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Abstract

Rett Syndrome (RTT) is a neurodevelopmental disorder characterized by
neurological regression and autism spectrum features, usually in females with mutation
in MECP2. Animal and cell models have contributed to our knowledge about RTT and

MeCP2 function. However, many findings remain unverified in the human brain.

Based on a study on the rat brain, miR132, a neuronal microRNA that is highly
conserved among vertebrates, is suggested to inhibit MeCP2. This microRNA is induced
itself by Brain Derived Neurotrophic Factor (BDNF), a neurotrophin, which is controlled
by MeCP2.

In an effort to study the possible translation of this suggested regulatory network
from rat to human brain, and to evaluate the hypothesized changes of this network in the
brain of RTT patients, | examined post-mortem brain samples of RTT patients and

compared them with their age-, and sex-matched controls.

For the first aim of my project, | evaluated the transcript and protein levels of
MECP2/MeCP2 isoforms, BDNF/BDNF, and the level of miR132 by real time RT-PCR,
Western blot, and ELISA in four brain regions of three human RTT brains and their age-,

post-mortem delay-, and sex-matched controls.

The transcript level of the studied elements was significantly different in RTT
patients; even though the change was not identical in all studied parts of the brain. The

protein level of the studied elements did not follow the same pattern as the transcripts.

For the second aim of my project, | performed immunohistochemistry studies on
three brain regions of four RTT patients and their age-, and sex-matched controls. My

results showed significantly reduced immunoreactivity for MeCP2 protein, exclusively in



the glial cells of the white matter, but surprisingly, neurons did not show a noticeable
decrease in MeCP2 staining. Immunolabeling of brain samples for BDNF revealed a
dominant astroglial/endothelial pattern without noticeable difference between RTT and

control tissues.

Furthermore, for the first time, the effect of post-mortem delay in fixation on MeCP2
and BDNF immunolabeling of human brain samples was studied in this project. MeCP2

protein appeared to be more sensitive to post-mortem delay than BDNF.

Despite challenges in evaluating autopsy samples, this project provides insight on
RTT pathobiology, while highlighting the importance of studying human RTT brain in

parallel with rapidly growing research on animal and cell models of the disease.
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1. Literature review

1.1 Rett Syndrome

1.1.1 History of Rett Syndrome (RTT)

It was in 1954 that Dr. Andreas Rett, a pediatrician from Austria noticed similar
winding hand motions in two young girls waiting for a visit in his clinic. The clinical and
developmental histories of these two patients were also similar. With further
investigations, Dr. Rett found 6 other girls with the same disorder in his own practice, and
22 patients in his travels throughout Europe. Twelve years after that eye-catching
coincidence in the waiting room of his clinic, Dr. Rett reported the clinical entity in the
German medical literature [1]. Seventeen years later, Dr. Bengt Hagberg, a Swedish
neurologist and his colleagues, attributed Rett's name to this syndrome, mainly
overlooked because of the language of first report. The medical community recognized

Rett syndrome (RTT) through an English report of 35 RTT cases from Dr. Hagberg in1983
[2].

In 1992, a protein called Methyl-CpG binding protein 2 (MeCP2) was identified by
Dr. Adrian Bird’s group [3]. Seven years later, this protein was discovered to be the
underlying cause of RTT pathophysiology by Dr. Huda Zoghbi’'s team. They showed that
mutations in MECP2 gene are causative for the majority (over 90%) of RTT cases [4].
Soon after finding the genetic cause of RTT, in 2001, the first animal model of RTT
became available [5], and since then several groups have worked to elucidate the

pathophysiology of the disease, and running trials for therapeutic purposes [6].
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1.1.2 Clinical features and diagnosis

Rett syndrome is a neurological disorder mainly affecting girls with a prevalence
of 1 in 10,000 live female births [7]. While the neurodevelopmental process in RTT
patients is apparently normal until 6-18 months of age, subtle symptoms such as muscle
hypotonia, as well as deceleration of head growth are usually present earlier in their life
but mostly ignored. Delay, stagnation, or regression in motor development is the most
frequent complaint that brings patients to medical attention. General growth retardation,
weight loss, and a weak posture caused by muscle hypotonia are other common findings
at this stage [8, 9].

As RTT progresses, stereotypic hand wringing or washing movements replace
purposeful use of hands. Abnormal gait with lack of coordinated movements of upper
extremities in addition to social withdrawal and loss of verbal communications are other
common findings in RTT patients. The autistic features such as poor response to
environmental stimulations become less prominent and are replaced by signs of mental
retardation as the child grows up [7]. RTT patients also suffer from autonomic
perturbations including breathing abnormalities (e.g. breath holding, periods of
hyperventilation, and apnea) [10], cardiac arrhythmias (prolonged QT syndrome) [11],

and gastrointestinal dysfunction [12].

Seizures, ranging from easily controlled to intractable epilepsy are common in RTT
(seen in more than 80% of cases in one study) [13]. Age of onset of seizures depends on
the type of MECP2 gene mutation, and its severity tends to decrease after teenage years
and into adulthood [13].

Ataxia (gross lack of coordination in muscle movements), and gait apraxia (inability
to perform learned movements) accompany mental detriment. Devastating motor
dysfunction makes RTT patients wheelchair-bound during the teenage years, and as they
enter adulthood, Parkinson-like features could be added to the clinical manifestations.
The skeletal deformities such as scoliosis and osteopenia in RTT patients are partly
caused by locomotor difficulties and sedentary state. Decreased muscle tone can be also

responsible in this process [12].
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Despite poor physical condition, RTT patients typically survive into adulthood (70%
up to 45 years), and even up to 70 years of age. Cardio-respiratory compromise is the
leading cause of death in RTT [14].

The diagnostic criteria for classic or typical RTT, revised in 2010, are shown in
Table 1.1. Patients with some of RTT symptoms that do not fulfill the criteria mentioned
in Table 1.1, might be categorized in the group of atypical or variant RTT. Preserved
speech variant, early seizure variant, and congenital variant are three main atypical forms
of RTT [7, 15]. These forms are defined in Figure 1.1.

Rett Syndrome is predominantly a female disorder. However, it can be seen in
three groups of male patients. Patients in the first group have a mutation that causes
typical RTT Syndrome in females. However, these boys have severe neonatal
encephalopathy and a lifespan of less than one year. The diluting effect of X chromosome
aneuploidy (Klinefelter syndrome) or somatic mosaicism can lead to a milder phenotype,
similar to atypical RTT. The second group present mutations that are different from typical
mutations in female patients, but are compatible with life into adulthood. The last group
show mutations in genes other than MECP2 such as CDKL5 or FOXG1 and are

associated with RTT-like symptoms in males [16].
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Table 1.1 Revised diagnostic criteria for RTT. Taken from Percy et al. [15]. By permission of
John Wiley and Sons, Licence Number 4441360827758.

RTT Diagnostic Criteria 2010

Consider diagnosis when postnatal deceleration of head growth observed.

