:

EBLOSUMG62, Gap-penalty: 10.0, Extend-penalty: 0.5 were used.
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Once the amino acids that determine the specificity of MeCP2E1 were identified, the

peptide sequence was selected by our lab. ThermoFisher Antigen Profiler Peptide Tool

(ThermoFisher Scientific) was used to determine which regions of the two MeCP2 isoforms could

be used to generate a potent antigen. The antigenicity of the sequences, based on scores displayed

by the antigen profiler peptide tool were determined using sequence length (10-20 amino acids),

amino acid composition (at least 4 distinct residues, even proportion of hydrophilic and

hydrophobic amino acids) (Table 2.1). Ultimately, the peptide sequences were chosen based on

their antigenicity score as well as their sequence conservation between humans and mice.

Table 2.1 Identification of peptide sequence for MeCP2 isoform-specific antibodies using
Antigen Profiler Peptide Tool

Peptide Sequence Antigen Profiler Score
MAAAAAAAPS 0.2

» AAAPSGGGGGGEEE 1.4

é PSGGGGGGEEERL 1.9

§ PSGGGGGGEEERLEEK
GGGEEERLEEK 4.6
MVAGMLGLR 1.7

g MVAGMLGLRE

% VAGMLGLREE
VAGMLGLREEKS

B io12 2025 EESSNs650

poor antigen «+——— excellent antigen
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2.2.2 Chicken anti-MeCP2E1 antibody generation

A peptide sequence from the N-terminus of the MeCP2EL1 isoform (GGGEEERLEEK) that
is conserved in mouse and human MeCP2 protein was selected as the antigen for polyclonal
antibody production in chicken. Peptide conjugation (KLH), antibody synthesis in chicken, and
affinity purification of the antibodies were done as a commercial service. Sera from chicken were
sent periodically to our lab to test for the presence of antibodies, which we tested using Western
Blots (WB), Immunocytochemistry (ICC) and using Immunohistochemistry (IHC) by another
member of our lab (Carl Olson). IgY molecules were purified from chicken egg yolks and anti-
MeCP2E1-specific immunoglobulins were isolated by peptide affinity purification by a company

as a paid service.

2.2.3 Rabbit anti-MeCP2E1 antibody generation

A peptide sequence from the N-terminus of MeCP2EL1 isoform (GGGEEERLEEK) that is
conserved in mouse and human MeCP2 protein was selected as the antigen for polyclonal antibody
production in rabbit. Peptide conjugation, antibody synthesis in rabbit, and affinity purification of
the antibodies were done as a commercial service. Sera from rabbit were sent periodically to our
lab to test for the presence of antibodies, which we tested using WB and ICC and using

Immunohistochemistry (IHC) by another member of our lab (Carl Olson)

2.2.4 Chicken anti-MeCP2E2 antibody development
Conserved sequences between human and mouse MeCP2 protein, in the N-termini of

MeCP2E2 (VAGMLGLREEKS) was selected as peptide antigen for polyclonal antibody
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production in chicken. The anti-MeCP2 isoform-specific immunoglobulins were isolated by
peptide affinity purification. Sera from chicken were sent periodically to test for antibody
generation to our lab, where we tested the antibody specificity using WB and ICC and using IHC
by another member of the Rastegar lab (Carl Olson). The IgY molecules were purified from
chicken egg yolks and anti-MeCP2E1-specific immunoglobulins were isolated by peptide affinity

purification by a company as a paid service.

2.3 Cell Culture

2.3.1 Culture and maintenance of cell lines

NIH3T3, HEK293T and Phoenix cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) Supplemented with 10% FBS (Fetal Bovine Serum) and 1% of an antibiotic
mixture containing 10,000 units of penicillin, 10,000 pg of streptomycin, and 29.2 mg/ml of L-
glutamine in a 10 mM citrate buffer (for pH stability). All cells were maintained in a humidified

chamber at 37°C in 5% CO2.

For passaging NIH3T3 and Phoenix cells, confluent cultures were washed once with
phosphate buffered saline (PBS), and incubated with 0.25% trypsin at 37°C for 1-2 minutes or
until the cells were visibly detached from the plate. The detached cells were centrifuged, and the
media was replaced with fresh media. Cells were then seeded onto new plates at 20-30%

confluence.

2.3.2 Primary cortical neuron isolation

The reagents used in this protocol are listed in Appendix A.
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Section 2.3.2.1 and 2.3.2.2 were performed by Mr. Carl Olson.

2.3.2.1 Embryo harvest and preparation

For dissection of mouse embryos (CD-1 strain), embryonic day (E) 18.5 pregnant females
were anesthetized by CO, and wiped with 70% ethanol to clear loose hair and dander. The pregnant
mice were then decapitated and the embryo sacs removed and placed in a 50ml conical tube
containing ice-cold PBS [Gibco]. The embryo sacs were then transferred to a sterile petri dish, and
individual embryos were separated. The embryos were subsequently decapitated and the separated

embryos were placed in a clean sterile petri dish containing ice-cold PBS.

2.3.2.2 Embryonic Forebrain dissection

The severed embryo heads were transferred to a sterile petri dish containing artificial
cerebrospinal fluid (ACSF) [2M NaCl, 1M KCI, 1M MgCl,, 155mM NaHCO3z, 1M Glucose,
108mM CaCl, and 1X antibiotic/antimycotic]. The heads were oriented in an upright position
secured firmly by piercing the eyes and clasping the snout with one forcep. The scalp of the head
was then peeled back from the snout to the back of the head. Subsequently, a lateral cut was made
at the base of the skull and the skull was snipped along the midline from the back, cut to the snout,
and removed. The brain was then gently removed from the skull cavity, and securely held by the
hind brain. Subsequently, the olfactory bulb, hippocampal formation, and meninges were excised,

and the cortices were separated and transferred to a conical tube containing fresh ACSF.

2.3.2.3 Coating plates for neuron seeding
For coating the plates, 1% v/v of Poly-D-Lysine (dissolved in water) [BD Biosciences] was

added to each well (500pl per 24 well and 1ml per 6 well), and incubated for 1-2 hours (h) in a
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sterile cell/tissue culture hood. Afterwards, the coating solution was aspirated, the plates washed

once with sterile water and left for drying.

2.3.2.4 Dissociation, plating and initial culturing of the cortices

The ACSF from the dissected cortices were aspirated and 3 ml of heat-activated papain
[Worthington] solution was added to the cells, along with 400 pl of 0.1% Deoxyribonuclease
(DNase) solution [Sigma], for tissue digestion. The cortices were incubated with papain-DNase
solution for 20 minutes (min) at 37°C, with periodic mixing. After 20 min, the papain action was
halted with 300l of 10/10 solution [a mixture of ovomucoid and Bovine Serum Albumin (BSA)],
and centrifuged (1000 rpm) for 3 min. The supernatant was aspirated gently with a glass pipette.
Subsequently, three ml of 1/10 solution (1/10" of the 10/10 solution of ovomucoid and BSA) and
600-800ul of DNase was added to the digested tissue and cells were dissociated mechanically, first
with a 1000p filter-tip pipette and then with a glass Pasteur pipette, till no cell clumps could be
seen. The dissociated cells were then overlayered above an equal volume of 10/10 solution and
centrifuged (1000 rpm) for 5 min. The supernatant was aspirated gently with a P1000 pipette and
resuspended in Neurobasal media [Gibco] containing B27 supplement [Gibco] as described
previously [151]. The cells were counted using a hemocytometer and seeded at specific densities
onto appropriate cell-culture compatible dishes, coated as described in in 2.3.3.3. The seeding
densities for a 10 cm? plate was 12 x 10° cells and scaled according to the plate size. Cells were

also seeded on coverslips in 24-well plates for ICC.

2.3.2.5 Maintenance of primary neuron culture
The seeded cells were left in the original plating media for the first 72 h. On the fourth day,
50% of the media was removed and replaced with neuronal selection media which is the plating

media supplemented with Cytosine Arabinoside (CA) (0.07% final CA concentration). CA is used
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to inhibit the growth of proliferating cells such as glia and thereby select for a neuronal population
[368]. After 48h, the media was replaced to CA-free plating media. Cells were harvested 7 days

after the initial isolation [151].

2.3.3 Primary cortical astrocytes isolation and culture

Embryo harvest and preparation, forebrain dissection (under cold light dissecting
microscope) were performed using identical steps as outlined in Section 2.3.2.1 and 2.3.2.2 by Mr.
Carl Olson. Coating of plates before cell seeding was also performed as described in section

2.3.2.3.

2.3.3.1 Dissociation, plating and initial culturing of the cortices

The dissected cortices were transferred to a tube containing 1ml papain and 1mi
DNase, and incubated at 37°C for 10 min followed by centrifugation (1000 rpm) for 5 min. The
supernatant was aspirated gently with a pipette and the digested tissue was resuspended in 2 ml of
media, which consisted of Minimum Essential Medium (MEM) with 10% FBS. The cells were
then dissociated mechanically with a 1ml pipette tip and subsequently with a Pasteur pipette, till
no cell clumps could be seen. The dissociated cells were then further resuspended in 15-25 ml of
media before being counted using a hemocytometer. Cells were subsequently seeded onto Poly-
D-lysine coated plates at a density of 2.4 x 108 cells in 10 cm? plates and scaled appropriately for

other dishes. Cells were also cultured on coverslips in 24-well plates for ICC.
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2.3.3.2 Maintenance of primary astrocyte culture

Culture media (MEM with 10% FBS) was replaced every 72 h. Five days after isolation,
the dishes were agitated manually for 20 seconds to mechanically detach the microglia population.
After agitation, the media containing microglia was aspirated and replaced with fresh culture

media. Astrocyte cultures were harvested 14 days after isolation [369].

2.4 Lentiviral Transduction
2.4.1 Plasmid amplification and purification

Vectors for lentiviral packaging proteins rev, tat, gag/pol and vsv-g were a gift from Dr.
James Ellis (University of Toronto), reported by Rastegar et al., (2009) [151]. For plasmid
amplification, the vectors were transformed into competent DH5a bacterial cells [ThermoFisher].
One microliter of plasmid was incubated with 30pl of DH5a. competent cells on ice for 10 min.
Afterwards, the cells were exposed to a heatshock by incubation at 42°C for 45 seconds, followed
by incubation on ice for 10 min. Subsequently, 250ul of Super Optimal broth with Catabolite
repression (SOC) media was added to the plasmid-DH5a mix and incubated for 1 hour at 37°C.
The cells were then plated onto agar plates containing selective antibiotic (Ampicillin at 100pg/ml)
and incubated overnight at 37°C, along with a negative control plate with mock-transformed DHS5a
cells. After overnight incubation, individual colonies were isolated and subcultured into 3-6 ml
Luria-Bertani (LB) broth containing the appropriate antibiotic and incubated with shaking at 37°C
for 6-8 h. These subcultures were used to prepare glycerol stocks for long-term plasmid storage or

to inoculate larger cultures for plasmid isolation.

Plasmid isolations were performed using Qiagen MIDI prep Kits (Qiagen, 12143),

according to manufacturer’s instructions [370]. Purified plasmids were quantified using a

74



Chapter 2

Nanodrop spectrophotometer. The identity of the plasmids were confirmed after the purification

process using diagnostic digests with specific restriction enzymes.

2.4.2 Generation of lentiviral particles

HEK?293T cells were cultured in T-75 plates at a seeding density of 7.5x108 cells in DMEM
medium containing 10% FBS one day before the transfection of viral vectors. Plasmids encoding
rev, tat, gag/pol and vsv-g along with individual overexpression complementary DNA (cDNA)
encoding vectors were transfected into HEK293T cells in T-75 plates for the generation of
lentiviral particles. After 24h, cells were transfected using Lipofectamine 2000 (Life
Technologies) with 10 pg of rev, tat, gag/pol and 5 pg of vsv-g along with 15 g of the respective
cDNA encoding vectors used for overexpression (MECP2E1, MECP2E2, EGFP). Culture media
was changed 16h after initial transfection and replaced with Neurobasal media containing B27
supplement. Viruses were collected 48h later. The viruses were filtered through 0.45 um pore
filters to exclude cell debris before addition to neurons. Polybrene (Sigma) was added to the virus

at a concentration of 0.6 pug/ml to enhance transduction efficiency.

2.4.3 Transduction of primary neurons

Primary neurons were cultured as described in section 2.3.4. Three days after isolation of
neurons, neurons were transduced with lentiviral particles. The viral particles are incubated with
the cells for 12h before media replacement (ratio of virus to fresh media was 1:7). Transduced

cells were harvested 96h after transduction for downstream analysis.
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2.5 Retroviral Transduction
2.5.1 Plasmid amplification and purification

Retroviral vectors [Retro-EFla-E1 (expressing MECP2E1) and Retro-EF1a-E2
(expressing MECP2E2)] vectors were a kind gift from Ellis Lab, University of Toronto. The

retroviral plasmids were amplified and purified using the same protocol as detailed in section 2.4.1

2.5.2 Generation of retroviral particles
Retroviral vectors were transfected into Phoenix retroviral packaging cells using
Lipofectamine 2000 (Invitrogen) and 8 ug of retroviral DNA for the generation of retroviral

particles.

2.5.3 Transduction of NIH3T3 cells

Phoenix cell culture supernatants containing retroviral particles were harvested at
48 hours (h) post-transfections. The Phoenix cell culture supernatant containing the virus was
centrifuged, and the supernatant was filtered with 0.45um filter to remove cell debris. NIH3T3
cells were infected overnight with freshly made virus (1:1 virus: media fresh media) in the presence
of 6 pug/ml Polybrene (Sigma). The virus was removed the next day and the cells were plated in

fresh media. NIH3T3 cells were harvested 72 hours after initial transduction.

2.6 Immunocytochemistry (ICC)

2.6.1 Fixation of cells
Cells were cultured on coverslips in 24-well plates as described in sections 2.3.1, 2.3.4 and

2.3.5. Cells were washed twice with PBS to remove debris and remnant media. Cells were then
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fixed with 4% paraformaldehyde [PFA (Electron Microscopy Sciences)], for 10 min, on ice.
Subsequently, cells were washed three times with PBS, at intervals of 5 min. After the final wash

step, cells were stored in PBS at 4°C.

2.6.2 Primary/Secondary antibody addition

Fixed cells were permeabilized with 2% NP-40 in PBS for 10 min, followed by preblocking
with 10% (v/v) Normal Goat Serum (NGS, Jackson Immunoresearch Laboratories Inc., 005-000-
121) in PBS for 1 h. Primary antibodies were diluted in PBS with 10% NGS as specified in Table
2.2. Cells were then incubated with primary antibodies overnight at 4°C followed by three washes
with PBS. Secondary antibodies diluted in 10% NGS were added to the cells for 1 h, followed by
three washes with PBS, five minutes each. Coverslips were mounted on glass slides with Prolong
Gold antifade (Molecular Probes, P36930) containing 2 pg/ml 4',6-diamidino-2-phenylindole
(DAPI) (Calbiochem, EMD Millipore, 268298) counter-stain. The primary and secondary

antibodies used in this study are shown in Table 2.2 and Table 2.3.
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Table 2.2 Primary antibodies used in ICC, WB and ChIP

Primary Antibody | Application/Dilution Description Source
WB - 1:1000
MeCP2 (C-terminal) Rabbit polyclonal Millipore, 07-013
ICC - 1:200
Beta () ACTIN WB - 1:2500 Mouse monoclonal | Sigma, A2228
GAPDH WB - 1:500 Rabbit polyclonal | Santa Cruz, Sc-25778
GFAP ICC - 1:200 Mouse monoclonal | Invitrogen, 421262
Beta () TUBULIN
ICC - 1:200 Mouse monoclonal | Chemicon, MAB1637
I (TUB I1I)
Beta () TUBULIN
ICC - 1,200 Chicken polyclonal | Millipore, AB9354
I (TUB I1I)
WB - 1:500
UBF ICC - 1:200 Mouse monoclonal | Santa Cruz, SC-13125
ChlIP - 5ug
WB - 2ug/mi
MeCP2E1 Chicken polyclonal | Custom-made [1]
ICC - 1:100
WB - 1:1000
MeCP2E1 Rabbit polyclonal | Custom-made[2]
ICC - 1:200
WB - 3ug/mi
MeCP2E2 Chicken polyclonal | Custom-made [2]
ICC - 1:200
5mC ICC - 1:100 Mouse monoclonal | Abcam, ab10805
EGFP ICC - 1:200 Mouse monoclonal | Millipore, MAB3580
MeCP2 ChlIP - 5ug Rabbit polyclonal | Abcam, ab2828
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Nucleolin ICC —1:200 Rabbit polyclonal | Abcam, ab22758
H3K9me2 ICC - 1:200 Mouse monoclonal | Abcam, ab1298
H3K9me ICC - 1:200 Rabbit polyclonal | Abcam, ab9045
H3K27me3 ICC - 1:200 Mouse monoclonal | Abcam, ab6002
H4K20me3 ICC - 1:200 Rabbit polyclonal | Abcam, ab9053

Table 2.3 Secondary antibodies used in ICC and WB

Secondary Antibody

Application/Dilution

Source

Rhodamine Red-X conjugated ICC - 1:400 Jackson Immunoresearch, 115-
goat anti-mouse IgG 259-146

Alexa Fluor 594 conjugated ICC - 1:2000 Invitrogen, 987237

donkey anti-mouse 1gG

Alexa Fluor 448 conjugated ICC - 1:2000 Invitrogen, 913921

donkey anti-rabbit IgG

Peroxidase-AffiniPure goat anti- | WB 1:7500 Jackson ImmunoResearch 115-
mouse IgG 035-174

Peroxidase-AffiniPure donkey WB 1:7500 Jackson ImmunoResearch 711-
anti-rabbit 1gG 035-152

Dylight 649 conjugated goat anti- | ICC - 1:400 Jackson Immunoresearch, 103-
chicken IgY 485-155

Rhodamine Red-X conjugated ICC - 1:400 Jackson Immunoresearch, 103-
goat anti-chicken IgY 295-155
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Peroxidase-AffiniPure goat anti- | WB 1:5000 Jackson ImmunoResearch 103-
chicken IgY 035-155

Rhodamine Red-X goat anti- ICC - 1:400 Jackson ImmunoResearch 111-
rabbit 19G 295-144

Alexa 488 goat anti mouse 19G ICC - 1:400 Invitrogen, A11017

Alexa 488 goat anti rabbit IgG ICC - 1:400 Invitrogen, A11034

For visualization of 5mC signals, cells were exposed to 4N HCI for 10 min, neutralized
with 100 mM Tris-HCI (pH 8.5) for 15 minutes and washed three times with PBS before addition
of primary antibodies, based on previous reports [371]. The cells were further treated with 200mM

Tris-HCI for 10 min before resuming the blocking step of the aforementioned protocol.

