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Abstract

Rett Syndrome (RTT) and MECP2 Duplication Syndrome (MDS) are caused by mutations in the
MECP2 gene encoding “methyl CpG binding protein 2” (MeCP2), a critical epigenetic regulator in
the brain. There is no cure available for these diseases, but symptoms have been reversed in
mouse models. The two isoforms of the protein, MeCP2E1 and E2 are differentially expressed in
the brain and there is increasing evidence that they have unique functions, which is important to
consider in developing therapeutic strategies for MeCP2-related disorders. MeCP2 has been
shown to function as a transcriptional activator and repressor but the role of each isoform in
transcriptional regulation has not been extensively studied. In this study, a new gain-of-function
model of MeCP2 isoform-specific overexpression was generated in human brain cells through
stable lentiviral transduction. Nascent RNA analysis was performed to test the transcriptional
effects of the two isoforms on selected target genes, BDNF and miR-132, which form a
homeostasis network with MeCP2, as well as Nucleolin and ribosomal RNAs. Both isoforms were
shown to increase nascent BDNF transcripts. The results of the human brain cell line correspond
with previous observations in human RTT brain tissues, indicating the model established here
could be used in the future for additional screening studies. Small molecule drug screening for
RTT therapies has recently focused on metabolic drugs which have the potential to correct
metabolic defects in RTT patients as well as cognitive defects. The impact of these drugs on
MeCP2 regulation is an important aspect of these studies, since MeCP2 levels are tightly
controlled. In this study, the effect of simvastatin and metformin on MECP2 and BDNF
transcription was assessed in human brain cells. The results suggested that metformin controls
MECP2E1 and BDNF post-transcriptionally, but the effect on MECP2E2 is transcriptional and is a
promising drug for RTT. This study highlights the importance of isoform-specific analysis in

studies of MeCP2 function and analysis of potential RTT therapies.
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Chapter I: Introduction

Rett Syndrome (RTT) and MECP2 Duplication Syndrome (MDS) are two neurodevelopmental
disorders resulting from loss- and gain-of-function mutations in the MECP2 gene encoding
“methyl-CpG binding protein 2” (MeCP2).1? These disorders have no available cure, and their
mechanism of disease is still not fully clear. MeCP2 is an important epigenetic factor with key
roles in neurodevelopment and maintenance of mature neurons in the brain throughout life.3
The discovery that loss-of-function mutations in MECP2 cause RTT was made in 1999 and gain-
of-function mutations were linked to MDS in 2004-2005. In the 15-20 years that have passed,
research has shown that MeCP2 dysregulation has broad effects in neurons impacting genomic
organization and chromatin structure leading to deregulation in the processes of gene
transcription, protein translation, activity of fundamental signaling pathways and growth factors,
including mammalian target of rapamycin (mTOR), and abnormalities in metabolism.* The
background of this body of relevant research will first be reviewed, followed by an outline of how
this thesis will investigate selected targets involved in these cellular processes with a focus on

the role of MeCP2 in transcriptional control of these genes.

Li. Control of gene transcription in eukaryotes

l.i.a. Epigenetics and chromatin structure

The field of epigenetics was recently defined as “the study of molecules and mechanisms that
can perpetuate alternative gene activity states in the context of the same DNA sequence.”?
Dysregulation of these processes is implicated in various neuropsychiatric diseases such as Major
Depressive Disorder (MDD), Autism Spectrum Disorders (ASDs), Fragile X Syndrome, Rett
Syndrome and schizophrenia.® Epigenetic regulation has critical structural and signaling roles by
compacting DNA molecules within the nucleus and producing unigue and dynamic gene
expression states within the cells.>” DNA is compacted through packaging with DNA-bound
proteins to form the “chromatin” structure.®® The most basic level of chromatin organization is
the 11 nm fiber consisting of nucleosomes connected by linker DNA which appear like ‘beads on
a string’. A nucleosome is composed of 147 bp of DNA wrapped almost twice around a histone

octamer.1® The histone octamer consists of a (H3-Hs)2 tetramer and two H2A-H2B dimers.1%12



Linker histones H1, or the avian H5, bind to DNA where it enters and exits the nucleosome and
play a role in the formation of higher order chromatin structures. Nucleosomes are negative
regulators of gene expression since they limit the access of transcription machinery to DNA.®’
The genome is organized into topologically associated domains and is compacted and organized
through higher order 3D chromosome folding.!3

Heterochromatin and euchromatin refer to chromatin in repressive and active states,
respectively. Heterochromatin is more highly condensed than euchromatin and is further divided
into facultative and constitutive heterochromatin.” The inactivated X chromosome is an example
of constitutive heterochromatin, which remains in the repressed state while facultative
heterochromatin can dynamically move between repressive and active states. Unique and
dynamic chromatin states can be distinguished by different chromatin modifications found there
including DNA methylation, histone variants and post-translational modifications (PTMs), and
RNA modifications.'* The epigenetic factors which deposit, interpret and remove these
modifications are called writers, readers, and erasers, respectively.>®

Histone PTMs occur mostly on the N-terminal tails which extend out from the globular histone
core, and include lysine acetylation, lysine and arginine methylation, serine and threonine
phosphorylation, and lysine ubiquitination and sumoylation.” Histone Binding Proteins are
readers of histone modifications, Histone Acetyltransferases are writers, and Histone
Deacetylases are erasers.

DNA is epigenetically modified by methylation of cytosine bases. Methylation status affects gene
expression, genomic stability, alternative splicing, X chromosome inactivation and expression of
highly repetitive regions such as retrotransposons and satellite DNA.®” The writers of DNA
methylation, DNA methyltransferases (DNMTs) transfer the methyl from a donor to produce 5-
methylcytosine (5mC), referred to as the fifth base of the genome. DNMT1 maintains methylation
patterns during DNA replication while DNMT3A and 3B are de novo DNMTs. Ten-Eleven
Translocation (TET) enzymes demethylate DNA through a series of oxidation reactions. The
oxidized forms also have significant biological functions.® 5mC is oxidized to 5-
hydroxymethylcytosine (5hmC), referred to as the sixth base of genome. Further oxidation

reactions by TET proteins generate 5fC and 5caC.}* Methyl Binding Proteins are the readers of



methylation marks, including MeCP2, other Methyl Binding Domain (MBD) proteins as well as
proteins without a MBD. Various combinations of DNA and histone modifications can have
unique effects on the chromatin environment.%’

The DNA methylation mark 5mC is predominantly associated with repression of transcription
when localized to promoter elements of genes while 5hmC is found in transcriptionally active
chromatin regions and enhancers.* There are also studies showing 5hmC can be enriched at
promoters of repressed genes. MeCP2 binds both 5mC and 5hmC.>% The effects of 5mC and
5hmC are also genomic context-dependent and cell-type specific. The 5mC modification can
occur in the context of CpG methylation and CpH methylation (H=C, A, or T). CpH methylation is
prevalent in embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), the adult brain,
and mature neurons. The major regulatory proteins which recognize and bind CpH include

MeCP2 and DNMT3A.”

L.i.b. Regulation check points, transcription machinery, and roles of RNA Polymerases |, Il, Il
RNA polymerases are responsible for catalyzing the synthesis of RNA using DNA molecules as
template. There are three RNA polymerases in eukaryotes which transcribe different classes of
RNA. Polymerase (Pol) | synthesizes ribosomal RNAs, Pol Il synthesizes messenger RNAs, non-
coding RNA, primary microRNAs, and enhancer RNAs, while Pol Ill produces transfer RNAs and
small ribosomal RNA.17/18

The three stages of transcription are initiation, elongation, and termination.” Transcription
initiates at the core promoter, which is about 100-200 bp in length and surrounds the
transcription start sites (TSSs) at the 5’ ends of genes. Characteristic core promoter motifs in the
DNA sequence include TATA box and downstream promoter elements.'® Promoters will often
contain conserved DNA sequence elements which may differ for Pol I, Pol Il and Pol Ill. Access to
the promoter sequence could be inhibited by the chromatin structure, with nucleosomes to be
removed or shifted (chromatin remodeling) before transcription can begin. Such regulatory
mechanisms have been experimentally shown for members of the Hox genes in vitro and in

vivo.1129-22 Active promoters may contain nucleosome-depleted regions, flanked by +1



downstream and -1 upstream nucleosomes. CpG islands and their methylation status regulate
the activity of some promoters.'’

Core promoters on their own may only support low basal transcriptional activities. Additional
regulation is provided by proximal promoters upstream of the core promoter as well as
enhancers and silencers. These latter sequences could be more distant DNA regulatory elements,
which can be even 1 million base pairs or more away from their target promoters.!’*?
Transcription factors (TFs) activate gene transcription through binding specifically to sequence
elements in the promoters, enhancers, and silencers and can be studied by DNase | footprinting,
electromobility shift assays, chromatin immunoprecipitation (ChIP), and other DNA-protein
binding assays.?%2324 There are about 1,600 known human TFs.'”*® Communications between
enhancers, silencers and the core promoters are mediated by trans-acting factors which bind to
motifs within the sequences. Transcription factor complexes can act to bridge enhancers,
silencers, and promoters, requiring dynamic chromatin architecture. Topologically associated
domains are defined regions of the genome where enhancers usually operate. TFs recruit
additional proteins that regulate promoter accessibility and transcription initiation, recruiting
RNA polymerase.”1°

In eukaryotes the assembly of polymerases with their associated initiation factors on the core
promoter is called the “pre-initiation complex (PIC)”.17'8 The initiation factors bind to the DNA
upstream of the transcription start site of a gene, forming a bridge between the polymerase and
the gene to be transcribed. The PIC opens DNA, which occurs spontaneously for Pol | and Pol llI
but for Pol Il requires the DNA translocase XPB, which uses ATP to unwind double-stranded DNA
molecules to propel them into the polymerase active center.!” After Pol Il transcribes 20-60
nucleotides it undergoes promoter-proximal pausing, which in mammals is a major regulatory
checkpoint. Additional factors are required for transcription to continue. Promoter-proximal
pausing can regulate a gene by limiting the frequency of transcription initiation. Some
transcription factors encourage release of polymerases from pausing. The 5’ end of the nascent
RNA is capped via reverse linkage in the 5’ to 5’ direction of N7-methylguanosine. This occurs
during initiation and promoter-proximal pausing.’® Phosphorylation of serine residues in the C-

terminal domain (CTD) of RNA Pol Il recruits capping enzymes. The CTD of Pol Il is further



phosphorylated which recruits elongation factors allowing transcription to proceed.'’
Phosphorylation of the Pol Il CTD also functions in recruiting factors involved in histone
modification and chromatin remodeling, such as histone methyltransferases, which can occur
during transcription. Elongation can be paused leading to polymerase backtracking, arrest, and
termination. The presence of nucleosomes in a gene can result in RNA polymerases “arresting”
and continuation of transcription can be rescued by TFIIS, an elongation factor, and a similar
factor performs the same function for Pol | and Pol 111} Introns are removed from the pre-mRNA
transcript during productive elongation through action of the spliceosome, a large dynamic
complex consisting of small nuclear ribonucleoproteins and many other proteins.? Alternative
splicing of exons in eukaryotes contributes to the diversification of proteins observed, and this
process is mediated by heterogeneous ribonucleoproteins (hnRNPs).26 The final step,
termination, at the 3’ end of gene is when the transcript is cleaved and the pre-mRNA becomes

polyadenylated.”18

l.i.c Effective ways to study gene transcription

Different modes of transcriptional regulation discussed above would determine which transcripts
are synthesized within a cell. At any given time, a cell contains a total pool of various RNA
transcripts including those which are stable (with a high half-life), unstable (with a low half-life),
and newly synthesized transcripts. Commonly used total RNA analysis does not distinguish
between the states of these transcripts but rather provides an overall view of the transcripts
present at any given moment in time, referred to as the “steady state”. In order to investigate
the mechanisms behind altered transcript levels by specific drug treatments, developmental time
points or other conditions, there are certain methods to analyze promoter activity, RNA synthesis
and RNA stability. Promoter activity can be tested by reporter assays such as luciferase
experiments?’ or beta-galactosidase reporter assays.?® ChIP can be used to measure binding of
RNA polymerase to promoter regions?>29, RNA stability can be assessed by actinomycin D
treatment which inhibits RNA polymerase so that the stability of the existing pool of RNA

transcripts can be analyzed. RNA synthesis and stability can be assessed through nascent RNA



analysis methods which label and isolate newly synthesized RNA during a certain time window
and allow them to be distinguished from total transcripts.!®

To date, there are a limited number of MeCP2 studies employing these methods, which makes it
challenging to identify which genes are transcriptionally controlled by MeCP2. My thesis has
focused on transcriptional gene regulation via measuring nascent RNA synthesis. Nascent RNAs
can be detected either by biochemical enrichment or chemical induction of point mutations.
Biochemical enrichment methods would include isolation of chromatin-associated RNA, Pol II-
associated RNA, small-capped RNA, metabolically labelled RNAs, and RNA from elongation-
competent Pol Il complexes.’® Global changes in transcription or transcript stability can be
analyzed by global sequencing of nascent RNAs through a variety of methods. Imaging-based
techniques are also available which quantify global transcript production in real time in the 3D
space of the nucleus, tissue, or organism.*®3031 Targeted gene analysis of nascent RNA can also
be performed using gene-specific primers and qualitative real-time polymerase chain reaction
(gRT-PCR).2>:32-34 The goal of my thesis is to elucidate the role of MeCP2 in transcriptional control
through nascent RNA analysis to gain a more comprehensive understanding of the mechanism of
disease of Rett Syndrome and MECP2 Duplication Syndrome caused by mutations in this

fundamental protein.

Lii. MeCP2 is a critical epigenetic reader in the brain

MeCP2 is one of five core members of the family of MBD proteins involved in epigenetic
regulation of the genome through binding to methylated DNA. Mutations in all MBD proteins
have been linked to Autism Spectrum Disorders and a variety of cancers.?®> MECP2 mutations
cause Rett Syndrome and MECP2 Duplication Syndrome, neither of which have any cure.'? The
uniqgue methylation landscape of the brain and the changes it undergoes during development
contributes to the challenge of understanding and developing therapies for diseases caused by
defects in the epigenetic machinery. In the brain, CoG methylation accounts for 75% of cytosine
methylation and CpH the remaining 25%, significantly more than other tissues. In addition, 5hmC,
a mark associated with active genes, is ten times higher in the mature brain compared to ESCs.®

Recent reports from our lab indicate that not only MeCP2, but also other components of the DNA



methylation machinery (readers, writers and erasers) are regulated by sex and mouse strain in
brain cells.36738 In this section the structure and function of the MECP2 gene and the two protein

isoforms, MeCP2E1 and MeCP2E2, will be discussed.

l.ii.a. MECP2 gene and MeCP2 protein structure

MeCP2 was discovered as part of a study to screen for proteins that could bind to methylated
DNA. Initially, MeCP2 was purified from rat brain tissue, where it was observed to be highly
abundant compared to other tissues. In this study, MeCP2 was shown to be capable of binding a
single symmetrically methylated CpG site without requiring further surrounding sequence
specificity.?>3° The MECP2 gene is located on the X chromosome and is approximately 76 kb in
size.®0 In females one copy of the gene is silenced through X chromosome inactivation.*! The
Mecp2/MECP2 gene is comprised of four exons and three introns**™** (Figure 1). The 5’
untranslated region (5 UTR) contains partial promoter activity and includes some cis-regulatory
elements. The 3’UTR is about 8.5 kb long and contains a number of polyadenylation sites.%4>-48
Alternative splicing of the gene produces two protein isoforms referred to as E1 and E2. Exons 1,
3, and 4 encode the E1 isoform while exons 2, 3 and 4 encode the E2 isoform.**%* The two
isoforms differ only at their extreme N-terminal region of the N-terminal Domain (NTD) with E1
having 21 unique amino acids there while there are 9 amino acids that only exist in E2. The E1
isoform is 498 amino acids long while the E2 isoform contains 486 amino acids*® (Figure 1). The
remaining amino acid sequence of the NTD and protein domains are the same. Following the NTD
are the Methyl Binding Domain (MBD)*°, Inter-Domain (ID), Transcription Repression Domain
(TRD)*° and C-terminal Domain (CTD). Apart from the main domains of the protein, MeCP2 also
contains AT-hooks, which are short motifs which bind AT-rich DNA.#>>1 MeCP2 contains a nuclear
localization signal (NLS) within the TRD responsible for import of the protein into nucleus.
However, MeCP2 is also capable of diffusing into the nucleus independent of the NLS and
remaining there due to its affinity for DNA.>2

The predicted molecular weight of MeCP2 is approximately 53 kD but it has been observed to
run at approximately 75-80 kD by SDS-PAGE in mouse, rat, and human contexts.>>37°6 MeCP2 is

a largely unstructured protein estimated to consist of approximately 4% alpha-helix, 21% beta-



sheet, 13% beta-turn, and 59% unstructured regions. The MBD is the only domain observed to
adopt definite secondary structure.”’=° The MBD is estimated to be 38% unstructured while the
TRD 85% unstructured. As an intrinsically disordered protein MeCP2 can adopt a variety of

structures to interact with a variety of protein partners.>®

Figure 1. Schematics of the structure of the MECP2 gene and transcripts and MeCP2 protein
isoforms. Top: MECP2 gene structure is shown with transcription start site (TSS) indicated, the
four exons and three introns. The presence of multiple polyadenylation signals is indicated by
arrows. Middle: Alternative splicing of the MECP2 transcript produces the two E1 and E2 isoform
transcripts. The translation start site ATG is shown for each isoform. Bottom: Structure of MeCP2
protein showing the domains: N-terminal Domain (NTD), Methyl Binding Domain (MBD), Inter-
Domain (ID), Transcription Repression Domain (TRD) and C-terminal Domain (CTD). Schematics
adapted from Liyanage et. al. 2014 and Kyle et. al. 2018.448
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Lii.b. Regulation of MeCP2 expression patterns

There are a number of regulatory mechanisms governing Mecp2/MECP2/MeCP2 expression in
various cell types and tissues and during development at the transcriptional, post-transcriptional
and post-translational levels. MeCP2 is highly expressed in the adult rat brain.'> In adult mice the

highest levels of MeCP2 protein have been detected in brain, lung and spleen tissues with



comparatively lower levels of MeCP2 in kidney and heart tissues and still lower levels in liver,
stomach and small intestine.*® In mouse neuronal nuclei, MeCP2 is expressed at an abundance
equal to approximately half the number of nucleosomes. There are an estimated 16 x 10°
molecules of MeCP2 in a neuronal nucleus, 2 x 10° molecules per glial nucleus, and 0.5 x 10°
molecules per liver nucleus.®

Within the brain, expression of human and mouse MeCP2 protein increases in correlation with
maturation of the central nervous system (CNS) and levels are maintained throughout
adulthood.®> MeCP2 expression is low in mouse embryonic stem cells, increases during embryonic
and postnatal development and remains at high levels in adult mouse and rat brain.?®* In the
human brain, MeCP2 protein levels increase dramatically throughout gestation. The percentage
of neurons expressing MeCP2 continues to increase from birth until 10 years of age*® and
expression of MeCP2 in the brain continues into adulthood.®® Mecp2/MeCP2 is expressed
throughout different regions of the mouse brain. The E1 isoform is expressed uniformly in the
olfactory bulb, striatum, cortex, hippocampus, thalamus, brain stem and cerebellum of adult
mice, while E2 displays a more variable expression pattern. E2 expression is highest in the
olfactory bulb and cerebellum, with moderate expression in striatum, cortex, hippocampus, and
thalamus and lowest expression in the brain stem.>* Mecp2el transcripts are also uniformly
expressed among these same brain regions while Mecp2e2 transcripts show some variability,
with levels in the brain stem and thalamus significantly lower than the cortex.>* The time and
region-specific expression of Mecp2 is determined by a region of the promoter which initiates
strong expression in mature neurons®%%3 as well as regulatory elements within the promoter and
gene body.>>®*% Unique methylation patterns within the regulatory elements have been found
within brain regions indicating this contributes to expression patterns of Mecp2.54>>6°

MeCP2 expression is also regulated post-transcriptionally. The 3’"UTR of the Mecp2/MECP2 gene
plays a significant role in regulating the timing of onset of increase in protein expression through
post-transcriptional mechanisms. The 3’UTR of the Mecp2/MECP2 gene is one of the longest
observed at 8.5 kb long and contains multiple polyadenylation signals resulting in different
transcript sizes of approximately 1.8, 5.4, 7.5 and 10.2 kb.334245%7 The 3’UTR has 52 miRNA

predicted binding sites.®® A number of microRNAs that repress MeCP2 in the fetal brain and
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primary cortical neurons are known?¢47.67.68 Though both short and long MECP2 transcripts are
expressed in pluripotent stem cells and neurons, MeCP2 protein is highly expressed in neurons,
with lower expression in astrocytes and glial cells.33:38°383 The levels of the short isoform remain
consistent during neuronal maturation, but the steady state levels of the long isoform
progressively increase. The post-transcriptional regulation of the long isoform regulates the
increase in MeCP2 protein levels during maturation.33

At the protein level MeCP2 is regulated by a large number of post-translational modifications
which play a role in regulating binding to various protein partners. These include acetylation,
phosphorylation, ubiquitination and SUMOylation.* Recent evidence suggests the differences in
the N-termini of the two protein isoforms influence the biophysical stability of MeCP2,

interaction with DNA, stability, and interaction with protein partners.®®

L.ii.c Functions of MeCP2

MeCP2 functions as a critical epigenetic regulator in processes of neurodevelopment. MeCP2 is
a chromatin associated protein, which binds both heterochromatic and euchromatic regions of
rat and mouse genomes.'>3® Mouse nuclei contain DAPI-rich regions of heterochromatin called
“chromocenters” where MeCP2 binding is enriched.>® The binding of genes by MeCP2
corresponds with the level of DNA methylation in the mature mouse neuron genome.®® MeCP2
also binds active regions of the genome by binding 5hmC, which is enriched in active genes of
neurons.'® MeCP2 was shown to be capable of displacing Histone H1 from preassembled
chromatin containing methylated CpGs° and was shown to associate with nucleosomal DNA”°
and more specifically the linker DNA of nucleosomes.”? In neurons, Histone H1 is present at one
molecule for every two nucleosomes while in most other cell types it is present at one molecule
per nucleosome.?® In neurons MeCP2 is also present at one molecule per two nucleosomes.
Mecp2 null mice exhibit elevated Histone H1 by approximately 2-fold, indicating that neurons
attempt to compensate for the lack of MeCP2 at nucleosomes.°

The MBD of MeCP2 is required for binding to methylated CpGs and localization of MeCP2 to
heterochromatin.*>’2 MeCP2 exists as a monomer in solution but binds to DNA as a dimer.>’

MeCP2 molecules have been observed to interact with each other through the TRD/ID/CTD
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regions of the protein, which has been suggested to function in chromatin compaction and
chromatin architecture.”>”’> As a reader of DNA methylation, MeCP2 recruits other protein
partners and has been shown to influence gene transcription and the process of silencing
lentiviral vectors.”® MeCP2 forms repressive complexes with Sin3A and histone deacetylases
HDAC1 and HDAC2 through its TRD.”””8 The TRD is capable of facilitating long range repression
of gene expression.”® The protein Brahma has also been demonstrated to link MeCP2 with the
SWI/SNF chromatin remodeling complex associated with transcriptional repression.” MeCP2 has
also been shown to interact with the transcriptional activator cAMP response element binding
protein (CREB).2° The regulatory role of MeCP2 is complex in that it can function both as
transcriptional repressor and transcriptional activator.”®8 |t not only binds to gene promoters
but also within gene bodies.?!

Early in MeCP2 research, it was shown that Mecp2-null male mouse embryonic stem cells grew
similarly to controls, but chimeric embryos derived from mutant cells exhibited severe
developmental defects indicating that MeCP2 is crucial for embryonic differentiation.?? Mecp2-
null precursors from mice differentiate into morphologically mature neurons and glia but they
display defects in dendritic arborization, thinner neocortical projection layers and smaller, less
complex pyramidal neurons in layer II/1ll with increases in cell density, indicating MeCP2 role is
in maturation and maintenance rather than cell fate decisions.> MeCP2 is critical for maturation
of neurons in the dentate gyrus of the hippocampus in mice and regulation of gene expression in
those neurons.®® Similarly, in human cells MeCP2 protein is expressed in human wild-type
embryonic stem cells and neural precursors but significantly more in neurons.338* MECP2-null
human neural precursors can also differentiate to neurons, but mutant neurons have reduced
soma and nuclei size, reduced neurite complexity and action potential rates.?* The loss of MeCP2
results in decreased synapse formation. Mice with increased MeCP2 initially have enhanced
synaptic response,®> however dendritic arborization becomes reduced as the mice age (Figure

2).87
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Figure 2. Relationship between altered MeCP2 levels and neuronal morphology. Reductions in
dendritic complexity result from reductions in MeCP2 levels as seen in ASD, MeCP2 mutations
causing Rett Syndrome and increased MeCP2 levels due to duplication of the gene as observed
in MECP2 Duplication Syndrome. Reduced soma size is also observed in autism and Rett
Syndrome, while soma size is increased in MECP2 Duplication Syndrome.®®
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Liii. Neurodevelopmental disorders and MECP2

l.iii.a. Rett Syndrome

Regulation of MeCP2 expression must be kept within a certain range in the brain, as it is evident
that both its lack and excessive levels have devastating effects. Gain- and loss-of-function
mutations in the MECP2 gene result in MECP2 Duplication Syndrome and Rett Syndrome,
respectively. Rett Syndrome was first described by Dr. Andreas Rett®? and is a severe progressive
neurodevelopmental disorder affecting approximately 1 in 10,000-15,000 live female births.*°
RTT is caused by loss-of-function mutations of the MECP2 gene encoding MeCP2.! 95% of typical
RTT cases are caused by MECP2 mutations.! Mutations are typically de novo with rare cases of

familial inheritance, which aided in identifying MECP2 mutations as the cause of RTT. Types of
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mutations that have been observed in RTT patients include missense, frameshift, and nonsense.
The mosaic pattern of X chromosome inactivation in females influences the severity of RTT in
females.! Boys with loss-of-function mutations in MECP2 do not typically survive, since they
possess only one X chromosome. The majority of atypical cases of RTT are due to mutations in
cyclin-dependent kinase-like 5 (CDKL5), which causes the early-onset seizure variant,”* and
mutations in Forkhead box G1 (FOXG1), which causes the congenital variant in which infants
display hypotonia and severe developmental delays early in the first few months of life.??