Required for typical or classic RTT

1. A period of regression followed by recovery or stabilization

2. 2 out of 4 main criteria

3. 5 out of 11 supportive criteria

Main Criteria

1. Partial or complete loss of acquired purposeful hand skills

. Partial or complete loss of acquired spoken language

2
3. Gait abnormalities: Impaired (dyspraxic) or absence of ability
4. Stereotypic hand movements such as hand wringing/squeezing,

clapping/tapping, mouthing and washing/rubbing automatisms

Exclusion Criteria for typical RTT

1. Brain injury secondary to trauma (peri- or postnatally), neurometabolic

disease, or severe infection that causes neurological problems

2. Grossly abnormal psychomotor development in first 6 months of life

Supportive Criteria for atypical RTT

1. Breathing disturbances when awake

Bruxism when awake

Impaired sleep pattern

Abnormal muscle tone

Peripheral vasomotor disturbances

Scoliosis/kyphosis

Growth retardation

Small cold hands and feet

© ®© Nl o g A~ WD

Inappropriate laughing/screaming spells

[
o

Diminished response to pain

[
=

Intense eye communication - “eye pointing”




Chapter 1. Literature review

Variant forms of RTT
Meets criteria for atypical RTT
Assess for presence of clinical features of defined variant forms

\ 4 L 4 \ 4
Preserved Speech Variant Early Seizure Variant Congenital Variant
(Zappella Variant) (Hanefeld Variant) (Rolando Variant)
Clinical features Clinical features Clinical features
+ Regression at 1-3 yrs., prolonged plateau - Early onset of seizures + Grossly abnormal initial development
phase . + Severe psychomotor delay
+ Milder reduction of hand skills + Before 5 months of life +  Inability to walk
Better retained hand use « Infantile spasms + Severe postnatal microcephaly before 4
+ Recovery of language after regression f . months
Mean age of recovery is 5 yrs. Re.fraclory myoclonic ePIIEpSS_I * Regression in first 5 months
Single words or phrases +  Seizure onset before regression + Lack of typical intense “RTT” eye gaze
* Milder intellectual disability (1Q up to 50) « Decreased frequency of typical RTT + Typical RTT autonomic abnormalities
+ Autistic behaviors common features present
+ Decreased frequency of typical RTT Molecular Genetics Small cold hands and feet
features - « Peripheral vasomotor disturbances
Rare epilepsy Mutations in MECP2 rarely found « Breathing abnormalities while
Rare autonomic dysfunction Analysis for mutations in CDKL5 should be awake
Milder scoliosis and kyphosis performed + Specific movement abnormalities
Normal head circumference + Tongue stereotypies
Normal height and weight in most + Jerky movements of the limbs
. Molecular Genetics
w . . Mutations in MECPZ2 rarely found
Mutations in MECP2 found in the majority of Analysis for mutations in FOXG1 should be
cases

performed

Figure 1.1 Main atypical forms of RTT. Taken from Neul et al. [7]. By permission of John Wiley
and Sons, Licence Number 4441360951360.

1.1.3 Genetic basis of RTT

Mutations in MECP2 gene located in Xg28 are the underlying cause of over 95%
of typical and 75% of atypical cases of RTT [17]. The vast majority of these mutations
happen de novo [18] mostly in the germline of the father [19]. This partially explains the
female predominance for RTT. There are also rare familial cases of RTT that may happen
due to skewing of X-chromosome inactivation (XCI) in the mother who can pass the
mutation on to her male and female offspring as an asymptomatic carrier [20]. Having
one copy of X-chromosome, most male patients present severe symptoms including
infantile encephalopathy and die within 2 years of birth [20].

From more than 4600 identified variants in the MECP2 gene, over 70% have
association with RTT. However, the causative role of MECP2 mutation has not been
shown for all of them. Eight of these mutations account for about 47% of all mutations.
These mutations in order of frequency are: T158M, R168X, R255X, R270X, R306C,
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R294X, R133C, and R106W (Figure 1.2). As explained before, mutations in two other
genes FOXG1 and CDKL5 can cause atypical forms of RTT syndrome birth [21].

R133C T158M R255X RZTOX R:msc
1 162_ 207

R1 DEW P1 52H R168X A201V R294X

NTD N-terminal domain

MBD Methyl Binding Damain

ID Intra Domain

TRD Transcriptional Repression Domain
CTD C-terminal Domain

AT Hook Domain

Figure 1.2 RTT- associated MECP2 mutations affecting different regions of protein. Most
common mutations are shown in black. Red arrows show the mutations in the RTT brain we
examined in our study. Amino acid number at the beginning and the end of each domain are
shown in purple.

1.1.4 Phenotypic variations in RTT

While dividing RTT into classical and atypical forms has decreased the differences
within each category, there is still phenotypic variation in each group and even in one
patient over time. X-chromosome inactivation is suggested as one of the main
contributors of phenotypic variability [22]. Although the majority of classic cases of RTT
have balanced XCI pattern in the brain tissue [23], non-random XCI or skewed pattern,
has been reported in several cases [24]. Somatic mosaicism is another potential source
of phenotypic variability [25]. Finally, specific types of MECP2 mutation can also affect
protein functions differently and lead to different severity of phenotypes. For instance,
severe RTT caused by T158M mutation (affecting methyl binding domain of MeCP2) can
be due to deficient binding to methylated DNA, and aberrant transcriptional control as a

result [26, 27], whereas C-terminal deletions are associated with milder phenotypes [28].
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1.1.5 Histopathology of RTT
1.1.5.1 Gross and microscopic features

Microcephaly is the main finding in gross pathology of RTT. Head circumference
is normal at birth, and its growth begins to decelerate after 2-3 months. The reduction in
the brain weight is not generalized, and cerebral hemispheres are relatively smaller than
the cerebellum when compared to non-RTT conditions [29]. Prefrontal, posterior frontal,
and anterior temporal regions show smaller volume in neuroimaging while posterior

temporal and posterior occipital regions are relatively preserved [30, 31].

In general, microscopic evaluations of RTT brains have not recognized
degeneration, demyelinating, or gross malformative processes. Reduction in gross brain
volume is associated with abnormally small, densely packed neurons with reduced
dendritic complexity and synaptic density in studies of the cerebral cortex [32]. Reduced
melanin and tyrosine hydroxylase staining in the midbrain and substantia nigra, and
altered contour and appendages in neurons of the globus pallidus are examples of
findings in other regions of the brain in RTT Syndrome [33, 34]. Vagal tone abnormalities
that have been found in functional studies of the vagus nerve are in line with the
autonomic impairments in RTT. Abnormalities in serotonin receptors and substance P
content have also been reported in brain stem studies [29]. Substance P is a neuropeptide
acting as a neurotransmitter and neuromodulator. It is best known for its role in
transmission of pain stimuli in the peripheral nervous system, but it participates in
behavioural responses as well as neuronal survival in the central nervous system [35].
The altered sensitivity of RTT patients to pain can be related to the abnormality in
substance P. There are also studies that suggest a role for MeCP2 in pain perception [36-
38].

1.1.5.2 Immunohistochimistry (IHC) studies

The earliest MeCP2 expression in the normal human brain was reported in the
cerebral sub-ventricular zone of the brain stem and the subcortical and Cajal-Retzius

neurons of the cerebral cortex at 10 gestational weeks. MeCP2 will appear next in the
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thalamus, midbrain, and basal ganglia. The hippocampus and cerebellum show less
expression early in development. However, with maturation, most of neurons in these
regions express MeCP2. That might explain the delay in the clinical manifestation of RTT
in the course of development [23].

MeCP2 shows a mainly nuclear localization. However, slight cytoplasmic labeling
of some neurons has also been recognized. Post-translationally modified protein has
been suggested to be the source of this cytoplasmic fraction. Since the earliest IHC
studies, the variable intensity of staining within the same type of neurons has made the
interpretation of IHC studies for MeCP2 challenging [29]. Laser scanning cytometry has
also confirmed the presence of cells with either low or high MeCP2 expression [39].
Difference in neuronal activity has been suggested as one of the reasons behind this
variable labeling. However, the possibility of post-mortem degradation of protein has not
been excluded [23, 29].