2.6.3 Imaging

Fluorescence-based images were collected using an Axio Observer Z1 inverted microscope
equipped with an Axiocam MRm camera and LSM710 confocal microscope (Carl Zeiss Canada
Ltd.). All images were collected using a 10X lens [Numerical Aperture (NA) =0.3)], 40X lens (NA
= 0.95) or 63X oil-immersion lens (NA=1.4). Images were captured using Zen Blue 2011, 2012
and Zen Black 2011 (Carl Zeiss Canada Ltd.) software. Data compilation from the images were

done using Adobe Photoshop C5 and Adobe Illustrator C5.

2.6.4 Quantification of nuclear and nucleolar size
At least 30 cells per biological replicate were imaged for a total of three biological

replicates (processed at the same time). The images were converted to TIFF files and opened in

80



Chapter 2

Image J for analysis. For image scaling in ImageJ program, 0.102 um was set equal to one pixel.
The image color was adjusted to pick up accurate size of either the nucleus or the nucleoli stained
with DAPI and anti-Nucleolin, respectively. The tracing tool (wand) was used to select the margins
of each nucleus and nucleolus and then using ROl manager of the ImageJ software, areas of each
nucleus and nucleolus were captured. Once the sizes were obtained, the average size, nucleolar
size/nuclear size, nucleoli number per cell (nucleolar coefficient) were calculated using Microsoft
Excel. GraphPad Prism was used to draw frequency distribution histograms using different bin

sizes (categories).

2.7 Western blot

2.7.1 Extraction and quantification of total cell lysates and nuclear fractions

Total cell lysates were prepared for the comparison of MeCP2E1 levels between primary
neurons and astrocytes and antibody validation experiments used Phoenix cells [1], as described
previously [151,372]. The salt shock total cell extraction buffer was utilized in this protocol
(Appendix A3) [464]. Briefly, cell pellets were washed in PBS. Then, lysis buffer was added to
the cell pellet and vortexed until homogenized. The cell lysate was kept in ice for 20-30 mins. The
cell lysate was then centrifuged (13,000 rpm) for 2 mins at 4°C and the supernatant was transferred

to pre-chilled Eppendorf tubes for storage at -80°C and subsequent use.

The nuclear protein fraction was isolated using the NE-PER Nuclear and Cytoplasmic
Extraction Kit [Thermo Scientific, Cat. No. 78833], following the manufacturer’s instructions
[373]. Briefly, frozen cell pellets were initially lysed in ice-cold Cytoplasmic Extraction Reagent
I, by vigorously vortexing the pellet for 15 seconds followed by incubation for 10 min on ice. Ice-
cold Cytoplasmic Extraction Reagent Il was added and the cells were further incubated for 1

minute before centrifugation at 16,000g for 5 min. At this stage, the supernatant containing the
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cytoplasmic fraction was transferred to another tube. The pellet, in turn was resuspended in ice-
cold Nuclear Extraction Reagent Il containing protease inhibitors (Roche), and vortexed for 15
seconds, every 10 min, for four rounds. Subsequently, the suspension was centrifuged at 16,0009
for 10 min. The supernatant, containing the nuclear extract, was aliquoted and stored at -80°C until

further use. Nucleolar protein extracts were isolated using a previously reported protocol [374].

Protein samples were quantified by Bradford assay using Bio-Rad Protein Assay Dye
Reagent [Bio-Rad #5000006] using the manufacturer’s instructions [375]. Briefly, diluted or
undiluted samples were mixed with recommended amount of dye reagent and the absorbance
values were captured using a spectrophotometer [SpectraMax M2e, Molecular Devices]. The
absorbance values of the samples were compared against a standard curve generated by assaying
five known concentrations of BSA using the same dye reagent. Final protein concentrations were

calculated using Softmax Pro 5.3.

2.7.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and WB
Proteins were separated based on their molecular weight by SDS-PAGE. Electrophoresis
was performed under denaturing conditions, using a 10% polyacrylamide resolving gel (0.375M
Tris-HCL (pH 8.8), 0.1% SDS, 0.1% ammonium-persulfate, 0.0004% TEMED) and a 4% stacking
gel (0.125M Tris-HCI (pH 6.8), 0.1% SDS, 0.05% ammonium-persulfate, 0.001% TEMED) in a
Bio-rad Mini protean 3 apparatus. Samples were mixed with loading buffer (50 mM Tris-HCL pH
8.0, 2%SDS, 10% glycerol, 1% p-Mercaptoethanol, 12.5 mM EDTA and 0.02% bromophenol
blue) and kept at 100°C for 5 min before loading. SDS-PAGE was performed at 100V at 4°C for
5 h in running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3). The separated proteins
were subsequently transferred to a nitrocellulose membrane in transfer buffer (192 mM glycine,

25 mM Tris, 0.05% SDS, 20% methanol), at 100V in a 4°C cold room. Membranes were blocked
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for 1-3 h at room temperature with non-fat skim milk (3%) dissolved in tris-buffered saline (TBS)
solution with the 0.2% detergent Tween 20 (TBST) and incubated with primary antibodies

overnight at 4°C.

2.7.3 Development of blots and quantification of signal intensity

After primary incubation, membranes were rinsed twice with 0.2% TBST and subsequently
washed with 0.2% TBST three times, for 20 min intervals. At this stage, membranes were
incubated with appropriate secondary antibodies for 1 h at room temperature. Once again,
membranes were rinsed twice with 0.2% TBST and subsequently washed with 0.2% TBST three
times, for 20 min intervals. After the final wash, membranes were exposed to Chemiluminescent
HRP Substrate (ECL) [Millipore] and the signals were captured using a Biorad Universal Hood 11
Chemidoc imaging system. Signal intensity quantifications were performed using Image Lab
Software. Primary and secondary antibodies used for WB are listed in the Table 2.2 and Table

2.3, respectively.

Quantification of detected bands was done with Adobe Photoshop CS5 software. The signals
for test MeCP2 were normalized to ACTIN signals. Student’s t-test was used to analyze the

significance of MeCP2 protein levels between samples.

2.8 Quantitative reverse transcription real-time PCR (QRT-PCR)
Total RNA were extracted using RNeasy Mini Kit (Qiagen Canada Inc., 74134) and converted
to cDNA using Superscript 111 Reverse Transcriptase (Life Technologies Inc., 18080-044), as

reported previously [3-5]. Quantitative RT-PCR was carried out as described previously using
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SYBR Green-based RT? qPCR Master Mix (Applied Biosystems, 4367659) in a Fast 7500 Real-

Time PCR machine (Applied Biosystems). Transcript levels of all genes were examined using the

gene specific primers listed in Table 2.4.

The threshold cycle value (Ct) for each gene was normalized against the housekeeping gene
Gapdh to obtain ACt values for each sample. Relative quantification of gene expression was
carried out by calculating 272t of each sample as outlined below. Fold changes with respect to

control were calculated as outlined below. Analysis was performed using Microsoft Excel 2010

and GraphPad Prism 6.0.

Calculation of ACt

ACt = Ct(Gene of Interest) — Ct(Gapdh)

Calculation of relative expression

Relative expression = 274¢t

Calculation of fold change for MECP2 overexpression

Fold change =

[27AC Test
[2=ACt]Control

Calculation of fold change for MDS mice brain

Fold change =

[2 —ACt] Tg 1
[z—ACt] WT

Table 2.4 Primers used for gRT-PCR experiments

Gene/Locus Primer Sequence Reference
5°-3)
Mouse (Ms) Forward primer | AGGAGAGACTGGAGGAAAAGTC | [166]
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Reverse primer | AATACAGGATCCTCAGCTAACTC
Mecp2el
Ms Mecp2e2 | Forward primer | CTCACCAGTTCCTGCTTTGATGT | [166]

Reverse primer | AATACAGGATCCTCAGCTAACTC

Human (Hu) | Forward primer | AGGAGAGACTGGAAGAAAAGTC | [376]
MECP2E1

Reverse primer | CTTGAGGGGTTTGTCCTTGA

Hu MECP2E2 | Forward primer | CTCACCAGTTCCTGCTTTGATGT | [376]

Reverse primer | CTTGAGGGGTTTGTCCTTGA

Ms Forward primer | GAGAGTCCCGAGTACTTCAC [377]
45S pre-rRNA

Reverse primer | GGAGAAACAAGCGAGATAGG

Ms 28S rRNA | Forward primer | AGAGGTAAACGGGTGGGGTC [378]

Reverse primer | GGGGTCGGGAGGAACGG

Ms 18S rRNA | Forward primer | GATGGTAGTCGCCGTGCC [378]

Reverse primer | GCCTGCTGCCTTCCTTGG

cMYC Forward primer | CGGCCGCAGAAAAGTACAAAC [379]

Reverse primer | CAGATCCTCTTCTGAGATGAG

Gapdh Forward primer | AACGACCCCTTCATTGAC [380]

Reverse primer | TCCACGACATACTCAGCAC

sspmma —  vos K - N - I -

Figure 2.3 Primer locations for 45S pre-rRNA, 18S rRNA and 28S rRNA. Schematic not to
scale.
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2.9 Chromatin immunoprecipitation (ChlP) and quantitative real-time PCR (qPCR)

ChIP experiments were performed using the EZ-ChIP kit from Millipore with minor
modifications based on our previous studies [6-9]. All reagents for the protocol were provided and
used from the kit, unless otherwise specified. Briefly, 0.5 x 10°® neurons cultured for 7 days were
crosslinked by addition of 1% formaldehyde [EMD] for 10 minutes. At the end of 10 minutes,
unreacted formaldehyde was quenched by addition of 1X Glycine for 5 min. The fixed cells were
then washed twice with 10 ml of ice-cold PBS. Cells were scraped in 1 ml of PBS and centrifuged
at 700 x g at 4°C for 2-5 min to pellet the cells. The pelleted cells were subsequently lysed by the
addition of SDS Lysis Buffer (1% SDS, 10mM EDTA and 50mM Tris, pH 8.1) containing a
protease inhibitor cocktail. Lysed cells were subsequently sonicated using a Sonics Vibracell
sonicator with a 3mm probe [10 x 15 sec pulses at 30% amplitude] to produce fragments between
200 and 600bp. The sonicated cells were centrifuged at 12,000 x g at 4°C for 10 minutes to remove
insoluble material. The supernatants were transferred to fresh tubes in a volume equivalent to 0.5
x 106 cells. Subsequently, dilution buffer (0.01% SDS, 1.1% Triton X- 100, 1.2mM EDTA,
16.7mM Tris-HCI, pH 8.1, 167mM NaCl) containing a protease inhibitor cocktail was added to
the sonicated cells. Chromatin was precleared (removal of DNA or proteins that may bind non-
specifically to the Protein G agarose) by addition of 60 pL of Protein G Agarose and incubation at
4°C for 1 hour. After preclearing, the agarose was removed by centrifugation at 3000-5000 x g for
1 minute and removal of supernatant to a fresh tube. 10 pl (1%) of the supernatant was removed
and kept at 4°C as input. The remaining chromatin was incubated overnight at 4°C with 5ug of
antibodies against either MeCP2 (Ab2828, Abcam), UBF (SC-13125, Santa Cruz) or isotype-

specific IgG (negative control antibody).
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The antibody/antigen/DNA complex was collected by addition of Protein G Agarose and
incubation at 4°C for one hour and removal of the supernatant by centrifugation at 3000-5000 x g
for 1 minute. The Protein G Agarose-antibody/chromatin complex were then washed in 4 different
buffers, a) Low Salt Immune Complex Wash Buffer [0.1% SDS, 1% Triton X-100, 2mM EDTA,
20mM Tris-HCI, pH 8.1, 150mM NacCl], b) High Salt Immune Complex Wash Buffer [0.1% SDS,
1% Triton X-100, 2mM EDTA, 20mM Tris-HCI, pH 8.1, 500mM NaCl.], ¢) LiCl Immune
Complex Wash Buffer [0.25M LiCl, 1% IGEPAL CA630, 1% deoxycholic acid (sodium salt),
1mM EDTA, 10mM Tris, pH 8.1.], and d) TE Buffer [LOmM Tris-HCI, pH 8.0, ImM EDTA]. The
washes were done by suspending the Protein G Agarose-antibody/chromatin complex in individual
buffers, incubating for 3-5 minutes on a rotating platform followed by centrifugation at 3000-5000
x g for 1 minute and careful removal of the supernatant fraction. Protein/DNA complexes from
immunoprecipitated samples and input samples were eluted twice by the addition of elution buffer
(20% SDS and 1 M NaHCO3) and incubation at room temperature for 15 minutes. The Protein G
Agarose samples were removed by centrifugation at 3000-5000 x g for 1 minute and supernatant
collected to fresh chilled tubes. The crosslinks of protein/DNA complexes were reversed to free
DNA by three sequential steps: a) addition of 8 ul 5 M NaCl and incubation at 65°C for 4-5 hours,
b) addition of 1 pul RNase A and incubation at 37°C for 30 minutes, and c) addition of 4 pl 0.5M

EDTA, 8 ul 1M Tris-HCI and 1 pl Proteinase K to each tube and incubate at 45°C for 1-2 hours.

DNA was purified using spin columns and assayed by qPCR using primers for the promoter
sequences [Upstream Control Element (UCE)] of rDNA. As positive controls for ChlP experiments
with MeCP2, PCR of the Major satellite markers (MSP) was included while for ChIP experiments
with UBF, PCR of the same rDNA UCE region was used. The primers used in ChIP-qPCR

experiments are shown in Table 2.5.
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Table 2.5 Primers used for ChIP-qgPCR experiments

Gene/Locus Primer Sequence (5" -3") Ref.

rDNA UCE Forward primer | AGTTGTTCCTTTGAGGTCCGGT [381]
Reverse primer | AGGAAAGTGACAGGCCACAGAG

Major Satellite Forward primer | GGCGAGAAAACTGAAAATCACG [382]

Marker (MSP) Reverse primer | AGGTCCTTCAGTGTGCATTTC

Beta-Actin Forward primer | AAAATGCTGCACTGTGCGGCGA [383]

(Promoter) Reverse primer | GGACGCGACTCGACAGTGGCTG

Beta-Actin Forward primer | AGAGGGAAATCGTGCGTGAC [384]

(Coding Region) Reverse primer | CAATAGTGATGACCTGGCCGT

Gapdh Forward primer | AACGACCCCTTCATTGAC [380]

(Coding Region) Reverse primer | TCCACGACATACTCAGCAC

2.9.1 Calculation of ChlIP percentage input.

The calculations of percentage input were adapted from the guidelines detailed in the

ThermoFisher website [342]. Briefly, the Ct values of the Input was initially adjusted to 100% by

subtracting the dilution factor [1000 or 9.965784 cycles (i.e., log2 of 1000)] from the raw input

Ct. The percentage input values were subsequently calculated based on the equations shown below.

ACt = Ctiagjustea inputy — Ctap)

Percentage input = 24¢t x 100
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2.10 ChIP-CHOP Assay

The ChIP-CHOP assay was done to determine the percentage DNA methylation of the
rDNA promoter DNA bound by MeCP2. It was performed as described elsewhere with
modifications [385]. Briefly, ChIP experiments of control neurons were carried out with either
MeCP2 or UBF. Genomic DNA bound to either MeCP2 or UBF was collected and 1pg of DNA
digested with Hpall enzyme. As a control, undigested samples were used. The undigested (UD)
and digested (D) DNA were subsequently subjected to gRT-PCR with primers encompassing the
CpG-143 of the rDNA promoter. DNA methylation was assessed based on Hpall resistance, which
allows for amplification of the targeted region. CpG methylation levels are measured by gRT-
PCR, using a sets of primers that encompasses the CpG-143, with Hpall restriction site (-165 to -
1). The primer sequences are listed in Table 2.6. The methylation of the CpG site was calculated

as resistance to Hpall (percentage input) as shown in the equation below.

Difference between undigested sample (UD) and digested with Hpall sample (D)
ACt = Ct(UD) - Ct(D)

Resistance to Hpall (Percentage input) = 24¢¢ x 100

Table 2.6 Primers used for ChIP-CHOP experiments
Gene/Locus Primer Sequence (5" -3") Reference
Forward primer GACCAGTTGTTCCTTTGAGG [385]
Reverse primer ACCTATCTCCAGGTCCAATA
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Figure 2.3 Schematic representation of ChIP-ChOP Assay

2.11 CHOP assay

The CHOP assay was done to determine the percentage DNA methylation of the rDNA
promoter as described in section 2.9, but excluding the ChIP step. Briefly, genomic DNA was
extracted from transduced neurons and 1pg of DNA was digested with Hpall enzyme. Undigested
samples were used as a control. The undigested (UD) and digested (D) DNA were subsequently
subjected to gRT-PCR with primers encompassing the CpG-143. DNA methylation was assessed
based on Hpall resistance, which allows for amplification of the targeted region. CpG methylation
levels are measured by gRT-PCR, using a sets of primers that encompasses the CpG-143, with
Hpall restriction site (-165 to -1). (Table 2.6). The resistance to Hpall was calculated as shown in

the equation in section 2.9.
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2.12 MeCP2 ChlPseq data mining using CistromeDB

CistromeDB dataset browser (http://cistrome.org/db/#/) was used to access the publicly

available ChIPseq data for MeCP2. MeCP2 ChlPseq datasets utilized and the references are shown

in Table 2.7.
Table 2.7 ChlPseq datasets analyzed from CistromeDB
ChlPseq antibody Cell/tissue type Accession number Reference
5hmC ESC 53977 [386]
MeCP2 Neurons 53892 [387]
ESC 58774 [387]
Cerebellum 3611 [185]

The ChlIPseq data accessed from each dataset was then opened in UCSC Genome Browser

on Mouse Dec. 2011 (GRCm38/mm10) Assembly (http://genome.ucsc.edu/). The binding of

MeCP2 to rDNA was detected using the link for the UCSC gene Mus musculus 45S pre-ribosomal
RNA (Rn45s), ribosomal RNA [Rn45s (uc012ath.2)] at chr17:39842997-39848829. All ChlPseq

data were assembled and labelled in Adobe Illustrator.