Typical cases of RTT are characterized by normal development until 6-18 months of age, followed
by developmental stagnation and regression involving loss of speech and purposeful hand use
and development of microcephaly, seizures, ataxia and stereotypic hand movements.%%%3
Patients may also develop gastrointestinal problems, early-onset osteoporosis, bruxism and
screaming spells.®* The development of RTT features occurs over four stages (Figure 3). The first
is a period of stagnation at about 6-18 months of age, in which developmental progress is delayed
and patients present with microcephaly and muscle hypotonia. This is followed by a stage of rapid
regression in years 1-4 where motor and communication skills are lost and there is the
appearance of stereotypic hand movements, breathing irregularities, seizures and worsening of
microcephaly. The pseudo-stationary stage begins at approximately 2 years of age and some
patients remain in this stage for the remainder of life. There is potential for recovery of some
skills in this stage, but seizures remain common, and patients may develop scoliosis (lateral
curvature of the spine). Some patients progress to a fourth stage, that of late motor deterioration
occurring from age 10 and lasting the remainder of life. Patients may become dependent on a

wheelchair and/or a gastrostomy-tube.*9-°7
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Figure 3. A timeline of the onset of Rett Syndrome. The progression of RTT is divided into four stages
based on symptom progression and the approximate age of development of these symptoms. After an
initial period of normal development patients display development stagnation, microcephaly and
hypotonia between 6 to 18 months of age. A stage of rapid regression occurs between 1 and 4 years during
which patients lose motor and communication skills they had previously acquired. Patients display
stereotypic hand movements of hand wringing or washing motions, develop breathing abnormalities,
seizures, and autistic features. Some patients remain in the third stage, the pseudo-stationary phase the
remainder of their lives during which some cognitive improvements may be observed yet seizures
continue, and scoliosis may develop. Some patients progress to a fourth severe stage involving significant
decreases or total loss of mobility. The duration of these final stages will be affected by the severity of the
case. While some patients succumb to the disease in their teenage years, others survive into middle age
or beyond.**®
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The life expectancy of RTT patients is affected by the severity of the mutation. A study based in
Australia found that 70% of patients were alive at 25 years of age, and patients may survive into
middle age and beyond.?®%% Causes of death include respiratory infection,
aspiration/asphyxiation, respiratory failure, and seizure related illness.”® RTT patients have an
increased risk of unexpected death estimated at 26%, much higher than healthy individuals.!%
RTT is a complex disorder with no known cure, and therapies are currently limited to symptom
management. There is a large number of symptoms to address, and these can vary in severity
from patient to patient. The loss of MeCP2 in neurons is considered to be the main driver of RTT,
resulting in behavioral, sensorimotor and autonomic defects.’®* The brain of RTT Syndrome
patients is typically of smaller gross volume due to decreased neuronal size with reduced
dendritic complexity and synaptic density.’%2 MeCP2 is expressed throughout the brain and
reductions in neuronal size are observed in the cerebral cortex, thalamus, substantia nigra, basal
ganglia, amygdala, cerebellum and hippocampus.'%> MECP2 mutations also impact a number of
regulatory processes in the peripheral system as well. In RTT patients, fatty liver and metabolic
disease, lung lesions, cardiac effects, and bone defects have been observed.*10!

Hundreds of MECP2 mutations have been identified.1%® 99.5% of mutations are de novo and
approximately 70% are C > T transitions.’%* MECP2 mutations most often originate from the
paternal X chromosome!® thought to be due to hypermethylation of the paternal X chromosome
and increased chance of deamination of methylated cytosines at CpG sites.1% Eight mutations
are responsible for approximately 70% of all RTT cases and are either missense or nonsense
mutations, R106W, R133C, T158M, R168X, R255X, R270X, R294X and R306C (Figure 4). R106W,
R133C and T158M missense mutations occur in the methyl-binding domain of MeCP2. R168X
occurs in the Inter-Domain and eliminates the entire transcriptional repression domain and
remainder of protein. R255X, R270X and R294X occur within the TRD. R306C occurs in the NCoR
interaction domain (NID).#107.1%8 C-terminal deletions make up approximately 8% of cases and
large deletions 5% of cases.'® The truncating mutations R168X, R255X and R270X and large
INDELs result in the most severe cases as a significant portion of protein is lost.10810 Phenotypic
variation can also occur between patients with the same mutation due to variable X chromosome

inactivation patterns which are sometimes skewed to favor silencing of the mutant gene 110111
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Figure 4. The 8 most common mutations causing Rett Syndrome. The approximate location of
each mutation is shown within the domain of MeCP2 where it is found. These 8 mutations are
found in the Methyl Binding Domain, Inter-Domain (intervening) and Transcriptional Repression
Domain.88
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Liii.b MECP2 Duplication Syndrome

MECP2 Duplication Syndrome is observed in males and results from duplication or triplication of
the MECP2 gene.?!'2 Clinical features include severe intellectual disability, infantile hypotonia,
mild dysmorphic features, absent or limited speech, motor abnormalities, choreiform
movements, seizures, progressive spasticity, and severe infections. Patients succumb to an early
death, 50% before age 25, most commonly from respiratory infections.>%113 Developmental
regression occurs in only half the population with highly variable age of onset.'!* Most cases are
inherited from a carrier female. Females with duplication of the MECP2 gene do not exhibit
symptoms and this has been attributed to skewed X-inactivation whereby the X chromosome
carrying the duplication is preferentially silenced in the large majority of cells.!*> MDS is 100%
penetrant in males meaning that all males with duplication of the MECP2 gene develop the
symptoms of MDS. The shortest duplication sufficient for causing the core phenotype of MDS
contains the MECP2 and neighboring IRAK1 genes. Larger duplications that include additional
neighboring genes are correlated with increasing disease severity.''®> MDS is rare, with
approximately 200 cases described worldwide but it is suspected to be underdiagnosed.'3
From these two disorders, Rett Syndrome and MECP2 Duplication Syndrome, it is clear that
MeCP2 expression in the brain is a tightly controlled process during neurodevelopment and both
too low or too high a level of the protein has serious consequences. The mechanism by which
MeCP2 loss- and gain-of-function mutations result in a combination of similar and unique

symptoms is still not fully understood.
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Liv. Investigating the cellular processes and mechanisms behind neurodevelopmental disorders
resulting from MECP2 mutations
In this section, the models used to study MeCP2 functions will be described and the findings to

date on three areas of MeCP2 regulation: transcription, protein translation and metabolism.

liv.a. In vitro and in vivo models developed to study MeCP2

The effects of MeCP2 mutations have been studied in a variety of in vitro and in vivo models. The
most commonly used mouse models are the Mecp2-null mice which have been generated
through deletion of exons 3 and 4,114115 a5 well as deletion of exon 3.11® Male Mecp2-null mice
show a similar disease progression to that seen in Rett Syndrome patients, developing normally
until 4-6 weeks of age and then becoming uncoordinated in their gait and exhibiting tremors,
hindlimb clasping and irregular breathing. Symptoms increase in severity until death between 8
to 12 weeks of age.''4116 Female mice heterozygous for the null mutation begin showing hindlimb
clasping after 3 months and approximately 50% develop the full phenotype by 9 months yet some
are still healthy at 1 year. Variable X-inactivation patterns in the female mice result in the variable
onset of symptoms. Obesity is observed in heterozygous female mice which is not a phenotype
seen in human RTT patients.'** The majority of RTT research using mouse models has been done
using the male Mecp2-null mice, since they develop symptoms in a more consistent pattern.
Deletion of Mecp2 specifically in post-mitotic neurons of mice also leads to development of the
RTT-like phenotype at a delayed age indicating the importance of MeCP2 in maintaining
neurons.'® Inactivation of the Mecp2 gene in mice at 8 weeks and 20 weeks of age has also been
demonstrated to result in RTT-like symptoms.1?7:118 A significant discovery made in RTT mouse
models is that gradual reactivation of the previously silenced Mecp2 gene in male or female mice
with symptoms is capable of reversing the RTT phenotype.'® This has also been shown in
vitro.83120 This has created hope for Rett Syndrome patients and their families that there is
potential for treatment of the disorder even after diagnosis.

There are also a number of mouse models created to probe the role of MeCP2 in specific regions
or cell types of the brain such as deletion of MeCP2 from GABAergic inhibitory neurons, which

almost completely reproduces the null phenotype.??! The RTT phenotype could be reversed by
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reactivating the previously silenced gene within GABAergic neurons.'?? Isoform-specific mutant
mice have also been generated for E1'22 and E2.12* A number of Mecp2 knock-in mutant mouse
models have been produced to represent Rett Syndrome patients more accurately by introducing
mutations commonly occurring in patients such as R168X,'%> T308A, R306C,%07126 T158A,%7 and
T158M.128

The MeCP2™! mouse model overexpresses MeCP2 at twofold the wild-type level. The model was
created as a gain-of-function model to seek to understand MeCP2 function, but the
overexpression was found to negatively impact the mice. Although their motor learning and
synaptic plasticity were initially enhanced, the mice develop neurological symptoms at
approximately 10 weeks and after 20 weeks develop seizures. This model was subsequently used
to model MDS following the discovery of MECP2 duplications in male patients with severe
intellectual disability.>'2° MeCP28! mice have increased dendritic spine density in layer 5
pyramidal neurons before they are 12 weeks of age but after this the density decreases below
control levels, coordinating with the onset of symptoms.®’

Monkey models of RTT have also been established which show similar symptom progression to
humans.13%131 |n vitro models to study RTT and MDS include human induced pluripotent stem
cells'32133 and human embryonic stem cells differentiated to RTT neurons.®* Brain cancer cell
lines have also been used including the human neuroblastoma SH-SY5Y cell line which can
undergo differentiation to mature neurons and the Daoy human medulloblastoma cell line
derived from the cerebellum which have been used to study MeCP2 targets and regulators of
MeCP2 stability.134-136

The decision of parents of patients to donate postmortem brain tissue of the patient is extremely
important in gaining greater understanding of the effects of MECP2 mutation in the patients,
since there are differences between the mouse and human contexts.>®6%137 Post-mortem tissue
analysis presents only a snapshot of the final stages of the disease and both in vitro and in vivo
models still remain valuable in understanding the dynamics and progression of the disease and

for testing potential drug treatments.
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l.iv.b. MeCP2 as an activator and repressor of transcription

MeCP2 was originally expected to act as a transcriptional repressor since DNA methylation was
associated with gene repression and MeCP2 was shown to form complexes with other repressive
proteins. However large-scale gene expression studies redefined MeCP2 as a transcriptional
modulator that both represses and activates gene expression. Analysis of whole brain tissue of
Mecp2-null mice revealed subtle changes in gene expression!3® but microarray analysis of
individual brain regions such as the hypothalamus and cerebellum identified expression changes
in hundreds of genes.2%139140 The fold changes in gene expression tended to be moderate,
ranging from decreases of 0.5-fold to increases of 1.5-fold.®° The studies of hypothalamus and
cerebellum were performed in male Mecp2-null mice, which lack MeCP2, and MeCP2'8! mice,
which overexpress MeCP2, at 6 weeks of age. At this time point, the null mice are showing
symptoms but MeCP2™! mice have not yet developed the phenotype. In the hypothalamus, 2582
genes were misregulated in both models and of these 85% were upregulated in MeCP2'8! and
downregulated in Mecp2-null mice, suggesting MeCP2 activates their transcription. Of the
remaining 15% of genes, the majority were downregulated in MeCP2™8! and upregulated in null,
suggesting MeCP2 represses their transcription. A small number of genes were misregulated in
the same direction in both models. There were 1187 genes altered only in the MeCP28! mice and
369 altered only in Mecp2-null mice which suggests the effects of overexpression and knockout
do not produce a completely inverse effect. The cerebellum followed a similar trend with 583
genes misregulated in both models and of these 75% were upregulated in MeCP2'™! and
downregulated in Mecp2-null again suggesting MeCP2 activates the majority of genes. 20% were
downregulated in MeCP2™! and upregulated in Mecp2-null, with the remaining 5% altered in the
same direction. There were 597 genes that were altered only in MeCP2"8! mice and 519 genes
were misregulated only in Mecp2-null mice.’®° A select number of gene expression changes were
confirmed by qRT-PCR. ChIP analysis revealed that MeCP2 binds the promoters of genes that
were misregulated in opposite directions in the two models, but not genes that were
misregulated in the same direction.?%'3° Enhanced binding was observed in MeCP2™! mice
compared to wild-type indicating enhanced function.8° MeCP2 has been shown to associate more

frequently with activated promoters than repressed.*!
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One of the genes identified as a target of MeCP2 activation in the hypothalamus was the Creb1
gene which encodes CREB1, a major transcriptional activator. MeCP2 binds the Creb1 promoter
and the two proteins also interact and bind at gene promoters of genes activated by MeCP2.8°
Another study performed in the cortex, midbrain, hypothalamus and cerebellum regions of
Mecp2-null mice at 6-10 weeks of age found a much smaller number of gene expression changes
compared to the studies in hypothalamus and cerebellum described above. This could be due to
the fact that samples were collected at a variety of ages. However, this study also found that
Mecp2 deletion leads to both upregulation and downregulation of gene expression, and also
identified the Creb1 gene as a target of MeCP2 regulation.'*? This demonstrates that MeCP2 not
only interacts with transcriptional repressors but also transcriptional activators.

The role of MeCP2 as a transcriptional modulator is dynamic. MeCP2 was found to function as a
global activator of transcription in neurons, but not in neural precursors.®* Neurons produced by
differentiation of MECP2 loss-of-function human embryonic stem cells display significant
reductions in total RNA levels, while neural precursors do not. After 2 weeks of differentiation
MECP2 male and female mutant neurons showed greater than 1.2-fold reductions in 62.3% of
genes 37.9% of genes, respectively. After 4 weeks reductions greater than 1.2-fold were seen in
54.1% of genes in male neurons and 64.6% in female neurons. A small percentage of genes were
upregulated by more than 1.2-fold at 2 and 4 weeks. At the neural precursor stage, small
percentages of genes were misregulated in either direction. Genes that were highly expressed in
wild-type neurons were more susceptible to downregulation in mutant neurons indicating
MeCP2 has a significant role as a transcriptional activator in neurons.®*

The methylation landscape of promoters has a significant influence on the role of MeCP2 as a
transcriptional modulator.'*? The 5kb upstream region of genes upregulated by MeCP2 were
observed to be enriched in CpG islands, while downregulated genes were not. Analysis of DNA
methylation levels indicated that CpG islands within promoters of genes which are activated by
MeCP2 are not heavily methylated compared to CpG islands of promoters of repressed genes.°
The DNA methylation landscape changes as neurons mature, which contributes to the dynamic
role of MeCP2 in transcription modulation. In mouse hypothalamus, non-CG methylation (mCpH,

H=A, C, or T) levels increases as neurons mature which MeCP2 also binds, influencing its
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mechanism of regulation.'®® In human neurons, genes with high 5ShmC/5mC ratios are more
highly expressed in control neurons and more likely to be downregulated in MECP2 mutant
neurons. This correlation is not seen in neural precursors, suggesting that this mode of regulation
is specific to neurons.®*

The numerous genes misregulated upon Mecp2/MECP2 mutation can be linked to a number of
biological processes. The hypothalamus is relevant to Rett Syndrome and MDS phenotypes of
anxiety, growth deceleration, sleep-wake rhythms and autonomic dysfunctions and the
cerebellum relevant due to its role in regulating normal movement and coordination.8%39 |n the
hypothalamus, genes identified as potential targets included those implicated in phenotypes of
RTT including epilepsy, abnormal splicing of neuronal genes, intellectual disability, creatinine
biosynthesis, speech, seizures, and hypotonia. Most neuropeptide receptors in the hypothalamus
are G-protein coupled receptors (GPCRs) and expression of these genes was significantly
affected. The expression of brain-derived neutrophic factor (Bdnf) was also identified as a target
of MeCP2 activation.®% In comparing the gene expression results of the cerebellum and
hypothalamus, the authors found that 244 genes were commonly altered between the regions
indicating MeCP2 has unique and shared functions between the regions. The majority of these
commonly altered genes were those proposed to be activated by MeCP2 and were linked to
biological processes including dendrite development, CNS neuron development, ion transport,
synaptic transmission, neurotransmitter transport, generation of precursor metabolites and
energy. One biological process, carbohydrate transport, was linked to genes repressed by
MeCP2.13° In MECP2 loss-of-function neurons derived from human embryonic stem cells, gene
ontology analysis showed that the downregulated genes were enriched for genes involved in the
biological processes of transcription and translation as well as nervous system development and
synapse formation. Immediate early genes Arc, Fos, NPAS4 and BDNF were downregulated and
confirmed by gRT-PCR. Ribosomal protein genes were downregulated in neurons as well as
ribosomal RNAs.84

Increases and decreases in gene expression have also been observed in post-mortem RTT patient
brain tissue,'*3 human MeCP2 mutant fibroblast clones,'# patient T-lymphocytes,'*> and SH-SY5Y

neuronal cells.'3* The global gene expression analyses have provided a starting point, but more
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research is required to pinpoint which genes MeCP2 regulates the transcription of directly, which
genes are affected by secondary effects of mutations and whether the changes in transcript levels
translate to changes in protein levels. Our lab has performed analysis of select targets in the
Mecp2-null, MeCP2™8! and MeCP28 mouse models and RTT post-mortem brain tissue in order
to also begin the important process of comparing common RTT models with the human context

to assess disease relevance, which will be discussed in further detail in the upcoming sections.

Liv.c. Regulation of the BDNF gene by MeCP2

Regulation of the BDNF gene has been studied quite extensively in connection with MeCP2. BDNF
was one of the first targets studied in connection with Rett Syndrome and MeCP2 research since
it is a member of the activity dependent genes which play an important role in neurons.'*® BDNF
expression is regulated by activation of voltage-sensitive calcium channels in neurons,
responding through calcium-response factor binding enhancer elements in the gene promoter.
BDNF expression promotes cell survival of cultured embryonic cortical rat neurons.!*” Gamma-
aminobutyric acid (GABA) inhibits neuronal activity and is known to decrease Bdnf mRNA
levels.'® BDNF is secreted from neurons and binds to its target receptor TrkB, which then forms
homodimers that become auto phosphorylated.'*® BDNF promotes cell survival, neurite

outgrowth, synaptic transmission, synaptic plasticity and cell migration in neurons,'*°

processes
which are defective in RTT and MDS.

The rat, mouse, and human Bdnf/BDNF genes are similar in structure. The rodent Bdnf gene has
nine exons with the ninth containing the coding region of the gene. Exons one through eight have
distinct promoters which are uniquely regulated.'*® In humans, the BDNF gene has eleven exons
and nine functional promoters with the last exon again containing the coding region.**° Promoter
IV in the rodent and human genes was known as promoter Il in some earlier studies but will be
referred to as IV here. Previous studies have identified many transcription factors regulating
BDNF promoters.*® MeCP2 binds to the Bdnf promoter IV in rodents and humans, interacting
with CCCTC-binding factor CTCF once bound.'#1146151 promoter IV is the most active promoter in

the developing brain and also strongly linked to activation by neuronal activity. CREB, a

transcriptional activator also binds Bdnf promoter IV, activating transcription.*® MeCP2 also
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binds broadly across the Bdnf gene in mice but with lower binding in exonic regions compared to
intronic regions.®®

In cultured neonatal rat neurons, MeCP2 was found to repress Bdnf expression until
phosphorylation of MeCP2 following membrane polarization releases MeCP2 from the Bdnf
promoter.?>! Yet in Mecp2-null and MeCP2™! mouse models and in various other in vitro studies
knocking out or overexpressing MeCP2, MeCP2 is implicated as an activator of Bdnf expression.
The differences in effect in vivo may be due to the fact that neuronal activation is impaired in
Mecp2 mutant mice and this was being artificially modulated in the in vitro study in rat
neurons, 131,152

BDNF protein levels in RTT patient CSF and blood serum have been shown to be unchanged,>*1>*
but BDNF mRNA levels are decreased in post-mortem RTT patient brain tissue.>®1>>156 BDNF
protein levels were not significantly changed in Western blot and ELISA analysis of extracts of
post-mortem brain tissues.”® However, IHC analysis indicated elevated BDNF in the Purkinje cells
of the cerebellum of RTT patients, while BDNF staining in the frontal cerebrum and hippocampus
regions were unchanged compared to controls.® BDNF mRNA and BDNF protein levels are both
found to be misregulated in in vitro and in vivo models during periods of neuronal differentiation.
BDNF is also expressed in endothelial and astroglial cells in the brain and it is unclear how MeCP2
regulates BDNF in various cell types and in the context of the human RTT brain.®*

Bdnf gene expression in the hypothalamus is upregulated in MeCP2™! mice and downregulated
in Mecp2-null mice, in the adult mice at 6 weeks but not in juvenile mice at 3 weeks of age.8%:140.152
Mouse neurons differentiated from Mecp2-null embryonic stem cells have decreased Bdnf
transcripts and protein.*?° BDNF transcripts and protein are also decreased in human MECP2-null
neurons derived from hESCs.8* Nascent BDNF transcription is increased approximately 20-25 fold
in human neurons compared to hESCs. MeCP2 protein levels also increase as hESCs differentiate
to neural precursors and then neurons.3? The Bdnf gene promoter undergoes dynamic changes
in the levels of methylated CpH sites during rodent brain maturation, which may be the

mechanism by which MeCP2 increases Bdnf in mature neurons.4°
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l.iv.d. The homeostasis network of MeCP2, BDNF, and miR-132

The homeostasis network involving MeCP2, BDNF, and miR-132 has been demonstrated
dynamically in primary rat cortical and hippocampal neurons isolated close to birth. The
transcriptional activator CREB induces miR-132 expression through binding its promoter, and
BDNF also induces miR-132 through CREB. Elevated miR-132 levels increased the sprouting of
neuronal processes in rat neonatal cortical neurons.'>” Augmented miR-132 leads to decreased
Mecp2 transcripts, MeCP2 protein and BDNF protein. Decreased miR-132 has the opposite
effect.®®%>7 Overexpression of MeCP2 results in increased levels of BDNF transcript IV. Increased
BDNF can also be achieved through decreasing miR-132 but if MeCP2 protein is decreased at the
same time there is no change in BDNF transcripts indicating that miR-132 acts through MeCP2 to
induce BDNF expression.®®1° This has also been shown by a Dual Luciferase experiment, where
a reporter is fused with the 3’UTR sequence of Mecp2 or Bdnf. Increased miR-132 decreases
expression of the Mecp2 3’UTR reporter but not the Bdnf reporter indicating miR-132 directly
affects Mecp2 expression, not Bdnf.*>8

Mecp2-null mice have decreased Bdnf transcript IV in the cortex compared to wild-type mice.%®
The hippocampi of depressed rats have elevated miR-132 with decreased MeCP2 and BDNF
protein levels. Blood samples of patients with Major Depressive Disorder showed the same
pattern.’>® Our lab has aimed to characterize this network in the context of Rett Syndrome
research. In post-mortem brain tissue of three Rett Syndrome patients with unique mutations
the transcript levels of MECP2, BDNF and miR-132 are decreased in the frontal cerebrum,
hippocampus, and amygdala. Only MECP2 and BDNF transcript levels are reduced in the
cerebellum, not miR-132, and miR-132 was also detected at lower levels in the cerebellum,
indicating the homeostasis network function differently between brain regions. The protein
levels of BDNF and MeCP2 were not significantly changed in the post-mortem brain tissue from
RTT patients that were tested in this study.>® Further research is needed to analyze this network

dynamically in human cells and this will be one of the focuses of this thesis.
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l.iv.e. MeCP2 and protein translation

Another cellular process adversely affected by MECP2 mutations is the mTOR pathway, a crucial
regulator of metabolism, growth, proliferation, and survival of eukaryotic cells. The protein mTOR
is a serine/threonine protein kinase which phosphorylates key targets to regulate a number of
cellular processes.’>® Two mTOR complexes are assembled in cells, mMTORC1 and mTORC2, which
contain three core components. The proteins mTOR and GBL are common to both complexes
while the proteins Raptor and Rictor are unique to mTORC1 and mTORC2, respectively. mTORC1
responds to environmental conditions and regulates the balance of anabolism and catabolism in
cells, controlling production of proteins, lipids and nucleotides and suppressing catabolic
pathways such as autophagy. mTORC2 regulates the proliferation and survival of cells.'>® Of
these, the impact of MECP2 mutations on the regulation of protein translation and ribosome
biogenesis by mTORC1 has been largely studied. AKT, also known as Protein Kinase B (PKB), is a
positive upstream regulator of mTOR and promotes cell survival, proliferation, and growth.°
The direct downstream targets of mTORC1 connected to protein translation initiation are p70S6
Kinase 1 (S6K1) and elFAE binding protein (4EBP).1°%161 S6K1 phosphorylates and activates
ribosomal protein S6 (RPS6). Phosphorylation of 4EBP leads to its release from elF4E allowing
translation initiation.

The levels of phosphorylated RPS6 are reduced in the cortex, cerebellum, and hippocampus of 8-
week-old Mecp2-null male mice and are also reduced in the cortex and hippocampus of 10-
month-old symptomatic heterozygous Mecp2*- female mice. Mecp2-null mouse brain also
exhibits reduced levels of actively translating ribosomes indicating reduced protein translation.6?
MECP2-null neurons derived from human ESCs have significantly reduced levels of activated AKT
and RPS6, reductions in nascent protein synthesis and reduced soma size and dendritic
complexity.®* BDNF is an activator of mTOR and this may be compromised in RTT due to
decreased BDNF levels.’®3 Three-week treatment of MECP2-null neurons with growth factors
BDNF or insulin-like growth factor 1 (IGF-1) elevated nascent protein synthesis, and significantly
increased phospho-AKT and phospho-S6 and rescued soma size and dendrite complexity.
Knockdown of PTEN, an inhibitor of the AKT/mTOR pathway, could similarly achieve rescue.3%164

The mouse model of MeCP2 Duplication Syndrome, MeCP2™! also show impaired dendritic
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complexity and it is not yet fully understood how opposite MeCP2 mutations result in this
similarity in phenotype. It has been suggested that elevated mTOR signaling in MDS mice may
increase dendritic spine turnover, negatively impacting dendritic complexity.?” In human RTT
post-mortem cerebellum, components of the mTOR pathway were overactivated.'3’ The effects
of Mecp2/MECP2 mutations on the mTOR pathway in the human context compared to mouse at
different stages of disease progression with different mutations is still not fully understood.