Regarding other protein labelling, some increase in glial fibrillary acidic protein
(GFAP) has been reported in RTT brains. However, it is not clear whether this is a primary
phenomenon or secondary to the main RTT pathology [29].

1.1.6 Biological systems to study RTT

The monogenic character of RTT, mainly caused by mutations in MECP2 gene [4],
has prompted several RTT animal [5, 40, 41], and cellular [42-44] models for the disease.
Based on their genetic modifications, models can be categorized to: 1) Mecp2-deficient
models such as Mecp2 constitutive knockout mice [5, 41], or brain region/cell type-
specific deletion of Mecp2 [45, 46], and 2) Mecp2 mutant models such as knock-in mouse

models with specific Mecp2 mutations [47, 48].

These animal models show different phenotypes and have different lifespans [49],
and we need to be aware of some potential caveats in the interpretation of animal studies.
First, while Mecp2-heterozygous female mice are more direct representative of RTT

condition, male Mecp2-null mice are easier to work with and are more frequently used.
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Second, mice present detectable symptoms of MeCP2-deficiency much later in the

course of development as compared to humans [50].

Regarding the cell models of RTT, source of MeCP2-mutant cell lines can be
neurons from human induced pluripotent stem cells (iPSCs), or human embryonic stem
cells (patient-derived or produced by using transcription activator-like effector nucleases
or TALENS to delete MECPZ2). Cell models can also originate from mouse embryonic stem
cells. Examples of RTT mice models and cell lines with their phenotypes have been
summarized in Table 1.2 taken from Lyst and Bird (2015) [50].
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Table 1.2 Mouse and cell models of Rett syndrome and their phenotypes.
Taken from Lyst and Bird (2015) [50]. By permission of Springer Nature, License Number
4441370487818. ESC: embryonic stem cell, GABA: y-aminobutyric acid, iPSC: induced
pluripotent stem cell, MeCP2: methyl-CpG-binding protein 2, POMC: pro-
opiomelanocortin, TALEN: transcription activator-like effector nuclease.

MeCP2 status Phenotype References

Mouse models

Heightened stress response,
Deletion from SIM1-expressing neurons | increased aggressive [51]
in the hypothalamus behaviour, hyperphagia and

obesity
Deletion from the POMC neurons in
the arcuate nucleus of the Over-eating and obesity [52]
hypothalamus
Removal from dopaminergic and Motor abnormalities 53]
noradrenergic neurons
Removal from serotonergic neurons | Aggressive behaviour [53]
Removal from forebrain GABAergic Seizures 54, 55]
neurons
Deletion in the brainstem and spinal | Abnormal breathing [56]
cord responses and early lethality
Viral-mediated deletion in the Defects in cue-dependent 57]
basolateral amygdala fear conditioning

Repetitive behaviours,
Removal from GABA-releasing progressive motor [58]
neurons dysfunction, breathing

defects and early lethality
Deletion in postnatal forebrain S"."”af to MeC_:PZ-nuII

animals but milder and [41, 59]
neurons

delayed
Cell lines

Reduced nuclear size,
Neurons from human iPSCs, and transcription and translation;
human ESCs (patient-derived or impaired mitochondrial [42, 43]
using TALENS to delete MeCP2) function, fewer synapses and

reduced spine density
Neurons from mouse ESCs Reducgd _nuclear size and [44]

transcription

10
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1.1.7 Therapeutic strategies for RTT

The monogenic character of RTT and the reversibility of its symptoms in preclinical
models have brought optimism to the field of therapeutic research for this devastating
disease. Availability of rodent models showing quantifiable symptoms such as abnormal
breathing makes evaluations of therapies more translatable when compared to the

behavioral disorders of more common conditions such as non-symptomatic autism [60].

Our knowledge about the biology of MeCP2 and the consequences of its loss on
the function of neuronal circuit and behavior is the basis of potential therapeutic
strategies. These strategies include: 1) molecular approaches ranging from gene and
protein replacement therapy to reactivating the wild-type allele on the inactive X
chromosome, 2) pharmacologic approaches, which target MeCP2 downstream target

genes/mechanisms to restore their role in neuronal circuits [61].
1.1.7.1 Molecular treatments and gene dosage concerns

An excess of MeCP2, a condition similar to what happens in boys with MECP2
Duplication Syndrome (MDS), leads to RTT-like neurological dysfunction presenting with
seizure and hypoactivity [62, 63]. Therefore, any molecular therapy that targets MECP2
directly to normalize the protein, must keep the level of protein within its narrow

acceptable limits by avoiding MECP2 overdosage [60].
1.1.7.2 Activating MECP2 on the inactive X chromosome

This novel method has been already studied in another neurodevelopmental
disorder (Angelman syndrome), and the Mecp2-GFP fluorescent reporter mouse is a
useful tool for high throughput, small molecule screening. Other than the cost and stability
concerns for this procedure, availability of active and safe compounds that diffuse across
the blood- brain barrier (BBB) is another limitation in restoring MeCP2 levels across the
relevant cell types. Furthermore, targeting MECP2 specifically or the entire inactive X is

another concern in this method [60, 64, 65].

11
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1.1.7.3 Gene editing strategies

The first attempt to study a gene therapy for Rett Syndrome, was reported by Dr.
Mojgan Rastegar et al. (2009). They showed that Mecp2 promoter vectors could be
effective for gene therapy by recapitulating the endogenous expression of MeCP2 in
neurons and glia [66]. Editing or replacement of an abnormal gene has become available
through adeno-associated virus (AAV) vector designs such as AAV9. Intravenous delivery
of an AAV9/Mecp2 vector has partially normalized phenotypes of male and female RTT
mice [60, 67]. Delivering Mecp2 expression homogenously and within the narrow normal

range is one of the main challenges for gene therapy [60].

About 35% of RTT patients with in-frame premature stop codons might benefit from
compounds that allow the read through of the nonsense mutations [68]. It has been shown
to be effective in cultured R168X (most common RTT causing truncated mutation) mouse
fibroblasts [69, 70].

1.1.7.4 Challenges of protein replacement

Homogenous and continuous delivery of appropriate level of MeCP2 across the
BBB is the major challenge for protein replacement. Ensuring the adequate penetration
of protein at cellular and sub-cellular level up to the nucleus, and making sure that post-
translational modifications are happening in a regular manner are other obstacles to

overcome in this method [60].
1.1.7.5 Targeting downstream signalling pathways of MeCP2

Classical neurotransmitter and neuromodulator signaling, growth factor signaling
including Brain Derived Neurotrophic Factor (BDNF) or Insulin-like growth factor 1 (IGF-
1), and metabolic signaling including cholesterol biosynthesis and mitochondrial function
are main targeted pathways [71, 72].

A drug prepared for one pathway might not treat the full spectrum of RTT
symptoms. However, ameliorating one main symptom such as breathing abnormality may

have a considerable impact on the quality of life for RTT patients [60].

12
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1.1.7.6 Clinical trials

There are several challenges in a clinical trial for a rare disease like RTT. A vast

number of RTT- associated mutations and a limited pool of participants are two of the

obstacles. From several ongoing or completed trials listed in Figure 1.3, only rare ones

are parallel, randomized, double blind, and placebo-controlled, and none has reached to

the level to be used in practice [6, 60].