2.13 Statistical analysis

The statistical analysis for all the studies outlined here were done as reported previously
[1,2,151,155,156,380]. GraphPad Prism software was used to generate all graphs and perform
statistical analyses. All the graphs represent the average of either N= 3 or 4 unless otherwise

specified. Error bars indicate standard error of the mean (SEM). For MECP2 overexpression
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studies, one-way ANOVA was performed. For the mouse model of MDS, Student’s t-test
performed for each brain region. Statistical significance was determined using p<0.05*, p<0.01**,
p<0.001***, and p<0.0001****. Differences showing p<0.05 were considered statistically

significant.
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Chapter 3: Analysis of Mecp2 Isoform-Specific Expression in Murine Neural

Cells Using Custom-Made Antibodies

3.1 Background

In the present chapter, | have detailed the validation of custom-made antibodies that were
generated to detect MeCP2E1 and MeCP2E2 separately. Until 2004, only one MeCP2 isoform
(MeCP2E2) was known [166,167]. The second isoform (MeCP2E1) was discovered primarily
through bioinformatic analysis of expressed sequence tags (EST), and transcript level studies
[166,167]. The localization patterns of the two isoforms were determined by overexpression in a
mouse fibroblast cell line [167]. Subsequent studies also focused on the characterization of the two
MECP2/Mecp2 isoforms only at the transcript levels [179]. A major obstacle towards the
investigation of MeCP2E1 and MeCP2E2 at the protein level was the lack of antibodies that could
distinguish between the two isoforms. Commercial anti-MeCP2 antibodies that were available at
that time were generated against the C-terminal end of the protein and thus would recognize both
isoforms. These limitations hindered the analysis of the endogenous expression patterns of the two
MeCP2 isoforms. In an attempt to address this caveat, we generated and validated MeCP2 isoform-
specific antibodies. I also utilized these antibodies to investigate the expression patterns of the two
isoforms in primary neural cells isolated from of the embryonic mouse brain. These antibodies
were utilized for in vivo studies in the developing and adult mouse brain and in an in vitro model

of neural stem cell differentiation by members of the Rastegar Lab [1,2,156,388] .
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3.2 General model for testing antibody specificity

The peptides for the generation of the custom-made antibodies were designed within the
Rastegar lab. Specific peptides were synthesized and used to generate rabbit and chicken MeCP2
isoform-specific antibodies commercially. At various stages of antibody production, sera from the
animals were sent to our lab to verify the presence of antibodies by WB, ICC, and IHC techniques.
In order to minimize data redundancy, only the experiments validating the specificity of the final

purified antibodies have been included in the thesis.

For the analysis of purified antibodies by WB, Phoenix cells transfected with retroviral
vectors containing individual MeCP2 isoforms were utilized. Phoenix cells are retroviral
packaging cell lines used for the synthesis of retroviral vectors. Importantly, Phoenix cells lack
endogenous MeCP2 expression (based on our own observations). The retroviral vectors (Retro-
EFla-MECP2EL, and Retro-EF1a-MECP2E?2) and Phoenix cells reported by Rastegar et al. [151],
were made available by Dr. James Ellis, University of Toronto. Sera obtained during antibody
production were tested on western blot membranes containing Phoenix cell protein lysates
overexpressing MECP2E1 or MECP2E2. Both MECP2 vectors had a C-MY C tag at the C-terminal
end of the overexpressed protein, therefore detection of C-MYC was performed to confirm the
presence of the transgene in transfected cells. Anti-MeCP2 isoform specificity was validated by

WB based on three criteria:

1. Absence of MeCP2 in the negative controls (Protein extracts prepared from non-transfected
Phoenix cells, Phoenix cells transfected with the alternate MECP2 isoform, or Phoenix
cells transfected with the test MeCP2 isoform pre-incubated with the corresponding

antigenic peptide before blotting).
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2. Presence of MeCP2 in the positive control (Protein extracts prepared from Phoenix cells

overexpressing the test MECP2 isoform against which the antibody was synthesized).

3. Cells transfected with both MeCP2 isoforms were confirmed by blotting the membranes

with an anti-C-MYC antibody.

For the analysis of the purified antibodies by IF, NIH3T3 cells transduced with retroviral
vectors containing individual MeCP2 isoforms were utilized. The retroviral vectors (Retro-EF 1 a-
MECP2E1, and Retro-EF1o-MECP2E2) and NIH3T3 cells were a gift from Dr. James Ellis,

University of Toronto. MeCP2 isoform specificity was established based on these three criteria:

1. Absence of MeCP2 protein detection in the negative controls (Paraformaldehyde fixed
NIH3T3 cells overexpressing the alternate MECP2 isoform, non-transduced NIH3T3 cells
and NIH3T3 cells incubated only with secondary antibodies [primary antibody omission

control]).

2. Presence of MeCP2 in the positive control (Paraformaldehyde fixed NIH3T3 cells

overexpressing the test MECP2 isoform against which the antibody was synthesized).

3. Cells transduced with the MeCP2 isoforms were confirmed by immunolabelling with an

anti-C-MYC antibody.

3.3 Validation of anti-MeCP2E1 antibodies
As part of my initial studies, | participated in the validation of anti-MeCP2E1 antibodies
that could be used in the subsequent analysis of MeCP2E1 expression in neural cells. In order to

do this, | contributed to the validation of two custom anti-MeCP2E1 antibodies created in chicken
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and rabbit. Antibodies targeting the same isoforms in different species are often useful in double-
labeling experiments when colocalization of MeCP2E1 with other proteins is required. This

analysis was performed during the greater part of the initial three years of my PhD studies.

3.3.1 Peptide selection for the MeCP2E1 antibodies

The peptide used for MeCP2E1 antibody production was selected and synthesized as
described in the material and methods section 2.2.1. Since the two MeCP2 isoforms only differ at
their N-terminus, this region was targeted for the generation of MeCP2E1 isoform-specific
antibodies. This region is conserved between human and mouse. The MeCP2E1-specific peptide
was analyzed using the ThermoFisher Antigen Profiler Peptide Tool, which calculates the
antigenicity of the sequence based on sequence length and amino acid composition. Peptides
should be between 10-20 amino acids in length, have at least 4 distinct residues, and an equal

proportion of hydrophilic and hydrophobic amino acids.

Peptide and antibody generation for anti-MeCP2E1 antibody were done commercially as a paid

service through Dr. Rastegar’s grants and funding support.

3.3.2 Validation of the Chicken anti-MeCP2E1 antibody

The polyclonal chicken anti-MeCP2E1 antibody was generated commercially as a paid
service using a synthetic peptide spanning the N-terminal region of MeCP2EL1. Specificity of the
MeCP2E1 antibody was validated by western blot (WB) and immunofluorescent (IF) experiments
throughout the course of antibody production and after IgY purification. For WB application, the

purified antibody was tested using cell extracts from Phoenix cells transfected with either Retro-
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EFlo-E1 or Retro-EFla-E2 (Figure 3.1C), in parallel with non-transfected cells. As expected,
WB analysis with the MeCP2E1 antibody yielded a specific band at the expected molecular weight
of approximately 75kDa in MECP2E1-transfected cells (Figure 3.1C, lane 2). In contrast,
MeCP2E1 was not detected in non-transfected cells (Figure 3.1C, lane 1), nor in cells transfected
with Retro-EF 1a-E2 (Figure 3.1C, lane 3). Importantly, pre-incubation of the MeCP2E1 antibody
with the antigenic peptide used to generate the antibody (peptide competition) eliminated the
detection of MeCP2EL1 in Retro-EF1a-E1 transfected cells, which was dose-dependent on the
concentration of peptide used to compete out the MeCP2E1 antibody (Figure 3.1C, lane 7; 3.1D).
The presence of exogenous MeCP2 in cells transduced with either Retro-EF1a-E1 or Retro-EF1a-
E2 was confirmed by WB using an anti-C-MYC antibody (Figure 3.1C, lane 5-6). No C-MYC

signal was detected in non-transfected cells (Figure 3.1C, lane 4).

IF staining with the anti-MeCP2E1 antibody revealed the presence of MeCP2 in the DAPI-
rich heterochromatic foci in NIH3T3 cells transduced with MECP2E1, but no signal was detected
in MECP2E?2 transduced cells (Figure 3.1E). This indicates that our newly developed antibody
does not cross-react with the overexpressed MeCP2E2. In both MeCP2E1 and MeCP2E2
overexpressed cells, incubation with an anti-C-MYC antibody resulted in detectable signals
indicating that the protein is properly expressed in both cases. The absence of endogenous
MeCP2E1 expression was confirmed in the non-transduced NIH3T3 cells using the anti-MeCP2E1
antibody (Figure 3.2A). We did not detect any signal in primary antibody omission experiments
in which Retro-EF1a-E1 transduced cells were labelled with secondary antibodies only (Figure
3.2B). Parallel studies (by Carl Olson) in our lab by challenging MeCP2E1 antibody with a
MeCP2E2-specific peptide or a C-terminal peptide further confirmed the specificity of the

MeCP2E1 antibody endogenously [2].
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These results demonstrate that the newly generated anti-MeCP2E1 antibody specifically

detects MeCP2EL1 protein, and shows no cross-reactivity with MeCP2E2.

B

MECP2E1|MAAAAAAAPSGGGGGGEEERL | MBD |ID | TRD _ Retro-EF1a-E1 [SINETR'

MECP2E2 IMVAGMLGLR | MBD | D | TRD _ Retro-EF10-E2 [SINLTR®
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Figure 3.1 Validation of the newly developed chicken anti-MeCP2E1 antibody.

A) Schematics of MeCP2 isoforms with known functional domains. The difference in the initial
amino acids of the N-terminus is highlighted. B) Schematics of the previously reported [151]
MECP2E1 (Retro-EF1a-E1) and MECP2E2 (Retro-EF 1a-E2) retroviral vectors that were used for
transfections (C-D) and transductions (E). C) Western blot experiments with Phoenix cell extracts
from non-transfected (NT), MECP2EL transfected (E1-T), MECP2E2 transfected (E2-T) cells, and
MECP2E1 transfected cells with peptide competition. Anti-MYC labelling was used as a positive
control for transfection and ACTIN was used as a loading control. Peroxidase- AffiniPure goat

anti-chicken 1gY (for chicken anti-MeCP2E1 antibody) and Peroxidase-AffiniPure goat anti-
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mouse IgG (for mouse anti-C-MY C antibody) were used as secondary antibodies. D) Western blot
experiments with Phoenix cell extracts from non-transfected cells (NT), and MECP2EL transfected
cells (E1-T), blotted with the anti-MeCP2E1 antibody after pre-incubation with increasing
concentrations of peptide used to generate the antibody (0%, 0.1%, 1%, and 5%, of peptide as
compared to the amount of antibody used). Peroxidase- AffiniPure goat anti-chicken IgY was used
for chicken anti-MeCP2E1 antibody as a secondary antibody. E) Immunofluorescence labelling of
NIH3T3 cells transduced with MECP2E1 (top row) or MECP2E2 (bottom row), with the anti-
MeCP2E1 and an anti-C-MYC antibody are shown. DAPI signals are shown in blue. The
secondary antibodies used were Rhodamine Red-X conjugated goat anti-chicken 1gY (for chicken
anti-MeCP2EL1 antibody) and Alexa 488 goat anti mouse IgG (for mouse anti-C-MYC antibody).
Note that the signals in both transduced cells are detectable with anti-C-MY C, but only transduced
cells with MECP2EL1 show positive signals when incubated with the anti-MeCP2E1 antibody.
Scale bars represent 10 um. MBD: methyl binding domain, ID: intervening domain, TRD:
transcriptional repression domain, CTD: C-terminal domain.”

Figure taken and legend adapted from [1].

A.
B.

Figure 3.2 Controls for MeCP2 overexpression in NIH3T3 cells.
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A) Absence of MeCP2 and C-MYC signals in non-transfected NIH3T3 cells. B) Absence of
signals in primary antibody omission controls with Rhodamine Red-X conjugated goat anti-
chicken IgY (for chicken anti-MeCP2E1 antibody) and Alexa 488 goat anti mouse IgG (for mouse
anti-C-MYC antibody) in MECP2EL1 transfected NIH3T3 cells. Images are taken at the same
exposure time as in Figure 3.1E. Scale bars represent 10 pm.

Figure taken and legend adapted from [1].

3.3.3 Validation of the Rabbit anti-MeCP2E1 antibody
The selection of the peptide for anti-MeCP2E1 antibody production was performed as

described in the materials and methods section 2.2.1.

For double-labelling of MeCP2E1 and MeCP2E2, we required an isoform-specific
antibody that was generated in a different species. Therefore, we applied the same strategy as
reported for developing the chicken anti-MeCP2E1 [1] , but this anti-MeCP2E1 was created as a
rabbit polyclonal antibody. The specificity and sensitivity of this newly developed anti-MeCP2E1
antibody was initially verified by WB. Blotting protein extracts from non-transfected, MeCP2E1-
transfected and MeCP2E2-transfected Phoenix cells, and the affinity purified anti-MeCP2E1
detected specific bands at ~75 kDa in MeCP2E1-transfected extracts (Figure 3.3A, lane 2). No
signal was detected in non-transfected cells (Figure 3.3A, lane 1), nor in cells transfected with
MECP2E2 (Figure 3.3A, lane 3). As done previously, the presence of exogenous MeCP2 in the
transfected cells with either Retro-EF1a-E1 or Retro-EF1a-E2 was verified by immunoblotting
with an anti-C-MYC antibody (Figure 3.3A, lanes 5-6). No C-MYC signal was detected in non-
transfected cells (Figure 3.3A, lane 4). Furthermore, pre-incubation of the anti-MeCP2E1

antibody with the antigenic peptide used to create the antibody before blotting the membranes
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(Figure 3.3A, lane 7) completely abrogated the detection of exogenous MeCP2EL. IF staining
with the anti-MeCP2E1 antibody revealed the presence of MeCP2 in the DAPI-rich
heterochromatic foci within the NIH3T3 cells transduced with MECP2EL, but no signal was
detected in the MECP2E2 transduced cells (Figure 3.3B: a-b). This indicates that our newly
developed anti-MeCP2E1 antibody does not cross-react with the overexpressed MECP2E2. In
both MECP2E1 and MECP2E2 overexpressed cells, incubation with an anti-C-MYC antibody
resulted in detectable signals indicating that the transduced protein is properly expressed in both
cases. As expected, we did not detect any signal in primary antibody omission experiments using
Retro-EF1a-E1 transduced cells with the same secondary antibody (Figure 3.3B: c). The absence
of endogenous MECP2E1 expression was confirmed in the non-transduced NIH3T3 cells by using

the chicken anti-MeCP2E1 antibody (Figure 3.3B: d). Adapted from [2].
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Figure 3.3 Validation of the custom-made rabbit MeCP2E1 antibody.

A) Western blot experiment to detect MeCP2E1 expression in control non-transfected (NT),
MECP2EL1 transfected (E1-T), and MECP2EZ2 transfected (E2-T) cells, or MECP2EL1 transfected
cells but with antibody pre-incubated with the antigenic peptide. Anti-MY C labelling was used as
a positive control. GAPDH labelling was used as a loading control. Peroxidase-AffiniPure donkey
anti-rabbit IgG (for rabbit anti-MeCP2EL1 antibody) and Peroxidase-AffiniPure goat anti-mouse
IgG (for mouse anti-C-MYC antibody) were used as secondary antibodies B) Detection of
MeCP2E1 by immunofluorescence in NIH3T3 cells transduced with a) MECP2E1, or b)

MECP2EZ2; c) Absence of signal in primary antibody omission controls labelled with Rhodamine
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Red-X conjugated goat anti-mouse IgG (for mouse anti-C-MYC antibody) and Alexa Fluor 488
conjugated donkey anti-rabbit 1gG (for rabbit anti-MeCP2E1 antibody) in MECP2EL1 transfected
NIH3T3 cells; d) Absence of MeCP2 and C-MYC signals in non-transfected NIH3T3 cells. Scale
bars represent 10 pm.

Figure taken and legend adapted from [2].

3.4 Analysis of MeCP2 expression and localization in embryonic primary cortical neurons

and astrocytes

3.4.1 Characterization of total MeCP2 localization within the nucleus of primary embryonic
cortical neurons

Previous studies suggested that MeCP2 expression in primary neurons might vary from
diffuse to punctate staining within the nucleus based on culture conditions [149,189]. Therefore,
we examined nuclear MeCP2 expression in primary embryonic cortical neurons by confocal co-
localization studies compared to constitutive and facultative heterochromatin marks (Figure 3.4).
As shown in Figure 3.4, MeCP2 is primarily co-localized with the two constitutive
heterochromatin marks (H3K9me3, H4K20me3), but showed minimal overlap with the facultative

heterochromatin marks (H3K27me3, H3K9me2) interrogated.

Since B-Tubulin 111 is not expressed in the nucleus of neurons, only baseline readings were

observed (dark-blue lines).
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Figure 3.4 Nuclear localization of total MeCP2 and heterochromatin marks in primary
neurons. A) Total MeCP2 signals in embryonic primary cortical neurons overlapped with signals
corresponding to constitutive heterochromatin marks; H3K9me3 and H4K20me3. B) MeCP2
displays minimal overlap with facultative heterochromatin marks; H3K27me3 and H3K9me2.
Scale bars represent 2 um. Total MeCP2 was immunolabelled with a C-terminal antibody
(Millipore). Secondary antibodies used were Alexa 488 goat anti rabbit (for rabbit anti-MeCP2
antibody) and Rhodamine Red-X conjugated goat anti-mouse IgG (for mouse anti-H3K9me3, anti-

H4K20me3, anti-H3K27me3, and anti-H3K9me2 antibodies).

Figure taken and legend adapted from [1].
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3.4.2 Determination of MeCP2EL1 expression patterns in embryonic primary cortical neurons
and astrocytes

The expression of MeCP2 in astrocytes has been a relatively recent discovery, which has
led to a significant paradigm shift regarding the contribution of glial cells in RTT pathophysiology
[363,389,390]. Previous studies have shown that mutant astrocytes from a RTT mouse model
(Mecp2 ) failed to support normal dendritic morphology of neurons under in vitro co-culture
experiments [390]. Re-expression of MeCP2 in astrocytes of a RTT mouse model mitigates many
RTT phenotypes and also restores impaired dendritic morphology and decreased neuronal
VGLUTL levels [389]. These observations suggest that MeCP2 expression and function within
astrocytes are essential for optimal neuronal function within the brain. However, the expression
of MeCP2 isoforms and their potential role in astrocyte function remain to be determined.
Additionally, the expression pattern of MeCP2 isoforms in neurons, at the protein level, is still
unknown. Therefore, we next used our newly developed anti-MeCP2E1 antibody and examined
the expression of MeCP2EL1 in embryonic primary cortical neurons and astrocytes. As expected,
we detected endogenous expression of total MeCP2 in both primary cortical neurons and astrocytes
using a C-terminal antibody (mainly at the chromocenters) (Figure 3.5A). Immunofluorescence
experiments with our chicken MeCP2E1-specific antibody detected endogenous MeCP2E1
expression in both primary neurons and astrocytes which displayed a nuclear heterochromatic
expression pattern overlapping with DAPI signals. MeCP2E1 signals were also detected
throughout the nucleus, especially in the astrocytes (Figure 3.5B). Although this indicates that
MeCP2E1 has a similar nuclear localization profile compared to the total MeCP2 in both
embryonic primary neurons and astrocytes, it does not inform regarding the protein levels in these

two cell types. As a quantitative approach, we examined the total amount of MeCP2EL1 in primary
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neurons and astrocytes by WB analysis and compared it to the loading control Actin levels. We
found that that the level of MeCP2EL1 protein is five times higher in primary neurons compared to
primary astrocytes (Figure 3.5C). This is not surprising, as primary astrocytes are reported to

express approximately 25% of the MeCP2 levels observed in primary neurons [390].