The mechanism by which mTORC1 regulates ribosome biogenesis involves the activation of TIF-
IA, a transcription factor involved in ribosomal DNA transcription.'®> Nucleolin is another factor
involved in ribosome biogenesis in the nucleolus.'®® Nucleolar structure is impaired in Mecp2-
null mice which show reduced growth of nucleolar structures during neuronal maturation.'®’ The
nucleolus is the primary location of nucleolin.’®® The localization of nucleolin to the nucleolus is
significantly impaired in human RTT patient post-mortem cerebellum with the T158M mutation,
which show nucleolin distributed through the nucleus and cytoplasm and do not show nucleolin
concentrated in the nucleolus as is observed in control tissue.'3” In Mecp2-null mice the defects
in nucleolin localization and structure are no longer observed in adulthood but in human RTT
T158M patients this defect appears to persist.'3767 Ribosomal proteins and ribosomal RNAs are
a set of genes downregulated in human MECP2-null neurons.8* The 18S and 28S ribosomal RNA
transcripts are reduced in Mecp2-null mouse cortical neurons,®® but not in Mecp2-null cerebellar
tissue.’>” MeCP2 binds to rDNA genes in the forebrain of mice.’3” My thesis will study the

transcriptional role of MeCP2 in regulating the nucleolin and rDNA genes.

Liv.f. Metabolism is compromised in Rett Syndrome models and patients

The regulation of metabolism in the brain is unique and delicate due to the presence of the blood
brain barrier. Cholesterol must be synthesized in the brain as it cannot pass the blood brain
barrier.’®® The blood brain barrier has selective permeability for glucose, which is the primary
fuel source for the brain and can only be supplemented, not replaced as the source of energy for
the brain.'’® Metabolic defects in RTT patients are observed both in the brain and systemically.
RTT patients present with dyslipidemia, with elevated peripheral cholesterol, triglycerides and/or

low-density lipoproteins early in disease onset.”%172 Some RTT patients develop inflammation of
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the gallbladder and gallbladder removal may be required.’*’3 Elevated plasma leptin and
adiponectin have also been observed.’417> RTT patients tend to have lower than average BMI
which indicates elevated lipids are not deposited as fat.'’!

A suppressor screen in Mecp2-null mice identified that knockout of the Sgle gene encoding
squalene epoxidase significantly improved the health of the Mecp2-null mice and extended their
lifespan.’® Squalene epoxidase also known as squalene monooxygenase performs the second
rate-limiting step and first committed step of cholesterol synthesis.?’” Brain and peripheral lipids
were subsequently examined in mice. In the brain of pre-symptomatic mice (P28) cholesterol
biosynthesis gene expression is elevated, cholesterol levels are elevated and the expression of
the cholesterol turnover enzyme Cyp46al is also elevated to facilitate removal of excess
cholesterol from the brain. Pre-symptomatic mice show elevated expression of cholesterol
biosynthesis genes in the liver and elevated serum cholesterol. In post-symptomatic mice (8-10
weeks) brain cholesterol is slightly elevated and cholesterol biosynthesis gene expression is now
downregulated.*142176 |n post-symptomatic mice, peripheral lipid accumulation varies between
genetic backgrounds of mice. Brain lipids are perturbed in Mecp2-null mice regardless of their
genetic background, whether on the 129 or C57BL/6 background. However, peripheral lipid
accumulation varies between Mecp2-null mice on the 129, C57BL/6, and CD1 backgrounds with
mice of the 129 background exhibiting elevated cholesterol and triglycerides in both serum and
liver. Mecp2-null CD1 mice have only elevated serum triglycerides and peripheral lipids are
unchanged in the Mecp2-null C57BL/6 mice.*#'’® RTT patients and mouse models may also
develop fatty liver disease post-symptomatically.#'9 These findings should be considered in
evaluating lipid-altering drugs in the various RTT mouse models.

RTT patients and Mecp2 mutant mice both have perturbed glucose tolerance levels and mutant
mice show insulin resistance.’8180 |n RTT patients brain carbohydrate metabolism changes have
been detected in CSF!*®! and by altered glucose uptake in brain regions measured by PET. RTT
patients aged 4 to 15 years old had elevated glucose uptake in the cerebellum and decreased
uptake in occipital visual association areas, which resembles uptake rates seen in healthy children

less than 1 year old indicating a defect in maturation.'®?
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Additional metabolic defects include neurometabolite changes such as decreased N-
acetylaspartate, a marker of healthy neurons,'® mitochondrial abnormalities,?#18* increased

185 and elevated lactate and pyruvate in the blood and CSF.18!

oxidative stress,
The multitude of abnormalities in cellular processes described in this section indicate a multi-
pronged treatment plan is likely needed for RTT and MDS patients. An ideal therapy would
correct MeCP2 levels, but this is challenged by the requirement for very precise MeCP2 levels.
The MeCP2E1 isoform is considered the major isoform in the brain and most studies consider
total MeCP2 rather than studying each isoform separately. Yet a number of studies indicate a
more comprehensive understanding of MeCP2 function and treatment plans could be achieved

if both isoforms are distinguished in research and this will be discussed in the following section

prior to discussion of current therapeutic strategies.

L.v. The two isoforms of MeCP2

Alternative splicing of the Mecp2/MECP2 gene produces the two isoforms E1 and E2. A patient
with typical Rett Syndrome was found to have an 11 base pair deletion in exon 1 which resulted
in a frameshift and premature stop codon, ablating E1 transcript expression but not affecting E2
transcripts.** However, this 11 bp deletion was shown to affect translation of E2.% Additional
E1-specific mutations have been identified and these are estimated to occur in 1% of RTT
patients.'®’~18 To date no E2-specific mutations in RTT have been identified.

The expression patterns of the isoforms have been studied in human and mouse tissues. E1
transcripts were found to be more abundant than E2 in mouse and human brain,>*>® and E1
transcripts appeared to increase during neuronal differentiation of mouse ESCs.*® E1 transcripts
are estimated to be ten times higher than E2 transcripts in adult human brain.** At the protein
level it has been estimated that 90% of the MeCP2 protein in mouse brain is the E1 isoform.*?
Both E1 and E2 are nuclear and colocalize with densely methylated heterochromatin foci in
mouse cells.*3>* The transcripts and protein levels of E1 are significantly higher than E2 in mice
from embryonic day 14 till birth but E2 expression increases postnatally.>* E1 expression is quite
uniform in different brain region of mice such as the olfactory bulb, striatum, cortex,

hippocampus, thalamus, brainstem and cerebellum, while E2 is more differentially enriched in
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specific parts of the brain. The highest levels of E2 protein are seen in olfactory bulb and
cerebellum, and lowest in brainstem.>*

Before E1 was discovered, Mecp2-null male mice were rescued by expression of a Mecp2E2
transgene under the control of a neuronal-specific promoter. Wild-type mice heterozygous for
Mecp2E2 transgene were found to express MeCP2 2- to 4-fold higher than the endogenous level
but were unaffected and healthy. However, wild-type and mutant mice homozygous for the E2
transgene developed severe motor dysfunction.'®® This indicates the importance of Mecp2
dosage, and also how E2 may be able to rescue deficits on its own, even if slightly overexpressed.
A different model system from same group also showed partial rescue by E2 expression in null
mice, with activation of expression during embryogenesis leading to the highest level of
rescue.’®! However, overexpression of Mecp2 to 2-fold levels by a transgene which includes the
entire human MECP2 gene results in a progressive neurological phenotype in male mice of the
Mecp2™! model.1?°

Deletion of exon 2 in mice resulted in no neurological symptoms, when the E1 isoform was still
expressing. However, E2 null mice did have reduced embryonic viability, which was linked to
placenta integrity.'?* Inhibiting E2 expression in PC12 cells during differentiation inhibited neurite
extension and proper localization of synapsin |, a marker for synapse formation.'%> An E1 ablating
mutation in mice results in RTT phenotypes. Authors showed that in this E1-deficient mouse
model, E2 protein levels are increased 2-fold but overall MeCP2 protein was still 50% of the wild-
type level, which isn’t sufficient to rescue the symptoms.223 In SHSY-5Y cells E1 protein was found
to be more stable than E2.122 E2 overexpression in cerebellar rat granule neurons promotes
apoptosis, while E1 does not.®? Interestingly in mouse adult brain, E2 is higher than E1 in the
granule layer of cerebellum.>*

The transcripts encoding E2 include all four of the exons. There is an open reading frame
upstream of the start codon for E2, using the start codon for E1 and terminating in the 5" UTR of
exon 2. This may hamper translation of E2 transcripts. Mutation of the exon 1 ATG to AAG in an
E2 expression vector led to increased levels of E2, when transfected in Mecp2-null mouse
fibroblasts, compared to vector with the WT sequence.*® The likelihoods of the ATG codons in

exons 1 and 2 to be used as initiation codons has previously been analyzed and the exon 1 ATG
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gave a score of 97% while exon 2 showed 64%. This is determined by analyzing surrounding Kozak
nucleotide contexts and indicates exon 1 is more likely to be used as the exon with initiation
codon.** The N-terminus of E1 has a unique serine that can be phosphorylated.'?®* The two
isoforms have unique biophysical properties, DNA binding properties and protein interaction
partners,®® and show differential sensitivity to DNA methylation.%°

Further studies are required to assess the unique roles of E1 and E2. Evaluating the isoforms
separately may allow greater sensitivity in the analyses performed and provide a clearer picture

of avenues for therapy.

1. vi. Potential therapeutics for RTT Syndrome

Phenotypic rescue of Mecp2 knockout mice was achieved by reactivation of the gene indicating
that RTT Syndrome may also be reversible. In the case of drug-based therapeutic strategies, the
broad effects of MECP2 mutation indicate a multi-pronged treatment plan is likely required.
While correcting the expression of MeCP2 itself is the most desirable approach, the dosage
delivery of the protein must be precise, which is still a challenge to gene therapy strategies, along
with the targeted delivery into the brain and correct brain cells.®® Research of therapeutics for
MDS has not been as extensive but has included screening for compounds that reduce the
stability of the MeCP2 protein to normalize its levels.136

One therapeutic strategy for RTT involves screening for small molecules capable of reactivating
the wild-type copy of the MECP2 gene from the inactive X chromosome, which has been
demonstrated for the Ube3a gene in a mouse model of Angelman syndrome.*®* Gene therapy
delivered by the adeno-associated virus (AAV) system is being optimized in mice,'%>1% in which
liver toxicity was avoided by inclusion of additional 3’UTR elements of the MECP2 gene. AAV
vectors can be delivered across the blood brain barrier, yet direct injection to the brain provides
the highest transduction efficiency to the brain and greatest amelioration of phenotypes.1®®
Another strategy demonstrated in mice is overexpression of a mutant form of the protein.
Mutated forms may retain some functions, but the protein commonly tends to be less stable,

such as in the case of T158M mutations. Increasing the expression of the T158M mutant form of

MeCP2 could partially rescue the mice without negative impacts of overexpression.'®’ Screening
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for drugs which cross the blood brain barrier and increase expression of the gene in patients or
stabilize the protein could be performed, yet there is the complicating factor that RTT patients
have a proportion of cells expressing the wild-type protein.

The most extensive testing of RTT therapeutics have been in the areas of drugs which correct
dysfunctions in neurotransmitters and excitatory/inhibitory signaling, growth factor signaling
pathways, and metabolism. Low dose ketamine, an NMDA receptor antagonist, extended the
lifespan of Mecp2-null mice and has entered into clinical trials for RTT patients. Ketamine inhibits
the binding of glutamate, an excitatory neurotransmitter, to NMDARs.'%® Correction of growth
factor signaling has been attempted through induced BDNF and IGF-1, which improves symptoms
in Mecp2-null micel>>19:20 gnd patient iPSC derived neurons.'3? Increasing BDNF expression
rescued dendritic morphology in Mecp2-null neurons.® BDNF itself has low blood brain barrier
permeability, making BDNF supplementation unfeasible.?’! In contrast, IGF-1 can cross the blood
brain barrier and has been tested in clinical trials. The phase 1 trial demonstrated that IGF-1 was
safe, well tolerated and resulted in some improvements in anxiety and breathing
abnormalities.?°> However, phase 2 trials did not demonstrate amelioration of symptoms.2%3
Drug therapies to correct BDNF levels include fingolimod, a sphingosine-1 receptor agonist, which
crosses the blood brain barrier and increases BDNF transcript and protein in cultured neurons
and in mouse cortex, hippocampus, and striatum. Fingolimod extended survival of Mecp2-null
mice but treatment must be initiated before symptom onset, while treatments for RTT patients
will most likely be initiated following symptom onset.?%* In addition to the defects in BDNF
expression, there is also evidence that Mecp2 knockout mice show impaired BDNF trafficking
between brain regions which involves the protein Huntingtin.?®> A calcineurin inhibitor, FK506
which increases Huntingtin phosphorylation was found to rescue BDNF trafficking, improve
respiration and motor function in mice with treatment beginning after symptom onset.?%

Two FDA-approved drugs which show promise in targeting two areas of therapeutic strategies
for RTT, growth factor signaling and metabolism, are simvastatin and metformin, which will be
the focus of this thesis. Statin drugs inhibit HMG-CoA reductase, the first rate-limiting step of
cholesterol biosynthesis, and are widely used to treat dyslipidemia, providing primary and

secondary prevention of cardiovascular disease and stroke.2%6207 Statins are competitive,
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reversible inhibitors of HMG-CoA reductase and bind the catalytic domain of the enzyme causing
steric hindrance.?% Additional health benefits of statins have been observed in patients with
cognitive and neurological disorders such as dementia, depression, multiple sclerosis, epilepsy
and stroke. Mechanism based studies are needed to elucidate the mechanisms of action of statin
drugs in the brain.207,208

Statins are taken orally and absorbed well, but metabolism of the drug in the liver reduces
systemic bioavailability.?%® Simvastatin and lovastatin are reported to have low system
bioavailability of 5% or less, yet this has been improved on recently, through delivery of the drug
within various mixtures and complexes.?1%2!1 Statin doses range from 10-80 mg daily.21>213 The
liver is the primary site of cholesterol metabolism in the peripheral system. High cholesterol
synthesis occurs in the CNS during early neural development for active myelination, performed
by oligodendrocytes. Cholesterol turnover in the mature adult brain is very low and cholesterol
is present at low basal levels. Synthesis of cholesterol occurs primarily by de novo mechanisms in
astrocytes, but also occurs in neurons.?0%214215 Brain cholesterol has a half-life of 6 months to 5
years,?16217 which indicates longer term statin treatment may be needed before CNS effects
become evident.

Simvastatin is lipophilic and likely enters the cells by passive diffusion. More hydrophilic statins
may be taken up by active transport.?!8 Lipophilic statins cross the blood brain barrier by passive
diffusion. Hydrophilic statins cross less effectively and may cross via transporters.??” The majority
of clinical trials are supportive of a protective role for statins against cognitive impairment and
dementia in patients. Increased low density lipoprotein (LDL) and total cholesterol have been
associated with cognitive impairment.?'® Therefore statin treatment may act by correcting
elevated lipid levels in the brain, but the effects of statins have also been seen to be independent
of lipid levels.??°

Statins also inhibit isoprenoid production such as farnesylpyrophosphate and
geranylgeranylpyrophosphate, which are suggested to impact cognitive function. Inhibition of
farnesylation by simvastatin has been associated with the enhancement of long-term
potentiation between neurons in mice.??! Simvastatin was shown to promote neurogenesis in

cultured adult neural progenitor cells and in the dentate gyrus of adult mice through enhanced
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Whnt signaling.??? Statins also promote neurogenesis in some models of traumatic brain injury,
both simvastatin and atorvastatin achieve this in the dentate gyrus.??>2?* This was associated
with increased vascular endothelial growth factor (VEGF) and BDNF expression, and improved
spatial learning.??* Statins have also been associated with reduced risk of developing epilepsy, a
major debilitating phenotype of RTT,?2> with simvastatin and lovastatin both performing the best
in this regard in vitro and in vivo.??2%7

Lovastatin treatment of Mecp2-null mice resulted in improved phenotypes in mice on the 129
background but not those of the C57BL/6 background.’® These variations will be important to
consider if clinical trials are performed in RTT patients and may indicate these drugs may have
patient-specific effects. Simvastatin has not yet been evaluated in the context of RTT. Side-by-
side comparison of lovastatin and simvastatin was performed in a mouse model of Fragile X
Syndrome (FXS). FXS results from mutations in the FMR1 gene resulting in autistic features and
intellectual disability. Fmrl knockout mice display elevated protein synthesis in the brain and
audiogenic seizures.??822° |ovastatin normalized protein synthesis and reduced audiogenic
seizures, but simvastatin increased protein synthesis and did not ameliorate seizures in Fmr1
knockout mice.??>?3° These studies indicate that lovastatin and simvastatin have unique
mechanisms of action in the brain. Simvastatin may be a promising drug for Mecp2-null mice,
which show reduced protein synthesis. However, it is important to note that this may differ in
the human context. Post-mortem RTT brain analysis showed slightly elevated activation of the
mTOR pathway; however, it is still unknown how protein translation is affected in RTT patients
during early development.**” It is also important to investigate the mechanism by which statins
influence BDNF expression as well as how they influence MeCP2 expression, which will be a focus
of this thesis.

The drug metformin is a synthetic derivative of the compound galegine from the plant Galega
officinalis. As a natural remedy it was found to benefit type 2 diabetes patients before its
mechanism of action was known and has been used for approximately 60 years.?3! Diabetic
patients typically receive a dose ranging from 500-2500 mg daily.?32 The mechanisms by which

metformin reduces hepatic glucose production was subsequently discovered but is still debated
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and suspected to act in a variety of ways in other tissues as well. There are also differences in the
acute and chronic effects of metformin treatment.?3!

The mechanism of action of metformin in the liver is characterized the most thoroughly.
Metformin is taken up into hepatocytes through organic cation transporter 1,233 and enters the
mitochondria due to its positive charge where it inhibits complex | of the electron transport
chain.?3* This leads to decreased ATP production, increasing the ADP:ATP and AMP:ATP ratios,
which activates AMP-activated protein kinase (AMPK) and leads to inhibition of gluconeogenesis,
expression of gluconeogenic genes including CREB, and lipid synthesis.?>> Metformin can activate
AMPK through mitochondrial mechanisms as well as through a lysosomal mechanism. The latter
involves lysosomal protein complex LAMTOR1.236

Metformin crosses the blood brain barrier.23” The mechanism of action of metformin in the brain
is not well characterized. The effect of metformin treatment on the human brain has not been
characterized as extensively as statins, yet there is evidence in mouse models that metformin has
some neuroprotective effects.?3> Metformin enhances neurogenesis and spatial memory
formation in the adult mice. CREB binding protein (CBP) is a transcriptional coactivator and
histone acetyltransferase and is required for optimal differentiation of embryonic neural
precursors. CBP is required to be phosphorylated by atypical protein kinase C (aPKC) to promote
differentiation?3® Metformin increases phosphorylation of aPKC in mouse cortical precursors and
nearly doubled the number of neurons formed in culture. This was also shown in human ESC
differentiation, mouse embryos and adult mice.?3° Mice treated with 200 mg/kg metformin daily
for 38 days didn’t have affected body weight; metformin selectively enhanced ability to update
spatial memory in reversal phase of the water maze task.?3° Protective effects of metformin are
being studied in mouse models of Parkinson’s Disease with promising results of inhibiting the loss
of dopaminergic neurons and elevated BDNF.?32240 Metformin has also been shown to reduce
mTOR phosphorylation in the substantia nigra, and increase BDNF.?*° Metformin also increased
BDNF expression in a mouse model of depression, through increasing histone acetylation of the
BDNF promoter, due to AMPK and CREB activation.?*!

These results indicate metformin may be a promising treatment for RTT, which shows reduced

neuronal maturation, and reduced BDNF. Metformin is reported to inhibit mTOR in hepatocytes,
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but it is still unclear how metformin affects signaling pathways in neurons. Metformin
ameliorates the defects observed in the Fragile X Syndrome mouse model by correcting
overactivated mTOR signaling.??® As mentioned earlier RTT mouse models indicate decreased
mTOR signaling but post-mortem RTT brain tissue indicated slightly increased mTOR
phosphorylation and further studies will be required to determine whether metformin would be
beneficial for this aspect of the disease. Metformin improved glucose homeostasis in Mecp2-null
mice?*2 and rescued mitochondrial defects and reduced oxidative damage in the brain of fully
symptomatic MeCP2-308 mutant mice?*3 but was not able to extend lifespan or ameliorate the
motor abnormalities of the mice indicating metformin may need to be used in combination with

other drugs and/or at an earlier time point.

Figure 5. Modes of action of simvastatin and metformin. The principal metabolic actions of the
drugs are summarized through which simvastatin corrects dyslipidemia and metformin corrects
glucose levels. The mechanisms of these drugs observed in neuroprotection are summarized.

Metabolic mechanisms of simvastatin Mechanisms of simvastatin in the brain
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Lvii. Rationale, hypothesis and objectives

l.vii.a. Aim 1: Investigate the effects of MeCP2E1/E2 overexpression in Daoy cells by lentiviral

transduction with MECP2E1/E2 isoform-specific vectors.

There is an extensive range of research on the broad effects of MECP2 mutations, which will be
used as a guide to investigate whether MeCP2E1 and E2 isoforms have unique and/or synergistic
effects on transcription. This research aim will establish in vitro cellular models of MeCP2
isoform-specific overexpression. The Daoy cell model was selected for this aim, a human cell line
reported to express MeCP2 endogenously and used previously in mechanistic studies to screen
for MeCP2 targets.’® Daoy cells are a human brain cancer cell line derived from a
medulloblastoma brain tumor in the cerebellum. Overexpression of E1 and E2 through lentiviral
transduction was performed to create stable overexpression in cells, which were validated and
subsequently investigated for changes in nascent RNA production of selected confirmed MeCP2
genes. These selected genes are: BDNF and miR-132-3p (components of MeCP2 homeostasis
regulation), Nucleolin and the 455, 28S, and 18S ribosomal RNAs. This is the first study to examine

MeCP2-isoform-specific regulation of these genes at the transcriptional levels.

l.vii.b. Aim 2: Investigate the effect of metformin and simvastatin treatment of Daoy cells on
de novo transcription of MECP2 and BDNF by nascent RNA analysis.

Metformin and simvastatin are well established metabolism modulating drugs, whose effects are
suggested to correct the metabolic defects detected in RTT patients. The second aim of this thesis
seeks to investigate the effects of these drugs on the transcription of the MECP2 and BDNF genes,
as this will be key knowledge in evaluating the promise and suitability of these drugs as RTT
therapies. The mechanistic effects of metformin in liver cells are well known, and of simvastatin
on cholesterol biosynthesis but there is limited knowledge of the mechanistic effects of these
drugs in brain cell models. The Daoy cell model was also used in addressing this objective and
nascent RNA analysis of MEPC2E1, MECP2E2, BDNF, 45S pre-rRNA, 28S rRNA, and 18S rRNA was

performed.
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Chapter Il: Materials and Methods

IL.i. Cell Culture

Daoy cells (ATCC HTB-186) were cultured in MEM supplemented with 10% FBS, 1 mM sodium
pyruvate, and 1% penicillin-streptomycin-glutamine (Gibco, Thermo Fisher Scientific). HEK-293T
cells (ATCC CRL-3216) were cultured in DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin-glutamine. Cells were grown in a humidified incubator at 37°C and 5% CO..

Daoy and HEK-293T cells were detached from culture plates by rinsing twice with warm PBS
followed by incubation with 0.25% Trypsin-EDTA for 1-2 minutes at 37°C. Fresh media was then
added to the cells, they were collected into a conical tube, centrifuged at 1300 x g for 5 minutes
and the supernatant removed. Cells were resuspended in fresh media and passaged by plating at
dilutions ranging from 1:4 to 1:8. To achieve specific seeding densities for an experiment, live
cells were counted using Trypan Blue stain. When collecting cell samples for analysis, cells were
detached and centrifuged as described above, then resuspended in room temperature PBS and
centrifuged at 5000 x g for 5 minutes at 4°C. The supernatant was removed, and cell pellet snap

frozen on dry ice and stored at -80°C.

IL.ii. Lentivirus Production and Transduction

Construction of MECP2 and EGFP PL-cHS4-EFla lentiviral vectors has been described
previously.®® Plasmid preparation was done with the Purelink HiPure Plasmid Midiprep kit
(Invitrogen, Thermo Fisher Scientific). Transformed DH5a cells were cultured in LB broth with 100
ug/mL ampicillin at 37°C with shaking. A starter culture was incubated for 8-14 hours, then scaled
up and cultured for 18 hours. Plasmid purification was done according to the kit protocol.

All lentiviral procedures were completed in a Class Il Biosafety Cabinet. Lentiviral particles were
produced in HEK-293T cells which were seeded at a density of 2.3x10° cells in T25 flasks. The
media was changed two hours prior to transfection. Four vector mixes were prepared in Opti-
MEM (Gibco, Thermo Fisher Scientific). The first mix contained 5 pg Lenti-EF1la-MECP2E1, the
second 5 g Lenti-EF1a-MECP2E2, the third 2.5 pg Lenti-EF1a-MECP2E1 + 2.5 ug Lenti-EFla-
MECP2E2 and the fourth 5 pg Lenti-EF1a-EGFP. All mixes contained 3.33 ug each of REV, TAT and
GAG/POL plasmids and 1.7 pug VSVG plasmid. Lipofectamine 2000 (Thermo Fisher Scientific) was
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added to Opti-MEM at a 1:25 ratio and incubated for five minutes at room temperature. Then an
equal volume of the Lipofectamine mix was added to each vector mixture to produce the
transfection mixture, which was mixed and incubated for 20 minutes at room temperature. The
transfection mixture was gently added to the media of the HEK-293T T25 flasks and mixed
thoroughly but gently. The flasks were incubated overnight for 16 hours. The following morning
the HEK-293T media was removed from the transfected cells and Daoy cell media added. The
cultures were incubated for 48 more hours.