Targets and treatment strategies

e

MECP2 Targets downstream of MECP2

'y

(] ) 4

Activate Protein Neurotransmitter
silent MECP2 replacement signaling pathways

Gene Therapy

Growth factor \ \
signaling pathways

BDNF/TrkB
AAV9/Mecp2 T
Genome editing Read-through QK% Fingolimod
I compounds 7,8 DHF
mRNA editing QABA X546
Midazolam Copaxone
py NO-711 CPT157633
mENAT Monoamines L-838,417 UA0713
Desipramine
Clenbuterol L
Citalopram Ach
LP-211 Acetyl-L-carnitine
L-DOPA Choline
Benserazide
Sarizotan
NLX-101

Metabolic lon
pathways  channels
Phenytoin

IGF-1
rhiGF-1
(1-3)IGF-1
Lipids
Statins
Glucocorticoids
Corticosterone
Oxidative stress/
mitochondria
CNF1
Triheptanoin

Figure 1.3 Therapeutic strategies for Rett Syndrome. Targets of treatment have
been underlined. Compounds investigated in vivo have been shown in italics. IGF-1,
insulin-like growth factor 1; MeCP2/MECP2, methyl-CpG-binding protein 2/gene. Taken
from Katz et al. publication [60]. With permission from Elsevier, Licence Number

4443310878154.
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1.2 Epigenetic mechanisms

Epigenetic mechanisms including chromatin remodelling, DNA methylation,
histone post-translational modifications (PTM), and non-coding RNAs, regulate gene
expression without any change in the underlying DNA sequences [73]. It has been shown
that these mechanisms have a major impact in several processes including development,

aging, and in disease condition [73, 74].
1.2.1 Chromatin remodeling

The genome material in eukaryotic cells is composed of DNA, and DNA-bound
proteins (mainly histones), and is called “chromatin”. A 147-bp stretch of DNA wrapped
around a histone octamer (two copies of H2A-H2B dimers, as well as H3, and H4
histones) make up the basic unit of DNA packaging, which is called “nucleosome”. Linker
DNA connects nucleosomes and is more accessible to DNA binding proteins.
Nucleosome structure on the other hand prevents the interaction of genes with
transcription factors, acting as negative regulators of transcription. It has been shown that
a group of proteins can modulate gene expression through repositioning of nucleosomes,
and remodeling of the chromatin in the promoter of specific genes [75]. This process has

been shown during neurodevelopment [76-78].
1.2.2 Histone PTM

The N-terminal tail of histones mainly includes the amino acids that are subjected
to various PTM. Specific amino acids such as lysine is commonly the target for
acetylation, phosphorylation, methylation, somoylation, and ubiquitination, whereas

arginine can be methylated or ADP-ribosylated [79, 80].

These histone marks can change the overall charge of basic histone proteins and
interfere with histone-DNA interactions, affecting the nucleosome stability [78, 81]. They
can also affect transcriptional activity of the genes by recruiting co-activator or co-
repressor complexes [82]. Various histone PTM play role in important processes such as

demarcating euchromatin and heterochromatin regions. For example, facultative
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heterochromatin, which contains selectively silenced genes, is enriched for H3K27me3,
whereas the constitutive heterochromatin with permanently repressed genes (like

centromere), contains abundant H3K9me3 [83-86].
1.2.3 Non-coding RNAs

While the number of protein-coding genes in the human genome (~21,000) is
similar to less complex species, tens of thousands of non-coding RNAs (ncRNAs) can

play a role in physiological complexity of humans as well as other mammals [87].

Small RNAs (~20-30 nucleotides in length) include small interfering RNA (siRNA),
microRNAs (miRNAs), and Piwi-interacting RNAs (piRNAs) that modulate gene
expression in a sequence-specific manner. Long ncRNAs (typically > 200nt) are also
active in epigenetic regulation of gene expression in transcription level by targeting
transcription activator and repressor, and during mRNA translation [78, 81, 88].

1.2.4 DNA methylation

DNA methylation is one of the most studied epigenetic modifications primarily
characterized as covalent binding of a methyl group to the fifth carbon of a cytosine
nucleotide, 5-methyl cytosine (5-mC), in the context of cytosine guanine dinucleotide
(CpG). Now we know that methylation can also happen in non-CpG context, targeting
other nucleotides (adenine, guanine, and thymine) [85]. While DNA methylation first was
recognized as a marker for gene inactivation, later it became clear that in 5-hydroxy
methyl cytosine (5-hmC), it could activate gene expression [85, 89].

Epigenetic modifications are mediated by specific enzymes known as writers,
recognized by effector proteins known as readers, and the reversible marks can be

removed by another set of enzymes called erasers [73].
1.2.4.1 Writers of DNA methylation

The process of DNA methylation is mediated by DNA methyl transferases
(DNMTs) such as DNMT3A, and DNMT3B which induce de novo methylation, and

DNMT1, which copies the pre-existing methylation profiles from one cell division to the
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next DNA methylation in a reversible process [90, 91]. These enzymes are important for
proper development and their impairments are reported in different diseases. For
instance, DNMT1 mutation is associated with “hereditary sensory neuropathy with

hearing loss and dementia type IE” [91].
1.2.4.2 Erasers of DNA methylation

DNA demethylation can occur in a passive way when methylation marks dilute and
fade from one cell division to the next. This happens in early stages of development that
production of DNMTs has not stated yet and DNMT1 originated from oocyte is getting
diluted by cell divisions. There is also an active demethylation catalyzed by Ten-eleven
translocation (TET) family of proteins that transform a 5-methylcytosine (5-mC) to a 5-
hydroxymethylcytosine (5-hmC), which takes a series of steps to return to an
unmethylated cytosine [73, 85, 90].

1.2.4.3 Readers of DNA methylation

Methylation of DNA is read and interpreted by different families of proteins that
recognize this epigenetic modification and bind to it. Methyl-binding protein (MBP) family
including their prototype member, MeCP2, Kaiso family proteins and the SET and RING
finger associated (SRA) domain family proteins are examples of these DNA methylation
readers [74, 92].

1.2.4.3.1 Methyl binding protein family

This family of DNA methyl readers is characterized by methyl binding domain
(MBD) that facilitates protein binding to methylated DNA. From its 11 members, MeCP2,
MBD2, and MBD3 are preferably associated with methylation of the promoters and
generally supress gene transcription. MBD1 mostly functions through histone
modification and heterochromatin formation, and MBD4 takes part in DNA repair.
Dysregulation or mutations of MBD proteins are present in a variety of cancers as well as
neurologic disorders such as RTT [74, 93, 94].
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1.3 Methyl CpG Binding Protein 2 (MeCP2)

MeCP2 is the second member of a family of proteins that bind to methylated CpG
DNA templates without sequence specificity. While the first member of this group
(MeCP1) needs at least 12 symmetrical methylated CpG, the second and most abundant

protein of this group (MeCP2) is able to bind a single methylated CpG pair [95, 96].
1.3.1 MECP2/Mecp?2 gene structure

The MECP2/Mecp2 gene is located on the long arm of the X-chromosome at Xg28
in human and XgA7.3 in mouse. It is composed of four coding exons and three introns.
Three polyadenylation sites in its 3'UTR result in mRNA transcripts with varying lengths.
The two translational start sites at exon one and two give rise to the common splice
variants of the protein that differ only at their N-termini. The MeCP2EL1 isoform is encoded
by exons 1, 3, and 4, and its transcripts are reported to be the main isoform in the brain.
The MeCP2E2 isoform is encoded by exons 2, 3, and 4 and its transcript level has been
reported to be higher than MECP2EL in the liver, placenta, prostate gland, and skeletal
muscles (Figure 1.4) [97].