Taken together, these results indicate that while MeCP2EL is expressed in both primary
cortical neurons and astrocytes, its level of expression is much higher in neurons. The regulatory
mechanisms dictating the higher expression of neuronal MeCP2 is not fully clear. Also, the exact
functions of MeCP2 in astrocytes remains to be elucidated. Recent studies have shown that
depressed hypercapnic ventilatory response (HCVR) observed in RTT mouse models are caused
by the loss of MeCP2 within astrocytes [391]. However, reports on astrocytic links to cognitive
defects observed in RTT and MDS are still lacking. Our data further indicate that MeCP2EL1 signals
highly overlap with DAPI-rich heterochromatin in the nucleus in both primary neurons and
astrocytes. Additionally, we show that punctate MeCP2 heterochromatic localization in neurons
shows significant overlap with constitutive heterochromatin marks, but has little or no overlap

with the facultative heterochromatin marks.
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Figure 3.5 Expression of total MeCP2 and MeCP2EL1 in primary neurons and astrocytes.

A) Expression of total MeCP2 in embryonic primary cortical neurons and astrocytes as detected
by immunofluorescence labelling. Cells were labelled with B-1II tubulin (f TUB III) and GFAP to
mark neurons and astrocytes, respectively. B) Expression of MeCP2E1 in embryonic primary
cortical neurons and astrocytes. Cells were labelled with NEUN and GFAP to mark neurons and
astrocytes, respectively. Scale bars represent 5 um. Total MeCP2 was immunolabelled with a C-
terminal antibody (Millipore). MeCP2E1 was immunolabelled using custom-made chicken anti-
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MeCP2E1. Secondary antibodies used were Rhodamine Red-X conjugated goat anti-chicken IgY,
Rhodamine Red-X goat anti-rabbit IgGand Alexa 488 goat anti mouse 1gG. C) Western blot
analysis of MeCP2E1 levels in embryonic primary cortical neurons and astrocytes. The graph
depicts the relative quantification of MeCP2E1 in neurons and astrocytes relative to actin, p<0.01
(N=2+SEM).

Figure taken and legend adapted from [1].

3.5 Validation of the Chicken anti-MeCP2E2 antibody
3.5.1 Identification of a peptide to generate an anti-Chicken MeCP2E2 antibody

Previously, | described the procedure for the identification of a suitable peptide to generate
a MeCP2E1 antibody. A similar procedure was followed to identify a suitable peptide for
MeCP2E2. The identification of the peptide for the MeCP2E2 antibody was performed as
described in the materials and methods section 2.2.1. The generation of the peptide was done

commercially as a paid service.

Peptide and antibody generation for anti-MeCP2E2 antibody were done commercially as a paid

service through Dr. Rastegar’s grants and funding support.

3.5.2 Validation of Chicken anti-MeCP2E2 antibody
A sequential antibody validation process was followed for the anti-MeCP2E2 antibody,

similar to the protocol described in section 3.3.2 for the MeCP2E1 antibody.

As there was no commercially available MeCP2E2-specific antibody, we validated a novel

chicken polyclonal MeCP2E2 antibody using an antigenic peptide corresponding to the N-
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terminus of MeCP2E2, using a similar approach to one we previously reported for MeCP2E1 [21].
We validated the specificity of this novel anti-MeCP2E2 antibody by multiple techniques
including WB and immunofluorescence in transfected Phoenix cells (for WB) and transduced

NIH3T3 cells (for IF) with either Retro-EF1a-E1 or Retro-EF1a-E2, [151] (Figure 3.6B).

To investigate the endogenous expression pattern of MeCP2E2, we initially developed a
MeCP2E2 isoform-specific antibody using an antigenic peptide unique to the MeCP2E2 N-
terminus. We validated the specificity of the MeCP2E2 antibody by techniques including Western
blot and immunofluorescence experiments at various stages of the antibody production and after
IgY purification. For validations by WB, the affinity purified antibody was tested using protein
extracts from Phoenix cells transfected with either Retro-EF1a-E1 or Retro-EF1a-E2 [151] in
parallel with non-transfected control cells, as previously described [1]. Western blot analysis with
the anti-MeCP2E2 antibody yielded a specific band at the expected molecular weight
(approximately 75 kDa) in MECP2E2-transfected cells (Figure 3.6C, lane 3). In contrast, no
signal was detected in non-transfected cells (Figure 3.6C, lane 1), nor in cells transfected with
MECP2E1 (Figure 3.6C, lane 2). Importantly, pre-incubation of the anti-MeCP2E2 antibody with
the antigenic peptide used to generate the antibody (peptide competition) eliminated the detection
of the signal in the MECP2E2 transfected cells (Figure 3.6C, lane 7). The specificity and
sensitivity of this newly developed anti-MeCP2E2 antibody was further verified by pre-incubation
of the antibody with increasing concentrations of the antigenic peptide before blotting the
membranes (Figure 3.7A, lanes 2-4). The presence of exogenous MeCP2 in the cells transfected
with either Retro-EFla-E1 or Retro-EF1a-E2 was verified by immunoblotting with an anti-C-
MY C antibody (Figure 3.6C, lanes 5-6). No C-MYC signal was detected in non-transfected cells

(Figure 3.6C, lane 4).
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Further verification of the specificity of the custom-made anti-MeCP2E2 antibody using
IF, revealed the localization of MeCP2E2 in the DAPI-rich heterochromatic foci within the nuclei
of NIH3T3 cells transduced with MECP2E2. No signal was detected in the MECP2E1 transduced
cells (Figure 3.6D; a-b). C-MYC labelling confirmed successful transduction of both MeCP2E1
and MeCP2E2 vectors (Figure 3.6D: a-b). The absence of endogenous MECP2E2 expression was
evident in non-transduced NIH3T3 cells probed with the anti-MeCP2E2 antibody (Figure 3.7B:
a). No signal was observed in primary omission experiments using Retro-EFla-E1 transduced

cells labelled with secondary antibodies alone (Figure 3.7B: b).
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Figure 3.6 Validation of the Chicken anti-MeCP2E2 antibody.

A) Schematic representation of the domain organization of MeCP2E1 and MeCP2E2 protein,
which differ only in their N-terminal sequences. MBD: methyl binding domain, ID: intervening
domain, TRD: transcriptional repression domain, CTD: C-terminal domain (adapted from [1]). B)
Schematic of C-MYC tagged MECP2EL (Retro-EF1a-E1) and MECP2E2 (Retro-EF1a-E2)
retroviral vectors that were used for the transfection of Phoenix cells (in C) and transduction of
NIH3T3 cells (in D) (adapted from [151]). C) Western blot experiment to detect MeCP2E2
expression in non-transfected (NT), MECP2E1transfected (E1-T), MECP2EZ2 transfected (E2-T)
cells, and MECP2E?2 transfected cells probed with the MeCP2E2 antibody pre-incubated with the

E2 antigenic peptide. Anti-MYC labelling was used as a positive control of

110



Chapter 3

transfection/transduction. Peroxidase- AffiniPure goat anti-chicken IgY (for chicken anti-
MeCP2E2 antibody) and Peroxidase-AffiniPure goat anti-mouse IgG (for mouse anti-C-MYC
antibody) were used as secondary antibodies. D) MeCP2E2 detection by immunofluorescence
staining in transduced NIH3T3 cells with either a) MECP2E1, or b) MECP2E2 retroviral
vectors. The secondary antibodies used were Rhodamine Red-X conjugated goat anti-chicken IgY
(for chicken anti-MeCP2E2 antibody) and Alexa 488 goat anti mouse IgG (for mouse anti-C-MYC
antibody).

Figure taken and legend adapted from [3].
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Figure 3.7 Additional controls for chicken anti-MeCP2E2 antibody validation.

A) Western blot experiments with Phoenix cell extracts from non-transfected cells (NT), and
MECP2E?2 transfected cells (E2-T), probed with the MeCP2E2 antibody after pre-incubation with
increasing concentrations of the E2 antigenic peptide (0%, 0.1%, 1%, and 5%, of peptide as

compared to the amount of antibody used). Peroxidase- AffiniPure goat anti-chicken IgY was
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used as the secondary antibody (for chicken anti-MeCP2E2 antibody). B) Negative controls for
immunofluorescence detection of; a) MeCP2E2 and C-MYC in non-transduced NIH3T3 cells, and
b) primary antibody omission controls with Rhodamine Red-X conjugated goat anti-chicken IgY
(for chicken anti-MeCP2E2 antibody) and Alexa 488 goat anti mouse IgG (for mouse anti-C-MYC

antibody)in MECP2E2 transduced NIH3T3 cells. Scale bars represent 10 pm.

Figure taken and legend adapted from [2].

In parallel to our WB and ICC studies, the specificity of MeCP2E1 and MeCPE2 custom-
made antibodies were also validated by IHC experiments using tissue samples by another member
of our lab (Carl Olson). As part of the negative controls for IHC experiments in the mouse brain,
the custom-made antibodies were pre-incubated with peptides against the alternate isoform and a
C-terminal peptide before labelling tissue samples. These experimental conditions did not result
in the detection of MeCP2 (data not shown) which further demonstrated the specificity of these

antibodies

The development of the chicken anti-MeCP2E2 antibody (Section 3.5.2) along with the
rabbit anti-MeCP2EL1 antibody (Section 3.3.3) and the previously reported chicken anti-MeCP2E1
(Section 3.3.2) antibody allowed the investigation of the endogenous expression profiles of the
two isoforms in various brain regions, as well as during mouse brain development in our lab
through research conducted by other lab members [2,388]. The chicken anti-MeCP2E1 antibody

was also used to detect the expression of MeCP2E1 during differentiation of neural stem cells
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isolated from E14.5 forebrain and the effect of Decitabine, a DNA demethylating agent and a

potential drug for autism, on MeCP2E1 expression [156].

3.6 Discussion

For nearly two decades, Mecp2/MECP2 was thought to encode a single protein. Thus,
many of the studies conducted prior to 2004 that investigated MeCP2 expression were blind to the
existence of the two protein variants. The isoform that was discovered in 2004, Mecp2el, had its
own unique N-terminus, and was more abundant than Mecp2e2 in most mouse tissues at the mMRNA
level [167]. Subsequent studies on Mecp2el and Mecp2e2 transcript levels demonstrated
differential expression patterns of the two isoforms in postnatal mouse brain [179]. However, a
lack of correlation between MeCP2 mRNA and protein levels had also been reported [392], which
warranted further investigations on the differential distribution of the two MeCP2 isoforms at the
protein level. In order to study MeCP2 isoform-specific functions, overexpression of the two
MeCP2 isoforms with a tag such as C-MYC or EGFP had to be done [156]. However, MeCP2
isoform-specific antibodies were necessary for in vivo expression and localization studies. The
generation and validation of the MeCP2EL1 antibody was an essential step towards addressing this

caveat that existed in the field prior to 2012,

My immunofluorescent colocalization studies of total MeCP2 with euchromatic and
heterochromatic markers are in agreement with previous studies that have shown punctate
localization of MeCP2. Even though diffuse nuclear staining has been reported for MeCP2
previously [318], it has been shown that changes from diffuse to punctate MeCP2 localization
occur as neurons mature [393]. Whether this change in localization also signifies a change in

MeCP2 function at different developmental stages remains to be established. Similar to the
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localization of total MeCP2 in the chromocenters of primary embryonic neurons, we detected total
MeCP2 being localized to the DAPI-rich chromocenters in hippocampal nuclei of the adult mouse
brain [2]. MeCP2EL1 being the major MeCP2 isoform found in neurons, it followed a similar
localization pattern within the nucleus of neurons. MeCP2 localization to heterochromatic regions
of the nucleus is more congruent with its known functions as a transcriptional repressor and a
chromatin architectural protein [70]. As a chromatin architectural protein, MeCP2 has been shown
to be involved in the clustering of chromocenters during myogenic differentiation [394]. Even
though the majority of studies, including ours, have shown chromocenter localization of MeCP2
and MeCP2E1, there have been reports which show otherwise. For example, in a joint-publication
with our lab, Yasui et al., demonstrated that MeCP2E1 can be detected in the nuclear matrix in
association with Splicing factor, proline- and glutamine-rich (SFPQ) and Y-box-binding protein 1
(YB-1) in human neuronal cell line SH-SY5Y. These results were significant since the study was
the first to report the association of MeCP2 with the nuclear matrix factor (SFPQ), and provided
further evidence for its association with YB-1, a splicing factor [395].

For many years, MeCP2 expression within the brain was thought to be confined to neurons,
and absent in astrocytes as well as other glial cells [220,318,396]. However in 2009, three
independent groups reported that MeCP2 is expressed in glial cells [151,363]. In 2013, in a report
from our lab, we showed the detection of MeCP2 in neurons (TUB I1I*), astrocytes (GFAP* and
S100B*), oligodendrocytes (CNPase®, BMP*, and OLIG2") and ki67+ proliferating cells in a

population of differentiating neural stem cells (Liyanage, Zachariah, and Rastegar, 2013) [156].

Subsequently, glial cells have been shown to play a significant role in the pathogenesis of RTT
[363,397,398]. However, expression levels of MeCP2E1 or MeCP2E2 protein in these cell types

was unknown. My studies presented in this chapter provide evidence that MeCP2EL1 is expressed
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in primary embryonic neurons and astrocytes, with significantly higher expression in neurons. This
higher neuronal MeCP2E1 expression was congruent with the previously-reported total MeCP2
expression differences between neurons and glia [390]. With the generation and validation of the
anti-MeCP2E2 antibody, we were able to show the comparative detection of MeCP2E1 and
MeCP2E2 in neurons (NEUN™), astrocytes (GFAP*) and oligodendrocytes (CNPase®) in the
hippocampus of male and female adult mouse brain [2]. As expected, MeCP2E1 and MeCP2E2 in
the adult hippocampal neurons, astrocytes and oligodendrocytes were majorly localized to the

chromocenters.

The cell-type specific levels of MeCP2 expression could be a critical factor in the
functional significance of MeCP2. For instance, in neurons, MeCP2 is known to almost ‘coat’ the
genome and have genome-wide effects in terms of transcriptional and translational control
[185,234]. Whether the same MeCP2 functions exists in cells with lower levels of MeCP2 remains
to be investigated. Also, the dynamics of MeCP2E1 and MeCP2E2 expression, and their redundant
and/or non-redundant roles in the functions attributed to MeCP2 to date are still a subject of

inquiry.

The development of a MeCP2E1-specific antibody allowed us to examine and explore the
expression patterns of MeCP2E1 endogenously both in vitro and in vivo [1]. However, the
possibility of non-redundancy between the two MeCP2 isoforms in terms of expression could not
be investigated. This caveat was addressed with the development of the MeCP2E2-specific
antibody. Using this antibody, our lab has shown that MeCP2E1 and MeCP2E?2 display different
expression levels in adult mouse brain which correlated with DNA methylation patterns at the
Mecp2 regulatory regions found within the Mecp2 promoter and intron 1 [2]. Therefore, these

antibodies aided in studying MeCP2 isoform-specific expression and regulation within the adult
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mouse brain. Moreover, these antibodies were used to show the dynamics of MeCP2 isoform-

specific expression during mouse brain development by another lab member [2,388].

In my studies, I mainly focused on MeCP2E1 expression as it is shown to be the major
neuronal isoform. Therefore, exploration of MeCP2E2 expression patterns in neurons and
astrocytes will be a future direction. The expression patterns of MeCP2E1 and MeCP2E2 in the
hippocampus of the adult mouse brain, as published by Olson et al., [2], suggests that the two
MeCP2 isoforms may have similar localization patterns in neurons but are expressed at different
levels. In a collaborative study within our lab, we showed the induction of MeCP2E1 by
Decitabine during neural stem cell differentiation while reporting the impact of DNA methylation
on Mecp2 isoform regulation [156]. These antibodies were further used to detect increased

hippocampal expression of MeCP2E2 levels in a mouse model lacking MeCP2EL1 isoform [395].

In summary, the development of the MeCP2 isoform-specific antibodies enabled studies
that filled several knowledge gaps that existed in the field. Further validation of these antibodies
for other applications such as ChlIP experiments could allow even further in-depth studies on

potential functions of MeCP2 isoforms (discussed in Chapter 6).

116



Chapter 4

Chapter 4: Analyzing the Effect of Neuronal MECP2E1 and MECP2E2

Overexpression on rRNA Biogenesis

4.1 Background
The results presented in Chapter 3, along with subsequent publications from our laboratory,
provided significant insights into MeCP2 isoform-specific expression patterns within the murine

brain and specific neural cells [1,2].

The effect of MeCP2 on rRNA levels has been studied mainly within the context of MeCP2-
deficiency, as published by Li et al., (2013) and Gabel et al. (2015) [234,362]. Using human
embryonic stem cell-derived neurons lacking MeCP2, Li et al., (2013) demonstrated global
repression of neuronal transcription and translation [234]. Li et al., (2013) used human ESCs with
a loss-of-function MECP2 allele, generated by TALEN-mediated gene editing, to generate
differentiated neurons. The gene editing strategy employed targeted the third exon of the MECP2
gene, and therefore affected both MeCP2 isoforms. Gene editing was performed in both male and
female ESC lines to generate MECP2 hemizygous and heterozygous mutant male and female
clones, respectively. The control and mutant ESCs were initially differentiated into neural
precursors and subsequently into neurons. WB and gRT-PCR were used to confirm the presence
and absence of MeCP2 in control and mutant cells respectively. As part of their studies Li et al.,
(2013) reported decreased levels of total RNA and 5.8S rRNA in MeCP2-deficient neurons. The
levels of 5.8S rRNA was analyzed by loading total RNA extracted from equal numbers of control
and MECP2 mutant cells. These results implied that mature rRNA levels were decreased by the

loss of MeCP2.
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Gabel et al., (2015) knocked down MeCP2 in E16.5 mouse cortical neurons using ShRNA
that targeted both MeCP2 isoforms and observed decreased levels of 28S and 18S rRNA. Together
with the decrease in 5.8S rRNA reported by Li et al., (2013) the two studies suggested that mature
rRNA levels are affected by the loss of MeCP2. The results from the two studies also suggested
that the decrease in mature rRNA levels is observed in both mouse and human experimental

models.