Daoy cells were seeded the day prior to transduction in 6 well plates, one set at 5.0x10* cells per
well and another set at 7.5x10%. On the day of transduction, viral supernatants were removed
from HEK-293T cells, transferred to a falcon tube and filtered through a 0.45 um syringe filter.
Polybrene was added at a concentration of 6 pg/mL similar to what has been used previously.?**-
246 Daoy media was removed from Daoy cells and replaced with viral supernatant. Control cells
received new media with polybrene only. Transduced cells were then incubated overnight for 16
hours, and media changed the next morning. Then cells were incubated for another 48 hours.
EGFP expression was monitored by fluorescence microscopy with the Axio Vert.Al inverted
microscope (Carl Zeiss Microscopy). Cells were passaged to 10 cm plates for expansion and

collection of samples.

ILiii. Flow cytometry

Lenti-EF1a-EGFP transduced Daoy cells were analyzed by flow cytometry. Cells were trypsinized
and resuspended in 2% FBS in PBS and a sample added to a well of 96 well plate. The polybrene
treated cells were used as control. Flow cytometry was performed on the Guava easyCyte 8HT
system (Millipore, Guava Technologies) and analyzed using Flowlo software as a paid service

provided at the Regenerative Medicine Program Flow Cytometry core, University of Manitoba.

IlL.iv. Cell viability assay
Cells were seeded in 96 well plates at 5,000 cells per well and cell viability assessed at 24, 48, and
72 hours by MTT assay, as previously reported.?*’=2°0 At the time of each assay, 27.5 pL of MTT

reagent (Sigma-Aldrich) was added to the media in the culture wells. The plate was incubated in
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the 37°C cell culture incubator for 3 hours. The media and reagent were then carefully and fully
removed and 200 pL Dimethyl Sulfoxide (DMSO) added per well. The wells were mixed by
pipetting and absorbance at 570 nm measured. DMSO alone was used as the blank and the

absorbance at 570 nm subtracted from sample absorbances.

Il.v. Western blot

Protein was extracted from snap-frozen cell pellets using ice cold NP-40 lysis buffer consisting of
50 mM Tris-HCI (pH 8.0), 150 mM NaCl, and 1% NP-40 in H,O, with Roche protease inhibitor
cocktail added to the lysis buffer immediately before lysis. The pellet was lysed by pipetting up
and down in lysis buffer, then sonicated at 50 Hz for five 1 second pulses. The lysate was
centrifuged at 10,000 x g for 8 minutes at 4°C and the supernatant containing protein removed.
The protein concentration was determined by the Bradford protein assay with absorbance
measured at 595 nm.

Protein samples were prepared for Western blot in Laemmli Buffer, NP-40 lysis buffer and 10%
B-mercaptoethanol and boiled for five minutes before loading 10 pg per lane on the gel. Proteins
were separated by SDS-PAGE using freshly prepared polyacrylamide gels and the BIO-RAD Mini-
PROTEAN Tetra System. The Precision Plus Protein Dual Color Standards (Bio-Rad) were used as
the ladder. Proteins were transferred to 0.2 um PVDF membrane by wet transfer using ice-cold
transfer buffer for approximately two hours. Membranes were blocked with 5% milk in TBST for
one hour at room temperature. Primary antibody incubation was performed overnight at 4°C in
3% milk in TBST (see Table 1 for list of primary antibodies). Membranes were washed three times
with 0.05% TBST, incubated with secondary antibody for 1 hour at room temperature (see Table
2 for list of secondary antibodies), followed by three washes. The signal was detected by ECL

(enhanced chemiluminescence) and developed on HyBlot CL Autoradiography Film.
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Table 1: Primary antibodies used in Western blot and immunofluorescence

Primary antibody Application and Description Source
dilution
c-Myc WB 1:1000 mouse monoclonal | Thermo Fisher Scientific,
A21280
c-Myc IF 1:50 mouse monoclonal | Thermo Fisher Scientific,
MA5-12080
MeCP2-E1 WB, IF 2 pg/mL chicken polyclonal | Custom-made>3
MeCP2-E2 WB, IF 2 pg/mL chicken polyclonal | Custom-made>*
MeCP2 (C-terminal) | WB 1:1000 rabbit polyclonal Thermo Fisher Scientific,
IF 1:200 PA5-12234
GAPDH WB 1:7500 mouse monoclonal | Santa Cruz Biotechnology,

sc-47724
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Table 2: List of secondary antibodies used in western blot and immunofluorescence

Secondary antibody Application Source
and dilution

HRP-conjugated anti-rabbit I1gG WB 1:5000 Sigma A6154

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

Peroxidase-AffiniPure goat anti-chicken IgY WB 1:7500 Jackson ImmunoResearch
103-035-155

Alexa Fluor 594 conjugated goat anti-chicken IgY | IF 1:1000 Invitrogen, Thermo Fisher

Scientific, A11042

Alexa Fluor 594 conjugated goat anti-rabbit IgG IF 1:1000 Invitrogen, Thermo Fisher
Scientific, A11037

Alexa Fluor 488 conjugated goat anti-mouse IgG | IF 1:1000 Invitrogen, Thermo Fisher
Scientific, A11017

Alexa Fluor 594 conjugated goat anti-mouse IgG | IF 1:1000 Invitrogen, Thermo Fisher
Scientific, A11032

Alexa Fluor 488 conjugated goat anti-chicken IgG | IF 1:1000 Invitrogen, Thermo Fisher
Scientific, A11039

Alexa Fluor 488 conjugated goat anti-rabbit IgG IF 1:1000 Invitrogen, Thermo Fisher
Scientific, A11034

IL.vi. Immunofluorescence

Cells were seeded in Nunc Lab-Tek Il 8 well chamber slides (Thermo Fisher Scientific) or on glass
coverslips in 24 well plates, as reported.?”! The chamber slides or coverslips were first coated
with 0.1% gelatin. At the time of fixation, cells were rinsed twice with room temperature PBS,
then placed on ice and fixed with ice cold 4% paraformaldehyde (Electron Microscopy Sciences)
in PBS for 10 minutes. Cells were then washed by three 5-minute washes with ice cold PBS and
stored in PBS at 4°C in the sealed culture dish.

Before immunostaining, the storage PBS was removed, and cells were rinsed once with room
temperature PBS. Cells were permeabilized for 10 minutes with 2% NP-40 in PBS, followed by
three 5-minute washes with PBS. Blocking was done with 10% normal goat serum (NGS, Jackson
ImmunoResearch) in PBS for 1 hour at room temperature. Primary antibody was prepared in 10%

NGS in PBS and incubated overnight at 4°C (Table 1). Cells were washed by three 5-minute washes
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with PBS. Secondary antibody was prepared in 10% NGS in PBS and incubated for 1 hour at room
temperature in the dark (Table 2). After three 5-minute washes with PBS, DAPI (Calbiochem) was
added at a concentration of 0.5 pug/mL in PBS for 10 minutes in the dark. Cells were washed by
three 5-minute washes with PBS. Coverslips were mounted on slides with Mowiol antifade
mounting medium. Imaging was performed on the Zeiss Axio Observer.Z1 equipped with the
AxioCam MRm. Images were acquired using Zen Blue software.

Immunofluorescence images were analyzed with Imagel in order to quantify the fluorescence
intensity of c-Myc staining in individual cells. Images were converted to 16-bit grayscale images
for analysis. The threshold values were set using polybrene-treated control images, which
displayed the lowest intensity of c-Myc staining, in order to ensure cells of similar or greater
fluorescence intensity were appropriately selected and measured by Imagel for all images. The
same threshold values were used for transduced cell populations to allow comparison of
fluorescence intensity between control and transduced populations. For each image, the
threshold was applied and then measurements obtained for the area of each cell, its mean grey
value and integrated density. The integrated density is obtained by multiplying the area by the
mean grey value of each cell. Six background measurements were made, and the six mean grey
values averaged. The measurements made in Image) were used to determine corrected total cell
fluorescence (CTCF) values for each of the cells in an image.?>> The CTCF is calculated by
subtracting the background integrated density from the integrated density of the cell of interest.
The background integrated intensity was calculated for each cell of interest by multiplying the

area of the cell by the average mean grey value of the background measurements (Equation 1).

Eq.1: CTCF = (integrated density of cell) — [(area of cell) x (average mean grey value of

background measurements)]

The CTCF values for transduced cells were compared to polybrene-treated control cells to
determine whether the c-Myc fluorescence intensity in transduced cells was greater than
endogenous levels. The CTCF values were also used for counting cells to estimate the percentage

of overexpressing cells. Counting cells could not be performed visually by assessing presence or
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absence of detection of the c-Myc tag since Daoy cells express c-Myc endogenously and low levels
of c-Myc were also detected in polybrene-treated control cells. The CTCF value for each cell in
images of transduced cells was compared to the average CTCF value of polybrene-treated control
cells and if the CTCF value was greater, the cell was counted as overexpressing. The total number
of cells determined to overexpress was divided by the total number of cells in the image to

calculate the percentage.

I.vii. Genomic DNA analysis

The DNeasy Blood & Tissue kit (Qiagen) was used to extract genomic DNA from snap-frozen cell
pellets according to the manufacturer protocol for purification of total DNA from animal blood
or cells (spin-column protocol). The pellet was suspended in 200 L PBS followed by addition of
20 ulL proteinase K, then 200 pL Buffer AL. The sample was vortexed by 2-3 short pulses, and the
sample tube incubated at 56°C for 10 minutes. Then 200 plL ethanol was added and gently mixed.
The mixture was pipetted onto a DNeasy Mini spin column and centrifuged at 6000 x g for 1
minute and flow through discarded. The column was washed with Buffer AW1, centrifuged at
6000 x g for 1 minute, then wash with Buffer AW2 and centrifuged at 14,000 x g for 3 minutes.
The DNA was eluted in 200 pL Ultra-pure water and concentration determined with the
Nanodrop 2000.

Genomic DNA was analyzed for insertion of lentiviral vectors by qRT-PCR. The reaction mix
contained 10 ng genomic DNA, gene-specific primer, PowerUp SYBR Green Master Mix (Applied
Biosystems, Thermo Fisher Scientific), and water. Then gRT-PCR was performed on the Applied
Biosystems 7500 Fast Real-Time PCR System. The GAPDH gene was used as control. See Table 3
for the list of primers. The run methods used for GAPDH, MECP2E1, and MECP2E2 genes were as
follows: hold at 95°C for 10 minutes followed by 40 cycles of denature at 95°C for 15 seconds and

anneal/extend at 60°C for 1 minute.



Table 3: Primer sequences used for gRT-PCR

Primer Name
Forward
GAPDH

Reverse

Forward
MECP2E1°

Reverse

Forward
MECP2E2°

Reverse

Forward
MECP2E2"®

Reverse

Forward
MECP2E2"®

Reverse

Forward

BDNF

Reverse

Forward
Nucleolin

Reverse

Forward
45S rRNA

Reverse

Forward
28S rRNA

Reverse

Forward
18S rRNA

Reverse

Sequence
CCACTCCTCCACCTTTGAC
ACCCTGTTGCTGTAGCCA

AGGAGAGACTGGAAGAAAAGTC

CTTGAGGGGTTTGTCCTTGA
CTCACCAGTTCCTGCTTTGATGT
CTTGAGGGGTTTGTCCTTGA
GGTAGCTGGGATGTTAGGGC
CTTGAGGGGTTTGTCCTTGA
GCTGGGATGTTAGGGCTC
CTTGAGGGGTTTGTCCTTGA
TAACGGCGGCAGACAAAAAGA
GAAGTATTGCTTCAGTTGGCCT
AGCAAAGAAGGTGGTCGTTT
CTTGCCAGGTGTGGTAACTG
CTCCGTTATGGTAGCGCTGC
GCGGAACCCTCGCTTCTC
AGAGGTAAACGGGTGGGGTC
GGGGTCGGGAGGAACGG
GATGGTAGTCGCCGTGCC
GCCTGCTGCCTTCCTTGG

a. Used for analyzing endogenous levels of MECP2.
b. used for analyzing MECP2E2 for genomic DNA and mRNA from lentivirus transduced cells
overexpressing MECP2.

Il.viii. Metformin and Simvastatin Treatments
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Reference

253

254

255

137

256

257

Daoy cells were treated with metformin and simvastatin. Metformin (Sigma-Aldrich, PHR1084,

Lot#LRAA8975 and Lot#P500240) was dissolved in H,0 and filtered. Simvastatin (Sigma-Aldrich,

S6196, Lot#116M4716V) was dissolved in DMSO. Daoy cells were seeded in 6 well plates at

50,000 cells per well. Drug treatment was performed both with and without prior serum

starvation. Cells which underwent serum starvation were cultured in serum-free media for 24

hours prior to drug treatment. Drug treatment was performed using media containing serum.
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Type 2 diabetes patients receiving an 850 mg metformin dose have a plasma metformin
concentration of approximately 8-24 uM 3 hours after the dose.>*® Caution is required with
increasing metformin dosages, since patients with plasma metformin concentrations of 150-820
UM may develop lactic acidosis due to increased plasma lactate levels.?>® Plasma concentrations
of approximately 2.5 mg/L, or 20 uM are generally considered to be safe.?>° For this study Daoy
cells were treated with 250, 1000 and 2000 uM metformin which are higher compared to what
is recommended for patient plasma levels. The purpose of this study was to evaluate the effects
of metformin on gene transcription in vitro over a short time period. Concentrations of
metformin in this range have previously been used in vitro to analyze the impact of metformin
on cell signaling.?®>?% Future study could investigate the effects of prolonged metformin
treatment at lower concentrations.

Simvastatin concentrations of 2.5 and 5.0 uM were selected for this study, for a 24 hour
treatment, based on cell viability data at 24 hours performed previously in Daoy cells.?*° This is a
greater concentration than what is typically found in the plasma of patients taking statins, which
tends to peak at the nanomolar range, ranging from 6-80 nM.?'2261 |n vyijtro studies have

commonly employed statins in the micromolar range.?%!

Il.ix. RNA extraction

Il.ix.a. RNeasy Plus Mini Kit

RNA extraction for drug treated samples was performed with the RNeasy Plus Mini Kit (Qiagen)
according to the kit protocol. Steps were performed at room temperature. Buffer RLT Plus was
prepared fresh for each extraction by addition of B-mercaptoethanol. Snap-frozen cell pellets
were lysed by addition of 350 pL RLT Plus and pipetting up and down. The lysate was loaded on
a gDNA eliminator column and centrifuged at 11,000 rpm for 30 seconds. 350 uL of 70% ethanol
was added to the flow-through, pipetted well to mix and the total volume transferred to and
RNeasy spin column. The column was centrifuged at 11,000 rpm for 15 seconds and the flow-
through discarded. The column was washed with Buffer RW1 and Buffer RPE. RNA was eluted in

30 pyL commercial RNase-free H;0.
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ILix.b. TRIzol

RNA extraction was done as reported?® using TRIzol (ThermoFisher Scientific). Snap-frozen cell
pellets were lysed with 250 pL TRIzol by pipetting followed by incubation at room temperature
for five minutes. 50 pL chloroform was added, the sample shaken vigorously for 15 seconds and
then incubated at room temperature for 2-3 minutes. Samples were centrifuged at 12,000 x g for
15 minutes at 4°C. The upper aqueous layer was isolated and transferred to a new tube. Then
0.25 pL glycogen and 125 ulL of isopropanol were added followed by pipetting to mix a few times.
The sample was incubated in ice for 10 minutes, then centrifuged at 12,000 x g for 10 minutes at
4°C. The supernatant was discarded, the pellet washed with 250 uL 75% EtOH and centrifuged at
7,500 x g for 5 minutes at 4°C. The supernatant was discarded, the pellet allowed to dry for 5-10
minutes then resuspended in H,O0. RNA extracted with TRIzol was treated with DNase using

TURBO DNase (Ambion Life Technologies).

ILix.c. MagMAX miRVana Kit

Total RNA was extracted from snap-frozen cell pellets with the MagMAX mirVana Total RNA
Isolation Kit (Applied Biosystems, Thermo Fisher Scientific). The extraction was performed
manually at room temperature. Each sample was lysed in 200 uL Lysis Binding Mix consisting of
99 uL Lysis Buffer, 100 plL isopropanol and 1 pL 2-mercaptoethanol. The sample was pipetted
several times to homogenize and incubated for five minutes. Then 20 uL of Binding Beads Mix
was added to each sample, containing 10 uL RNA Binding Beads and 10 pL Lysis/Binding
Enhancer, and samples were incubated for five minutes while tapping to mix. The Qiagen
magnetic tube rack was used to immobilize RNA Binding Beads for washes. The beads were
washed with Wash Solution 1, then Wash Solution 2, then allowed to dry for two minutes. 30 uL
TURBO DNase Solution was added, containing 28 uL MagMAX TURBO DNase Buffer and 2 pL
TURBO DNase, and incubated for 15 minutes while tapping. 50 pL Rebinding buffer was added,
followed by addition of 100 pL isopropanol and incubation for three minutes. The beads were
washed twice with Wash Solution 2 and dried for two minutes. RNA was released by addition of
30 pL Elution buffer, preheated to 37°C, and incubation for three minutes. The beads were then

immobilized and the supernatant containing RNA collected.
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Il.x. Preparation of cDNA from Total RNA

RNA samples were quantified using the Nanodrop 2000. To synthesize cDNA, 500 ng of RNA
template was combined with random primers, dNTPs, and water and incubated at 65°C for 5
minutes. Samples were then immediately transferred to ice for 1-2 minutes. A Master Mix of 5X
first strand buffer, 0.1 M DTT, RNaseOUT and Superscript Ill Reverse Transcriptase (Thermo
Fisher Scientific) was prepared and 7 uL added to each sample. Samples were incubated for five

minutes at room temperature, then 1 hour at 50°C, and finally 15 minutes at 70°C.

Il.xi. Nascent RNA collection and cDNA synthesis preparation

The method of choice for this study was to perform metabolic labelling and isolate RNA for
targeted gene-specific transcript analysis. Cells are incubated for a specific period of time in
media supplemented with cell-permeable uridine nucleoside analogues such as bromouridine, 4-
thiouridine, or 5-ethynyl-uridine. These nucleosides are taken up by the cells and converted into
UTPs via enzymatic reactions.® Isolation of bromouridine labeled RNAs is an antibody-based
method.3%32, The 4-thiouridine labeled RNAs are purified by biotin/streptavidin interaction.?* The
5-ethynyluridine (EU) is detected with click chemistry by a copper(l)-catalyzed cycloaddition
reaction.3? Labeling with EU was selected for this study. EU is incorporated into RNA transcripts
generated by RNA polymerases |, Il and Ill, labels RNA specifically and labels approximately 1 in
every 35 uridines. EU labeling could be applied to both in vitro and in vivo studies. In vitro studies
that used this technique include imaging of the nascent RNA production in cultured NIH-3T3
cells3® as well as in dendrites of cultured hippocampal neurons.3! Targeted gene transcript
analysis has also been reported in vitro for NEAT1 transcripts in Hela cells?® and to study MECP2
post-transcriptional regulation in a hESC differentiation model of neurodevelopment.?3 In vivo
studies have been performed by injecting EU into mice and zebrafish.3%31

Nascent RNA was isolated with the Click-iT Nascent RNA Capture Kit (Invitrogen, Thermo Fisher
Scientific). Daoy cells were labelled with 0.1 mM ethynyl-uridine (EU) in the culture media for 1
to 48 hours, depending on the experiment. Cells were harvested, snap frozen and RNA extracted

with the RNeasy Mini Kit or MagMAX mirVana Total RNA isolation kit as described earlier. Then
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1 pg of EU-RNA was biotinylated by a copper-catalyzed click reaction, using 0.5 mM azide-
modified biotin. Biotinylated RNA was precipitated by overnight incubation at -80°C.

400 ng of biotinylated EU-RNA was bound to Dynabeads MyOne Streptavidin T1 magnetic beads
according to the manufacturer protocol. The Qiagen magnetic tube rack was used for steps
requiring immobilization of the beads. This was followed immediately by cDNA synthesis on the
beads. The beads were heated for five minutes at 68-70°C followed immediately by addition of
cDNA synthesis mix containing random primers, dNTPs and water. The mix was brought to room
temperature, then the enzyme master mix added containing 5X first strand buffer, Superscript IlI
Reverse Transcriptase, and RNase OUT. The reaction was incubated at 50°C for one hour while
gently mixing. The reaction was terminated and cDNA released from the beads by heating at 85°C

for five minutes. The beads were immobilized and supernatant containing cDNA collected.

Il.xii. QRT-PCR

Gene expression analysis was performed by qRT-PCR on the Applied Biosystems 7500 Fast Real-
Time PCR System. Reactions were composed of 25 ng template cDNA, gene-specific primers
(Table 3), PowerUp SYBR Green Master Mix (Applied Biosystems, Thermo Fisher Scientific), and
water. Target gene Cr values were normalized to the housekeeping gene GAPDH. Fold change
values were calculated by the 22T method (Livak and Schmittgen, 2001).

The run methods for GAPDH, MECP2E1, MECP2E2 and BDNF were: hold at 95°C for 10 minutes
followed by 40 cycles of denature at 95°C for 15 seconds and anneal/extend at 60°C for 1 minute.
The run method for 28S ribosomal RNA was hold at 50°C for 20 seconds then 95°C for 10 minutes
followed by 35 cycles of denature at 95°C for 30 seconds and anneal/extend at 65°C for 1 minute.
The run method for 18S ribosomal RNA was hold at 50°C for 20 seconds then 95 °C for 10 minutes
followed by 35 cycles of denature at 95 °C for 15 seconds and anneal/extend at 60°C for 1 minute
and 72 °C for 30 seconds. The run method for 455 ribosomal RNA was hold at 95°C for 5 minutes
followed by 35 cycles of denature at 95°C for 30 seconds and anneal/extend at 60°C for 30

seconds and 72 °C for 30 seconds.
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Il.xiii. miRNA analysis

RNA for miRNA analysis was prepared using TRIzol or mirVana RNA extraction methods as
described earlier. Analysis of microRNAs was done with TagMan™ MicroRNA Assays (Applied
Biosystems). For the reverse transcription (RT) reaction a master mix was prepared from 100 mM
dNTPs, MultiScribe Reverse Transcriptase and 10X Reverse Transcription Buffer from the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems), with addition of RNase inhibitor.
For total RNA, 5 ng was used in the RT reaction. For nascent RNA, the Click-iT Nascent RNA
Capture Kit kit protocol was followed for binding biotinylated EU-RNA to Dynabeads, then 50 ng
of bead-bound RNA was used in the RT reaction. The RT reaction was prepared by combining the
RT master mix, RNA and assay specific TagMan 5X RT primer and the reactions were run on the
Eppendorf vapo.protect thermocycler. The steps of the RT reaction were as follows: 16°C for 30
minutes, 42°C for 30 minutes, 85°C for 5 minutes, hold at 4°C. For nascent RNA, the cDNA is
released from the beads during the 85°C step. Then the beads were immobilized using the
magnetic tube rack and the supernatant containing cDNA collected.

RT-PCR was then performed using the product of the RT reaction, assay-specific 20X TagMan
MicroRNA Assay, TagMan Universal PCR Master Mix (Applied Biosystems), and water. 20 plL
reactions were prepared which were split into duplicate wells of 9.5 uL each. The reactions were
run on the Applied Biosystems 7500 Fast Real-Time PCR system with the following thermal cycling
parameters: hold at 96°C for 10 minutes followed by 40 cycles of denature at 95°C for 15 seconds,
anneal/extend at 60°C for 60 seconds.

The following assays were used: has-miR-132 (Assay ID 000457) and U6 snRNA (Assay ID 001973).
Target gene miR-132 Cr values were normalized to the housekeeping gene U6. Fold change values

were calculated by the 2"22¢T method (Livak and Schmittgen 2001).

Il.xiv. Statistics
Statistical analysis was performed using GraphPad software. Comparisons between 3 or more
groups were analyzed by one way ANOVA followed by the Tukey multiple comparisons test, with

an alpha of 0.05. Comparisons between 2 groups were analyzed by unpaired t-test with Welch’s
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correction, with an alpha of 0.05. Levels of significance were considered as *p<0.05, **p<0.01,

*%%0<0.001, ****p<0.0001.
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Chapter lll: Results Aim 1: Investigate the effects of MeCP2E1/E2 overexpression in Daoy cells

by lentiviral transduction with MECP2E1/E2 isoform-specific vectors.

MeCP2 is a critical epigenetic regulator in the brain. Mutations in the MECP2 gene cause Rett
Syndrome and MECP2 Duplication Syndrome. MECP2 mutations have widespread effects on gene
expression, which presents challenges to developing targeted therapies for these disorders.
Mouse models with Mecp2 loss- and gain-of function-mutations display broad gene expression
changes in the brain.8%139140 There are two isoforms of MeCP2 termed E1 and E2, since they are
generated by alternative splicing of exons 1 and 2 of the Mecp2/MECP2 gene.**** There is limited
knowledge on whether these two isoforms have unique or common functional roles in regulating
gene expression. The structure of these isoforms is identical, expect their extreme N-termini,
which suggests the isoforms could have similar or redundant functions. Both E1 and E2 are
nuclear proteins, and colocalize with densely methylated heterochromatin foci in mouse cells.*?
However, evidence points to unique functions of these isoforms and mechanisms regulating their
differential expression. MeCP2E1 is the dominant isoform expressed in the brain.>® E1-specific
loss-of-function mutations are sufficient to cause Rett Syndrome while E2-specific mutations
have not been observed in patients.**187.18 Mice with E2 isoform deletion display no adverse
neurological symptoms, however a reduction in embryo viability was observed.'?* Mice with an
El-specific mutation develop a Rett Syndrome phenotype.'?® Expression of the E2 isoform alone
was capable of ameliorating RTT symptoms in Mecp2-null mice.'°%°! Mice with the E1-specific
mutation did have increased levels of E2, though not significant enough to rescue.'?® Differential
expression of these isoforms during neuronal differentiation has been shown in vitro in mouse
NSCs® as well as in vivo where E1 and E2 were both seen to increase during mouse brain
development, but E1 showing an earlier onset of expression.>* E1 expression was also found to
be quite uniform across different mouse brain regions while E2 showed a differential expression
pattern in brain regions.”* Studies which have assessed gene expression changes in Mecp2-
mutant mice have used mice with knockdown or overexpression of both isoforms 82139140
Isoform-specific effects on gene expression have been studied by overexpression of each isoform
in SK-N-SH cells, derived from a bone marrow metastasis of neuroblastoma.?®? In these cells E1

overexpression resulted in a greater number of gene expression changes compared to E2.%%2 The



52

first aim of this thesis was to establish human brain cells which overexpress each MeCP2 isoform,
as well as both isoforms together and evaluate transcriptional changes in previously identified
targets of MeCP2.