MeCP2E1

e —
/' EKE‘I 1 Exon3 Exon 4

Exon 1 Exen2 ™ Exon3 Exon 4 "4 MeCP2E2

Exon2 Exon3 Exon 4

ATG Plad ATG T

n Non-coding sequence . Coding sequence
Figure 1.4 The structure of MECP2/Mecp2 gene and generation of two MeCP2 isoforms.

Taken from Liyanage and Rastegar paper [74]. By permission from Springer Nature, Licence
Number 4441081356553.

1.3.2 MeCP2 protein

MeCP2 is a protein with a calculated mass of ~53 kDa (but it is usually detected at
~75 kDa), and is composed of five major domains: The N-terminal Domain (NTD), Methyl
Binding Domain (MBD), Intervening Domain (ID), Transcription Repression Domain
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(TRD), and C-terminal Domain (CTD). Three AT hook domains, which exist within ID,
TRD, and CTD make binding to AT-rich DNA possible [98].

MeCP2 is considered an intrinsically disordered protein due to its major
unstructured format (~60%) [99]. From the two MeCP2 isoforms, MeCP2E1 (previously
called MeCP2B or MeCP2a) has 21 unique residues at its N-terminal region and an acidic
isoelectric point (pl) of 4.24. The other isoform that was discovered first, MeCP2E2
(previously called MeCP2A or MeCP2[3) has 9 unique residues at the N-terminal region
and a basic pl of 9.5.

Dr. Bird’s team suggested that the presence of upstream open reading frame in
MECP2E2 could have an inhibitory effect on the protein translation and result in more
abundant MeCP2E1 [100]. However, the lack of MeCP2 isoform-specific antibodies
limited the studies until 2012 that our lab reported the generation of MeCP2 isoform
specific antibodies [101] and the differential expression of the two isoforms in the mouse
brain [70]. Based on their study MeCP2E1 has a relatively uniform distribution across
different brain regions such as cortex, hippocampus, thalamus, brain stem and
cerebellum, while MeCP2E2 isoform is differentially enriched in various brain regions of
mouse [70]. Expression of these isoforms in the human brain is still one of the least-

studied areas of this field.
1.3.3 MeCP2 expression

Even though brain-specific expression of MeCP2 has been extensively studied in
the context of neurological phenotypes of RTT, this protein has been found in different
organs from lung and spleen with high expression level to liver, heart, and small intestine
with lower expression levels [23]. In the brain, MeCP2 is expressed not only in neurons
but also in other cell types such as astrocytes [66, 102], and microglia [103]. Selective
MeCP2-deficiency in both of these cell types has caused neuronal abnormalities, which

could be then resolved by re-expression of MeCP2 in these cells [104, 105].
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1.3.4 MeCP2 function

MeCP2 was first described as a repressor of methylated DNA through interaction
with a co-repressor complex composed of mSin3A, a transcriptional repressor, and
histone deacetylases (HDACSs), which can cause compaction of chromatin structure and
gene silencing as a result [106, 107]. NCoR/SMRT is another, more recently found, co-

repressor complex that has a specific binding domain in TRD region of MeCP2 [108].

In contrast to primary findings, more recent studies have shown that MeCP2 can
also play the role of a transcriptional activator by recruiting activating factors such as
CREB (cAMP response element-binding protein) [109]. It has been also suggested that
MeCP2 can play the role of transcription activator when it binds to 5-
hydroxymethylcytosine, which is a common modification of DNA in the brain and is
enriched in active genes [110].

Other studies suggest that MeCP2 can play the role of a global regulator of
chromatin. Its level in neuron is almost similar to histones. In addition, it can bind to non-
methylated DNA [111], and compact nucleosomes in a manner similar to histone H1
[112]. MeCP2 may also affect its targets such as DLX5 by making a loop in DNA [113]
(Figure 1.5).
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Figure 1.5 MeCP2 functions in gene regulation and chromatin organization. Taken from
Zachariah and Rastegar publication [114]. Open access article under the Creative Commons
Attribution Licence.

1.3.5 MeCP2 regulation

MeCP2 is regulated transcriptionally and post-transcriptionally by multiple
mechanisms. Positive and negative regulatory factors upstream of the MECP2 promoter
region can regulate its expression. There are also silencers and enhancers in the region
that can act as cis-regulatory elements for MECP2 gene [115, 116]. In addition, there are
polyadenylation sites at 3'UTR of MECP2/Mecp2 gene, which are responsible for different
length of transcripts in a tissue specific manner. Trans-acting factors involved in
polyadenylation can bind to these sites [117, 118]. Similar to other genes, epigenetic
factors such as microRNAs and histone PTMs can also affect MeCP2 regulation [74]. Our
lab has already shown how DNA methylation can affect expression of Mecp2 isoforms
during in vitro neural stem cell differentiation [116]. Furthermore, we have reported how
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an environmental insult such as ethanol exposure can cause misexpression of
Mecp2/MeCP2 in differentiating brain cells through deregulation of 5--mC and 5-hmC DNA
methylation [119].

1.3.6 RTT-causing MECP2 mutations

N-terminal domain: From the hundreds of MECP2 mutations found in RTT
patients, less than 1% target exon 1, which means MeCP2E1 dysfunction is sufficient to
cause Rett Syndrome [97, 120, 121]. While MeCP2E2-specific mutations have not been
described in RTT, it has been shown that expression of MeCP2E2 can improve some of
the RTT phenotypes in Mecp2-null mice. Isoform-specific MeCP2 transgenic lines were
used in this study to rescue neurophenotypes exhibited by Mecp2-null mice (Mecp2™)
[122]. Mutations affecting parts of NTD region, which are shared by both MeCP2 isoforms,
have been described in RTT patients [21].

Methyl binding domain: Thrl58, Arg133, and Prol152, within the MeCP2 MBD
region, are three common spots for RTT-related mutations. T158M located in MBD region
of the protein, is the most frequent mutation that can cause RTT (~9%). R133C and
R106W from MBD region are the 7! and the 10™ in the list of RTT-causing mutations [21].
P152H is another mutation within MBD region, already reported in a male individual with

intellectual disabilities [123], whose brain sample is part of the current study.

Intervening domain: ID is the region that links MBD and TRD, and is the location
for R168X, a truncating mutation that is the second most common mutation in RTT
patients [21]. A few mutations in ID region of MeCP2 such as R190H, and R190C have
been also associated with Schizophrenia [124, 125]. One of the RTT brain samples in our
study has been shown to have A201V mutation. This is the 215 most common MECP2
mutation found in 0.61% of RTT patients. However, it is unclear if it has a cause effect in

this syndrome or it is just a polymorphism found in association with RTT [21].

Transcriptional repression domain: TRD binds with partner proteins such as co-
repressor Sin3a, HDACs [126], and NCoR/SMRT co-repressor [108]. R255X, R270X, and
R294X, three most common truncating mutations after R168X (from ID), are located
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within TRD. Moreover, R306C, which is the second most common missense mutation
after T158M (from MBD), is located in TRD [21]. Because of the R306C mutation, MeCP2
loses its interaction with NCoR/SMRT [108].