Since a decrease in mature rRNA levels following MeCP2-deficiency had been reported
[234,362], we focussed our studies on the effect of MeCP2 overexpression on mature and
precursor rRNA. This strategy is relevant because overexpression of MECP2 due to gene
duplication has been identified as the primary cause of a neuronal disorder known as MECP2
Duplication Syndrome that was initially reported in 2005 [239,240]. MDS is characterized by
severe motor dysfunction, cognitive and social disabilities, seizures, and recurrent infections. A
transgenic mouse model of MDS, MECP2 Tg1, shows severe progressive neurological symptoms
such as seizures, anxiety, learning and memory impairments, behavioural deficits, and premature
death [259,261,366]. These observations indicate that even mild (~2-fold) overexpression of

MeCP2 can have detrimental effects on the brain.

The molecular mechanisms leading to MDS remains unknown. Therefore, the discovery
of potential targets that are altered by MeCP2E1 or MeCP2E2 overexpression could provide
insights into MDS pathogenesis. In the current chapter, I am investigating whether MeCP2
overexpression deregulates rRNA levels. For this purpose, | have used an in vitro model of primary
neurons, as well as the examination of brain regions in vivo using a transgenic mouse model of

MDS.
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4.2 Overexpression of MECP2 isoforms in primary neurons

To elucidate the effects of MeCP2 overexpression on rRNA synthesis, primary cortical
neurons transduced with lentiviral vectors containing either MECP2E1 or MECP2E2 were used as
an experimental model. The lentiviral vectors, Lenti-EF1a-MECP2EL1 and Lenti-EF1a-MECP2E?2
(both of which had a C-terminal cMYC tag) were a generous gift from the Ellis Lab, University of
Toronto. [151] reported by Rastegar et al., 2009 [151] (Figure 4.1). The presence of a cMYC tag
allowed easy monitoring of expression levels arising from the lentiviral vectors in contrast to the
endogenous MeCP2E1 and MECP2E2 in neurons. As a control for the lentiviral transduction
experiments, | also included an EGFP (Lenti-EF1a-EGFP) vector with the same lentiviral
backbone as the MECP2E1/E2 vectors. For simplicity, the vectors will be described as EFla-

MECP2E1, EF1a-MECP2E2 and EF1a-EGFP.

Lenti-EF1a-EGFP | cHs4 HH rre H EFfa | EGFP (H cHS4
(EF1a-EGFP)

Lenti-EF1a-MECP2E1 [~ sy 1ulns
(EF1a-MECP2ET)

H EFla | MECP2E1 | eMYC [ cHS4

Lenti-EF1a-MECP2E2 T~ q, HH rre H EFfa | MECP2E2 | eMYC |- cHS4
(EF1a-MECP2E2) A

cPPT CTS

Figure 4.1 Lentiviral MECP2E1, MECP2E2 overexpression vectors and EGFP control
vector.

Lenti-EF1a-EGFP vector was used as a control. Lenti-EFla-MECP2E1 and Lenti-EFla-
MECP2E2 vectors have a C-terminal cMYC tag. cHS4: chicken B—globin locus Hypersensitive
Site 4, cPPT: central Poly Purine Tract, CTS: Central Terminal Sequence, RRE: Rev-Responsive

Element.

Adapted from [151].
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Validation of MECP2E1 and MECP2E2 overexpression in neurons was performed by gRT-
PCR (to monitor transcript levels), and immunofluorescence experiments (to confirm
overexpression at the protein level). Quantitative RT-PCR analysis of cMYC levels revealed cMYC
expression in both MECP2E1 and MECP2E2 transduced neurons, but not in the EGFP
overexpressing neurons, as expected (Figure 4.2A). In immunofluorescence experiments,
transduced neurons could be detected by an anti-EGFP antibody in the EGFP-transduced neurons.
Similarly, an anti-cMYC antibody detected MECP2E1- and MECP2E2-transduced neurons
(Figure 4.2B). Importantly, the overexpressed MeCP2E1 and MeCP2E2 localized to the
chromocenter of the neurons, in a pattern identical to endogenous MeCP2E1 and MeCP2E2. EGFP
expression in transduced neurons, however, exhibited a diffuse nuclear expression pattern (Figure

4.2B), as reported previously [151].
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Figure 4.2 Confirmation of neuronal overexpression of MECP2 isoforms.
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A) Transcript level detection of cMYC in MECP2-transduced neurons. The c-MYC expression is
normalized to the endogenous Gapdh levels. N=7 (primary neurons isolated from 7 independent
mice). B) Immunofluorescent labelling of neurons transduced with Lenti-EF1a-EGFP control,
cMYC-tagged Lenti-EF1la-MECP2E1 and Lenti-EF1a-MECP2E2. Note that EGFP labels the
whole neuron while cMY C-tagged MeCP2 isoforms are localized to the neuronal chromocenters.
Scale bars represent 10 um. Dylight 649 conjugated goat anti- chicken IgY (for p-Tubulin 111) and
Alexa 488 goat anti mouse IgG (for mouse anti-EGFP and anti-C-MYC antibody) were used as

secondary antibodies.

4.3 Analysis of 45S pre-rRNA levels in MECP2E1- and MECP2E2-overexpressing neurons
Previous studies have shown decreased rRNA synthesis in RTT-neurons [234]. In order to

gain further insight into the regulation of rDNA expression by MeCP2 isoforms and to gain insight

on the potential involvement of rRNA synthesis in MDS, | analyzed rDNA transcripts in neurons

overexpressing MECP2 isoforms.

When | performed qRT-PCR analysis of the 45S pre-rRNA in MECP2E1 or MECP2E2
overexpressing neurons, | observed that overexpression of MECP2EL led to 1.68-fold reduction
of 45S pre-rRNA levels. Correspondingly, MECP2E2 overexpression also led to 1.55-fold
reduction of 45S pre-rRNA levels (Figure 4.3). As both overexpression of MECP2E1 and
MECP2E?2 led to significantly reduced 45S pre-rRNA levels, it is possible that MECP2-deficiency
results in reduced rDNA transcription, directly or indirectly. Whether the decrease in 45S pre-
rRNA levels is reflective of changes in rDNA transcription needs to be determined in future studies,

using assays that measure nascent rRNA production such as metabolic labelling studies.
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Figure 4.3 Effect of MECP2 overexpression on 45S pre-rRNA levels.

Transcript detection of 45S pre-rRNA in MECP2E1 and MECP2E2 overexpressing neurons. 45S
pre-rRNA expression is normalized against endogenous Gapdh. Error bars represent SEM, N=8
primary neurons isolated from 8 independent mice. Statistical significance from EGFP control is

represented by p<0.05*, p<0.01**, p<0.001***,

4.4 Analysis of mature rRNA levels in MECP2E1 and MECP2E2 overexpressing neurons

In order to test whether the reduction in 45S pre-rRNA would lead to reduced levels of
mature rRNA, | performed gRT-PCR analysis of mature rRNAs. Overexpression of MECP2E1 in
neurons caused 28S rRNA levels to be reduced by 1.34-fold, however, this change was not
statistically significant (p = 0.4074) (Figure 4.4A). The lack of statistical significance may have
been an experimental limitation, since there was considerable variation 28S rRNA levels in
MECP2E1-overexpressing neurons, based on the SEM values. Analysis of 18S rRNA in

MECP2E1-overexpressing neurons revealed that it is repressed by 1.30-fold (p<0.05) (Figure
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4.4B). Collectively, MECP2EL1 overexpression led to statistically significant reduction only in 18S

rRNA.

MECP2E2 overexpression on the other hand, caused a reduction in 28S rRNA (2.96-fold,
p<0.05) (Figure 4.4A). The 18S rRNA levels in the MECP2E2 overexpressing cells dropped by
1.38-fold (p<0.05) (Figure 4.4B). Hence, MECP2E2 overexpression significantly reduced levels

of both 28S rRNA and 18S rRNA.
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Figure 4.4 Effect of MECP2 overexpression on mature rRNA levels.

Transcript detection of mature rRNAs in neurons overexpressing MECP2E1 and MECP2E2. A)
28S rRNA, and B) 18S rRNA. Transcript expression is normalized to the endogenous control
Gapdh. Error bars represent SEM, N=3. Primary neurons isolated from 3 independent mice.

Statistical significance compared to the EGFP control is represented by p<0.05*, p<0.01**.
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4.5 Deregulation of rRNA synthesis in MECP2 Tg1 mice

As the in vitro overexpression of MECP2 isoforms led to decreased levels of rRNA
transcripts, the next step was to validate this observation in vivo. To this end, we obtained RNA
samples of MECP2 Tgl mice (expressing ~2-fold increase in MECP2 levels) brain regions from
Dr. Huda Zoghbi’s lab [259]. | analyzed three brain regions namely, amygdala, hypothalamus and
cerebellum for MECP2 Tgl and its WT counterpart. The three regions were chosen based on
previous reports on their relevance to MeCP2-related disorders as well as sample availability. Both
increased and decreased MeCP2 expression levels have been associated with heightened anxiety,
linked to gene expression changes in amygdala and hypothalamus [198,261]. Alterations in
MeCP2 dosage has also been linked to changes in a large cohort of genes in the mouse cerebellum
[231]. The levels of 45S pre-rRNA in all three brain regions were analyzed by qRT-PCR. There
was a 1.68-fold reduction of 45S pre-rRNA in the Tgl amygdala, which was not statistically
significant when compared to amygdala samples from WT mice. The lack of statistical
significance may have been an experimental limitation, since there was considerable variation
between amygdala samples from WT animals, based on the SEM values. The 45S pre-rRNA levels
were increased by 1.13-fold in the hypothalamus of Tgl mice, which was not statistically
significant. In the cerebellum of Tgl, however, | observed a 1.49-fold reduction in 45S pre-rRNA
levels. Collectively, 45S pre-rRNA levels was significantly decreased in cerebellum, a trend

towards reduction in amygdala, but was not changed in the hypothalamus (Figure 4.5).
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Figure 4.5 Analysis of 45S pre-rRNA levels in brain regions of MECP2 Tg1 mice (Tg).
Quantitative RT-PCR analysis of 45S pre-rRNA in three brain regions in MECP2 Tg1 mice and its
wildtype (WT) counterpart. Error bars represents the standard error of the mean (SEM), N=4

independent mice. Significant differences from WT controls are indicated with p<0.01**.

Unlike the case for 45S pre-rRNA levels, where only cerebellum showed a molecular
phenotype, all three brain regions showed statistically significant changes in 28S rRNA levels
(Figure. 4.6A). In the amygdala of MECP2 Tg1 mice, 28S rRNA showed a decrease of 1.86-fold
(p<0.01). In the hypothalamus there was a 1.41-fold reduction (p<0.001). The reduction of 28S
rRNA in cerebellum was 2.11-fold (p<0.0001). Similar gRT-PCR analyses were done for 18S
rRNA. Changes in 18S rRNA levels in amygdala (-1.13-fold), hypothalamus (1.12-fold) and
cerebellum (-1.16-fold) were not statistically significant (Figure. 4.6B). Therefore, collectively,
the decrease in steady-state levels of mature rRNAs was limited to 28S rRNA since 18S rRNA levels
remained relatively unchanged in all three regions. These results suggests that rRNA processing
might be affected by MeCP2 overexpression. As described in detail in Section 1.7.4, the precursors
for 18S rRNA and 28S rRNA are processed separately to form their mature rRNA products. The
factors involved in 18S rRNA and 28S rRNA processing are also different. It is possible that MeCP2
overexpression can result in distinct specific alterations in the rRNA processing pathway; however,
further experiments, such as metabolic labelling of nascent RNA would be required to verify this

possibility.
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Figure 4.6 Analysis of processed rRNA in brain regions of the MECP2 Tg1 mouse model (Tg).
Quantitative RT-PCR showing A) 28S rRNA, and B) 18S rRNA levels in MECP2 Tgl and WT
mouse brain regions. Error bars represent the standard error of means (SEM) for 4 independent
mice. Significant differences from controls are indicated with p<0.01**, p<0.001*** or

P<0.0001****.

4.6 Summary of findings

In summary, my studies indicate that in vitro overexpression of MECP2 isoforms is
associated with alterations in rRNA levels in primary neurons overexpressing MeCP2 isoforms as
well, as in the amygdala, hypothalamus and cerebellum of MECP2 Tgl mice. MECP2EL1 and
MECP2E2 overexpression affects the levels of not only the mature rRNA transcripts but also the
precursor transcript. The effects of MECP2 overexpression in MECP2 Tgl mice leads to reduced

rRNA levels in a brain region-specific manner.
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duplication mice studies

Table 4.1 Summary of findings of the MECP2 overexpression and MECP2

Experimental Model Description | 45S pre-rRNA | 28S rRNA 18S rRNA
In vitro MECP2 MECP2E1 ! No Change !
overexpression | overexpression
MECP2E2 ! l I
overexpression
In vivo MECP2 Tg1 Amygdala No Change ! No Change
mice Hypothalamus No Change ! No Change
Cerebellum ! ! No Change

| downregulation

4.7 Discussion

In the current chapter, | have provided evidence for compromised rRNA levels due to

MECP2 overexpression. Using an in vitro experimental model, | have shown that the

overexpression of either MeCP2 isoform in primary neurons led to decreased 45S and 18S rRNA,

whereas only MeCP2E2 overexpression led to decreased 28S rRNA. Within the three MDS mouse

brain regions studied, only cerebellum had lower 45S pre-rRNA levels. More significantly, in all

three brain regions studied, only 28S rRNA was altered.

The use of primary neurons as an in vitro experimental model has advantages and

disadvantages. Many studies have shown that rRNA biogenesis varies between dividing and non-

dividing cells, in terms of rRNA levels and active/inactive rDNA ratios [399-401]. Therefore, the

127




Chapter 4

use of post-mitotic primary neurons is a more accurate model to study potential changes in rRNA
levels, in comparison to cell lines. However in vitro overexpression studies have certain inherent
caveats such as off-target effects caused by a) expression of proteins considerably above
physiological levels, b) cellular stress due to experimental conditions such as viral transduction

and c) the presence of non-neuronal cell types.

In my in vitro model, | attempted to analyze the level of MECP2E1/E2 overexpression in
comparison to the endogenous Mecp2el/e2 levels. The expression of MECP2EL could be
confirmed using primers specific for human MECP2EL1 (data not shown) using previously reported
human MECP2E1-specific primers [376]. However, due to the lack of sequence variation between
mouse and human Mecp2e2/MECP2EZ2, | was unable to confirm MECP2E2 overexpression, using
the same technique. In order to assess the overexpression of both isoforms using a common
methodology, | analyzed the levels of C-MYC, which was fused to the C-terminal end of both

transgenes, and demonstrated successful overexpression of both isoforms.

When comparing the effects of two proteins on the same target by overexpression studies, any
dissimilarity between the levels of overexpression of the two proteins can confound the
experimental results and analysis. In my studies, the level of MECP2EL overexpression was
approximately two-fold higher than MECP2E2. The effects of this disparity on rRNA levels is
currently unknown. Since the lower amount of MECP2E2 was still sufficient for decreasing 45S
pre-rRNA and 18S rRNA to the same extent as MECP2E1 overexpression, it can be hypothesized
that under experimental conditions where both MeCP2 isoforms are overexpressed to the same

level, MECP2E2 overexpression might have a more pronounced effect on rRNA levels.

For my in vitro studies | used EGFP transduced neurons as a control since it would adjust for

any variations in gene expression caused by culture conditions and/or viral transduction. However,
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in order to truly evaluate the results of the in vitro model compared to the in vivo results, it would
be essential to examine the potential effects of culture conditions and viral transduction on rRNA
levels, which can be assessed by comparing rRNA levels between non-transduced and EGFP

transduced neurons.

MeCP2 is capable of modulating large-scale chromatin organization [394,402,403].
Therefore, one potential caveat of this study is that the effect of MeCP2 overexpression on rRNA
levels could be an indirect result of the over-abundance of a chromatin-modulating protein within
neurons. A potential method to examine this would be to investigate the effects of MeCP2
overexpression using vectors with the endogenous MeCP2 promoter (MeP) [151], which is less
robust than the EF1a-promoter employed in the current experiments. Comparing the effects of the
overexpression of another known global repressor such as histone H1, with the effects of MeCP2
would also be an excellent experimental model to study the specific and off-target influences of

MeCP2 overexpression.

One potential drawback for the in vitro system employed in my studies is the possibility that
the presence of non-neuronal cells such as astrocytes in the primary neuronal culture could have
influenced the experimental results. Even though the neuronal cultures used for the in vitro studies
have a purity of 80 - 90% (data not shown), the possibility that the presence of mitotic glial cells
in the culture could confound the postulated effects of MeCP2 on neuronal rRNA levels should be
considered. An alternate technique to circumvent this problem would be to sort the neuronal cells
before experimentation, a technique that has been previously employed to study MeCP2 functions

[185].

My studies have shown that overexpression of MECP2 isoforms in neurons leads to reduced

45S pre-rRNA levels. This is in complete agreement with a study reported in hepatocellular
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carcinoma cell line which demonstrated that overexpression of MeCP2E2 led to repressed Poll
activity, a molecular indicator of reduced rDNA transcription [288]. My experiments also
demonstrated that MECP2E1 and MECP2E2 overexpression in primary neurons is associated with
decreased 45S pre-rRNA levels, suggesting that the potential effect of either MeCP2 isoform on

rRNA levels could be a redundant function.

The results from my in vivo studies revealed a more complex association between MeCP2 and
rRNA levels. Analysis of 45S pre-rRNA levels in MECP2 Tgl mice revealed that the 45S pre-
rRNA levels are decreased only in the cerebellum, suggesting that the effects of MeCP2
overexpression on MeCP2 could be brain region-specific. In contrast, 28S rRNA levels were
decreased in all three brain regions studied, suggesting that rRNA processing might be affected by
overexpression of MeCP2. The specific downregulation of 28S rRNA but not 18S rRNA indicates
that a particular segment of the rRNA processing pathway might be differentially affected in brain
regions of MDS mice. Such differential effects on 18S rRNA, but not 28S rRNA levels was seen in
MECP2E1 overexpressing neurons. Therefore, it is possible that the mature rRNA processing

pathway might be affected.

In my studies, the in vitro data did not fully correlate with my in vivo results, especially
regarding the effect of MeCP2 isoform’s overexpression on 45S pre-rRNA levels. The 45S pre-
rRNA levels were decreased in the in vitro experiments but not in the specific brain tissues from
MECP2 Tg1 mice, except for the cerebellum. One explanation could be that the effects of MeCP2
on 45S pre-rRNA levels could be specific for neurons. This could also explain the specific
downregulation of rRNA levels (both pre- and mature) in cerebellum, since the cerebellum has the
highest number of neurons compared to other regions of the mammalian central nervous system

[404].
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One of the distinct observations made during the current set of studies was the relative level
of rRNAs in comparison to Gapdh. The relative levels of mature rRNA were much higher than 45S
pre-rRNA levels. One potential explanation for this difference is the relative half-lives of the
transcripts being analyzed. Mouse Gapdh mRNA has been shown to have a half-life of more than
6 hours [405]. In comparison, the half-lives of mouse 45S pre-rRNA, 28S rRNA and 18S rRNA are
1.29 £ 0.19 min, 50 hours and 72 hours, respectively [406,407]. Therefore, when comparing the
steady state levels, pre-rRNA levels will be lower than Gapdh, whereas mature rRNA would be
considerable higher than Gapdh. The reason for differences observed between the relative values

of mature rRNAs detected between the in vitro and in vivo samples is currently unknown.