MeCP2 isoform-specific overexpression was achieved through in vitro lentiviral transduction. The
Daoy medulloblastoma human cell line was selected for this study. These cells originated from a
tumor in the cerebellum of a 4-year-old boy. The cells express MeCP2 endogenously and have
been used previously to study MeCP2 regulation and screen potential therapeutic targets for
MeCP2-related disorders.®”3¢ Daoy cells were transduced using isoform-specific lentiviral
vectors developed previously to obtain stable long-term overexpression.®® The procedure of
lentiviral transduction has a number of biosafety features. Here, HEK-293T cells were transfected
with the lentiviral vector containing the gene of interest and four separate plasmids encoding the
rev, tat, gag/pol and vsvg genes. The lentiviral vector is packaged in viral particles in HEK293T
cells. Therefore, the only genetic material packaged in the virus is that of the gene of interest,
meaning the viral particles are incapable of reproducing inside a target cell. The vsvg gene
encodes the vesicular stomatitis virus G glycoprotein (VSVG) envelope protein.?®32%* The gag
gene encodes the matrix, capsid and nucleocapsid structural components of the virus and po/
encodes reverse transcriptase and integrase enzymes. The Rev protein binds the Rev response
element of the lentiviral vector sequence to facilitate nucleocytoplasmic transport of full-length
vector RNA. The Tat transactivator is required to promote expression of the full-length vector
RNA during viral production in HEK-293T cells.

The viral supernatant was harvested from the HEK-293T cells and used to transduce Daoy cells.
The agent polybrene, a cationic polymer, was added at a concentration of 6 pg/mL to facilitate
uptake of the viral particles into the target cells.?** Three lentiviral vectors were used, Lenti-EF1a-
EGFP, Lenti-EF1a-E1, and Lenti-EF1a-E2 (Figure 6A). The genes of interest are under control of
the ubiquitous EF1a promoter, which was previously shown to maintain expression of MeCP2 in
neural stem cells and differentiated neurons without silencing, and thus was most likely to obtain
long-term overexpression.®® The vectors were constructed using the PL-cHS4 lentivirus vector
backbone?®® that are self-inactivating (SIN). SIN vectors also have increased biosafety through a

deletion in the U3 regions of the 3’LTR. This becomes the 5’ LTR following reverse transcription
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in the host cell but the deletion abolishes transcription from the 5’LTR, meaning there is only
gene expression from the promoter controlling the gene of interest, EFla in this case.?%%2¢7 The
chicken B-globin locus Hypersensitive Site 4 (cHS4) core chromatin insulator element in the LTRs
blocks position effects following integration that could affect expression of the gene of interest
such as silencing through chromatin formation or interactions with other enhancers.?6426> These
lentiviral vectors also contain cis-elements central Poly Purine Tract (cPPT) and Central Terminal
Sequence (CTS), which improve transgene expression and transduction efficiency during the
reverse transcription step.?%

The Lenti-EF1a-E1 and Lenti-EF1a-E2 vectors express MeCP2 tagged with c-Myc. EGFP wasn’t
used a tag to monitor expression since the EGFP DNA sequence contains 60 CpGs which could be
a target for silencing by MeCP2.5328 |nstead, the Lenti-EF1a-EGFP vector was used in a separate
transduction to monitor efficiency of the transduction and to control for the non-specific effects
of transduction in future studies. Cells treated with polybrene alone were included as an
additional control. Daoy cells were transduced with Lenti-EFla-E1 and Lenti-EF1la-E2 vectors
separately to evaluate isoform-specific affects and were also transduced with a combination of
the two vectors.

Transduced cells were validated by a number of methods including flow cytometry analysis of
EGFP expression, Western blot and immunofluorescence analysis of protein expression, genomic
DNA analysis to confirm integration of the lentiviral vectors, and finally transcript analysis to
assess the effects on gene expression of selected target genes. Two main gene targets selected
for analysis are BDNF and miR-132, which have been proposed to form a homeostatic regulatory
network with MeCP2.%8 BDNF is also significantly reduced in Rett Syndrome models.?*%52 There
is evidence that MeCP2 binds to the BDNF promoter in mouse neuronal cultures,*?! but isoform
specific regulation is unclear. Expression of Nucleolin and ribosomal RNA genes was also
evaluated. Nucleolin protein expression dysregulation has been observed in RTT mouse models
as well as Rett Syndrome patients, but it is unknown whether MeCP2 regulates Nucleolin gene
expression.'37167 Ribosomal protein genes and ribosomal RNA genes were observed to be
downregulated in MeCP2-knockout neurons derived from human embryonic stem cells, but

isoform-specific regulation of these genes is not fully clear.
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In order to study whether overexpression of the MeCP2 isoforms leads to direct transcriptional
effects on the target genes of interest, nascent RNA production was analyzed. Transcript levels
are regulated at multiple levels, from nascent RNA transcription of the gene to post-
transcriptional regulation mechanisms. Nascent RNA analysis was performed through labeling
nascent RNAs with ethynyl-uridine (EU), a uridine analogue utilizing the Click-iT Nascent RNA
Capture Kit. Nascent RNA levels were compared with steady-state transcript levels to evaluate

how overexpression of MeCP2 E1 and E2 isoforms impacts gene expression.

IlL.i. Flow cytometry of EGFP-transduced control cells indicates high transduction efficiency

Daoy cells that had been transduced with the Lenti-EF1a-EGFP control vector were analyzed by
flow cytometry one week after transduction. Flow cytometry analysis of EGFP expression was a
paid service provided by Regenerative Medicine Program Flow Cytometry core. EGFP expression
was tested in two independent biological samples of EGFP-transduced cells and one polybrene-
treated control sample. The two sets of EGFP-transduced cells were 97.5% and 98% positive for
EGFP-expression. Graphs generated using FlowJo software indicated a clear shift in the number
of EGFP expressing cells in the EGFP-transduced cells compared to the polybrene-treated control
sample (Figure 6B). EGFP expression in EGFP-transduced cells was also confirmed by fluorescence
microscope imaging (Figure 6B). These results indicated a high level of transduction efficiency.
The EGFP-transduced cells were included in further molecular studies of the effects of MeCP2

overexpression to control for potential off-target effects of transduction.
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Figure 6. Transduction of Daoy cells by lentiviral vectors expressing EGFP and MeCP2E1/E2. A)
Schematic of lentiviral vectors used to express EGFP, MECP2E1, or MECP2E2 under control of the
EFla promoter. MeCP2 isoforms are tagged with C-terminal c-Myc tag. cHS4: chicken 8-globin
locus Hypersensitive Site 4; cPPT: central Poly Purine Tract; CTS: Central Terminal Sequence; RRE:
Rev-Responsive Element (adapted from Rastegar et.al.2009). B) Flow cytometry analysis and
fluorescence microscope images of polybrene-treated control and EGFP-transduced cells.
BF=bright field, scale bars represent 50 um. C) Western blot analysis of total MeCP2, c-Myc tag,
and MeCP2E1/E2 isoforms in polybrene-treated control, EGFP-transduced (EGFP), E1-transduced
(E1), E2-transduced (E2) and E1+E2-tranduced (E1+E2) cells.
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llLii. Analysis of MeCP2 protein overexpression in MECP2 E1- and E2-transduced Daoy cells
The two MeCP2 isoforms, E1 and E2, were overexpressed in Daoy cells by transduction with Lenti-
EFla-E1 and Lenti-EF1a-E2 vectors (Figure 6A). Daoy cells overexpressing E1 alone, E2 alone, and
E1+E2 in combination were generated by transduction with Lenti-EF1a-E1 alone, Lenti-EF1a-E2
alone, or a combination of Lenti-EF1a-E1 and Lenti-EF1a-E2 vectors, respectively. These cells will
be referred to as E1-transduced, E2-transduced and E1+E2-transduced cells. After approximately
two weeks in culture or three cell passages, samples of polybrene-treated, EGFP-transduced, E1-
transduced, E2-transduced and E1+E2-transduced cells were collected for protein analysis by
Western blot. Protein was prepared from whole-cell lysates and 10 ug of protein loaded per lane
for separation by SDS-PAGE. Four sets of the samples were run in order to probe samples with
four primary antibodies: total MeCP2, c-Myc, MeCP2E1 and MeCP2E2 (Figure 6C). The antibody
detecting total MeCP2 binds to the C-terminus of MeCP2 and therefore recognizes both MeCP2
isoforms. This antibody detected MeCP2 at 75 kDa in E1-, E2- and E1+E2-transduced cells but not
in polybrene-treated or EGFP cells. Probing with the c-Myc primary antibody was performed to
confirm presence of the C-terminal c-Myc tag on MeCP2 expressed from the lentiviral vectors.
The c-Myc tag was detected in E1-, E2-, and E1+E2-transduced cells at 75 kDa, the same molecular
weight as total MeCP2, confirming detection of MeCP2 expressed from the lentiviral vectors. The
samples were also tested for overexpression of MeCP2E1/E2 isoforms by probing with isoform-
specific antibodies developed in our lab, which recognize the unique N-terminus of each
isoform.>3>* Probing with the E1-specific antibody indicated that MeCP2E1 was overexpressed in
El-transduced cells but not E1+E2-transduced cells. Endogenous levels of E1 were detected in
polybrene-treated, EGFP-transduced, E2-transduced and E1+E2-transduced cells and a clear
overexpression of E1 in E1-transduced cells. Probing with the E2-specific antibody indicated that
MeCP2E2 was overexpressed in both E2-transduced and E1+E2-transduced cells, and E2 was not
detected in polybrene-treated, EGFP-transduced and E1-transduced cells.

The size of the MeCP2 isoforms observed by Western blot was approximately 75 kDa, which has
been observed previously.>®>4°663 Detection of MeCP2 with the total MeCP2 and c-Myc
antibodies showed MeCP2 running at a slightly lower molecular weight in E2-transduced cells

compared to El-transduced cells. This is expected due to the slight size difference between the
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two isoforms: MeCP2E1 is 498 amino acids, and MeCP2E2 486 amino acids and therefore E1 runs
slightly higher than E2. This size difference has been detected by Western blot in previous
studies.>3°*3 |n the E1+E2-transduced cell samples the band for total MeCP2 and c-Myc appears
to be slightly higher than that of the E2-transduced cells, yet the E2 isoform was seen to be the
predominant isoform overexpressed in the E1+E2-transduced cells. This could be due to uneven
running of the lanes during electrophoresis since the GAPDH bands are not completely straight.
There were also differences observed in the detection of endogenous MeCP2 in Daoy cells by the
antibodies for total MeCP2 and E1- and E2-isoform specific antibodies. Endogenous MeCP2 was
only detected by the MeCP2E1 antibody in the polybrene-treated, EGFP-transduced, E2-
transduced and E1+E2-transduced cells, and not by the total MeCP2 or MeCP2E2 antibodies.
Endogenous MeCP2 in Daoy cells has been detected previously by a different total MeCP2
antibody, which is known to be from a different company, but the catalogue number was not
provided in that study.®” Another report detected overexpressed MeCP2 but not endogenous
MeCP2 in Daoy cells by using a total MeCP2 antibody developed within the Zoghbi lab.3¢
Unfortunately, due to the lack of information provided in these reports, it is not possible to
compare the epitopes to which those antibodies bind with the anti-MeCP2 antibody that we used
in this study. The differences in the detection of endogenous MeCP2 could also be due to differing
antibody binding efficiencies. Increasing the amount of protein loaded per lane from 10 ug could
lead to detection of the endogenous MeCP2 by the anti-MeCP2 antibody and of endogenous E2
by the anti-MeCP2E2 antibody. MeCP2E2 is known to be expressed at lower levels than MeCP2E1
in the brain but its endogenous levels in Daoy cells have not been studied previously.

MeCP2 overexpressing Daoy cells were also analyzed by immunofluorescence staining,
approximately 14 weeks following transduction, after cells had been passaged 26-29 times.
Polybrene-treated, E1-transduced, E2-transduced and E1+E2-transduced cells were seeded in
chamber slides and fixed using paraformaldehyde to preserve proteins within the structural
integrity of the cells. Following permeabilization of the cell membranes by NP-40 the cells were
labelled with the same panel of antibodies used in Western blot. Cells were double-stained with
three combinations of primary antibodies, total MeCP2 + c-Myc, MeCP2E1 + c-Myc, and
MeCP2E2 + c-Myc.
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Figure 7. Immunofluorescence imaging of total MeCP2 in Daoy cells transduced with lentiviral
vectors expressing MeCP2 isoforms. Images show co-localization of total MeCP2 and c-Myc tag
at DAPI-stained nuclei for A) polybrene-treated control cells, and cells transduced with B) EFl1a-
El, C) EFla-E2 and D) EF1a-E1+ EF1la-E2 vectors. Scale bar represents 20 um.

A) Control

B) EF1a-E1

C) EFla-E2

D) EF1a-E1 + EFla-E2

Double-staining with c-Myc antibody was performed to evaluate whether MeCP2 antibodies
detected transduced proteins expressed from the lentiviral vectors. The two primary antibodies

were distinguished by use of two secondary antibodies with different fluorophores, one
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conjugated to the AlexaFluor 488 and the other to AlexaFluor 594. Cells were also counter-
stained with DAPI to stain cell nuclei.

Total MeCP2 and c-Myc double-staining confirmed overexpression of MeCP2 from lentiviral
vectors in El-transduced, E2-transduced, and E1+E2-transduced cells (Figure 7B,C,D). Overlay
images of antibody labeling with DAPI staining indicated that overexpressed MeCP2 is localized
to the nucleus. A faint level of staining with both MeCP2 and c-Myc antibodies was observed in
polybrene-treated control cells which could be due to endogenous MeCP2 as well as endogenous
c-Myc protein, which is a transcription factor expressed in Daoy cells>® (Figure 7A). Double-
staining with MeCP2E1 + c-Myc antibodies in polybrene-treated control cells showed low
detection of endogenous MeCP2E1 and c-Myc (Figure 8A). El-transduced cells showed
overexpression of MeCP2E1 accompanied by increased c-Myc staining (Figure 8B). Endogenous
staining of MeCP2E1 was detected in E2-transduced and E1+E2-transduced cells along with
overexpressed c-Myc due to the presence of MeCP2E2 overexpression in those cells (Figure
8C,D). The overlay images again confirmed localization of MeCP2E1 and c-Myc in the nucleus.
Double-staining with MeCP2E2 + c-Myc antibodies in polybrene-treated control cells indicated
lack of staining for MeCP2E2 and faint endogenous staining of endogenous c-Myc (Figure 9A).
El-transduced cells were negative for detection of MeCP2E2 but had elevated staining for c-Myc
due to MeCP2E1 overexpression from lentiviral transduction (Figure 9B). E2-transduced and

E1+E2-transduced cells both showed strong staining for MeCP2E2 and c-Myc (Figure 9C,D).
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Figure 8. Immunofluorescence imaging of MeCP2E1 isoform in Daoy cells transduced with
lentiviral vectors expressing MeCP2 isoforms. Images show co-localization of MeCP2E1 and c-
Myc tag at DAPI-stained nuclei for A) polybrene-treated control cells, and cells transduced with
B) EFla-E1, C) EF1a-E2 and D) EF1a-E1+ EF1a-E2 vectors. Scale bar represents 20 um.

A) Control

B) EF1a-E1

C) EF1la-E2

D) EF1a-E1 + EFla-E2
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Figure 9. Immunofluorescence imaging of MeCP2E2 isoform in Daoy cells transduced with
lentiviral vectors expressing MeCP2 isoforms. Images show co-localization of MeCP2E2 and c-
Myc tag at DAPI-stained nuclei for A) polybrene-treated control cells, and cells transduced with
B) EFla-E1, C) EF1a-E2 and D) EF1a-E1+ EF1a-E2 vectors. Scale bar represents 20 um.

A) Control

B) EF1a-E1

C) EFla-E2

D) EF1a-E1 + EFla-E2
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These immunofluorescence results confirmed that the transduced cells maintained stable long-
term overexpression of MeCP2 isoforms. In the polybrene-treated control and transduced cells,
MeCP2 was detected throughout the nucleus. Slight differences in the nuclei of E1+E2 cells was
observed when stained with the total MeCP2 or c-Myc antibodies, which are both C-terminal
binding antibodies (Figures 7D, 8D, and 9D). The source of this punctate staining and why it is
only observed with C-terminal binding antibodies is unclear and requires further investigation.
The intensity of c-Myc staining in polybrene-treated control cells and MeCP2 overexpressing cells
was quantified using Imagel) software. Total cell fluorescence can be measured and then
corrected by subtracting the background signal. This showed that the intensity of c-Myc staining
was significantly increased in E1-, E2-, and E1+E2-transduced cells compared to polybrene-
treated control cells (Figure 10A) (p<0.0001). The difference in the intensity of c-Myc staining
between El-transduced cells with E2-transduced and E1+E2-transduced cells (p<0.01) may be
due to a slight difference in transduction efficiency between the Lenti-EF1a-E1 and Lenti-EFla-
E2 vectors. The number of transduced cells having a greater corrected total cell fluorescence
value than the average polybrene-treated control cell was divided by the total number of
transduced cells to determine an approximate percentage of overexpressed cells which
determined that approximately 95% of transduced cells were overexpressing in all three
transduction events (Figure 10B).

Primary antibody omissions for the immunofluorescence experiment are shown in Figure 11. Two
combinations of secondary antibodies were used for double staining. Primary omission with
application of the goat-anti-mouse and goat-anti-chicken secondary antibodies confirmed the
absence of non-specific staining (Figure 11A). Cell nuclei were stained with DAPI. Application of
the goat-anti-mouse and goat-anti-rabbit secondary antibodies with primary omission showed
no non-specific staining except for some staining observed in E2-transduced cells with the goat-
anti-rabbit secondary antibody (Figure 11B). This staining is cytoplasmic as shown in the overlay
image with DAPI staining and could be due to leakage of BDNF rabbit primary antibody from the
adjacent well of the chamber slide. The wells of the chamber slide are formed by a removable

plastic device on top of the microscope slide and the seal could have failed in this case.
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Figure 10. Quantification of fluorescence intensity and percentage of overexpressing cells using
c-Myc staining. A) Corrected total cell fluorescence (CTCF) was determined by measuring
fluorescence intensity of c-Myc staining in Image) and subtracting background signal. B)
Percentage of overexpressing cells was determined by counting cells with a higher CTCF than the
average CTCF seen in polybrene-treated control cells to account for endogenous c-Myc
expression. N=3 from cells seeded in 3 separate wells; n=7-9 representing different image fields.

Data in A) were analyzed by one-way ANOVA followed by Tukey’s multiple comparisons test
(**p<0.01, ****p<0.0001).
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Figure 11. Immunofluorescence primary omissions. A) Cells were incubated with AlexaFluor 488
goat-anti-mouse and AlexaFluor 594 goat-anti-chicken secondary antibodies and stained with
DAPI. B) Cells were incubated with AlexaFluor 488 goat-anti-mouse and AlexaFluor 594 goat-anti-
rabbit secondary antibodies and stained with DAPI. Scale bars indicate 50 um.
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llLiii. MTT cell viability analysis of MeCP2E1 and E2 overexpressing cells

Previous studies have shown that MeCP2E1 overexpression reduces stem cell proliferation.33 and
overexpression of MeCP2E2 promotes apoptosis in cerebellar rat granule cells.'3 Cell viability of
the MeCP2E1 and E2 overexpressing Daoy cells was tested by MTT assay. The MTT assay
determines cell viability by adding methyl-thiazolyl-tetrazolium (MTT) to cultured cells and
measuring the amount of MTT-formazan produced by spectrophotometry. MTT is reduced to
MTT-formazan by reducing enzymes present in metabolically active cells.?5%27° The assay was
performed after the cells had been passaged about 10 times since transduction, over a time
period of about 5 weeks. Polybrene-treated, EGFP-transduced, El-transduced, E2-transduced
and E1+E2-transduced Daoy cells were seeded at equal densities in 96-well plates and MTT assay
performed after 24, 48 and 72 hours in culture. The assay was performed for two sets of cells
seeded in triplicate wells (N=2, n=6). At each time point the MTT reagent was added to the culture
medium and incubated for 3 hours at 37°C. Then the culture medium was removed, dimethyl-
sulfoxide (DMSO) added and absorbance at 570 nm measured. The absorbance values of EGFP-,
E1-, E2- and E1+E2-transduced cells were expressed relative to average absorbance value for
polybrene-treated controls at each time point to determine percent cell viabilities. Analysis of
the comparisons between the five cell groups at each time point is shown in Figure 12A. Statistical
significance was assessed by one-way ANOVA. At the 24-hour time point percent viability of E2-
and E1+E2-transduced cells was significantly reduced by approximately 30% (p<0.01) and 25%
(p<0.05), respectively compared to polybrene-treated controls. EGFP- and El1-transduced cells
showed slight decreases in percent viability of 10% and 20%, respectively but these were not
statistically significant. There were no statistically significant differences between MeCP2
overexpressing cells and EGFP-transduced control cells at 24 hours and EGFP-transduced cells
also showed a higher degree of variability which makes it more difficult to conclude whether the
decreases in cell viability of E2- and E1+E2-transduced cells are due specifically to MeCP2E2

overexpression and not an effect of transduction.
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Figure 12. MTT cell viability assay of Daoy cells transduced with lentiviral vectors expressing EGFP
or overexpressing MeCP2E1/E2 isoforms. MTT assay was performed at 24, 48 and 72 hours
following seeding and percent viability determined relative to polybrene-treated control cells. A)
Differences in percent viability between the transduced cell types at each time point. B)
Differences in percent viability between time points for each cell type. N=6; data were analyzed

by one-way ANOVA followed by Tukey’s multiple comparisons test (*p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.)
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At the 48-hour time point there were no longer any statistically significant differences in percent
viability, yet the transduced cells appeared slightly decreased relative to the polybrene-treated
cells, with EGFP- and E1+E2-transduced cells showing approximately 10% decrease and E1- and
E2-transduced cells showing approximately 15% decrease. At the 72-hour time point the only
statistically significant change was that E1+E2-transduced cells showed a 10% increase in percent
viability over polybrene-treated, EGFP-transduced and E1-transduced cells (p<0.05). EGFP-, E1-,
and E2-transduced cells had similar percent viabilities as polybrene-treated controls at 72 hours.
MTT assay data were also analyzed by one-way ANOVA for differences in percent viability
between the three time points. This was performed separately for each of the five groups of cells
(Figure 12B). Polybrene-treated control cell viabilities were expressed relative to the average
polybrene-treated control value and therefore appear at about 100% cell viability at each time
point. EGFP-transduced cells showed a slight trend of increased percent viability from 24 to 48
to 72 hours but these were not statistically significant. However, E1-, E2-, and E1+E2-transduced
cells showed significant increases in percent viability over the time points. E1-transduced cells
showed significant increases in percent survival from approximately 80% at 24-hours to 100% at
72-hours (p<0.01), and from approximately 85% at 48-hours to 100% at 72-hours (p<0.05). E2-
transduced cells showed increases in percent survival from approximately 70% at 24 hours to
85% at 48 hours to 100% at 72 hours. The differences between all the time points were
statistically significant, between 24 and 48 hours (p<0.001), between 24 and 72 hours as well as
between 48 and 72 hours (p<0.0001). E1+E2-transduced cells also had increased percent survival
between all the time points from approximately 75% at 24 hours to 90% at 48 hours and 110%
at 72 hours. The differences between all time points were statistically significant, between 24
and 48 hours (p<0.01), 24 and 72 hours (p<0.0001) and 48 and 72 hours (p<0.001).

In summary, the MTT results indicated that despite seeding with identical cell densities at the
start of the experiment, percent viabilities of E2- and E1+E2-transduced cells were significantly
reduced compared to polybrene-treated control cells at 24 hours in culture. However, this
reduction was not significant compared to EGFP-transduced cells and EGFP-transduced cells
showed a slight but non-significant decrease in percent viability as well, indicating the change

may not be specific to MeCP2-overexpressing cells. Differences in percent viability specific to the
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MeCP2 overexpressing cells became clearer when making comparisons between different time
points. EGFP-transduced cells showed slight but non-significant trend of increased percent
viability of the time course of the experiment, but MeCP2-overexpressing cells displayed
significant changes in percent viability over time. This indicated that the viability of MeCP2
overexpressing cells experiences significant change in the time following seeding, with fewer cells
present 24 hours following seeding but cell numbers reaching a similar number by 72 hours.
Greater more significant changes were seen in E2- and E1+E2-transduced cells indicating the
MeCP2E2 isoform may have greater impact on the viability of these cells, since E1+E2-transduced
also primarily overexpress the E2 isoform. Further studies are required to address whether

increased cell death is occurring following seeding by apoptosis or other methods.

lll.iv. Characterization of integration of lentiviral vectors in genomic DNA of Daoy cells

Stable overexpression of MECP2E1 and MECP2E2 in Daoy cells was achieved through
transduction with lentiviral vectors which are designed to integrate in the genome of the target
cell and maintain overexpression over many cell divisions. Genomic DNA from E1-, E2-, and E1+E2
-overexpressing Daoy cells were analyzed by gPCR to confirm integration of the lentiviral vectors.
This was done using isoform-specific forward primers which bind in exon 1 or exon 2 for £1 and
E2, respectively, and a common reverse primer which binds in exon 3. The vectors were
constructed using only the cDNA sequence for MECP2 isoforms and do not include the
endogenous promoter or intronic regions. The coding sequence in the Lenti-EF1a-E1 vector is
composed of exons 1, 3, and 4; while coding sequence in the Lenti-EF1a-E1 vector is composed
of exons 2, 3, and 4. Genomic DNA from the transduced cells will also contain the endogenous
MECP2 gene, but it is not possible for the endogenous gene to be amplified as efficiently due to
the presence of large introns. The structure of endogenous MECP2 gene (Figure 13A) contains
the four exons separated by three introns. Intron 2 is very large, 42.4 kilobases long, and lies
between exons 2 and 3. The forward and reverse primers span intron 2 and therefore the

amplicon size for the endogenous MECP2 gene is too long to be amplified in the qCPR method.
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Figure 13. gPCR analysis of genomic DNA from Daoy cells transduced with lentiviral vectors
expressing MeCP2 isoforms. A) Schematic of endogenous MECP2 gene showing that no PCR
product is expected since the forward and reverse primers span intron 2 which is 42.2 kb in size.
The coding region of exon 1 is shown in blue and of exon 2 in purple. B) Schematic of the MECP2
DNA sequences included in the Lenti-EF1a-E1 and Lenti-EF1a-E2 vectors which will produce PCR
products, 65 bp for E1 and 75-79 bp for E2. Approximate primer binding sites are shown. Two
forward primers were tested for MECP2E2. qPCR results are shown for C) MECP2E1: N=2, n=3-4,
and D) MEPC2E2: N=1-2, n=4-8. Cr values were normalized to GAPDH and expressed as 2/-(A¢T),
Values were analyzed by one-way ANOVA followed by Tukey’s multiple comparisons test
(***p<0.001, ****p<0.0001).
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MECP2 lentiviral vectors do not include introns and will be amplified by qPCR of genomic DNA.
As shown in Figure 13B the qPCR amplicon size from Lenti-EF1a-E1 DNA sequence is 65 base pairs
(bp) and for Lenti-EF1a-E2 is 75 or 79 bp, depending on the forward primer used. The two forward
primers used to analyze E2 have similar binding sites in exon 2. The GAPDH gene was used as the
housekeeping gene since the endogenous gene can be amplified as the amplicon size with the
primers used is 206 bp.