C-terminal domain: The MeCP2 CTD might play a role in binding to histones
[127]. This domain also contains S421, a serine residue that can become phosphorylated
during neural activity [128], resulting in transcriptional activation of the Brain derived
neurotrophic factor (Bdnf) [129]. L386fs, the most common frameshift mutation in RTT
patients, is located in CTD. E397K, which is the sixth most common RTT-associated

substitution, is also located in CTD.

A list of the 21 most common MECP2 mutations and their prevalence in RTT
patients has been shown in Table 1.3. This comes from 680 recognized MECP2

mutations or group of mutations reported in RTT patients [21].
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Table 1.3 Common RTT- associated mutations in MECP2 gene. Adapted from RettBASE
database [21]. Open access database last assessed in 2017.

Mutation Reported Cases % Frequency
1 | p.T158M 419 8.81
2 | p.R168X 365 7.67
3 | p.R255X 313 6.58
4 | p.R270X 276 5.80
5 | p.R306C 245 5.15
6 | p.R294X 237 4.98
7 | p.R133C 217 4.56
8 | intronic variation 192 4.04
9 | 3'UTR variation 174 3.66
10 | p.R106W 132 2.77
11 | p.L386fs 106 2.23
12 | p.P152R 71 1.49
13 | p.G269fs 63 1.32
14 | p.R9fs 61 1.28
15 | p.P389X 47 0.99
16 | p.E397K 46 0.97
17 | p.T299T 38 0.80
18 | p.S194S 38 0.80
19 | p.M1? 38 0.80
20 | p.S411S 30 0.63
21 | p.A201V 29 0.61
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1.3.7 MeCP2 target genes

Studies on MeCP2 target genes show little overlap, and association of these target
genes with RTT has not been established in most cases [114]. MeCP2 is capable of
having either an activator or a repressor effect on these studied targets not only as a
transcriptional regulator but also as an epigenetic modulator that can affect RNA splicing
and chromatin structure as explained earlier [74]. Genes such as DIx5, Fgf2-5, Fut8, and
Nfl have shown alterations in splicing observed in an RTT mouse-model (Mecp2 308%)
[130]. A list of target genes studied in human samples or cell lines is adapted from
Zachariah and Rastegar 2012 [114] and presented as Table 1.4.

BDNF is an important and perhaps the most studied target of MeCP2. Its cross-
talk with MeCP2 has been studied mainly in animal models [129, 131]. MicroRNAs
(miRNAS) are other important targets for MeCP2 and its regulations. Several miRNAs
have shown altered expressions in RTT mouse models [89, 132]. BDNF and miRNAs

interactions with MeCP2 will be discussed in next parts of this chapter.
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Table 1.4 Known target genes of MeCP2 in studies on human samples. Adapted from
Zachariah and Rastegar paper [114]. Open access article under the Creative Commons

Attribution Licence.

Gene Cellltissue type Direct
taraet Function studied association | Reference
g with MeCP2
PCDHB1 _ _
Cell adhesion Oral cancer cell lines
PCDH7 Yes [133]
_ (ZA, KOSC2, HSCS5, (SH-SY5Y)
APBP3 Intracellular signal NA)
transduction
Extracellular NoO
M| e (SHSY5Y
Component of
semaphoring signal Yes
CRMP1 transduction (SH-SY5Y)
pathway
Vesicular trafficking,
production of Yes
DNMI microtubule (SH-SY5Y)
bundles, hydrolyzes RTT patient brain [134]
GTP (frontal cortex)
Integrates signals Yes
GNBI between receptor
and effector proteins (SH-SY5Y)
Enhancer of No
APLP1 neuronal apoptosis (SH-SY5Y)
col Mitochondrial No
respiratory chain (SH-SY5Y)
GDI1 Regulates No
GDP/GTP exchange (SH-SY5Y)
Regulation of
ID1-ID4 neuronal SH-SY5Y (SH\-(Se\S;SY) [135]
differentiation
UBE3A Ubiquitin ligase Brain cerebral No
9 9 samples of RTT, (adult mouse [136]
Angelman Syndrome, | cerebellum
GABRB3 GABA-A receptor and autism patients samples)
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1.4 Brain-derived neurotrophic factor

Brain-derived neurotrophic factor is a well-known member of the neurotrophin
family of growth factors. Nerve growth factor (NGF), Neurotrophin-3 (NT-3), NT (4/5), and
NT-6 are other members of this family. Neurotrophins together with tropomyosin receptor
kinases (TRKs), and low affinity nerve growth factor receptor (p75) regulate survival,
maturation, and differentiation of neurons and patrticipate in synaptic development and
neural plasticity [137-139].

1.4.1 BDNF/Bdnf gene structure

All neurotrophin genes consist of multiple 5’ exons linked to promoters that initiate
transcription of distinct mRNAs. A 3’ exon that is common among all transcripts includes
an open reading frame encoding the precursor peptide, pre-pro neurotrophin. Despite
similarities among the gene structures of different neurotrophin family members, the
BDNF/Bdnf gene has one of the most complex structures, which is closely conserved
between humans and rodents. Mice, rats, and humans have at least eight homologous
exons in common, which are regulated by alternative upstream promoters. The multi-
promoter character of BDNF/Bdnf is suggestive for additional flexibility of BDNF

expression in response to a diverse range of stimuli [140].

The human BDNF gene spans about 70kb on the chromosome 11, region p13-14,
and has 11 exons (I-1X plus Vh and VIIIh). Some exons have different subsets that are
labeled as a, b, ¢, and d. The protein coding sequence is located within exon IX, and
different upstream promoters of alternatively spliced exons yield several Bdnf/BDNF
transcripts. There are two polyadenylation sites for exon IX that double the number of
transcripts by generating short and long splicing variants (Figure 1.6). Despite the
existence of different transcripts, all the mRNAs encode for a single protein. The
apparently redundant generation of transcripts controls the requirements of context- and
cell type-specific demands [141]. For example, while exons I, 1V, V, VII, and IX in mouse
are activated by DNA methylation, a different group of exons (lll, VIII, 1X), are induced by
inhibitors of histone deacetylase (HDAC) [142]. In addition, it has been shown that

transcript variants with short 3'UTR stay in the soma and regulate neuronal survival, while
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transcripts containing the long 3'UTR are preferentially localized in the dendrites to

modulate synaptic plasticity [143-145].
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Figure 1.6 Mouse, rat, and human BDNF gene structures. There are four promoters in rat and
9 promoters in mouse. Transcripts of BDNF mRNAs contain one of the four 5’ non-coding exons
(1, 11, M, V) spliced to the common 3’ protein coding exon. Eleven exons of human BDNF are
shown in black with arrows indicating alternative polyadenylation sites (PolyA) in the 3'-UTR and
internal alternative splice sites in exons 2, 6, 7 and 9a (letters a, b, ¢ and d). Taken from Bathina
and Das paper [141]. Open access article under the international CCBY-NC-SA 4.0 license.