Even though the present study reports decreased levels of 45S pre-rRNA and mature rRNA,
the specific effects of MeCP2 on rDNA transcription or rRNA processing have not been elucidated.
This is mainly due to the fact that the methodology used in my study (RNA extraction from cells
followed by qRT-PCR) only measures the steady-state level of rRNA. The assessment of steady-
state level of rRNA does not reveal the specific stage of rRNA transcription or processing that is
potentially affected by MeCP2 overexpression. Complementary experiments such as nuclear run-
on assays and other metabolic assays that measure nascent rRNA transcripts would be required to
decipher the more intricate details of these mechanisms (further discussed in Chapter 6). Future
studies would determine if the potential regulation of rRNA processing by MeCP2 is mediated by
direct binding of MeCP2 to rRNA transcripts, since MeCP2 has the ability to bind to RNA

molecules [408].
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Chapter 5: Exploring the Potential Binding of MeCP2 to rDNA

5.1 Introduction

In Chapter 4, | have provided evidence for a potential link between altered neuronal rRNA
levels and MeCP2 overexpression. Many regulators of rDNA expression are known to localize
within the nucleolus. However, the evidence for nucleolar localization of MeCP2 is scarce and
controversial (discussed in section 5.6) [288,409,410]. Therefore in this chapter, | have
investigated the potential nucleolar localization of MeCP2 in E18 primary mouse neurons, and
shown that MeCP2 does not localize within the nucleolus in my experimental model. However, in
support of my observations linking altered neuronal rRNA levels and MeCP2, | have provided
evidence for the direct binding of MeCP2 to the methylated rDNA promoter. Deficiency of Mecp2
has been previously shown to affect the size and number of nucleoli (sites of rRNA biogenesis), as
well as nuclear size in neurons [361]. In this chapter, | investigate if MeCP2 overexpression also

affects the size and size/number of neuronal nuclei and nucleoli, respectively.

5.2 Potential localization of MeCP2 within the neuronal nucleolus
The observations made in Chapter 4 suggested that MeCP2 alters 45S pre-rRNA and mature
rRNA levels. Since, the nucleolus is the site for both rDNA transcription and rRNA processing, we

initially aimed to determine if MeCP2 is localized within the nucleolus of primary neurons.

5.2.1 Localization of MeCP2 to the neuronal perinucleolar chromocenters
Many chromocenters are localized proximal to nucleoli in regions referred to as

‘perinucleolar chromocenters’ [411]. My confocal microscopic analysis of endogenous MeCP2E1
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in primary neurons using the previously described custom-made rabbit MeCP2E1-specific
antibody, along with a known nucleolar protein Upstream Binding Factor (UBF), illustrated that
MeCP2EL1 is localized within chromocenters in primary neurons (red arrows) and that some
MeCP2E1 was incorporated into the perinucleolar chromocenters (white arrows) forming a partial
circle around the nucleoli marked by UBF staining (yellow arrows) (Figure 5.1A). Similarly, total
MeCP2 was detected in the chromocenters (white arrow), adjacent to DNA-free regions (yellow
arrow) (Figure 5.1B). Since a nucleolar marker was not used in the ICC experiment testing for
MeCP2 localization in neurons (Figure 5.1B), it is not possible to definitively characterize the
DNA-free region as nucleoli. However, the exclusion of MeCP2 from DNA-free region was

indicative of a non-nucleolar expression pattern.
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Figure 5.1 Localization of MeCP2 to perinucleolar chromocenters in primary neurons.

A) Immunocytochemical detection of MeCP2EL in chromocenters (red arrows) and perinucleolar
chromocenters (white arrows) forming a partial circle around nucleoli marked by UBF staining
(yellow arrows). B) Immunocytochemical detection of total MeCP2 in perinucleolar
chromocenters (white arrow) next to a suspected nucleolus situated with the yellow arrow. Scale
bars represent 2 um. MeCP2E1 was immunolabelled using custom-made rabbit anti-MeCP2E1
antibody. Total MeCP2 was immunolabelled using a C-terminal anti-MeCP2 antibody (Millipore).
Rhodamine Red-X goat anti-rabbit IgG, Alexa 488 goat anti mouse 1gG and Dylight 649

conjugated goat anti- chicken IgY were used as secondary antibodies.
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MeCP2, as a transcriptional repressor and a major chromatin architectural protein, is
involved in heterochromatin formation, and binds to 5mC-enriched chromatin [24]. The 5mC
methyl modification is largely associated with heterochromatin. To further characterize the nuclear
localization of MeCP2 in neurons, | performed immunocytochemistry with MeCP2 and 5mC
antibody. Co-localization confocal imaging analysis showed that in these neurons, MeCP2 is

highly co-localized with 5mC-enriched heterochromatin (Figure 5.2).

Figure 5.2 Co-localization of MeCP2 and 5mC in the nucleus of primary neurons.

Immunocytochemical and confocal microscopic analysis showing the co-localization of MeCP2
and 5mC in neurons. Scale bars represent 2 um. Total MeCP2 was immunolabelled using a C-
terminal anti-MeCP2 antibody (Millipore). Rhodamine Red-X conjugated goat anti-mouse 1gG

and Alexa Fluor 488 conjugated donkey anti-rabbit 1IgG were used as secondary antibodies.

Taken together, my immunocytochemical analyses consistently suggested that MeCP2 is
localized outside the neuronal nucleolus and colocalizes with the methylated, heterochromatin

containing chromocenters.
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5.3 Direct binding of MeCP2 to rDNA

My experiments to determine the potential nucleolar localization of MeCP2 consistently
demonstrated that MeCP2 is localized in the extranucleolar regions, predominantly in the
heterochromatic chromocenters, including perinucleolar heterochromatin, which are known to be
associated with the transcriptionally inactive rDNA fraction [410]. These observations indicated
that MeCP2 could be directly associated with the inactive rDNA fraction, which is characterized
by DNA methylation and repressive histone marks. Previous reports have shown that methylation
of the upstream control element (UCE) of the rDNA promoter leads to transcriptional silencing in
murine cells [286]. In chapter 4, | have provided evidence for the association between
overexpression of MeCP2 isoforms and altered rRNA levels. In this section, | examine if MeCP2

is associated with the methylated rDNAs.

5.3.1 Analyzing direct binding of MeCP2 to the rDNA promoter

In order to study the potential binding of MeCP2 directly to rDNA promoter, | performed
ChlIP analysis using primary cortical neurons. The immunoprecipitated DNA was analyzed by
gPCR using primers encompassing the UCE of the rDNA promoter (Figure 5.5A). ChIP
experiments demonstrated direct binding of MeCP2 to the rDNA promoter’s UCE (Figure 5.5B).
MeCP2 binding to Major satellite regions (MSP) was demonstrated as a positive control for
MeCP2 ChIP (Figure 5.5C). Additionally, ChIP with UBF, followed by gPCR with primers
specific for UCE was used as another positive control for regulatory protein binding to UCE region
of the rDNA promoters (Figure 5.5D). As the percentage input values represented the percent
binding of a particular protein to its target, | compared the percent input values for MeCP2 and

UBF binding to the UCE of the rDNA promoters. For MeCP2, a percentage input of 0.18 £ 0.01
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was observed compared to 0.12 + 0.02 for UBF binding to the same UCE region. Provided that
the two antibodies had the same binding efficiencies, MeCP2 binding to the rDNA appeared to be
as strong as UBF, a known activator of rDNA transcription. Therefore, this data clearly confirms

and provides evidence of MeCP2 binding to rDNA promoters in neurons.
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Figure 5.3 MeCP2 binding to the promoter of the rDNA.

A) Schematic representation of the mouse rDNA and the relative position of the upstream control
element (UCE) with respect to the other regulatory elements and coding regions. Chromatin
immunoprecipitation (ChIP) analysis of MeCP2 binding to B) UCE of the rDNA and C) MSP
(known MeCP2 target gene), and D) binding of UBF to the UCE of the rDNA. N=2+SEM, for

each biological replicate, two gPCR experiments were performed. Both biological replicates were
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processed at the same time. Significant differences from IgG controls are indicated with

p<0.0001**** or p<0.01**.

To further validate the binding of MeCP2 to rDNA, | performed data mining of published
ChlPseq data. Based on the ChlPseq data from Baubec at al [387], MeCP2 binding to the rDNA

promoter region was evident in mouse ESC and ESC-derived post-mitotic neurons (Figure 5.4).
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Figure 5.4 Enrichment of MeCP2 at the rDNA in mouse embryonic stem cells, neurons and
cerebellum.

The Cistrome Finder System (http://cistrome.org/finder) was used to extract ChiPseq data for

MeCP2 binding to the rDNA [185,387]. A) MeCP2 enrichment at the rDNA in ESCs. B) MeCP2
enrichment at the rDNA in mouse ESC-derived post-mitotic neurons. ChlPseq data depicted in A
and B was extracted from Baubec et al., [387]. C) MeCP2 enrichment at the rDNA in the adult

mouse brain cerebellum. ChlPseq data was extracted from Skene et al [185].
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In contrast, ChlPseq data from Skene et al [185] provided evidence for MeCP2 binding

throughout the rDNA present in the mouse cerebellum (Figure 5.4).

5.3.2 Analyzing direct binding of MeCP2 to the methylated/unmethylated fraction of rDNAs

Tandem repeats of rDNAs are arranged as actively transcribed (unmethylated) and inactive
(methylated) fractions. This distinct epigenetic signature of transcriptionally active and inactive
rDNAs prompted us to investigate MeCP2 binding to the methylated or unmethylated rDNA
copies. We assessed MeCP2 association with the methylated/unmethylated rDNA fractions by a
standard assay known as ‘ChIP-CHOP’. In the ChIP-CHOP assay, the precipitated DNA is
followed by a simple methylation analysis of specific sequences with a methylation-sensitive
enzyme called Hpall. The methylation of target sequences would lead to resistance of Hpall

enzymatic digestion that can be analyzed by gRT-PCR (Figure 2.3) [385].

To this end, | performed a ChIP-CHOP analysis of DNA precipitated with anti-MeCP2 in
neurons. Our analysis of the rDNA sequences showed that 66% of bound MeCP2 is detected in
methylated rDNAs (Figure 5.5). As a positive control, | also performed ChIP with a UBF antibody,
a major transcriptional activator of the rDNA. This experiment indicated that only ~25% (lower,
as compare to MeCP2) of UBF association was with the methylated rRNA fraction (Figure 5.5).
Taken together, these results suggested that MeCP2 directly binds to rDNA promoters, and is

mainly (66%) associated with the methylated rDNA fraction.

140



Chapter 5

ChIP-ChOP
Target: rRNA UCE
100 -
83 80-
c £
2 & 807
0 @
2% a0
g O
£ 2 20-
0-

MeCP2 UBF

Figure 5.5 Determination of MeCP2 binding to the methylated rDNA fraction in primary
cortical neurons.

ChIP-CHOP analysis to show the extent of the binding of endogenous MeCP2 and UBF to the
methylated fraction of rDNAs, N=2+SEM. Both biological replicates were processed

simultaneously. Methylation of rDNAs was determined by Hpall resistance.

5.4 Analysis of DNA methylation at the rDNA promoters

Next, in order to analyze if MECP2 overexpression leads to changes in the methylation of
rDNA promoters, | performed Hpall digestion analysis on genomic DNA isolated from MECP2-
overexpressing neurons (Figure 5.6). CHOP-assay analysis in MECP2E1/E2 overexpressing
neurons revealed that MECP2EL overexpression leads to reduced Hpall resistance, while this is
not observed with MECP2E2 overexpression (Figure 5.6). This observation suggested that

overexpression of MECP2E1 reduced the methylation of rDNA promoters.
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Figure 5.6 CHOP assay for rDNA promoters in neurons overexpressing MECP2.

CHOP assay under conditions of MECP2 overexpression. The table below shows the changes to
45S pre-rRNA in neurons transduced with vectors expressing MECP2E1 and MECP2E2, as
analyzed by qRT-PCR. Note that the reduced Hpall resistance indicates reduced methylation status
of the rDNA promoters, N=3+SEM. All biological replicates were processed simultaneously.

Significant differences from EGFP control are indicated with or p<0.05*.

5.5 Alterations in nucleolar and nuclear parameters by MECP2E1 and MECP2E2
overexpressing neurons

In my DNA methylation analysis of the rDNA after MECP2E1 overexpression, | observed
a reduction in DNA methylation, suggesting a potential change in the ratio of transcriptionally
active to inactive rDNAs. As nucleoli are formed around active regions of rRNA transcription; |
therefore asked the question whether MECP2 overexpression affects the formation of nucleoli or

if it changes the number and/or size of nucleoli in primary neurons.
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Previous studies have shown that the size of nuclei are decreased and nucleolar size and
numbers are increased and decreased respectively, in the absence of Mecp2 [361]. However, the
effects of overexpression of the MECP2 isoforms on these nuclear and nucleolar parameters are
unknown. In this section, | will determine the effects of overexpression of MECP2 isoforms on

nuclear and nucleolar parameters using a series of immunocytochemical analysis.

5.5.1 Number of nucleoli (nucleolar coefficient)

First, | aimed to determine if MECP2E1 and MECP2E2 overexpression lead to alterations
in nucleolar formation. Thus, | performed immunocytochemical labelling of EGFP-transduced
control neurons and MECP2E1-, MECP2E2-overexpressing neurons with EGFP- and cMYC-
specific antibodies, respectively. Additionally, 1 used an anti-Nucleolin (NCL) antibody (Figure
5.7A) because NCL is an established marker for nucleoli [412]. Specifically, | quantified the
number of nucleoli found within each nucleus in primary neurons, referred to as the ‘nucleolar
coefficient’ [413]. The average number of nucleoli per neuronal nuclei in the EGFP control and
in MECP2E1- and MECP2E2-overexpressing cells was 2.90, 3.01 and 2.89, respectively (Figure
5.7B). These nucleoli coefficients were not significantly different between the EGFP control,
MECP2E1 and MECP2E2-overexpressing neurons. Next, in order to determine whether there is a
difference in the frequency distribution of the nucleoli coefficients in the three test conditions, |
performed a frequency distribution analysis using a nucleolar coefficient of 1 as the bin number
(range of values). This analysis also did not reveal alterations at specific nucleolar sizes in between
the EGFP control and MECP2E1- and MECP2E2-overexpressing neurons (Figure 5.7C).
Collectively, these data show that the overexpression of MeCP2 isoforms does not lead to a change

in the nucleolar coefficient.
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Figure 5.7 Analysis of the nucleolar coefficient in neurons overexpressing MECP2 isoforms.
A) Representative images of nuclei from EGFP control and neurons with each MECP2 isoform
being overexpressed showing the average number and size of nucleoli. A minimum of 30 cells
from three biological replicates (processed at the same time) were included for each quantification,
for a total minimum of 90 cells. Scale bars represent 10 um. B) The average nucleolar number per
cell (nucleolar coefficient) in MECP2-overexpressing neurons in contrast to the EGFP control. C)
Histogram showing the frequency distribution of the nucleolar coefficient, represented as
percentages, N=3+SEM. Significant differences from EGFP control were considered at p<0.05.
Rhodamine Red-X goat anti-rabbit 1gG (for rabbit anti-Nucleolin antibody), Dylight 649
conjugated goat anti chicken IgY (for chicken anti-B-Tubulin 111 antibody) and Alexa 488 goat anti

mouse 1gG(for mouse anti-EGFP and anti-C-MY C antibodies) were used as secondary antibodies.
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5.5.2 Size of nucleoli

In order to determine the effects of overexpression of the MECP2 isoforms on nucleolar
size, | performed high resolution microscopy to quantify the size of nucleoli in all three
experimental groups. The sizes of nucleoli were then categorized into bin size increments of 1
um?. This analysis showed that MeCP2E1 overexpression caused a reduction of nucleolar size in
7.3% of nucleoli within the bin category of 0-0.5 um? (Figure 5.8). Similarly, in the same bin
category, MeCP2E2 overexpression caused a reduction of nucleolar size in 8.7% of nucleoli
(Figure 5.8). Overall, these results suggested that overexpression of MeCP2 isoforms does not

lead to reduction in the size of neuronal nucleoli, except for nucleoli within the range of 0-0.5um?.
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Figure 5.8 Analysis of the nucleolar size in MECP2-overexpressing neurons.

Histogram showing the frequency distribution of different ranges (bins) of nucleolar size,
represented as percentages. A minimum of 30 cells from three biological replicates (processed at
the same time) were included for each quantification, for a total minimum of 90 cells. Frequency
distribution is represented as a log scale. Bin size is 1 um?, N=3+SEM. Significant differences

from EGFP control were considered at p<0.05*.
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5.5.3 Size of nuclei in primary neurons

The next parameter that | analysed in MECP2E1- and MECP2E2-overexpressing neurons
was the size of nuclei which has been reported to be altered by MeCP2. To this end, | performed
quantitative analyses of nuclear size in EGFP control, MECP2E1- and MECP2E2-overexpressing
neurons. First, calculations of the average nuclear size indicated that MECP2E1-overexpressing
neurons have 8.35 pm? larger nuclei compared to the EGFP control (p<0.0001) (Figure 5.9A).
Similarly, MECP2E2-overexpressing neurons contained 5.238 pum? larger nuclei compared to
control neurons. The MECP2E1-overexpressing nuclei were 3.11 pm? larger than MECP2E2-
overexpressing neurons (Figure 5.9A). Frequency distribution analyses based on nuclear size
revealed that MECP2E1 had effects in the 37.5-42.5 and 52.5-57.5 pm? sized bins; however, they
were opposite to each other. MECP2E1-overexpression caused a reduction in the number of nuclei
within the size range of 37.5-42.5 um?whereas MECP2E1-overexpression resulted in an increased
number of nuclei within the 52.5-57.5 pm? size range. MECP2E2-overexpression only had effects
on nuclei of 57.5-62.5 um? in size (Figure 5.9B). These data collectively show that overexpression
of MECP2 isoforms are generally associated with increased average nuclear size in neurons while

their effect on various sizes of nuclei are different.
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Figure 5.9 Analysis of nuclear size in MECP2-overexpressing neurons.
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A) The average neuronal nuclear size (um?), N=3. The total number of nuclei counted are indicated
within each column. A minimum of 30 cells from three biological replicates (processed at the same
time) were included for each quantification, for a total minimum of 90 cells. B) Histogram
showing the frequency distribution of different bins of nuclear size, represented as percentages.
Bin size are shown as increments of 5um?, N=3+SEM. Significant differences from the EGFP

control were considered at p<0.0001**** p<0.001*** or p<0.05*.