As described earlier, at the protein level MeCP2E1 did not appear to be overexpressed in E1+E2-
transduced cells, while MeCP2E2 was overexpressed. Analysis of genomic DNA could provide an
explanation for this observation. One possible scenario is that the Lenti-EF1a-E1 vector was not
integrated efficiently in E1+E2 cells, while the Lenti-EF1a-E2 vector was, leading to failure to
overexpress MeCP2E1. Another possible scenario would be that both vectors did integrate into
the Daoy cell genome, either at similar levels of efficiency or different levels, and that a post-
transcriptional or post-translational mechanism led to reduced MeCP2E1 protein levels. Since the
vector sequence does not contain known MECP2 regulatory elements such as its endogenous
promoter, intron sequences, and 3’UTR, and is under control of the ubiquitous EF1la promoter,
it is unlikely that reductions would be transcriptional. The second scenario would require further
experimental investigation.

Genomic DNA was extracted from polybrene-treated control, E1-transduced, E2-transduced and
E1+E2-transduced cells and probed for the presence of the E1 and E2 vector DNA sequences by
gPCR. All cells were analyzed with both E1- and E2-specific primers. Therefore polybrene-treated
and E2 cells can both be considered controls in analysis with the El-specific primers, and
polybrene-treated and E1 cells can both be considered controls in analysis with E2-specific
primers. The Cr values were normalized to GAPDH to determine the ACr values which were then
expressed as 2A2¢T, Comparison of the 222¢Tvalues was done to analyze the relative differences
in detection of vector DNA sequences between the transduced cells. The copy number per cell
couldn’t be determine since absolute quantification wasn’t performed. Analysis with E1-specific
primers (Figure 13C) confirmed integration of the Lenti-EF1a-E1 vector in genomic DNA of E1 and
E1+E2 cells. There was no amplification for E1 in polybrene-treated control cells, but there was a

low level of amplification in E2 cells which occurred late in the gPCR run, around 32-33 cycles.
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This could have occurred due to contamination of the E2 DNA samples during extraction and
preparation of the genomic DNA or during the setup of the qPCR experiment. However,
amplification of E1 in genomic DNA from E1 and E1+E2 cells was significantly higher than that
detected in E2 cells, with 146-fold (p<0.0001) and 45-fold (p<0.0001) differences, respectively.
Comparison of the E1 and E1+E2 cells showed that the relative level of E1 vector DNA in genomic
DNA of E1 cells was about 3-fold greater than E1+E2 cells, which was statistically significant
(p<0.0001). Analysis of the genomic DNA samples with E2-specific primers (Figure 13D)
confirmed integration of the Lenti-EF1a-E2 vector in genomic DNA of E2 and E1+E2 cells. Low
levels of amplification of E2 were observed in polybrene-treated and E1 cells between 33-34 PCR
cycles which again could have occurred due to contamination. The amplification of E2 in E2 and
E1+E2 cells was significantly higher than amplification in controls, with fold differences ranging
from 108 and 165 observed (p<0.0001). The relative level of E2 vector DNA in E2 cells was 1.25-
fold greater than that in E1+E2 cells which was also statistically significant (p=0.0001).

The lower level of detection of E1 and E2 vector DNA in genomic DNA of E1+E2 cells compared
to E1 and E2 cells can be explained by the fact that E1+E2 cells were transduced with 2.5 pg of
vector each of Lenti-EF1a-E1 and Lenti-EF1a-E2 while the E1 and E2 cells were transduced with
5 pug of Lenti-EFla-E1 or Lenti-EFla-E2, respectively. However, the level of E1 vector DNA
detected in E1+E2 cells was 3-fold lower than E1 cells while the level of E2 vector DNA was 1.25-
fold lower than E2 cells, indicating that Lenti-EF1a-E1 vector did not incorporate as efficiently as
Lenti-EF1a-E2 vector in E1+E2 cells. Despite this there is significant levels of the Lenti-EF1a-E1
vector detected in E1+E2 cells but this was not evident at the protein level as seen earlier.

In conclusion, genomic DNA analysis of El-transduced, E2-transduced and E1+E2-transduced
Daoy cells confirmed integration of the Lenti-EF1la-E1 vector in genomic DNA of E1-transduced
and E1+E2-transduced cells and integration of the Lenti-EF1a-E2 vector in genomic DNA of E2-
transduced and E1+E2-transduced cells. E1+E2-transduced cells integrated lower levels of the
Lenti-EF1a-E1 vector than the Lenti-EF1a-E2 vector, yet this does not fully explain why E1 protein
was not overexpressed in these cells. Further molecular analyses of mRNA transcripts and protein
are required to address this, of which only transcripts were analyzed as part of this thesis. The

genomic DNA analysis confirms production of stably transduced cells which are expected to
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maintain overexpression of MeCP2 and can be used to investigate downstream effects of MeCP2

overexpression.

lll.v. Analysis of MECP2E1 and E2 gene expression in MECP2E1 and E2 transduced Daoy cells
Expression of MECP2E1 and E2 mRNA transcripts was analyzed by extracting total RNA from five
sets of polybrene-treated, EGFP-, E1-, E2-, and E1+E2-transduced cells, converting to cDNA and
performing real-time gRT-PCR. This analysis detects gene expression from both the endogenous
MECP2 gene and the isoform-specific lentiviral vectors. Transcript levels of MECP2E1 were
increased by approximately 50-fold in E1 cells relative to endogenous transcript levels in
polybrene-treated controls, and was significantly greater than polybrene-treated, EGFP, E2 and
E1+E2 cells (p<0.0001) (Figure 14A). E1+E2 cells showed an approximately 4-fold increase in E1
transcripts relative to the polybrene-treated cells but the difference was not statistically
significant compared to polybrene-treated, EGFP or E2 cells. Transcript levels of MECP2E2 were
increased by approximately 30-fold in E2 cells relative to endogenous transcript levels in
polybrene-treated controls, a statistically significant increase compared to polybrene-treated,
EGFP, and E1 cells (p<0.0001) (Figure 14B). E1+E2 cells showed an approximately 48-fold increase
in MECP2E2 transcripts relative to the polybrene-treated cells, an increase which was statistically
significant compared to polybrene-treated, EGFP and E1 cells. (p<0.0001). The difference in
MECP2E2 transcripts between E2 and E1+E2 cells was 1.6-fold (p=0.0063).

In conclusion, MECP2E1 transcripts were significantly overexpressed in E1-transduced cells but
not E1+E2-transduced cells, while MECP2E2 transcripts were significantly overexpressed in E2-
transduced and E1+E2-transduced cells. Transcripts expressed from the lentiviral vectors lack the
3'UTR of MECP2, which is known to be post-transcriptionally regulated for example by
microRNAs. Expression of nascent transcripts in these cells was included in this study, this could

be further addressed by studying the transcript stabilities in future studies.
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Figure 14. RT-PCR analysis of MECP2E1/E2 isoforms in Daoy cells transduced with lentiviral
vectors expressing MeCP2 isoforms. Cr values for A) MECP2E1 and B) MECP2E2 were normalized
to the housekeeping gene GAPDH. Fold changes were determined relative to average polybrene-
treated control. Fold change values were analyzed by one-way ANOVA followed by Tukey’s
multiple comparisons test. N=5+SEM; **p<0.01; ****p<0.0001.
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lll.vi. Characterization of gene expression changes of select targets in MeCP2E1 and E2
overexpressing Daoy cells

The previous sections outlined how EGFP-expressing and MeCP2-overexpressing Daoy cells were
established and validated. Following this, cells were analyzed for changes in gene expression of
a number of selected target genes. The selected targets were BDNF, miR-132, Nucleolin, 45S pre-
ribosomal RNA, as well as 28S and 18S ribosomal RNAs. The 45S pre-rRNA transcript is processed
and cleaved to form the 28S and 18S rRNA transcripts. Expression of these target genes were
chosen based on results of previous studies which indicate they may be targeted by MeCP2

regulation at the level of transcription and are implicated in the pathogenesis of Rett Syndrome,
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but it is unknown whether the two MeCP2 isoforms E1 and E2 have unique or similar roles in
regulating their transcription.

Gene expression was analyzed by real-time gRT-PCR of both steady-state total RNA and nascent
RNA transcripts. Nascent RNA transcripts were analyzed to determine whether changes in
transcript levels were direct transcriptional effects. If a change in the level of a transcript is
observed between two total RNA samples, the change could be due to a direct transcriptional
effect impacting the activity of the gene but could also be attributed to a post-transcriptional
change such as a change in the transcript stability.

Initially, total RNA was extracted from two sets of samples, each set consisting of polybrene-
treated, EGFP-, E1-, E2-, and E1+E2-trasnduced Daoy cells. Total RNA was prepared using TRIzol
reagent. Total RNA was converted to cDNA using Superscript Ill Reverse Transcriptase and
analyzed by real-time qRT-PCR for expression of BDNF, 45S pre-rRNA, 28S rRNA, and 18S rRNA
(Figure 15A). Crvalues were normalized to the housekeeping gene GAPDH and expressed as fold
changes relative to the average polybrene-treated control by the 242" method. BDNF
transcripts were 1.9-fold higher in E2-transduced cells compared to both polybrene-treated and
EGFP-transduced controls, but this was not statistically significant. BDNF transcripts were not
significantly altered in E1- or E1+E2-transduced cells. There were no significant differences
observed in ribosomal RNA transcripts, with only small subtle changes in some samples and high
variation in some samples. To analyze miR-132 expression, total RNA was reverse transcribed and
analyzed by real-time qRT-PCR using MultiScribe Reverse Transcriptase and TagMan microRNA
assays. The snRNA U6 was used as the endogenous control. Expression of both strands of miR-
132, the 3p and 5p strands were analyzed. They are generated following cleavage of the pre-
miRNA hairpin, with one strand retaining the original 3-primed end and the other the original 5-
primed end. To compare expression of the two strands in polybrene-treated control and
transduced Daoy cells, the Ct values for each strand were normalized to U6 and then expressed
as 27ACT (Figure 15B). This indicated that the 3p strand is the dominant strand expressed in Daoy
cells, at levels about 300-fold higher than the 5p strand. In polybrene-treated control and E1-

transduced cells only one of the four technical replicates amplified 5p.
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Figure 15. Preliminary RT-PCR analysis of steady-state total RNA expression in Daoy cells
transduced with lentiviral vectors expressing MeCP2 isoforms. A) Analysis of BDNF, 45S pre-rRNA,
28S rRNA and 18S rRNA. Cr values were normalized to the housekeeping gene GAPDH and fold
changes determined relative to average polybrene-treated control. N=2+SEM, fold change values
were analyzed by one-way ANOVA followed by Tukey’s multiple comparisons test. B) Analysis of
miR-132 showing that expression of the 3p transcript is significantly greater than the 5p
transcript. Cr values were normalized to U6 and expressed as 27A2CT, N=1-2+SEM, n=1-4.
Statistical significance is shown for data sets analyzed by unpaired t-test with Welch’s
correction,*p<0.05. C) Fold change analysis of miR-132-3p in the transduced cell types. Cr values
were normalized to the housekeeping gene U6 and fold changes determined relative to average
polybrene-treated control. N=2+SEM, fold change values were analyzed by one-way ANOVA
followed by Tukey’s multiple comparisons test.
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The difference between expression of 3p and 5p was statistically significant in EGPF-transduced
and E2-transduced cells (p<0.05). The p-value for the comparison of 5p and 3p transcripts in
E1+E2-transduced cells was 0.13. These results agree with published findings on levels of miR-
132-3p and -5p strands in the human brain which indicated 3p is the predominant strand.>® When
the fold changes in 3p transcripts were determined relative to polybrene-treated control cells
there were no significant differences in any of the transduced cells (Figure 15C). This preliminary
analysis indicated BDNF transcripts may be increased in E2-transduced cells, and there could be
small subtle changes in the other genes. In some samples a high level of variation was also
observed between the samples. Subtle changes may become more significant if the level of
nascent RNA is specifically measured. Subsequently, new samples were collected for nascent and
total steady-state RNA, with uniform seeding and collection time points between samples to
allow more confidence in the uniformity of the samples.

Polybrene-treated control, EGFP-, E1-, E2-, and E1+E2-transduced cells were seeded at 50,000
cells per well of 6-well plates. The following day, or approximately 16 hours later, 0.1 mM ethynyl-
uridine (EU) was added to cells to label nascent RNA for 1, 6 and 24 hours. One group of samples
was labelled with EU, and a second group left unlabeled for collection of total steady-state RNA.
At each time point, three sets of EU-labelled and three sets of unlabeled cells were collected for
analysis. Total RNA was extracted from all the samples using the MagMax miRVana kit. Nascent
RNA was purified from EU-labeled cells and converted to cDNA using the Click-iT Nascent RNA
Capture kit and Superscript lll Reverse Transcriptase. Total steady-state RNA from unlabeled cells
was converted to cDNA by the standard protocol using Superscript Ill Reverse Transcriptase. The
nascent and steady-state samples were analyzed using gene-specific primers for the targets of
interest by real-time qRT-PCR and analyzed by the 22-22T method.

The levels of nascent and steady-state MECP2E1/E2 transcripts were analyzed to determine the
level of overexpression of the MECP2 transcripts in these samples (Figure 16). MECP2E1 nascent
and steady-state transcripts in El-transduced cells were significantly increased compared to

polybrene-treated and EGFP-transduced control cells (Figure 16A).



Figure 16. Expression of nascent and steady-state MECP2E1 and
MECP2E2 transcripts in Daoy cells transduced with lentiviral vectors
expressing MeCP2 isoforms. Nascent RNA was prepared from cells
labelled with EU for 1, 6 and 24 hours. Total RNA was prepared from
unlabeled cells collected at the same time points. Gene expression
was analyzed by RT-PCR for A) MECP2E1 transcripts and B)
MECP2E2 transcripts. Cr values were normalized to the
housekeeping gene GAPDH and fold change determined relative to
average Polybrene control N=3+SEM. Fold change values were
analyzed by one-way ANOVA followed by Tukey’s multiple
comparisons test. The levels of significance are *p<0.05, **p<0.01,
**%¥p<0.001, ****p<0.0001.
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MECP2E1 nascent transcripts were increased compared to controls by approximately 55-fold at
1 hour (p<0.05), 25-fold at 6 hours (p<0.001), and 30-fold at 24 hours (p<0.0001). MECP2E1
steady-state transcripts were increased compared to controls by approximately 25-fold at 1 hour
(p<0.0001), 30-fold at 6 hours (p<0.001), and 30-fold at 24 hours (p<0.0001). Interestingly,
MECP2E1 nascent and steady-state transcripts were slightly increased in E2-transduced cells
compared to controls, ranging from approximately 2-fold to 4-fold at different time point,
however this was not statistically significant. This slight change was not observed in E1+E2-
transduced cells. The levels of MECP2E1 in E2- and E1+E2-transduced cells were statistically
significant from E1-transduced cells, with identical p-values seen in comparison to controls.
MECP2E2 nascent and steady-state transcripts were significantly increased in E2- and E1+E2-
transduced cells compared to the controls (Figure 16B). MECP2E2 nascent transcripts were
increased in E2-transduced cells compared to controls by approximately 50-fold at 1 hour
(p<0.0001), 27-fold at 6 hours (p<0.0001), and 27-fold at 24 hours (p<0.0001). MECP2E2 nascent
transcripts were increased in E1+E2-transduced cells compared to controls by approximately 30-
fold at 1 hour (p<0.0001), 17-fold at 6 hours (p<0.001), and 15-fold at 24 hours (p<0.001). The
level of MECP2E2 nascent transcripts in E2-transduced cells was approximately 1.5-fold greater
than E1+E2-transduced cells at all time points which was statistically significant (p<0.01 at 1 and
6 hours; p<0.001 at 24 hours). MECP2E2 steady-state transcripts were increased in E2-transduced
cells compared to controls by approximately 33-fold at 1 hour (p<0.0001), 35-fold at 6 hours
(p<0.0001), and 35-fold at 24 hours (p<0.0001). MECP2E?2 steady-state transcripts were increased
in E1+E2-transduced cells compared to controls by approximately 23-fold at 1 hour (p<0.0001),
20-fold at 6 hours (p<0.0001), and 25-fold at 24 hours (p<0.0001). The level of MECP2E2 steady-
state transcripts in E2-transduced cells was approximately 1.5-fold greater than E1+E2-
transduced cells at all time points which was statistically significant (p<0.05 at 1 and 24 hours;
p<0.01 at 6 hours). Therefore, MECP2E1 transcripts are significantly increased in E1-transduced
cells, and MEPC2E2 transcripts are significantly increased in E2- and E1+E2-transduced cells, to a
greater degree in E2-transduced cells.

The nascent and steady-state transcript levels of the selected gene targets BDNF, miR-132,

Nucleolin, and ribosomal RNAs were evaluated next. Significant increases in BDNF nascent and
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steady-state transcripts were observed (Figure 17A). After 1 hour of EU labeling nascent BDNF
transcripts were increased by approximately 1.9-fold in E1-transduced cells (p<0.05), 2.3-fold in
E2-transduced cells (p<0.01) and 2.2-fold in E1+E2-transduced cells (p<0.01) compared to
polybrene-treated controls. E2- and E1+E2-transduced cells were also significantly increased
compared to EGFP-transduced control cells (p<0.01 and p<0.05, respectively) but E1-transduced
cells were not. After 6 hours of EU labeling the fold change in nascent BDNF transcripts in E1-
transduced cells was unchanged but was no longer statistically significant compared to control,
while in E2- and E1+E2-transduced cells the fold changes were increased to 2.6-fold and 2.5-fold,
respectively, however only the change observed in E2-transduced cells was statistically
significant compared to polybrene-treated cells (p<0.05). Following 24 hours of EU labeling
nascent BDNF transcripts were increased by about 1.5-fold in E1- and E2-transduced cells but this
wasn’t statistically significant while E1+E2-transduced cells showed approximately 1.9-fold
increase which was significant compared to polybrene-treated cells (p<0.01) and compared to
EGFP-transduced cells (p<0.05).

Steady-state BDNF transcripts were also significantly increased in E1-, E2-, and E1+E2-transduced
cells at 1, 6 and 24 hours compared to both polybrene-treated and EGFP-transduced controls. At
the 1-hour time point, BDNF transcripts were increased relative to polybrene-treated controls in
E1-, E2-, and E1+E2-transduced cells by approximately 2-fold (p<0.01), 3-fold (p<0.0001) and 2.4-
fold (p<0.001), respectively. The differences were also statistically significant compared to EGFP-
transduced controls (p<0.05, p<0.0001 and p<0.001 respectively). At the 6-hour time point, BDNF
transcripts were increased relative to polybrene-treated controls in E1-, E2-, and E1+E2-
transduced cells by approximately 2.3-fold (p<0.001), 3-fold (p<0.0001) and 3-fold (p<0.0001),
respectively.

The differences were also statistically significant compared to EGFP-transduced controls (p<0.01,
p<0.0001, and p<0.0001 respectively). At the 24-hour time point the fold changes were slightly
lower but BDNF transcripts were still increased relative to polybrene-treated controls in E1-, E2,
and E1+E2-transduced cells by approximately 1.6-fold (p<0.05), 1.9-fold (p<0.01) and 1.9-fold
(p<0.01), respectively. The differences were still statistically significant compared to EGFP-

transduced controls (p<0.05, p<0.01 and p<0.01 respectively).



Figure 17. Expression of nascent and steady-state BDNF and miR-
132-3p transcripts in Daoy cells transduced with lentiviral vectors
expressing MeCP2 isoforms. Nascent RNA was prepared from cells
labelled with EU for 1, 6 and 24 hours. Total RNA was prepared
from unlabeled cells collected at the same time points. Gene
expression was analyzed by RT-PCR for A) BDNF transcripts and B)
miR-132-3p transcripts. BDNF and miR-132-3p Cr values were
normalized to the housekeeping genes GAPDH and US6,
respectively, and fold change determined relative to average
polybrene-treated control. N=3+SEM. Fold change values were
analyzed by one-way ANOVA followed by Tukey’s multiple
comparisons test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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There were also statistically significant differences in steady-state BDNF transcripts between the
E1l-, E2-, and E1+E2-transduced cells at 1- and 6-hour time points. At the 1-hour time point E2-
transduced cells were significantly higher than E1-transduced cells by about 1.5-fold (p<0.01) and
E1+E2-transduced cells by about 1.25-fold (p<0.05). At the 6-hour time point E2- and E1+E2-
transduced cells were both significantly higher compared to E1-transduced cells by about 1.3-
fold (p<0.05).

The greater degree of fold-changes and statistical significance in steady-state BDNF compared to
nascent BDNF may be due to the fact that the nascent RNA samples represent a smaller fraction
of transcript, being only those newly synthesized transcripts produced during the time frame of
labeling. The steady-state samples contain a greater number of transcripts, also representing
transcripts present before the EU-labeling was begun. The gene expression results indicated that
overexpression of either MeCP2E1 or E2 isoforms resulted in increases in nascent BDNF
transcription.

The microRNA miR-132 has been observed to negatively regulate MeCP2 levels in primary cortical
and hippocampal rat neurons, and that decreasing MeCP2 leads to an increase in miR-132 levels
in primary hippocampal neurons.?81°8 The effect of MeCP2 overexpression on nascent miR-132
expression has not been analyzed. Nascent and steady-state miRNA samples were prepared
similarly to the other gene targets except TagMan microRNA assays were used to generate cDNA
and perform real-time gRT-PCR. The miR-132-3p strand was analyzed as it was determined to be
the predominant strand expressed in Daoy cells as described previously. Nascent miR-132-3p
transcripts showed no statistically significant changes (Figure 17B) but some variation was
observed in the transduced cells compared to polybrene-treated controls, including in EGFP-
transduced cells in which miR-132-3p was reduced about 0.5-fold at every time point. This
indicates an off-target effect of transduction may be impacting miR-132-3p levels. This was also
observed for steady-state miR-132-3p transcripts which were decreased by about 0.5-fold at 6
hours in EGFP-, E1-, and E1+E2-transduced cells (p<0.05). Though not statistically significant, E2-
transduced cells were also decreased by about 0.6-fold. Therefore, it appeared that MeCP2
overexpression in Daoy cells did not have effects on miR-132 specific to MeCP2. This could be

attributed to the fact that Daoy cells are of cerebellar origin, and a recently published study from
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our lab indicated miR-132-3p transcripts weren’t significantly impacted in Rett syndrome post-
mortem cerebellar brain tissue.*®

Analysis of Nucleolin and the 45S pre-ribosomal RNA transcripts is shown in Figure 18. Nucleolin
transcripts were unchanged at the nascent and steady-state levels (Figure 18A). Nucleolin steady-
state transcripts appeared slightly decreased by 0.75-fold at the 24-hour time point but this
wasn’t statistically significant. These results indicate Nucleolin nascent transcription is not
impacted by MeCP2 overexpression. This has also been seen previously where nucleolin protein
localization and nucleoli structure have been impacted by Mecp2/MeCP2 mutation but not
transcript levels.137.167

Analysis of 45S pre-rRNA transcripts resulted in quite high variability between replicates in some
samples (Figure 18B). At the 1-hour time point E2-transduced cells had approximately 0.25-fold
lower steady-state 45S levels, which was only statistically significant compared to polybrene-
treated controls (p<0.05). EGFP-transduced cells also had reduced 45S by approximately 0.6-fold,
though not statistically significant. The changes that were also observed in EGFP-transduced cells
result in difficulties interpreting whether any changes could be specifically due to MeCP2
overexpression.

The results for 28S rRNA and 18S rRNA are shown in Figure 19. The 28S rRNA nascent transcripts
were decreased by approximately 0.65-fold in E2- and E1+E2-transduced cells relative to
polybrene-treated controls which was statistically significant (p<0.05) (Figure 19A). EGFP-and E1-
transduced cells also showed slight but non-significant decreases of about 0.8-fold at this time
point. 28S rRNA steady-state transcripts were decreased by about 0.6-fold in E1-transduced cells
(p<0.05) and 0.4-fold in E2-transduced cells. The 18S rRNA nascent transcripts were significantly
reduced in E2- and E1+E2-transduced cells by approximately 0.6-fold and 0.7-fold, respectively,
which were both statistically significant compared to both polybrene-treated and EGFP-

transduced controls (p<0.05) (Figure 19B).