1.4.2 BDNF protein

BDNF, first isolated in the 1980s, was initially purified from the pig brain. Having
an isoelectric point around 9-10, BDNF is stable during biochemical purification. However,
because of its extremely low concentration in the brain, 1.5 kg of starting material was
needed to yield 1 pg of the purified protein [137, 146]. BDNF has about 50% of its amino
acids in common with other members of neurotrophin family, and similar to the rest of
neurotrophic factors, it consists of two pairs of anti-parallel B-stands. Three disulfide

bonds stabilize this structure, which is called a cysteine knot as a whole [147].
1.4.2.1 Biosynthesis, processing, and secretion

Pre-proBDNF is the precursor form of the BDNF protein with approximately 270
amino acids and it is produced in the endoplasmic reticulum. After translocation to the
Golgi apparatus, the “pre” region of the translated protein is removed, resulting in the

generation of proBDNF, which is yet another form of the immature protein. The proBDNF
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has a molecular weight of 32kDa, consisting of 129 amino acids as the pro-domain and
118 amino acids of the mature BDNF [148]. The proteolytic cleavage of the proBDNF by
subtilisin/kexin-isoenzyme-1 (SK-1) protease can produce a truncated form of BDNF with
a molecular weight of ~28kDa. This truncated BDNF protein is a final product without the
capacity for further processing. The mature BDNF (mBDNF) has a molecular weight of
~14kDa and is generated by three different proteases; furin, matrix metalloprotease-7
(MMP-7), and plasmin [149-151]. Colocalization of both proBDNF and mBDNF in the
secretory granules has been shown in different studies on cultured mouse hippocampal
neurons [152, 153] as well as sections of adult mouse hippocampus [154]. Therefore, it
has been suggested that cleavage of proBDNF by endoproteases occurs in these
secretory granules. The final processing of the mature BDNF may also happen after
secretion in the extracellular space near active synapses [155].

It has been shown that the ratio of proBDNF to mBDNF may vary in the course of
development with predominance of mBDNF in adulthood [156]. In non-neuronal cells,
BDNF is constitutively secreted. However, in neurons, BDNF has an activity-regulated
secretion in addition to a constitutive mode of secretion. Moreover, previously secreted
BDNF can be endocytosed at the primary sites of protein release, which can then be
recycled for additional rounds of secretion even at far distant sites within the same neuron
[157, 158].

While previous studies have detected BDNF mRNA, and BDNF protein throughout
the CNS, with highest expression levels in the hippocampal formation (the dentate gyrus,
the hippocampus proper, and the subicular cortex) and the cerebral cortex, there are
conflicting results about protein expression observed by different research groups [159].
Technical issues such as the sensitivity and/or specificity of anti-BDNF antibodies could
be the source of these different results. In addition, different factors such as enriched
environment, dietary restriction, light, stress, and circadian rhythm can also impact BDNF
expression [160]. At the subcellular level, BDNF secretion is not limited to somatic sites.
Both dendritic and axonal secretion of BDNF has been noticed by different groups [153,
161]. In addition to neuronal BDNF secretion, uptake and re-exocytosis of BDNF by

astrocytes and neurons has also been reported [162]. In addition to astrocytes,
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endothelial cells, platelets, and microglia are of non-neuronal sources for BDNF secretion
[159].

1.4.2.2 BDNF Signaling

BDNF binds the tropomyosin-related kinase B (TrkB) with specific/high affinity.
This leads to TrkB dimerization and auto-phosphorylation, leading to the activation of
several downstream signal transduction cascades. That includes the mitogen-activated
protein kinase (MAPK) which promotes neural differentiation, the phosphatidylinositol 3-
kinase (PI3K) that promotes growth and survival of neurons, and the phospholipase Cy
(PLCy) pathway that promotes synaptic plasticity [163]. Similar to other neurotrophins,
BDNF can also bind to the p75 neurotrophin receptor (p75NTR). P75NTR is a member
of the tumor necrosis family of proteins that can activate several signaling pathways
including programmed cell death, when p75NTR is activated in the absence of TrkB

signaling [164].

Cooperation of p75NTR and TrkB receptors increases the affinity of mBDNF for
the complex and the pro-survival, growth-related signaling will be enhanced [147, 165].
On the contrary, when p75NTR forms a heterodimer with sortilin (a transmembrane
protein that regulates neurotrophin sorting), the resulted complex acquires a higher
affinity for ProBDNF. The cell death-signalling pathway will then be activated through the
induction of several proapoptotic pathways [166]. Therefore, the biological role of pro-
peptide is beyond the traditional assistance in folding of the mature protein. It has been
shown that the BDNF pro-peptide is biologically active as a synaptic modulator, that
facilitates long-term depression when directly binds p75NTR receptor [167]. From
different downstream signaling cascades, the PLCy pathway has been suggested to
mediate rapid BDNF-related effects that happen within seconds to minutes, while the
other two (MAPK, and PI3K) work more slowly through changes in gene transcription
[147].
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1.4.2.2.1 MAP kinase pathway

When TrkB becomes phosphorylated at Tyr*®© and Tyr°!, its affinity for Src
homology 2 domain containing adaptor protein (Shc) increases. Upon binding to the
specific phosphorylated sites, the growth factor receptor bound protein 2 (Grb2) will be
recruited. Grb2 makes a complex with SOS, which is an exchange factor for Ras. Ras
acts upstream of ERK (extra cellular signal-regulated kinasel/2) in the MAK cascade,
activating Raf protein Ser/Thr kinase. That in turn leads to the activation of MEK (MAP
kinase/ERK kinase), which can activate ERK1/2. Active ERK can then transfer to the
nucleus, activating transcription factors such as CREB. The phosphorylated CREB can
bind to the Bdnf/BDNF promoter inducing its transcription. BDNF-ERK-CREB signaling

pathway plays a major role in cell survival, synaptic structure, and plasticity [168-171].
1.4.2.2.2 PLCy pathway

TrkB Phosphorylation at Tyr816 generates inositol 1, 4, 5-triphospahte (IP3) and
diacylglycerol (DAG). IP3 is responsible for Ca?* release from internal sources, leading to
the activation of Ca?'/calmodulin-dependent protein kinases. This results in CREB
phosphorylation and a cascade is initiated that continues similar to MAPK pathway [172,
173]. DAG on the other hand, stimulates protein kinase C (PKC), phosphorylation of
which can activate different proteins including ERK1/2 (Figure 1.7) [173].
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Figure 1.7 Schematic representation of the neurotrophin receptor signalling
pathways. Binding of a neurotrophin to its Trk and/or p75 receptor activates several
downstream pathways with different, and sometimes opposing functions. Taken from
Moses v. Chao's publication [163]. By permission of Springer Nature, License Number
4444860490039.

1.4.2.2.3 PI3K pathway

Activation of PI3K by BDNF can be associated with the combined action of RAS
[174] that can also activate AKT, an important kinase that phosphorylates mTOR
(mammalian Target of Rapamycin). The signal transduction cascades that activate mTOR
pathway is involved in the regulation of protein translation and that is where BDNF may

become involved in local protein synthesis [175, 176].
1.4.3 BDNF/Bdnf regulation

Membrane depolarization in neurons could be induced by sensory stimuli [177-
179], activation of glutamate receptors [180-182], or seizure [183] with a positive
regulatory role on BDNF transcription. It has been shown that binding of cCAMP response
element-binding protein (CREB) to cAMP/Ca?*-response element (CRE) in the promoter
IV of human BDNF gene is critical for activity-dependent transcription from this promoter.

Human promoter IX can be also induced by neuronal activity. CRE and PasRE (basic
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helix-loop-helix-PAS transcription factor response element) contribute to the induction of
this promoter [184]. BDNF/Bdnf transcription is reported to be regulated at least partly by
epigenetic factors. Decreased methylation of cytosine residues in CpG dinucleotides at
the BDNF/Bdnf promoter IV has been shown in transcription induction of the gene by
neuronal activity. That is where MeCP2 can play its role as a transcriptional regulator by
binding to methylated DNA in the region of BDNF/Bdnf promoter IV [129].