5.5.4 Nucleolar size normalized to nuclear size

For the next analysis, | normalized the nucleolar size reported in 4.3.2 to the nuclear size
reported in 4.3.3; the results are summarized in Figure 5.10. Based on this analysis, it was shown
that the number of nucleoli in the size range of 0.025-0.075 um?, was increased by both MeCP2E1-

and MeCP2E2-overexpression by 34.97% and 33.63%, respectively.
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Nucleolar size / Nuclear size (um?)

Figure 5.10 Nucleolar size normalized against nuclear size in MECP2-overexpressing
neurons.
Histogram showing the frequency distribution of different bins of ratio of nucleolar size to nuclear

size, represented as percentages. Frequency distribution is represented as log scale. A minimum of
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30 cells from three biological replicates (processed at the same time) were included for each
quantification, for a total minimum of 90 cells. Bin sizes are in 0.05 um? increments, N=3. Error
bars represent the SEM. Significant differences from the EGFP control are indicated with

p<0.01**,

Taken together, reduction in the number of micronucleoli and induction in the number of
medium range nucleoli appears to be a cellular phenotype in MeCP2E1 and MeCP2E2-
overexpressing neurons. Whether these morphological changes are caused by or a consequence of

altered rRNA synthesis remains to be determined.

5.6 Discussion

In Chapter 4, I had provided evidence for decreased 45S pre-rRNA and mature rRNA levels
upon MeCP2E1 and MeCP2E2 overexpression in primary embryonic neurons. In the present
chapter, | demonstrate that in neurons, MeCP2 is not localized within the nucleolus (site of active
rRNA transcription), and is associated with methylated rDNA promoters (previously characterized
as a mark of inactive rDNAs [271]). Collectively, the data | have presented in Chapters 4 and 5
suggests that MeCP2 could be a repressor of neuronal rRNA biogenesis. Additionally, | also
demonstrate that neuronal nuclear size increases upon overexpression of both MeCP2E1 and
MeCP2E2, whereas number of nucleoli is unaffected. These results, along with previous reports,
suggests that both loss- and gain-of-function of MeCP2 can affect nuclear size in neurons

[361,409].

Previous reports investigating the nucleolar localization of MeCP2 have provided
conflicting evidence. Ghoshal et al., (2004) reported nucleolar localization of MeCP2 in the human

liver carcinoma cell line, HepG2 [288]. In contrast, two independent reports have demonstrated
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that in mouse neurons, MeCP2 is localized to the heterochromatic region outside the nucleolus,
which is in agreement with my own observations [410,414]. One explanation for this discrepancy
could be that the nucleolar localization of MeCP2 is species-dependent. Such species-specific
nucleolar localization have been reported for TATA-binding protein (TBP)-related factor 2 (TRF2)
[415]. However, the molecular mechanisms that determine species-specific nucleolar localization
remains unknown. Cell-type specific nucleolar expression of MeCP2 is also a distinct possibility
since proteomic analysis of the nucleolus in other human cell lines such as HeLa and Jurkat cell

lines by multiple groups did not detect MeCP2 within the nucleolus [374,416-421].

The results of my ChIP experiments suggest that endogenous MeCP2 directly binds to the
rDNA promoter. My results are in agreement with previous ChlP-seq reports on MeCP2 binding
at the rDNA promoter [185,387]. The validation of MeCP2 binding to the rDNA promoter was
based on an increased percentage input of MeCP2 binding as compared to 1gG controls, similar to
previous studies [190]. One potential caveat of the experiment is the lack of an internal control,
namely, the inclusion of a gene target which is not bound by MeCP2. Several attempts were made
by myself to identify such a target but those experiments were unsuccessful (analyzed targets
include Gapdh, beta-actin and Bdnf). Previous studies have demonstrated that MeCP2 ‘coats’ the
neuronal genome [185], a factor which impedes the selection of an appropriate internal control.
Alternate negative controls would include parallel ChIP experiments performed with a) an
antibody pre-incubated with the peptide antigen against which it was generated, b) chromatin
isolated from Mecp2-null mice which would reveal any non-specific binding by the test antibody

and, c¢) neurons in which Mecp2 has been knocked down by RNA interference.

Methylation of the mouse rRNA promoter at CpG -133 has been identified as one of the

key features of inactive rDNAs [422]. My ChIP-ChOP analysis suggests that MeCP2 is associated
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with the methylated pool of rDNAs, further suggesting a potential role of MeCP2 in regulating
rDNA expression. Hpall resistance is a widely used technique for analyzing the methylation status
of mouse rRNA promoters [381,401,423-425]. However, an often overlooked caveat for the
technique is that the Hpall digestion site is present at CpG (-143), ten bases apart from CpG -133
[425,426]. Despite this caveat, Hpall resistance is still considered a valid technique to measure
rDNA promoter methylation since previous reports have demonstrated that within the methylated
pool of rDNAs, all CpG sites of the rDNA promoter are methylated [427]. In order to examine the
functional significance of the MeCP2-rDNA promoter association, it would be essential to confirm
the specific methylation of CpG -133 within the rRNA promoters associated with MeCP2, which
can be addressed by Bisulfite sequencing analysis, which allows the analysis of individual CpG

methylation [428].

The results from the CHOP analysis suggested that the overexpression of MeCP2E1, but
not MeCP2E2 leads to a decrease in methylation of rDNA promoter. Previous studies that
compared gene expression changes in MECP2 Tgl mice and Mecp2™!8 have shown that a
subset of genes are specifically altered by MeCP2 overexpression [139]. Such dosage-specific
targets could provide an explanation for MeCP2E1 overexpression affecting rDNA methylation.
Furthermore, overexpression of individual MeCP2 isoforms have been shown to affect targets with
distinct functions [429]. Whether an unidentified MeCP2E1-specific target is responsible for the
changes in rDNA promoter methylation remains to be determined. However, as mentioned
previously, it would be essential to determine if CpG -133 is being demethylated to formulate a
functional link between promoter methylation and rDNA expression. As a positive control for the
ChOP assay, future studies could include genomic DNA from cells overexpressing Myb-binding

protein 1a (Mybbpla), which is known to associate with methylated rDNAs [430].
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At first glance, my observations suggesting that MeCP2 binds to the methylated rDNA
promoter (section 5.3) and that MeCP2E1 overexpression decreases the methylation of rDNA
promoter (section 5.4) might appear contradictory. The ChIP-ChOP data was based on the
methylation analysis of the rDNA promoters specifically bound by MeCP2, whereas the ChOP
data was collected from genomic data directly derived from neurons overexpressing MECP2E1
and MECP2E2, without a preceding ChIP step. The analysis of MeCP2-bound rDNA promoters
following MeCP2E1 and MeCP2E2 overexpression would be necessary to link these two
observations. Another caveat is that the ChOP analysis was not performed as part of the
experiments that analyzed the rRNA levels following MeCP2 overexpression. The combined
analysis of rRNA following MeCP2 overexpression by qRT-PCR, ChIP, ChIP-ChOP and ChOP

assay from the same biological replicates would be required to form more definitive conclusions.

The analysis of potential alterations in nuclei and nucleoli in neurons overexpressing
MeCP2 isoforms revealed that overexpression of both MeCP2E1 and MeCP2E2 lead to a modest
but statistically significant increase in nuclear size in primary neurons. This change is expected
since Mecp2-deficiency has been previously report to result in reduced nuclear size [409]. Changes
in nucleoli by MECP2E1 or MECP2E2 overexpression were limited to a decrease in nucleoli
within the 0 - 0.5 pm? size range. This category of nucleoli is referred to as the ‘micronucleoli’,
which have been previously reported to occur predominantly in terminally differentiated cell types
[431]. Collectively, overexpression of both MeCP2E1 and MeCP2E2 in neurons caused a
reduction in the number of micronucleoli (Fig. 5.11). Whether the reduction of micronucleoli itself

could result in changes in rRNA synthesis remains to be determined.
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Chapter 6: Conclusion and Future Directions

6.1 Development of MeCP2 isoform-specific antibodies allowed the investigation of cell-type
specific, spatial, and temporal expression patterns of MeCP2E1 and MeCP2E2

The generation of the MeCP2 isoform-specific antibodies was a critical step towards the
study of the endogenous expression patterns of MeCP2E1 and MeCP2E2. In my own studies, |
have utilized one of the custom-made antibodies to demonstrate the expression of MeCP2EL1 in
primary astrocytes, as well as to quantify its level of expression relative to primary neurons. The
role of astrocytes in MeCP2-mediated functions was underappreciated for a long time, primarily
due to many early studies reporting the lack of MeCP2 expression in astrocytes. However,
subsequent studies demonstrated that MeCP2 is indeed expressed in astrocytes and plays a critical
role in regulating many genes crucial for astrocytic function [151,317,390,432]. Moreover,
Mecp2/MECP2-deficient astrocytes have been shown to negatively influence the growth and
function of normal neurons in both mouse and human experimental models [363,433]. More
importantly, re-expression of Mecp2 specifically in astrocytes improved many RTT-like
phenotypes such as respiratory abnormalities, anxiety levels, and defects in locomotion in a RTT
mouse model [389]. However, the exact role of astrocytes in the exacerbation of cognitive defects,
epilepsy and learning in RTT or MDS patients are currently unknown. A study by Ballas et al.,
(2009) showed that expression of the branched-chain aminotransferase (BCAT) mRNA was up-
regulated by 3-fold in Mecp2-deficient astrocytes relative to wild-type astrocytes (in vitro
cultures). BCAT can modulate the supply of glutamate, a neurotransmitter essential for neuronal
function. Increased levels of glutamates have been linked to epilepsy and cognitive defects, both

of which are observed in RTT mouse models [434,435]. However, the exact link between Mecp2-
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mutant astrocytes and brain-specific phenotypes observed in RTT and MDS mouse models are yet
to be elucidated. Together, these studies highlight the significance of normal MeCP2 expression
and function in astrocytes. My studies were the first to investigate MeCP2E1-specific expression
patterns and levels in primary astrocytes [1]. My studies demonstrated that the majority of
MeCP2EL1 in astrocytes is localized at the nuclear chromocenters, similar to that observed in
primary embryonic neurons. However, the level of MeCP2 in astrocytes is lower, as compared to

neurons, suggesting neural cell type-specific regulation of MeCP2 expression levels.

Using MeCP2 isoform-specific antibodies, our laboratory has reported the localization
pattern of MeCP2EL1 in astrocytic cells of the adult mouse brain, which is similar to the pattern |
observed in primary embryonic astrocytes. These antibodies have also been used to study the
localization of MeCP2 isoforms in neurons and oligodendrocytes of the adult mouse brain. The
development of MeCP2 isoform-specific antibodies has also enabled our laboratory to investigate
the spatial and temporal localization patterns of MeCP2E1 and MeCP2E2 during mouse brain
development [1,2]. These studies have revealed that the expression of MeCP2 isoforms are
different across various developmental time points as well as different brain regions of adult mice
[1,2]. In a joint publication with our lab, these MeCP2 isoform-specific antibodies have also been
used by Yasui et al., (2014) to characterize the first Mecp2el-deficient mice, studies which
implicated MeCP2E1 as the sole contributor to RTT phenotypes [395]. In summary, the
development of MeCP2 isoform-specific antibodies has contributed to significant advances in

MeCP2 isoform-specific research.

To date, the use of our custom-made MeCP2 isoform-specific antibodies have been limited
to WB, ICC, and IHC experiments. Future endeavours should investigate the applicability of these

antibodies for additional assays such as ChIP and Co-Immunoprecipitation (Co-IP) experiments.
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Specifically, experiments that examine the ability of the custom-made MeCP2 isoform-specific
antibodies to bind known target genomic regions (eg: Bdnf promoter) and interacting proteins (eg:
¢-SKI) would enable us to determine the applicability of these antibodies for ChlP and Co-IP. Such
experiments would allow further investigation of novel MeCP2 isoform-specific targets and

protein partners.

The ultimate goal of the generation of MeCP2 isoform-specific antibodies was to explore
the endogenous expression patterns of the two MeCP2 isoforms in human patients of MeCP2-
associated disorders. Analyzing the detection capabilities of our custom antibodies in human
tissues and optimizing the experimental conditions would be a significant step towards this goal.
Moreover, a comprehensive spatial and temporal analysis of MeCP2E1 and MeCP2E2 expression
could be compared to our previous data on the mouse brain and would provide essential data to
determine if our observations are comparable to human MeCP2 expression patterns. Preliminary
data from the Rastegar lab indicates that our custom-made antibodies can detect MeCP2E1 and

MeCP2E2 in human brain samples (Olson et al., unpublished).

6.2 Overexpression of MeCP2 isoforms is associated with downregulation of neuronal rRNA
levels

The results documented in this thesis provided evidence for alterations in rRNA levels by
overexpression of MeCP2 isoforms. To my knowledge, these results are the first study to elucidate
the effect of MeCP2 on neuronal rDNA transcripts, since previous studies in neural cells have only
reported on the mature rRNA levels, bypassing an important regulatory step in rRNA biogenesis
[234,362]. Furthermore, the observation of altered rRNA levels in brain regions of MDS mice

suggest that these changes may be part of the MDS phenotype as well, albeit in a brain-region
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specific manner. Based on the evidence gathered, a potential model is proposed that includes the

results obtained from my studies and incorporates testable hypotheses as future directions.
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Figure 6.1 Proposed model for MeCP2’s effect on neuronal rRNA levels and its potential

downstream role.
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A thorough validation of the present data as well as follow-up studies would be necessary
to tease out the cellular mechanisms involved in the potential regulation of rRNA by MeCP2. In
the next few sections | outline the methods by which the continuation of my findings can be carried
out. For the sake of simplicity, the sections have been categorized based on the various steps of

the model proposed in Figure 6.1.

6.3 MeCP2 binds to the methylated promoter of the rDNA

6.3.1 Does MeCP2 bind to methylated rDNA promoter in vivo?

The results of my in vitro studies provide evidence for the direct binding of MeCP2 to the
methylated fraction of rDNA genes (Figure 6.1, Sections Al and A2). Based on these results, it is
likely that MeCP2 binding to the methylated rDNA promoter can also be detected in vivo in mice
brain (Figure 6.1, Section A3). Previous studies have indicated that the binding profiles of
transcription factors can vary between tissue samples and in in vitro culture models [436,437].
Therefore, one of the primary steps towards establishing a functional significance for MeCP2
binding to the methylated rDNA promoter would be to validate its binding profile in mouse brain

samples.

For in vivo analysis, neurons sorted from mouse brain regions or mouse cerebellum could
be utilized as a sample source. Sorting of neurons from mouse brain regions has previously been
performed to study MeCP2 binding, and can be adapted for the proposed ChIP experiment [185].
An additional negative control for the in vivo ChIP analysis would be neurons isolated from
Mecp2-null mice, provided that they are from the same genetic background, and are matched in

terms of age and sex. ChIP experiments using neurons isolated from Mecp2-null mice would
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ideally result in a complete absence of MeCP2 binding signals or reveal potential non-specific

background signals.

The association of MeCP2 with the methylated pool of rDNA promoters can be verified by
a) Bisulfite sequencing of rRNA promoter fragments immunoprecipitated by a MeCP2 antibody,
b) Sequential ChIP analysis of rRNA promoter fragments immunoprecipitated from MeCP2 with
histone marks associated with the methylated pool of rDNA promoters such as H3K9me3 or
H4K20me3, and c) Psoralen crosslinking. In a sequential ChIP experiment, the DNA-protein
complexes are subjected to sequential immunoprecipitations with antibodies targeting different
proteins [438]. Methylated rDNA promoters have been shown to be associated with repressive
histone marks such as H3K9me3 and H4K20me3 [401]. Therefore, examining the association of
MeCP2 with H3K9me3 and H4K20me3 would provide indirect evidence for MeCP2 binding to
the methylated rDNA promoter. Previous reports have demonstrated that the open chromatin
structure of unmethylated rDNAs make them accessible to psoralen (a DNA cross-linking reagent),
whereas silent genes are inaccessible. The active and inactive genes can be identified following
psoralen-crosslinking using southern blotting since the psoralen-crosslinked active fraction and

the unbound inactive fraction will have different rates of migration [439].

Based on the similarities observed between the downstream effects of MeCP2 on rRNA
levels both in vitro and in vivo (cerebellum) in my studies, | expect to observe MeCP2 binding to
the methylated rRNA promoters in vivo as well. Whether the observed MeCP2 binding to the
methylated rRNA promoters would be brain-region specific can also be determined using the

proposed study.
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6.3.2 Does MeCP2 bind to the methylated CpG -133 of the rDNA promoter?

In mouse, the methylation of a specific CpG at the rDNA promoter (CpG -133), is reported
to determine the transcriptional status of the adjoined rDNA units [286]. Whether the effect of
MeCP2 on 45S pre-rRNA levels are dependent on its association with the rDNA promoter can be

examined by investigating the binding of MeCP2 to CpG -133 of the rDNA promoter.

The functional significance of the association of MeCP2 with the rDNA promoter can be
further deciphered using in vitro reporter assays and in vivo mouse models. The characteristics of
MeCP2’s association with the rDNA promoter, including its binding to CpG-133, the role of
methylated CpG-133 in mediating MeCP2 binding, the effect of MeCP2 binding on rRNA
promoter activity can be tested with rRNA reporter constructs with site-specific mutations and
methylations, both of which have been previously reported [286]. As an in vivo experimental
model, a previously developed conditional knockdown model of MeCP2 can be used [440]. The
rRNA levels before and after reactivation of MeCP2 could be correlated with potential binding of

MeCP2 to the rDNA promoter to determine if this binding is correlated with 45S pre-rRNA levels.

The results of these experiments might provide evidence for a mechanism wherein

MeCP2 binds to methylated CpG -133 of the rDNA promoter and represses rDNA expression.

6.3.3 Does MeCP2 bind to 5mC, 5hmC or both modifications at the rDNA promoters?
Analysis of DNA methylation using Hpall digestion does not distinguish between 5mC
and 5hmC methyl modifications [441]. However the highest levels of 5hmC has been reported in
the brain and in neurons, with MeCP2 being identified as the major 5hmC-binding protein in the
brain [442]. Based on these observations, a part of the methylated rDNA promoters in neurons

could contain 5hmC modifications, and could be bound by MeCP2. Immunoprecipitation
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experiments of neuronal genomic DNA with 5hmC antibody followed by PCR amplification
(hMeDIP), could be used to test the presence of 5hmC at the neuronal rDNA promoters. ChIP
experiments with MeCP2 followed by hMeDIP experiments would be an ideal assay to test the
association of MeCP2 with rRNA promoters that contain 5ShmC methylation. The functional
significance of 5hmC in a potential role of MeCP2 on rRNA synthesis can be investigated by
analysis of neuronal rRNA levels and MeCP2-rDNA promoter binding profiles in a previously
reported RTT mouse model. This mouse model has a particular Mecp2 mutation (R133C) that
disrupts its binding to 5ShmC [443,444]. Therefore, examination of rRNA levels and MeCP2-rRNA
promoter binding profiles in R133C mouse model would provide new insights on the potential

occurrence and significance of 5hmC on neuronal rRNA promoters.