Figure 18. Expression of nascent and steady-state nucleolin and
45S pre-rRNA transcripts in Daoy cells transduced with lentiviral
vectors expressing MeCP2 isoforms. Nascent RNA was prepared
from cells labelled with EU for 1, 6 and 24 hours. Total RNA was
prepared from unlabeled cells collected at the same time points.
Gene expression was analyzed by RT-PCR for A) Nucleolin
transcripts and B) 45S pre-rRNA transcripts. Cr values were
normalized to the housekeeping gene GAPDH and fold change
determined relative to average polybrene-treated control
N=3+SEM. Fold change values were analyzed by one-way ANOVA
followed by Tukey’s multiple comparisons, *p<0.05.

1 hour 6 hours

B Control

B3 EF1u-EGFP

B EF1a-E1

B EF1u-E2

B EF1e-E1+EF1a-E2

* Difference from Control

24 hours

A) 1.5+ 1.5+

5

Nucleolin
Mascent RNA

Fold Change
o
=

Fald Change

0.0

-
=

Nucleolin
Steady-State
RMA

Fold Change

o
&
Fold Change

0.0

B) .

44
@

455 pre-rRNA g"

Mascent RNA 34
'

1

. = E S
=SS S
=S EE

1.5

aa

%1.11-
455 pre-rRNA =
Steady-State Eus-
RNA =

Fold Change
[ X}

0.0

.y
=

Fold Change
=
o

0.04

Fold Change

Fold Change

-




Figure 19. Expression of nascent and steady-state 28S and 18S
rRNA transcripts in Daoy cells transduced with lentiviral vectors
expressing MeCP2 isoforms. Nascent RNA was prepared from cells
labelled with EU for 1, 6 and 24 hours. Total RNA was prepared
from unlabeled cells collected at the same time points. Gene
expression was analyzed by RT-PCR for A) 28S rRNA transcripts
and B) 18S rRNA transcripts. Cr values were normalized to the
housekeeping gene GAPDH and fold change determined relative
to average Polybrene control N=31SEM. Fold change values were
analyzed by one-way ANOVA followed by Tukey’s multiple
comparisons test, *p<0.05.
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In describing the results shown in Figures 16-19, the fold changes relative to polybrene-treated
control cells showed alterations between the analyzed time points. Statistical differences
evaluated shown in those figures was for differences between the groups of cells at the particular
time point. To evaluate whether there were also statistically significant differences between time
points, the fold changes for each cell type at the three time points were compared. In Figures 20
and 21 the data is displayed to focus on the differences in fold changes between time points.
Note that the fold changes of EGFP-, E1-, E2-, and E1+E2-transduced cells are expressed relative
to polybrene controls.

The fold change of nascent MECP2E1 in El-transduced cells decreased from approximately 55-
fold at 1 hour to 25-fold and 30-fold at 6 and 24 hours, but this was not statistically significant
(Figure 20A). Steady-state MECP2E1 was slightly increased from 0.6-fold to 1-fold between 1 hour
and 6-hour time points in E1+E2 cells (p<0.05) but was otherwise not significantly changed
between time points. The fold change of nascent MECP2E2 transcripts in E2-transduced cells
decreased from approximately 50-fold at 1 hour to 27-fold at 6 and 24 hours (p<0.01) and in
E1+E2-transduced cells decreased from approximately 30-fold at 1 hour to 15-fold at 6 and 24
hours (p<0.05) (Figure 20B). MECP2E2 steady-state transcripts remained consistent over the time
points. The fold changes in BDNF nascent transcripts in E1-, E2-, and E1+E2-transduced cells
showed similar trends of no change or slight increase between 1 and 6 hours and then a decrease
at 24 hours, though these were not statistically significant (Figure 20C). At the steady-state level
this trend was also observed. In E1-transduced cells the changes weren’t statistically significant.
In E2-transduced cells BDNF levels were approximately 3-fold at 1 and 6 hours and decreased to
2-fold at 24-hours (p<0.01). In E1+E2-transduced cells BDNF levels increased from approximately
2.4-fold at 1 hour to 3-fold at 6 hours (p<0.01) and decreased to 2-fold at 24 hours. The fold
change at 24 hours was statistically significant compared to both 1 hour (p<0.05) and 6 hours

(p<0.001).



Figure 20. Expression of nascent and steady-state MECP2E1,
MECP2E2, BDNF and miR-132-3p transcripts over time in Daoy
cells transduced with lentiviral vectors expressing MeCP2
isoforms. Differences in the expression of each gene between 1, 6
and 24 hours. N=3+SEM. Fold change values for the three time
points were analyzed for each cell type by one-way ANOVA
followed by Tukey’s multiple comparisons test. The levels of
significance are *p<0.05, **p<0.01, ***p<0.001.
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There were no statistically significant differences in miR-132-3p nascent or steady-state
transcripts between the time points (Figure 20D). The steady state miR-132-3p transcripts appear
to show a similar pattern of variation between the time points in EGFP-transduced cells as well
as E1-, E2- and E1+E2-transduced cells indicating that changes are likely an off-target effect of
transduction. Nucleolin nascent and steady-state transcripts didn’t show significant changes over
time (Figure 21A). The fold changes of 45S pre-rRNA, 28S rRNA, and 18S rRNA did show any

statistically significant changes over time (Figure 21 B-D).

Il.vii. Conclusion

In conclusion, Daoy cells which overexpress MeCP2E1 or E2 isoforms were successfully
established by stable lentiviral transduction and validated by confirmational studies at the level
of genomic DNA, mRNA transcripts, and protein. Daoy cells transduced with Lenti-EF1a-E1 or
Lenti-EF1a-E2 vectors alone to overexpress each isoform individually were successfully
established. Daoy cells transduced with both vectors in combination were seen to predominantly
overexpress the E2 isoform, despite detection of integration of the Lenti-EF1a-E1 vector in these
cells. Future studies could be done to investigate the mechanisms occurring in cells transduced
with a combination of the two vectors, such as whether there is selection over time of cells
expressing one vector, or whether there are post-transcriptional and/or translational regulatory
mechanisms occurring between the two isoforms.

Immunofluorescence analysis indicated that endogenous and overexpressed MeCP2 is localized
to nuclei of the cells. Further co-labeling studies by immunofluorescence could analyze whether
MeCP2 localizes primarily at heterochromatic or euchromatic regions and whether this is altered
by isoform-specific overexpression.

Cell viability of MeCP2 overexpressing cells was assessed at one time five weeks after
transduction. E2 overexpressing cells showed significant reductions in cell viability 24 hours
following seeding but this effect was gone 72 hours after seeding. MeCP2 overexpression has

been shown to impact cell viability and proliferation in previous studies.331%3



Figure 21. Expression of nascent and steady-state nucleolin, 45S
pre-rRNA, 285 rRNA and 18S rRNA transcripts over time in Daoy
cells transduced with lentiviral vectors expressing MeCP2
isoforms. Data shown in Figures 9 and 10 are shown in a different
arrangement to display differences in the expression of each gene
between 1, 6 and 24 hours. N=31SEM. Fold change values for the
three time points were analyzed for each cell type by one-way
ANOVA followed by Tukey’s multiple comparisons test.
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This aspect was not pursued further as part of this study but could be a focus of further in-depth
study on the mechanisms by which MeCP2 influences cell viability and whether this effect is
consistently seen following repeated passages of the cells.

The transcriptional effects of MeCP2 overexpression on its target genes by nascent RNA analysis
were the primary effect studied for the first aim of this thesis. No significant differences in
endogenous E1 expression were seen in E2-transduced cells, and vice versa, indicating
overexpression of one isoform does not increase transcription of the other.

Significant increases in BDNF transcription were observed in E1- and E2-overexpressing cells. This
is in agreement with gene expression studies performed in the brain of mice with a duplication
of the Mecp2 gene8%139140 gnd shows that Bdnf/BDNF is a transcriptional target of both isoforms.
This effect was seen more strongly in the steady-state transcripts, though also observed in
nascent transcripts. This could be due to the fact that nascent transcripts are only produced
during the time period of the experiment while steady-state transcripts also contain transcripts
produced in the time period before labeling was begun. The miR-132-3p strand was determined
to be the predominant strand expressed in Daoy cells which agrees with studies of miR-132 in
post-mortem human brain tissue.”® There were no significant changes in miR-132-3p in the
MeCP2 overexpressing Daoy cells, which could indicate the MeCP2/BDNF/miR-132 network is
not present in cells of the cerebellum which was also observed in vivo.>® However, a more
complete analysis of this network involving knockdown or overexpression of each of the
components of this network in Daoy cells would be required to make a firm conclusion.

There were no significant changes in Nucleolin transcripts in MeCP2 overexpressing Daoy cells. A
previous study indicated Nucleolin protein localization was impacted in post-mortem cerebellar
tissue of Rett Syndrome patients, while transcripts were unaffected. Future studies using the
MeCP2 overexpressing cells generated here could address whether Nucleolin protein levels are
affected. Ribosomal RNA transcript results were more difficult to interpret due to instances of
variability between replicates and the time points. The only samples which showed a significant
change from both polybrene and EGFP-transduced control was a decrease in 18S rRNA nascent
transcripts in E2- and E1+E2-transduced cells at the 1-hour time point. There appeared to be

overall a trend of decreased or unchanged ribosomal RNA levels. Ribosomal protein and RNA
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genes were found to be downregulated in MECP2 knockout hESCs.2* In mice, Mecp2 loss- and
gain-of-function mutations lead to inverse gene expression changes but also gene expression
changes in the same direction.'® Gene expression changes can also be subtle. This highlights the
complex role of MeCP2 in gene expression regulation.

It is important to perform further studies on the impacts of MeCP2 isoform overexpression on
protein levels of BDNF and Nucleolin as well as additional potential downstream targets to

further characterize the functional outcomes of MeCP2 overexpression.
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Chapter IV: Results Aim 2: Investigate the effect of metformin and simvastatin treatment of

Daoy cells on de novo transcription of MECP2 and BDNF by nascent RNA analysis.

The first aim of the thesis, described in Chapter Ill, was to investigate MeCP2 isoform-specific
effects on gene expression of selected target genes by overexpressing the E1 and E2 isoforms in
Daoy cells. Gaining insight into the gene expression changes that result from alterations in
MeCP2, could assist in evaluating potential therapies for disorders resulting from MECP2
mutations. MECP2 mutations cause Rett Syndrome and MECP2 Duplication Syndrome and
currently there are no effective therapies for these severe neurodevelopmental disorders.
Metformin and simvastatin are commonly used FDA-approved drugs currently being studied in
our lab as potential therapies for Rett Syndrome, by both in vitro and in vivo studies. These drugs
were selected because of their ability to cross the blood-brain barrier,?°7237 their neuroprotective
potential in diseases such as Alzheimer’s and Parkinson’s, and their potential to correct defects
in carbohydrate and cholesterol metabolism that have been observed in Rett Syndrome
patients.* The focus of the second aim of this thesis was to investigate the effects of metformin
and simvastatin treatment on MECP2E1, MECP2E2, BDNF, 455 rRNA, 28S rRNA, and 18S rRNA
transcription in Daoy cells. Drugs which induce MECP2 expression are of interest for Rett
Syndrome therapies since increasing expression of the mutated form of the protein in a mouse
model of Mecp2-T158M mutant mice ameliorated symptoms.'®’ Induction of BDNF is also a
desired effect of drug treatment since BDNF is a critical factor in neurodevelopment and has been
observed to be reduced in Rett Syndrome.>?

The drug metformin is commonly used for treatment of type 2 diabetes patients. Metformin was
not specifically designed for treatment of type 2 diabetes, and the benefits of the drug were
known before the mechanism of action in the liver was understood.?3! Clinical studies have
shown that metformin treatment also reduces the risk of Parkinson’s disease in type 2 diabetes
patients.?’”? The neuroprotective effects of metformin were also seen in mouse models of
Parkinson’s disease with increased BDNF protein levels observed in metformin-treated
mice.?32240 Metformin was also found to enhance neurogenesis and spatial memory formation
in mice.?3® The mechanisms of metformin action in the brain still require further investigation,

including whether increases in MECP2 and/or BDNF transcription may be involved.
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Simvastatin is a member of the statin family of drugs used to treat dyslipidemia in patients with
elevated cholesterol through inhibition of HMG-CoA reductase, the rate-limiting step in
cholesterol biosynthesis.?%® Elevated cholesterol is also observed in Rett Syndrome patients and
mouse models.#'76 Statins have been implicated in providing neuroprotection for various
cognitive and neurological disorders.?%’” Upregulation of BDNF has been observed in mouse
models treated with simvastatin following brain injury and spinal cord injury.??*

The effects of metformin and simvastatin treatment on MECP2E1, MECP2E2, BDNF, 45S rRNA,
28S rRNA, and 18S rRNA transcription were tested in the Daoy cell model using nascent RNA
analysis. Daoy cells were seeded at 50,000 cells per well in 6-well plates. Approximately 16 hours
later the cells were synchronized by serum starvation by incubating in serum-free media for 24
hours. Once serum starvation was completed, drug treatments were applied in media containing
serum. One set of drug-treated cells were labeled with 1 mM EU to label nascent RNA produced
during drug treatment, and a second set of cells was left unlabeled for analysis of steady-state
RNA levels.

Based on the recommendations of the Click iT Nascent RNA capture kit, two time points of 6 and
24 hours were initially selected for collection and analysis of RNA levels. Two concentrations of
simvastatin were already assessed, 2.5 and 5.0 uM, by cell viability analysis performed in Daoy
cells by our lab.?>° Two concentrations of metformin were assessed, 250 and 1000 pM, based on
previous reports and our unpublished data. A combination of 250 uM metformin and 2.5 uM
simvastatin was also tested for possible synergistic effects of the two drugs.

Additional conditions were collected for metformin treatment based on previous lab data. Cells
treated with 1000 uM and 2000 uM metformin for 6 and 48 hours were collected and analyzed.
In order to assess the impact of serum starvation, applied prior to drug treatment to synchronize
the cells, since metformin and simvastatin are both drugs which modulate the metabolic state of
cells. Review of the literature also indicated serum starvation prior to drug treatment is included
in some studies and not others. The genes MECP2E1, MECP2E2, and BDNF were assessed for non-
serum starved conditions.

RNA extraction from the samples was performed using the RNeasy Plus Mini kit. Nascent RNA

was purified from EU-labeled cells and converted to cDNA using the Click-iT Nascent RNA Capture



93

kit and Superscript Ill Reverse Transcriptase. Total steady-state RNA from unlabeled cells was
converted to cDNA by the standard protocol using Superscript Ill Reverse Transcriptase. The
nascent and steady-state samples were analyzed using gene-specific primers for the targets of

interest by real-time gRT-PCR and analyzed by the 24-22CT method.

IV.i. Simvastatin treatment does not impact MECP2E1 or MECP2E2 expression but reduces
BDNF transcription in Daoy cells

Daoy cells were treated with two concentrations of simvastatin, 2.5 uM and 5.0 uM, selected
based on cell viability analysis performed in Daoy cells by our lab.?*° Nascent and steady-state
MECP2E1, MECP2E2, and BDNF are shown in Figure 22. MECP2E1 and MECP2E2 transcript levels
did not show any statistically significant changes following simvastatin treatments at 6 or 24
hours (Figure 22A,B). Nascent and steady-state BDNF transcripts were not significantly changed
at 6 hours (Figure 22C) However, at 24 hours nascent BDNF transcripts were significantly
decreased in 5.0 uM simvastatin treated cells by approximately 0.2-fold (p<0.05). Steady-state
BDNF transcripts were significantly decreased at 24 hours in both 2.5 uM and 5.0 uM simvastatin
treated cells by approximately 0.4-fold and 0.3-fold, respectively (p<0.01) (Figure 22C).
Therefore, 5.0 uM simvastatin treatment resulted in reduced BDNF transcription after 24 hours.
Though steady-state BDNF was decreased to similar levels by both simvastatin concentrations,
nascent BDNF only showed statistically significant decreases by the 5.0 uM treatment.
Simvastatin at 2.5 UM treatment appeared to result in a slight decrease in nascent BDNF as well
but this was not statistically significant. This may indicate that BDNF is also being reduced by
post-transcriptional mechanisms, but this would need to be tested experimentally. These results
indicate that simvastatin treatment reduces expression of BDNF in Daoy cells which appears to
contradict what has been seen by in vivo studies in mice. This may be due to differences between
the in vitro and in vivo contexts, or different regulation of murine Bdnf and human BDNF genes.
The concentrations of simvastatin used here may not be favorable in the Daoy cell line, and future
studies could evaluate lower simvastatin concentrations. This should be evaluated carefully in
potential future in vivo studies since elevation of BDNF is an important target in the treatment of

Rett Syndrome. This also indicates thorough testing of simvastatin concentrations is required.



Figure 22. Expression of nascent and steady-state MECP2E],

MECP2E1 and BDNF transcripts

in Daoy cells treated with

simvastatin. Daoy cells were serum-starved for 24 hours prior to drug
treatment with 2.5 and 5.0 uM simvastatin. Samples were collected
at 6 and 24 hours and gene expression was analyzed by RT-PCR for A)
MECP2E1, B) MECP2E2 and C) BDNF transcripts. Cr values were
normalized to the housekeeping gene GAPDH and fold change
determined relative to average control. N=3+SEM. Fold change
values were analyzed by one-way ANOVA followed by Tukey’s
multiple comparisons test, *p<0.05, **p<0.01.
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IV.ii. Metformin affects MECP2 and BDNF transcripts in a time- and dose-dependent manner
Concentrations of metformin were selected based on unpublished cell viability and steady-state
gene expression analysis performed in our lab. Daoy cells treated with 250 uM or 1000 uM
metformin for 6 and 24 hours displayed no significant changes in nascent or steady-state
MECP2E1, MECP2E2 and BDNF transcripts (Figure 23).

In order to investigate whether increased metformin concentration and/or length of time of
treatment would result in changes in gene expression, additional samples were collected and
analyzed. Daoy cells were treated with 1000 uM and 2000 uM metformin for 6 hours and 48
hours (Figure 24). In this set of samples nascent and steady-state MECP2E1 transcripts were not
significantly changed (Figure 24A). Nascent MECP2E2 transcripts were unchanged at 6 hours but
steady-state MECP2E2 transcripts were slightly yet significantly decreased by approximately 0.8-
fold in 6-hour 2000 uM treated cells (p<0.05) (Figure 24B). After 48 hours MECP2E2 transcripts
showed more significant decreases. Nascent MECP2E2 transcripts were reduced approximately
0.75-fold by 1000 uM (p<0.01) and approximately 0.6-fold by 2000 uM treatment (p<0.001). The
decrease in nascent MECP2E2 in 2000 uM treated cells was also significantly lower compared to
1000 uM treated cells (p<0.05) indicating a dose-dependent effect. Steady-state MECP2E2
transcripts were decreased approximately 0.7-fold by 1000 uM (p<0.001) and approximately 0.5-
fold by 2000 uM treatment (p<0.0001). The difference between 1000 uM and 2000 uM treatment
was also statistically significant (p<0.01). The decrease in MECP2E2 transcripts at both nascent
and steady-state levels indicates that metformin treatment reduces MECP2E2 at the
transcriptional level. Nascent and steady-state BDNF transcripts were unchanged at 6 hours
(Figure 24C). Nascent BDNF transcripts remained unchanged after 48 hours but steady-state
BDNF transcripts were significantly increased by about 2-fold compared to controls in cells
treated with 2000 uM (p<0.001), which was also significantly greater compared to cells treated
with 1000 uM metformin (p<0.01). The increase in BDNF transcripts at only the steady-state level
indicates that metformin treatment may impact BDNF at the post-transcriptional level, but this

would require further experimental analysis of transcript stability.



Figure 23. Expression of nascent and steady-state MECP2E1,
MECP2E1 and BDNF transcripts in Daoy cells treated with metformin.
Daoy cells were serum-starved for 24 hours prior to drug treatment
with 250 and 1000 uM metformin. Samples were collected at 6 and
24 hours and gene expression was analyzed by RT-PCR for A)
MECP2E1, B) MECP2E2 and C) BDNF transcripts. Cr values were
normalized to the housekeeping gene GAPDH and fold change
determined relative to average control. N=3+SEM. Fold change
values were analyzed by one-way ANOVA followed by Tukey’s
multiple comparisons test.
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Figure 24. Expression of nascent and steady-state MECP2E1,
MECP2E1 and BDNF transcripts in Daoy cells treated with
metformin. Daoy cells were serum-starved for 24 hours prior to drug
treatment with 1000 and 2000 pM metformin. Samples were
collected at 6 and 48 hours and gene expression was analyzed by
RT-PCR for A) MECP2E1, B) MECP2E2 and C) BDNF transcripts. Cr
values were normalized to the housekeeping gene GAPDH and fold
change determined relative to average control. N=3+SEM. Fold
change values were analyzed by one-way ANOVA followed by
Tukey’s multiple comparisons test, *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001.

97

Il Control
= 1000 pM Metformin
Nl 2000 pM Metformin

Lk
in

Fold Change
- s m
= [ =

(=]
&

ul

=
=

A) MECP2E1 B) MECP2E2 C) BDNF
1.59 1,84 1.8
Mascent 2 4ol & .04 & 1.0
RNA 3 2 k-
(5] (%] o
& hours Z s -2 2 s
w w w
0.0- 0.0 0.0-
1.59 1.5+ 1.8+
&
Steady-state % 1. % 101 & 104
RMNA 5" 5" 5"
& hours T = =
o 0.59 o 0.5 o 0.54
L (S (S
0.0- 0.0 0.0-
1.8 1.5 1.5+
* ek
i
§ 1.04 § 1.04 § 1.04
MNascent & = * =
RNA S 3 s
24 hours £ "% £ 9] £ 057
0.0 0.0~ 0.0~
1,54 1.57 k&
kW W ki
Steady-state % 104 & 1.0 ==
RMNA 2 2 L
[E] (5]
24 hours 3 05 3 05
0.0 0.o=



98

In order to assess the reproducibility of these results Daoy cells were treated with metformin of
the same catalogue number used above but from a different lot number, referred to as Lot B, at
concentrations of 1000 uM and 2000 uM for 6 and 48 hours (Figure 25). Some differences were
observed with this specific lot of metformin. The levels of nascent and steady-state MECP2E1
transcripts at 6 hours and of nascent MECP2E1 transcripts at 48 hours were again unchanged,
however, steady-state MECP2E1 transcripts were increased by 1.4-fold in cells treated with 2000
UM metformin for 48 hours which was significant compared to both control and 1000 uM treated
cells (p<0.05) (Figure 25A). Nascent MECP2E2 transcripts were again unchanged at 6 hours and
steady-state MECP2E2 were also unchanged using this lot number (Figure 25B). After 48 hours
nascent and steady-state MECP2E2 transcripts showed similar results to that of the previous lot
number. Nascent MECP2E2 transcripts were decreased approximately 0.7-fold by 1000 uM
metformin (p<0.05) and approximately 0.6-fold by 2000 uM treatment (p<0.01). Steady-state
MECP2E2 transcripts were reduced by approximately 0.7-fold by 1000 uM (p<0.001) and
approximately 0.5-fold by 2000 uM treatment (p<0.0001). The decrease in steady-state MECP2E2
in 2000 pM treated cells was again significantly lower compared to 1000 uM treated cells
(p<0.01). Nascent and steady-state BDNF transcripts were again unchanged at 6 hours (Figure
25C). Nascent BDNF transcripts remained unchanged after 48 hours but steady-state BDNF
transcripts were significantly increased by about 1.3-fold in cells treated with 1000 uM
metformin (p<0.01), a result unique to this specific lot of metformin. Steady-state BDNF
transcripts were again significantly increased in cells treated with 2000 uM metformin, by
approximately 2.25-fold which was statistically significant compared to both control and cells
treated with 1000 uM metformin (p<0.0001). Taken together, the results for 1000 and 2000 uM
metformin were shown to be largely reproducible with two lot numbers of metformin. The
reduction of MECP2E2 transcripts at the transcriptional level was reproduced as well as the
increase in BDNF transcripts at the steady-state level. The mechanism by which metformin results
inincreases in MECP2E1 and BDNF steady-state transcripts could be assessed in future studies of

transcript stability.
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Figure 25. Expression of nascent and steady-state MECP2E],
MECP2E1 and BDNF transcripts in Daoy cells treated with a different
lot number of metformin. Daoy cells were serum-starved for 24
hours prior to drug treatment with 1000 and 2000 uM metformin
(Met) (Lot B). Samples were collected at 6 and 48 hours and gene

expression was analyzed by RT-PCR for A) MECP2E1, B) MECP2E2 | mm Control
and C) BDNF transcripts. Cr values were normalized to the | & 1000 pM Met (Lot B)
housekeeping gene GAPDH and fold change determined relative to | Hll 2000 pM Met (Lot B)

average control. N=3+SEM. Fold change values were analyzed by
one-way ANOVA followed by Tukey’s multiple comparisons test,
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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IV.iii. Effects of combination treatment of metformin and simvastatin on MECP2E1, MECP2E2,
and BDNF

Combination treatments may be required for MeCP2-related disorders due to the broad impact
of MECP2 mutations. Combining metformin and simvastatin may be of interest in correcting both
the glucose and cholesterol metabolism abnormalities seen in RTT patients. The scope of this
study was to assess changes in gene expression resulting from treatment with these drugs and
this was also tested for one combination condition. Daoy cells were treated with a combination
of 2.5 uM simvastatin and 250 uM metformin for 6 and 24 hours followed by testing of nascent
and steady-state levels of MECP2E1, MECP2E2, and BDNF transcripts by RT-PCR (Figure 26). The
results for the individual treatments of 2.5 uM simvastatin and 250 uM metformin shown
previously have also been included to allow comparison to the combination treatment.
MECP2E1 and MECP2E2 transcript levels did not show any statistically significant changes in Daoy
cells treated with the combination, similar to the individual treatments (Figure 26A,B). The effect
of the combination treatment on BDNF transcripts was similar to the effect of simvastatin
treatment alone. Nascent and steady-state BDNF transcripts were not significantly changed at 6
hours (Figure 26C). Nascent BDNF transcripts were reduced at 24 hours in cells treated with the
combination by approximately 0.4-fold which was statistically significant compared to 250 uM
metformin (p<0.05) but not compared to the control. Steady-state BDNF transcripts were
reduced by about 0.4-fold in cells treated with 2.5 uM simvastatin alone as well as the
combination and these decreases were both statistically significant compared to control (p<0.05)
and cells treated with 250 uM metformin (p<0.01). The effect of 2.5 uM simvastatin on steady-
state BDNF transcripts appeared to predominate in the combination treatment.

Future studies could expand the results to include additional combination treatments of

metformin and simvastatin.



Figure 26. Expression of nascent and steady-state MECP2E1, MECP2E1
and BDNF transcripts in Daoy cells treated with a combination of
simvastatin and metformin. Daoy cells were serum-starved for 24 hours
prior to drug treatment with 2.5 uM simvastatin (Stat), 250 uM
metformin (Met) and a combination of 2.5 uM Stat + 250 uM
metformin. Samples were collected at 6 and 24 hours and gene
expression was analyzed by RT-PCR for A) MECP2E1, B) MECP2E2 and
C) BDNF transcripts. Cr values were normalized to the housekeeping
gene GAPDH and fold change determined relative to average control.
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IV.iv. Simvastatin and metformin treatments do not significantly impact ribosomal RNA
expression

Ribosomal RNA expression was also evaluated in metformin and simvastatin treated Daoy cells.
Nascent and steady state 45S pre-rRNA, 28S rRNA, and 18S rRNA transcripts were evaluated in
Daoy cells treated with 2.5 uM and 5.0 uM simvastatin, 250 uM and 1000 uM metformin and the
combination treatment of 2.5 uM simvastatin + 250 uM metformin. Two time points of 6 and 24
hours were evaluated. No statistically significant differences in rRNA transcripts were observed
as a result of simvastatin treatment (Figure 27). Though a trend of slight decrease was observed
in levels of steady state rRNA transcripts at 6 hours, these were not statistically significant, and
levels appeared similar to controls by 24 hours. There were also no statistically significant
differences in rRNA transcript levels in Daoy cells treated with 250 uM and 1000 uM metformin
(Figure 28) or in Daoy cells treated with a combination of 2.5 uM simvastatin + 250 uM metformin
(Figure 29).

In evaluating rRNA transcripts, there were a number of conditions, where a high level of variation
was observed between replicates, which along with lack of statistical significance makes it
difficult to evaluate trends that may be occurring. This could reflect high levels of variation in
these transcripts in Daoy cells. Overall, these results indicated that these concentrations of
simvastatin and metformin treatment at the time points evaluated do not significantly impact

expression of the 455 rRNA precursor or levels of processed 28S and 18S transcripts.



Figure 27. Expression of nascent and steady-state ribosomal RNA
transcripts in Daoy cells treated with simvastatin. Daoy cells were
serum-starved for 24 hours prior to drug treatment with 2.5 and
5.0 uM simvastatin. Samples were collected at 6 and 24 hours and
gene expression was analyzed by RT-PCR for A) 45S pre-rRNA, B)
28S rRNA and C) 18S rRNA transcripts. Cr values were normalized
to the housekeeping gene GAPDH and fold change determined
relative to average control. N=3+SEM. Fold change values were
analyzed by one-way ANOVA followed by Tukey’s multiple
comparisons test.
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Figure 28. Expression of nascent and steady-state ribosomal RNA
transcripts in Daoy cells treated with metformin. Daoy cells were
serum-starved for 24 hours prior to drug treatment with 250 and
1000 uM metformin. Samples were collected at 6 and 24 hours and
gene expression was analyzed by RT-PCR for A) 45S pre-rRNA, B)
28S rRNA and C) 18S rRNA transcripts. Cr values were normalized
to the housekeeping gene GAPDH and fold change determined
relative to average control. N=3+SEM. Fold change values were
analyzed by one-way ANOVA followed by Tukey’s multiple
comparisons test.
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Figure 29. Expression of nascent and steady-state ribosomal RNA
transcripts in Daoy cells treated with a combination of simvastatin
and metformin. Daoy cells were serum-starved for 24 hours prior to
drug treatment with 2.5 uM simvastatin (Stat), 250 uM metformin
(Met) and a combination of 2.5 uM Stat + 250 uM metformin.
Samples were collected at 6 and 24 hours and gene expression was
analyzed by RT-PCR for A) 45S pre-rRNA, B) 28S rRNA and C) 18S
rRNA transcripts. Ct values were normalized to the housekeeping
gene GAPDH and fold change determined relative to average
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IV.v. Comparison of transcript analysis with non-serum starvation conditions

Metformin and simvastatin drugs are well characterized for their effects on metabolism. The
results described in previous sections were in experimental conditions where cells were serum
starved to synchronize them prior to drug treatment. This method is intended to bring the entire
cell population to a similar metabolic state in the same stage of the cell cycle so that the effects
of the drug treatments will be consistent among the cells. The transcript levels observed in cells
which did not undergo serum starvation prior to drug treatment showed some differences with
those that were serum starved.

Nascent MECP2E1 transcript levels were unchanged in Daoy cells treated with simvastatin in non-
serum starved condition (Figure 30A), similar to serum starved condition. However, decreases in
steady-state MECP2E1 transcripts were observed in non-serum starved condition which had not
been observed in serum starved condition. At 6 hours, steady state MECP2E1 was reduced by
approximately 0.6-fold compared to controls in Daoy cells treated with either 2.5 uM or 5.0 uM
simvastatin (p<0.05). At 24 hours, steady-state MECP2E1 was reduced by approximately 0.7-fold
compared to controls in Daoy cells treated with 2.5 uM simvastatin, which was not statistically
significant, but remained reduced by approximately 0.6-fold by 5.0 uM simvastatin (p<0.05).
Nascent and steady-state MECP2E2 transcripts were not significantly altered by simvastatin
treatment in the non-serum starved condition (Figure 30B). Similar to the results seen in the
serum starved condition, nascent BDNF transcripts were significantly reduced at 24 hours in cells
treated with 2.5 uM simvastatin by approximately fold changes of 0.2-0.3 for both nascent
(p<0.01) and steady state (p<0.001) transcripts (Figure 30C).

MECP2E1 steady-state transcripts were slightly lowered by about 0.7-fold in 1000 uM metformin
treated cells at 24 hours (p<0.05) (Figure 31A). There were no other statistically significant
changes in MECP2E2, MECP2E2 or BDNF transcripts in metformin treated cells (Figure 31A,B,C)
indicating similar trends to metformin treated in the serum starved condition. A similar pattern
of decreased MECP2E1 steady-state transcripts was observed at the 6-hour time point as well

but this wasn’t statistically significant.
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Figure 30. Expression of nascent and steady-state MECP2E],
MECP2E1 and BDNF transcripts in non-serum starved Daoy cells
treated with simvastatin. Daoy cells were not serum-starved prior to

drug treatment with 2.5 and 5.0 uM simvastatin. Samples were B Control
collected at 6 and 24 hours, and gene expression was analyzed by
RT-PCR for A) MECP2E1, B) MECP2E2 and C) BDNF transcripts. Cr
values were normalized to the housekeeping gene GAPDH and fold
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Els.o KM Simwvastatin

change determined relative to average control. N=3+SEM. Fold
change values were analyzed by one-way ANOVA followed by
Tukey’s multiple comparisons test, *p<0.05, **p<0.01, ***p<0.001.
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Figure 31. Expression of nascent and steady-state MECP2E],
MECP2E1 and BDNF transcripts in non-serum starved Daoy cells
treated with metformin. Daoy cells were not serum-starved prior to
drug treatment with 250 and 1000 uM metformin. Samples were

collected at 6 and 24 hours, and gene expression was analyzed by |l Control
RT-PCR for A) MECP2E1, B) MECP2E2 and C) BDNF transcripts. Cr | =250 pM Metformin
values were normalized to the housekeeping gene GAPDH and fold | == 1000 pM Metformin

change determined relative to average control. N=3+SEM. Fold
change values were analyzed by one-way ANOVA followed by
Tukey’s multiple comparisons test, *p<0.05.
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In the combination treatments of metformin and simvastatin in non-serum starved conditions
MECP2E1 steady state transcripts were significantly reduced at both 6 and 24 hours in cells
treated with 2.5 uM simvastatin and combination of 2.5 uM simvastatin and 250 UM metformin
by approximately 0.5-fold (Figure 32A) (p<0.5 and p<0.01). MECP2E2 transcript levels did not
show any statistically significant changes in Daoy cells treated with combination of the two drugs,
similar to individual treatments, although steady state transcripts were reduced approximately
0.5-fold at 6- and 24- hours, this wasn’t statistically significant (Figure 32B). The effect of
combination treatment on BDNF transcripts was again significant reduction. Nascent and steady
state BDNF transcripts were not significantly changed at 6 hours (Figure 32C). Nascent BDNF
transcripts were reduced at 24 hours in cells treated with 2.5 uM simvastatin by approximately
0.3-fold (p<0.001) and in cells treated with the combination by approximately 0.2-fold (p<0.001).
These reductions were also statistically significant compared to 250 uM metformin (p<0.001).
Steady state BDNF transcripts were similarly reduced in cells treated with 2.5 uM simvastatin as
well as the combination and these decreases were both statistically significant compared to
control (p<0.01) and cells treated with 250 uM metformin (p<0.01).

Future studies could expand the results to include additional combination treatments of

metformin and simvastatin.



Figure 32. Expression of nascent and steady-state MECP2E1, MECP2E1
and BDNF transcripts in non-serum starved Daoy cells treated with a
combination of simvastatin and metformin. Daoy cells were not
serum-starved prior to drug treatment with 2.5 uM simvastatin (Stat),
250 uM metformin (Met) and a combination of 2.5 uM Stat + 250 uM
metformin. Samples were collected at 6 and 24 hours, and gene
expression was analyzed by RT-PCR for A) MECP2E1, B) MECP2E2 and
C) BDNF transcripts. Cr values were normalized to the housekeeping
gene GAPDH and fold change determined relative to average control.
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IV.vi. Conclusion

This chapter describes a mechanistic study for the effects of metformin and simvastatin
treatment in Daoy cells on nascent transcription of MECP2E1, MECP2E2, and BDNF. The results
indicated that simvastatin reduces transcription of BDNF, while metformin increased transcript
levels of E1 and BDNF and decreased transcription of E2. Nascent transcripts of E1 and BDNF
were unchanged by metformin treatment, which indicates that the mechanism by which
metformin acts is not directly transcriptional. Future studies could address whether metformin
treatment influences the transcript stability of E1 and BDNF, resulting in the increase in steady
state transcripts. In connection with Aim 1 of the thesis, the results of metformin treatment also
indicate an isoform-specific effect is occurring. This again highlights the importance of
investigating the mechanisms of isoform-specific regulation occurring and determining how they
may be relevant to the pathology of Rett Syndrome and MECP2 Duplication Syndrome.

The effects of simvastatin and metformin treatment on MeCP2 and BDNF protein levels is an
important step to be evaluated. The true efficacy of these drugs should also be evaluated by in
vivo studies using Rett Syndrome or MDS, where the systemic effects of aberrant cholesterol and
glucose metabolism are present and where the effects on the processes of neurodevelopment

can be investigated.
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Chapter V: Discussion

The mechanisms of disease for both Rett Syndrome and MDS are very complex with broad effects
stemming from mutations in a single protein MeCP2. Studies have shown that inverse changes
in gene expression occur in mice overexpressing or loss of MeCP2, but also changes unique to
each mutation.®° While much progress has been made in understanding MeCP2 interactors and
targets of expression, an important aspect requiring further studies is understanding the function
of the two isoforms of MeCP2E1 and E2. Though E1 is the major isoform expressed in the brain,
there is still evidence of E2 being expressed in the brain, and that the isoforms have unique
properties and functions.>*6%262 Within this study, an in vitro model overexpressing each isoform
was established to test whether gain-of-function in a human brain cell line can yield insights to
the different roles of these isoforms in mechanisms of transcriptional gene regulation. Studies
on cell signaling pathways will be described as future directions of the model established. The
results indicate that E1 and E2 isoforms both activate BDNF expression. The effects of two FDA-
approved drugs, metformin and simvastatin were evaluated in Daoy cells and the results indicate
that metformin increased BDNF and MECP2E1 transcripts but reduced MECP2E2 transcripts,

while simvastatin reduced BDNF transcripts.

V.i. Transcriptional effects of MeCP2 isoform-specific overexpression

Lentiviral transduction of Daoy cells proved to be an efficient method to overexpress the MeCP2
isoforms and study changes in nascent RNA expression. Expression of MeCP2 was retained in the
nucleus where it is normally endogenously found to function. A benefit of this model is that it
can be maintained in culture due to the nature of the cell line and the stable lentiviral
transduction which is maintained through cell divisions. Overexpression of each isoform alone
was successfully achieved but the combination transduction of both isoforms resulted
predominantly in overexpression of MECP2E2. In order to achieve a more equal level of the
isoforms a different method of transduction could be attempted such as successive
transductions, introducing one isoform first and then the other. Transduction of both lentiviral
vectors at the same time may have increased the stress on the cells. Additionally, the ratios of E1

and E2 viral titers could be varied to investigate dosage effects of overexpression. In the E1+E2
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cells generated in this study, the MECP2E1 lentiviral vector was incorporated into the genome of
E1+E2 levels at a substantial level as seen by genomic DNA analysis, though less by approximately
3-fold than the level of MECP2E2 incorporation in the genome. Yet the level of MECP2E1
transcripts and E1 protein were even lower than expected from the significant presence of
MECP2E1 lentivirus incorporation. Therefore, there is a possibility that overexpression of E2 has
suppressed expression of E1. This was beyond the scope of this study but presents a future
direction of research. In our lab this has already begun by analyzing the stability of MECP2E1
isoform in E1+E2 cells. Future studies could involve assessing the transcript stability of the
MECP2E1 transcripts through actinomycin D treatment.

The effect of MeCP2 overexpression on cell viability by MTT verified that cell viability was not
severely impacted by MeCP2 overexpression. Overexpression of either isoform had slight effects
on cell viability at an early time point but viability improved over subsequent time points. In
previous studies MeCP2E1 overexpression reduced stem cell proliferation3® and overexpression
of MeCP2E2 promoted apoptosis in cerebellar rat granule cells.*®3 This may represent an adverse
effect present in MDS patient neurons and future studies could address the impact of isoform-

specific overexpression on various modes of cell death or growth arrest in cells.

V.i.a. MeCP2 autoregulation and MeCP2, BDNF, miR-132 homeostasis

The results of this study indicate that overexpression of the E1 isoform did not induce E2
transcripts or vice versa in initial analyses of cells collected at non controlled time points. When
nascent expression was analyzed at controlled time points a small but non-significant increase in
E1 transcripts was seen in E2 overexpressing cells.

BDNF belongs to the family of neurotrophins and plays a critical role in neuronal differentiation
and growth as well as maintenance and survival.}*®* BDNF deregulation has been linked to a
number of neurodevelopmental, neurological and neurodegenerative disorders including Rett
Syndrome, Alzheimer’s disease, Parkinson’s disease, depression and drug addiction. Regulation
of the BDNF human gene is complex with the gene consisting of 11 exons and 9 functional
promoters, with the 3’ exon containing the coding sequence and alternatively spliced with the

various 5’ exons to produce a variety of transcripts.'® This study evaluated changes in total BDNF
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transcripts in Daoy cells following MeCP2E1 or E2 overexpression, showing that overexpression
of either isoform produced increases in the level of nascent BDNF transcription (Figure 33).
Increased MeCP2 had been linked to increased BDNF transcripts previously but has not been
shown at the nascent level or isoform-specific level.8° The changes in nascent transcripts were
seen to be slightly more subtle than the increases seen in steady state transcripts. The steady
state also includes transcripts that were present in the cells prior to EU labeling was initiated, but
could also represent increased BDNF transcript stability. Future studies of transcript stabilities in
MeCP2 overexpressing cells could characterize this further. Protein BDNF levels weren’t yet
evaluated and should be included in future studies to evaluate the outcome of MeCP2
overexpression on the functional protein product. However, increases in BDNF transcription are
significant since BDNF transcription is thought to be major contributor to regulation of BDNF
expression.'#® The highest fold changes in BDNF were seen in MeCP2E2-overexpressing cells,
which was at times significantly greater compared to MeCP2E1-overexpressing cells. The
differences in BDNF observed between E1+E2-transduced and E2-transduced cells could be an E2
dosage effect, as E2 transcripts were about a third lower in E1+E2 cells, but this wasn’t confirmed
at the E2 protein level. MeCP2 overexpressing cells had increased levels of nascent BDNF at the
earlier time points compared to controls but this was diminished by 24 hours. This could be an
indication of a feedback loop reducing the level of nascent transcription as BDNF levels increase.
The primers used in this study detect total BDNF transcripts. BDNF gene has multiple promoters
and transcripts which yield the same coding sequence and protein.**® MeCP2 binding to the Bdnf
promoter IV has been shown in rodents has been shown in rat cortical neurons®>* and ChIP
studies in Daoy cells could investigate whether MeCP2 binds similarly to the analogous promoter
in human cells. The results of this study agree with previous findings showing that as MeCP2
protein levels increase in neurons compared to human embryonic stem cells, so does nascent
BDNF transcription.??® This regulation has been suggested to follow a methylation dependent
mechanism since genes such as Bdnf show increased levels of mCH during neuronal
maturation.'®° Future studies could investigate global methylation states as well as methylation

states of genes of interest in Daoy cells overexpressing MeCP2 compared to control cells.
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Figure 33. Schematic of the effect of overexpression of MeCP2 isoforms on selected target genes in
Daoy cells. BDNF transcripts were elevated by overexpression of either isoform. Changes in miR-132
transcripts did not appear to be a specific effect of MeCP2 overexpressing cells when compared to
EGFP-overexpressing cells. Inhibition of MeCP2 by miR-132 in these cells requires further investigation
by overexpression or knockout of miR-132 which could clarify whether this network functions in cells
of cerebellar origin. Overexpression of the isoforms did not impact Nucleolin gene expression.
Nucleolin is known to activate ribosomal RNA expression. Results of this study indicate MeCP2
overexpression may repress rRNA expression, but this was not consistently seen at all time points of

the studv.
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The results of MeCP2 overexpression on miR-132 was also evaluated in this study as it is proposed
to form a homeostatic regulatory network with MeCP2 and BDNF whereby MeCP2 activates
BDNF expression, which induces miR-132 expression, which then inhibits MeCP2. A recent study
from our lab on this network in post-mortem human RTT patient brain tissues observed
decreased MECP2 and BDNF transcripts in frontal cortex, amygdala, hippocampus, and
cerebellum. The frontal cortex, amygdala, and hippocampus also had decreased miR-132
transcripts but miR-132 transcripts were unchanged in the cerebellum. The expression of MECP2
is highest in the cerebellum and perhaps this is due to the fact that miR-132 expression is kept
low there.”® The miR-132-3p strand of the microRNA was observed to be the major strand
expressed in the human brain tissues, which was also observed in Daoy cells in this study. In this
study Daoy cells overexpressing MeCP2 isoforms had increased BDNF transcripts but miR-132
was unchanged indicating this homeostasis network may not function as suggested by murine
studies in the human cerebellum cells. There were changes observed in miR-132 in this study,

but these were seen in EGFP overexpressing control cells as well indicating this wasn’t a specific
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effect of MeCP2 overexpression. This appears to indicate consistency with what is observed in

the human RTT brain context.

V.i.b. Nucleolin and ribosomal RNAs

Nucleolin and ribosomal RNAs are critical factors in ribosome biogenesis and protein translation
in cells which are impaired in RTT. In this study, Nucleolin nascent and steady state transcripts
were unchanged in Daoy cells overexpressing MeCP2, which is a confirmation along with GAPDH,
used as the housekeeping gene, that MeCP2 overexpression does not indiscriminately affect gene
expression (Figure 33). The changes in Nucleolin in previous studies have been observed primarily
at the protein level, which indicates MeCP2 may impact Nucleolin post-translationally, which will
require future studies. This could involve investigating whether MeCP2 impacts post-translation
modifications, protein stability and localization of the Nucleolin protein.

Ribosomal RNA transcript levels did not appear consistently and significantly changed overall in
MeCP2 overexpressing Daoy cells. The only samples which showed a significant change from both
polybrene and EGFP-transduced controls was a decrease in 185 rRNA nascent transcripts in E2-
and E1+E2-transduced cells at 1-hour time point. Ribosomal protein and RNA genes were found
to be downregulated in MECP2 knockout hESCs.8* In mice, Mecp2 loss- and gain-of-function
mutations lead to inverse gene expression changes but can also lead to gene expression changes
in the same direction.*° This may be the case for ribosomal RNA genes as well. The primers used
in this study for 45S detect the 45S transcripts specifically. Since the 45S transcript contains the
28S and 18S transcript sequences prior to its cleavage, the 28S and 18S primers detect 45S
transcripts as well. A change in 45S transcripts alone could indicate a defect in processing of the
45S transcript but this was not observed here. In addition to Nucleolin and ribosomal RNA genes,
ribosomal protein levels have also been observed to be downregulated in MECP2 mutant cells,

which should be included in future studies using these cells focusing on protein levels.

V.ii. Evaluation of metformin and simvastatin drug treatment on MECP2 and BDNF expression
Since treatment of RTT patients with exogenous BDNF is not feasible due to its low blood brain

barrier permeability, small molecule drug treatments which do pass the BBB and stimulate BDNF
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expression are of interest. Fingolimod has been used to indirectly stimulate BDNF metabolism,
improving locomotion in Mecp2-null mice and increasing the volume of the striatum, an
important region of BDNF transport and function.?®* Ampakine treatment increased BDNF levels
through stimulating neuronal activation and improved breathing patterns in Mecp2-null mice.?’?
Agonists of the TrkB receptor, the receptor for BDNF, also improve breathing patterns.?’3274 |n
these studies, treatment had to be initiated before appearance of first symptoms in order to be
efficacious but usually RTT is diagnosed long after symptoms begun. Treatment with FK506, a
calcineurin inhibitor can be initiated after the symptoms appear and improves the transportation
of BDNF between brain regions, improves lifespan, motor strength and coordination, and
exploratory behavior, and reduced the frequency of apneas in Mecp2-null mice.?% RTT patients
may benefit from a combination treatment, with a drug which induces MeCP2 and/or BDNF

expression along with a drug which corrects BDNF transport.

V.ii.a. Metformin

This study is the first to show that metformin induces MECP2E2 and BDNF transcripts while
reduced MECP2E2 transcripts (Figure 34). Perhaps this is part of the mechanism by which
metformin enhances neurogenesis in mice.?*° The effects of metformin treatment on transcript
levels were time- and concentration- dependent. In Daoy cells, changes in E1, E2, and BDNF
transcripts were all seen at 48 hours in cells treated with 2000 uM metformin. There was a slight
increase in steady-state E1 transcripts and approximately 2-fold increase in BDNF transcripts, but
these were not changed at the nascent RNA level. E2 transcripts were decreased by metformin
treatment at the nascent and steady state levels. Further studies are required to determine how
metformin affects transcripts at different levels of regulation, and how it is capable of producing
MeCP2 isoform-specific regulation mechanisms. It is still unknown whether these transcript
changes are translated to the level of protein as well and this should be analyzed in future studies.
In vivo studies of metformin in RTT models should evaluate the effects of metformin on glucose
metabolism and whether increases in E1 and BDNF are observed in vivo. Decreases in E2, which

were observed in this study have the potential to increase the effect of MeCP2 loss in these mice.
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In the case of MECP2 Duplication Syndrome, metformin may be of interest there if it is capable

of somewhat normalizing MeCP2 levels.

Figure 34. Schematic of the effects of metformin and simvastatin treatment on MECP2E1, MECP2E2
and BDNF gene expression in Daoy cells. Metformin treatment elevated MECP2E1 and BDNF transcripts
at the steady-state level, indicating a post-transcriptional mechanism, while decreasing MECP2E2
transcripts at the nascent and steady-state levels, indicating a transcriptional mechanism. Simvastatin
treatment reduced BDNF transcription in the cells.
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V.ii.b. Simvastatin

The results of this study were that 2.5 and 5.0 uM simvastatin treatment significantly inhibited
BDNF transcription in Daoy cells but did not significantly impact MECP2 transcripts (Figure 34).
The effects of simvastatin on MECP2 showed some variation between experimental conditions
of presence or absence of serum starvation prior to drug treatment. Cells that were not serum
starved prior to drug treatment showed some decrease in E1 and E2 transcripts, indicating the
metabolic state of cells may impact the effect of simvastatin on transcript levels. These results
are not the desired effect for RTT Syndrome therapy. Simvastatin treatment of Daoy cells has
been tested in applications as a cancer therapeutic. As cancer cells, Daoy cells may respond
differently to cholesterol inhibition than perhaps a neuronal in vitro model or an in vivo model
would show. Toxic effects of simvastatin have not been observed previously in other mouse
models of neurological disorders, and it may be most ideal to test this drug in the in vivo model
of RTT.

In addition, the combination of metformin and simvastatin in vivo can be tested to target both

glucose and cholesterol metabolism abnormalities.



119

V.iii. Extended future directions

The results of this thesis focus on transcriptional regulation. Initial plans included analyzing the
effects of MeCP2 isoform overexpression on selected proteins in the protein translation pathway,
mTOR signaling, and components of protein initiation complexes. Further studies are required to
clarify how this pathway is impacted by MeCP2 mutations, both in loss- and gain-of-function
models, and how it might be therapeutically targeted. Metformin is an mTOR inhibitor and
rescues mice with Fragile X Syndrome, which have overactivated mTOR signaling. Knowledge of
how the mTOR pathway is affected in RTT and MDS will inform the effectiveness metformin may

have as a therapy for these disorders.

V.iv. Conclusion

In conclusion, BDNF gene expression was shown to be targeted by both MeCP2 isoforms in a
Daoy cell model. Despite their cancerous origin, Daoy cells recapitulate a number of expression
patterns seen in human brain tissue. This indicates they are a useful tool to screen for
mechanisms of MECP2 gain- and loss-of-function as well as impacts of small molecules. This
would allow a more targeted approach to take into the more complex in vitro and in vivo models
of RTT and MDS. Metformin treatment resulted in significantly increased BDNF transcripts in
Daoy cells, which along with its previously demonstrated function of enhancing neurogenesis

indicate it to be a promising therapeutic for RTT Syndrome.
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