The physiological significance of 5ShmC modification on rRNA promoter is currently
unknown. However, since both the active and poised pool of rDNAs are known to have
unmethylated promoters [271], it is tempting to speculate that the 5hmC bound rRNA promoters
represent a hitherto uncharacterised fraction of inactive rDNA. This would be in agreement with

previous observations of 5hmC modifications on promoters of inactive genes [445].

6.3.4 Do both MeCP2 isoforms bind to the rRNA promoter?

The ChIP experiments in the present study did not investigate the binding of individual
MeCP2 isoforms to the rRNA promoter. Subsequent ChIP experiments with our custom-made
MeCP2E1 and MeCP2E2 antibodies might reveal specific binding patterns for individual MeCP2

isoforms at the rRNA promoters.
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The observation that MeCP2 is associated with the methylated rRNA promoter implies that
MeCP2 association might be mediated through its MBD domain, which is common for both
MeCP2 isoforms. Therefore, both isoforms are likely to have the same potential to bind at the
rDNA promoter. However, the precise ratio with which MeCP2 isoforms are associated with the
rDNA promoter as well as potential binding preferences to the promoters carrying 5mC/5hmC

modifications will have to be addressed in future studies.

6.4 Overexpression of MeCP2E1, but not MeCP2E2 leads to decreased methylation of the
rDNA promoter
6.4.1 Can the decrease in rDNA promoter methylation by MeCP2E1 be replicated?

Based on my lentiviral MECP2 overexpression studies in primary cortical neurons,
overexpression of MeCP2E1 leads to demethylation of rDNA promoter, whereas overexpression
of MeCP2E2 does not affect the methylation status of the rDNA promoter (Figure 6.1, Sections
B1 and B2). Since MeCP2EL1 is the major isoform within brain [1,2], it is likely that duplication
of Mecp2/MECP2 also leads to decreased methylation of the rDNA promoter (Figure 6.1, Section
B3). The potential demethylation of the rDNA promoter by MeCP2E1 suggests a MeCP2 isoform-
specific ability to alter rDNA promoter methylation upon overexpression. However, due to the
inherent caveats of an in vitro overexpression study (significantly higher levels of test protein
compared to physiological levels, off-target effects on gene expression changes), it would be
essential to replicate the observation of the increase in methylation caused by MeCP2E1

overexpression both in vitro (using additional controls) and in vivo.

The effects of MeCP2E1 on rDNA promoter methylation can be indirectly assessed by

analysing rDNA promoter methylation in the cerebellum of a previously developed MeCP2E1
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isoform-specific knockdown mouse model [395]. An increase in rDNA promoter methylation in
the knockdown mouse model would strengthen the data from my in vitro overexpression studies.
However, this method of verification will have to done under the assumption that the effect of

MeCP2E1 on rDNA promoter methylation is dose-dependent and bidirectional.

To date, there have been no reports that would suggest an isoform-specific demethylation
function for MeCP2E1. However, if the findings of my in vitro overexpression studies can be
corroborated with the proposed in vivo study, it would reveal a novel isoform-specific role for
MeCP2E1. A potential mechanism for MeCP2E1-specific demethylation could be mediated by a
preferential/exclusive binding to TET proteins and/or Gadd45b, both of which have been linked

to DNA demethylation in neurons [446,447].

6.4.2 What could be the potential mechanism/s for MeCP2 mediated demethylation?

Active DNA methylation in post-mitotic neurons, once considered a rare phenomenon, is
increasingly being identified as an integral part of cellular mechanisms underlying memory,
behaviour and brain development [448-452]. However, the mechanism for active DNA
demethylation itself is still a subject of debate. A cellular process that leads to the direct removal
of the methyl group from a methylated cytosine has not been identified to date [121]. Instead,
active DNA demethylation is thought to occur in a multistep process by sequential chemical
modifications. Two main sites within 5mC are amenable to chemical modification, the amine
group and methyl group. Deamination of the amine group by AID/APOBEC to a carbonyl group
converts 5mC to thymine, which creates a G/T mismatch and is subsequently converted to
unmodified cytosine by the BER pathway. Consequent oxidation reactions catalyzed by TET
proteins can convert 5mC to 5hmC, 5fC and 5caC, which in turn, can be converted to unmodified

cytosine by the BER pathway [453]. Interestingly, two members of the MBD family (MBD4 and
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MBD2) and DNMT family of proteins (DNMT3A and DNMT3B) have also been shown to be

involved in active DNA demethylation [451,453].

MeCP2 can mediate DNA demethylation by associating with TET1 or members of the
MBD family capable of demethylating DNA. Previous reports have demonstrated that MeCP2 can
bind to MBD2 and TET1 both in vitro and in vivo [454,455]. Based on these reports, it can be
hypothesized that overexpression of MeCP2E1 leads to recruitment of MBD2 or TET1 to rDNA
promoter, initiating active DNA demethylation at the recruited sites. This hypothesis does assume

the preferential binding of MBD2 or TET1 to MeCP2E1 which has to be tested as well.

6.4.3 Does overexpression of MeCP2 in MDS mice cerebellum lead to changes in rDNA
methylation?

The methylation status of the mouse cerebellar rRNA promoter following MECP2
duplication is unknown. An initial step towards understanding the effects of MECP2 duplication
in the mouse would be to determine the levels of MeCP2 isoforms in the mouse cerebellum and
the role of individual isoforms in regulating rDNA promoter methylation. Subsequent analysis of
the methylation status of the MDS mouse cerebellum compared to its genotypic control would be

necessary to determine potential alterations in methylation levels.
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6.5 Overexpression of MeCP2 leads to a decrease in 45S pre-rRNA levels

6.5.1 Does the decrease in 45S pre-rRNA levels following the overexpression of MeCP2
isoforms correlate with alterations in rDNA transcription?

In the present study, | have provided evidence for a decrease in 45S pre-rRNA levels in
neurons following MeCP2 overexpression. Overexpression of MeCP2 isoforms in primary cortical
neurons as well as duplication of Mecp2/MECP2 in a MECP2 Tgl mouse model resulted in
decreased 45S pre-rRNA levels (Figure 6.1, Section C1 and C2). To further link the reduced 45S
pre-rRNA levels to rRNA transcription, metabolic labelling of nascent RNA using *H-Uridine
labelling and nuclear run-off analysis of newly labelled 45S pre-rRNA can be performed in both

primary neurons and mouse cerebellum based on previous protocols [456,457].

As part of future directions, it would also be essential to determine if MeCP2
overexpression leads to downregulation of rRNA in humans. Li et al., (2013) observed a decrease
in 5.8S rRNA levels in MECP2-deficient neurons [234]. However, a concurrent decrease in other
mature rRNAs were not determined. Ghoshal et al., (2004) also reported that overexpression of
MECP2 downregulates Poll activity [288]. These studies suggest that MeCP2 overexpression
could lead to decreased levels of human rRNA as well. However, the potential mechanism by
which MeCP2 could regulate human rDNA transcripts could be different, due to the variation in
promoter sequences of mouse and human rDNA. The human rDNA has 25 CpG sites within its
promoter. In contrast to the mouse rDNA promoter, CpGs at the human rDNA promoter do not
exhibit complete methylation or non-methylation status. Instead, human rDNA promoter CpG sites
have a mosaic methylation pattern wherein few CpGs are methylated and few are unmethylated
[271]. Collectively, these observations highlight the importance of verifying the potential role of

MeCP2 in regulating human rRNA synthesis.
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6.6 Overexpression of MeCP2 leads to altered levels of mature rRNAs

6.6.1 Does the alteration in mature rRNA levels following the overexpression of MeCP2
isoforms correlate with alterations in rRNA processing?

In the present study, | have provided evidence for a decrease in 28S and 18S rRNA levels
in neurons following MeCP2 overexpression. Based on my MeCP2 overexpression analysis in
primary neurons, overexpression of MECP2E1 leads to decrease in 18S rRNA alone, whereas
overexpression of MECP2E2 decreases both 28S and 18S rRNA levels (Figure 6.1, Sections D1
and D2). Within the MECP2 Tgl mice cerebellum, 28S rRNA, not 18S rRNA were decreased by
Mecp2/MECP2 duplication, suggesting a potential rRNA processing defect (Figure 6.1, Section
D3). To link the altered mature rRNA levels to rRNA processing defects, metabolic labelling of
nascent RNA using *H-Uridine labelling and northern blot analysis of newly labelled 18S and 285
rRNA can be performed in both primary neurons and mouse cerebellum based on previous

protocols [456,457].

6.7 Does the alterations in mature rRNA levels following the overexpression of MeCP2 lead
to decreased ribosome biogenesis?

Since rRNA synthesis is a rate-limiting step in ribosome biogenesis, the most likely
consequence of reduced mature rRNA levels following MeCP2 overexpression is a reduction in
the formation of ribosome subunits and mature assembled ribosomes (Figure 6.1, Sections E1-E3
and F). This hypothesis can be tested by polysome profiling. In polysome profiling, dissociated
ribosomes (40S, 60S) as well as mature ribosomes (80S) and polysomes (ribosomes attached to
MRNAS) can be separated by running cell extracts through a sucrose gradient. The dissociated and
mature ribosomes are subsequently identified by measuring their absorbance at 254 nm, which

generates a ‘polysome profile” with distinct peaks for ribosomal subunits, mature ribosomes and
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polysomes [458]. A comparison of the polysome profile generated by neurons overexpressing
MeCP2 isoforms and the corresponding controls would reveal potential defects in mature ribosome

formation.

6.8 Does MeCP2 overexpression lead to reduced protein synthesis?

The reduction in ribosome biogenesis could lead to translation initiation defects, which
could affect global protein synthesis (Figure 6.1, Section G). However, defects in rRNA synthesis
are also associated with translational defects in specific mMRNA populations, even though the
precise mechanism behind this effect is unknown [459]. Therefore, it is important to examine
alterations in both global protein synthesis as well as changes in translation of specific mMRNA

populations in neurons under resting and active states.

Global changes in nascent protein synthesis rates in both isolated neurons and mouse brain
regions can be assessed by the incorporation of %S methionine into total cellular proteins for a
specific interval of time. This method provides a gross estimate of global changes in protein
synthesis rates in experimental models. Alternatively, global protein synthesis can be measured by
mass spectrometry-based techniques such as pulsed stable isotope labeling by amino acids in cell

culture (pSILAC) [460].

Changes in translation of specific mMRNA populations can be examined by ribosome
profiling, in which polysomes from cellular extracts are separated by sucrose gradient —
fractionation and subsequently subjected to deep sequencing to determine ribosome occupancy
and rates of translation. A comparison of ribosome profiling data along with mRNA abundance
assessed by RNA-seq will determine two parameters: mRNA abundance and relative amount of
ribosomes involved in translating mMRNAs. The comparison of these parameters would enable us

to determine if a) a specific populations of mMRNA are affected by MeCP2 overexpression, and b)
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if the alterations in mMRNA are due to changes in ribosome occupancy on the affected transcripts.
These assays in turn, would provide insights to the possibility that specific proteins could be

affected due to potential defects in ribosome biogenesis.

6.9 Can change in mature rRNA levels by MeCP2 overexpression lead to compromised
neuronal functions?

A potential effect of reduced protein synthesis in neurons would be an inability to respond
to signalling cues, which is often mediated by active protein synthesis, and could potentially lead
to impaired neuronal functions (Figure 6.1, Section H). The occurrence of such a functional deficit
could be addressed through **S metabolic labelling studies following neuronal activity. Previous
studies have shown that neuronal activity induced by BDNF is associated with increased protein
synthesis, as measured by **S metabolic labelling [461]. An experimental model in which neuronal
activity is induced by BDNF in neurons overexpressing MeCP2 isoforms and subjected to *°S
metabolic labelling of nascent proteins could be utilized to determine if the widespread increase

in protein synthesis caused by neuronal activity is compromised.

Neuronal activity-dependent protein synthesis is mainly carried out within the axons and
dendrites of neurons, which have their own ribosomal populations. One potential consequence of
reduced ribosome biogenesis could be an alteration in the distribution of ribosomes within the
neuron, leading to altered protein synthesis capacity. The distribution of ribosomes could be
verified by in situ hybridization techniques, or immunolabelling experiments with Y 10b antibody,

which is known to label ribosomes specifically.

Dendritic protein synthesis can be analyzed by reporter assays using a previously reported,
well-defined approach to specifically detect protein synthesis in dendrites [462]. This method

involves the usage of a neuronal activity reporter construct in which the region encoding a
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myristoylated green fluorescent protein (GFP) is flanked by the 3’- and 5" UTRs of CAMKIIa to
encode sequences that direct protein translocation to the dendrite and prevent translation unless
the neuron is active [462]. The myristoylation tag ensures that the GFP protein being synthesized
remains attached to the neuronal membrane adjacent to where it is translated. Previous studies
have demonstrated increased dendritic protein synthesis by neuronal activity induced by various
signalling cues, including exposure to neurotransmitters like glutamate or growth factors like
BDNF [463]. We will analyze if such neuronal activity-dependent dendritic protein synthesis is
compromised in neurons with MeCP2 overexpression by transducing MECP2E1 or MECP2E2
with the reporter construct. After transduction with the reporter construct, neurons will be exposed
to BDNF and protein synthesis will be assessed by analysis of EGFP expression. Based on the
hypothesis that MeCP2 overexpression reduces ribosome synthesis in neurons, | expect to observe

a reduction in dendritic protein synthesis as well.

6.10 Summary

Ribosome biogenesis is a critical cellular process that is essential for normal cell survival
and function. In the current study, | have provided evidence for alterations in neuronal rRNA levels
following MeCP2 overexpression. Understanding the functional significance of my observations
through the proposed studies would provide critical insights into the various mechanisms by which

overexpression of MeCP2 leads to MDS.
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Appendix A: Reagents and Materials List

Al. Cortical Neuron Isolation

Materials used

Table Al. Reagents used in cortical neuron isolation

Reagent Name Company Catalog
Number

Poly — D lysine BD Biosciences 354210

Poly-L-ornithine Sigma P4957

Neurobasal Media Life Technologies | 21103-049

Pen/Strep* Gibco 10378-016
B27 Gibco 17504-044
L-Glutamine* Gibco 25030-081
CA Sigma C1768
Cysteine Sigma C-1276
EDTA Gibco 15575-038
Papain Worthington 3126
Ovomucoid Sigma T-9253
BSA (WB grade) EMD 2930
Earle's Balanced Salt | Gibco 14155-063

Solution (EBSS)

Hank's Balanced Salt | Gibco 14025-092

Solution (HBSS)

DNase Sigma DN25




Appendix

*The Pen/Strep that we use already has Glutamine in it, therefore we do not add extra L-Glutamine

in the Neurobasal media

Other Materials

Table A2. Other materials used in cortical neuron isolation

Name Company Catalog Number
Coverslips (12 mm) Fisher 12-545-82
Fine scissors FST 14058-11
Large forceps FST 1108-15
Fine straight forceps Dumont (or) 55

FST

11255 - 29

Fine curved forceps Dumont 5-45

(or)

FST 112531-35

Reagent Preparation

Poly-D-Lysine:

Prepare 1% v/v (500ul in 50 ml) in sterile water.

235



Appendix

Neuronal Culture Media

Neurobasal media, 1% v/v Pen/Strep, 2% B27 supplement, 500uM L-Glutamine. For 50 ml

media add 1 ml B27, 500ul Pen/Strep, 125ul L-glutamine.

Neuronal Selection Media

Neuronal Culture Media + 7uM Cytosine Arabinoside (0.07% final CA concentration)

Papain Solution

Add 1mg of Cysteine in 9ml of EBSS and 22.5ul of 200mM EDTA

Take 3 ml of the solution prepared in the previous step and add 43ul of 877U/ml papain

suspension (final papain concentration about 10 U/ml)

Incubate at 37°C for at least 30 minutes to activate the papain.

10/10 Solution

50 mg of BSA (WB grade) + 50 mg of ovomucoide in 5ml of EBSS

Let dissolve at 37°C and sterile filter before use.

1/10 Solution

10/10 solution diluted 1:10 with EBSS (1ml of 10/10 solution + 9ml EBSS)

236



Appendix

DNase

Powder: 2000-3000 U/mg. 10mg of DNase in 10ml of 0.15M NaCl, store at -20°C.

Cytosine Arabinoside

Stock solution: 1mM (store at -20°C)

Working Solution: Make a 12uM solution (4X)

ACSF for dissection

Table A3. ACSF preparation
Component Amount (for 100ml)
2M NacCl 6.2 ml
1M KCI 0.5 ml
1M MgCl, 0.13ml
155mM NaHCO3 16.9 ml
1M Glucose 1ml
108 mM CaCl; 1.84 ml
1X antibiotic/antimycotic 1ml

A2. Primary astrocyte isolation and culture

Materials Used
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Table A4. Reagents used in primary astrocyte isolation and culture
Reagent Name Company Catalog Number
Poly — D lysine BD Biosciences 354210
MEM GIBCO 12360-038
Pen/Strep GIBCO 10378-016
Papain Worthington 3126
EBSS GIBCO 14155-063
DNase Sigma DN25
HBSS GIBCO 14025-092
Antibiotic-Antimycotic GIBCO 15240-062

Other Materials

Table A5. Other materials used in astrocyte culture
Name Company Catalog Number
Coverslips (12 mm) Fisher 12-545-82
Fine Scissors FST 14058-11
Large forceps FST 1108-15
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Fine straight forceps Dumont (or) 55
FST
11255 - 29
Fine curved forceps Dumont 5-45
(or)
FST 112531-35

Preparation of solutions and media

Astrocyte Media (10% FBS in MEM)

MEM 500ml

FBS 50ml

Pen/Strep 5ml

Papain

Dissolve papain 40units/ml in HBSS-A (2mg/ml).

100mg in 50ml HBSS-A

Place in warm bath until dissolved

Filtered (0.22um), divide into 1ml aliquots, store at —20°C
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DNase (100mg/bottle, sigma cat# DN-25)

Dissolve DNase (2mg/ml) in HBSS

100mg in 50ml HBSS

Place in warm bath until dissolved

Filter, divide into 1ml aliquots, store at -20°C.

A3. Salt shock total cell extraction buffer
50 mM tris pH 8.0

150 mM NaCl

5mM EDTA, pH 8.0

0.2% sodium deoxycholate

1% NP-40

50 mM NaF

1 mM sodium orthovanadate

Roche Complete Cocktail protease inhibitor
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