A few studies have examined histone modifications as another epigenetic regulator
of BDNF transcription. For instance, an increase in histone methyl transferase H3K4 tri-
methylation, a marker of active chromatin, has been shown at the BDNF promoters | and
IV during the BDNF upregulation in the course of transition from fetal to childhood and/or

young adult stages [185].

MicroRNAs (discussed in next section), are among epigenetic regulators that can
modulate BDNF expression. Several microRNAs have been studied in this regard. It has
been shown that miR-1, miR-106, miR-155, and miR191 can supress BDNF gene
expression by binding to the BDNF 3'UTR [186]. There is a long list of miRNAs predicted
to target BDNF, and miR132, as part of my study that is explained in the next section, has
been reported to regulate BDNF [187].

1.4.3.1 Role of MeCP2 in BDNF regulation

There is still controversy about BDNF regulation by MeCP2. Earlier studies were
more in favor of a repression model. It was reported that membrane depolarization could
release MeCP2 from its binding site at the Bdnf promoter IV, resulting in Bdnf
transcriptional activation [129, 188]. MeCP2 phosphorylation at Ser*?! [128], and
decreased methylation of CpG sites within the Bdnf promoter IV [131], induced by
neuronal depolarization were thought to cause dissociation of MeCP2 and its co-
repressors (i.e. Sin3a and HDAC1) from the Bdnf promoter IV. Other studies showed
decreased Bdnf MRNA and protein in the Mecp2-null mice
(hemizygous Mecp2im1-1Jae mytant males of the Jaenisch strain, and cre93 Mecp2™),

suggesting of an activatory role for MeCP2 in Bdnf transcription [189, 190].
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There are other models that suggest a dual role for MeCP2 in BDNF regulation,
explains these discrepancies [191]. Based on a model studied in SH-SY5Y
neuroblastoma cells, MeCP2 remains bound to its target genes and the regulatory
complexes, which are recruited by its phosphorylation, may activate or repress
expression of these target genes [192]. MeCP2 phosphorylation is not the only
contributing factor in this dual operating model. Other epigenetic modifications can also
play a role. For instance, it has been shown that transcription of some of the microRNAs
that target the 3’'UTR of Bdnf transcripts are controlled by MeCP2 [89]. Furthermore,
changes in MeCP2 might affect not only the expression of BDNF/Bdnf at the transcription
level, but it might also affect the translation or stability of BDNF protein. That might explain
some of the discrepancies between the different models that have studied BDNF in
transcript or protein level [193].

1.4.4 BDNF and pathophysiology of RTT

Studies on RTT mouse models have shown reductions in BDNF expression after
the first 3-4 postnatal weeks at the same time that RTT-like features start to appear. The
decrease manifests first in caudal parts of the brain (brainstem and cerebellum), and

gradually the entire brain is involved [191].

There are controversial results about BDNF impairment in the brain of RTT
patients. While two reports show that the level of BDNF protein in cerebrospinal fluid
(CSF) and blood serum of RTT patients is comparable with unaffected controls [194, 195],
there are other studies that describe lower transcript level of BDNF in RTT brain samples
compared to controls. Technical limitations especially for the assessment of protein levels
might be the reason behind the disparities [196, 197].

In addition to the above-mentioned controversies, the functional consequences of
reduced BDNF are not fully clear. Animal models with Bdnf loss-of-function mutations
show features similar to Mecp2-null mutants or models with RTT causing MeCP2
mutations. Smaller brains and neurons with reduced dendritic arborisation, impaired
hippocampal LTP (Long-term potentiation) in Bdnf -, or Trkb 7~ mice [198], as well as

irregular breathing and impaired locomotion [199, 200] are a few examples. Moreover,
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overexpression of Bdnf in Mecp2-null mice (cre93 Mecp2?) has improved survival as

well as locomotor function in this model [189].
1.5 MicroRNAs

MicroRNA (miRNAs) are members of non-coding RNA family with a length of ~22-
23 nucleotides that can regulate a vast number of biological events through gene
silencing. In the genome, miRNA genes can be localized within the introns of coding
genes (host genes) or in areas without known coding activity either as a single gene or
as clusters of genes [201]. The process of mIRNA biogenesis is tightly controlled in a
temporal and spatial manner, and its deregulation has been shown to be associated with

several human diseases [202].
1.5.1 miRNAs maturation pathways and function

RNA poll 1l transcribes miRNA genes under the influence of different transcription
factors (such as p53 or MYC) and epigenetic controls (such as DNA methylation or
histone modification). The primary transcripts (pri-miRNA) are typically over 1 kb in length
and consist of a stem-loop with 33-35 nucleotides and two single-stranded RNA segments
at 5 and 3’ ends [203]. The maturation process starts in the nucleus with the nuclear
RNase lll, Drosha, and its cofactor, Pasha (DGCRS8). They form a complex called
microprocessor crops the stem-loop and releases the pre-miRNA, a hairpin-shaped RNA
of 65 nucleotides. In the next step, pre-miRNA is exported to the cytoplasm by a transport
complex made of exportin5 and GTP-binding nuclear protein (RAN.GTP). In the
cytoplasm, the RNase Dicer in complex with double stranded RNA-binding protein TRBP
cleaves the pre-miRNA hairpin to its mature length. The functional strand of the mature
mMiRNA, guide strand, is loaded together with Argonaute (Ago2) proteins to make RNA-
induced silencing complex (RISC). This functional strand guides RISC to silence target
MRNAs with partially complementary binding sites within their 3'UTRs called
microRNA response elements (MRE). The guide strand acts through mRNA cleavage,
translational repression or de-adenylation, whereas the other strand (passenger or
miRNA") is usually degraded after release (Figure 1.8). Depending on the context,

mMiRNAs might be more involved in mMRNA degradation or local regulation of mRNA
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translation [202, 203]. It is worth mentioning that in addition to their initially described
function, miRNAs can also bind to the other regions of mMRNA rather that 3’UTR and can
have a positive effect on gene expression via binding to target gene promoter(s) [204,
205].
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Figure 1.8 miRNA processing pathway. Taken from Winter et al paper [203]. By permission of
Springer Nature, License Number 4441380946316.

1.5.2 Role of miRNAs in CNS development

There is still many points to be clarified about how miRNAs regulate their target
genes. However, we know that miRNAs affect the process of nervous system

development during the embryonic patterning and into neural differentiation, and plasticity
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[206]. More recent studies have also shown important role of miRNAs in the adult synaptic

plasticity and cognition [201].

Time-specific spatially restricted or cell type-specific miRNAs can play roles in cell
fate determination of neuronal precursor cells toward neurons or glial cells. This happens
mainly during embryonic development for neurons and continues in early post-natal, for
glial differentiation. miRNAs are also associated with adult neurogenesis in localized parts
of the adult brain such as subgranular zone of the hippocampus, which is important in
learning and memory. In addition, miRNAs have been shown to be involved in more
specific glial or neural cell type determination. miRNAs also play role in migration of
newborn neurons to their specific locations as well as neuronal polarization, which refers
to functional separation of neuron processes to the axonal and dendritic compartments.
Axonal branching and dendritogenesis are another area that neuronal miRNAs may
regulate. They also affect maturation of neurons that happens through connection with
proper targets. The dynamic structure and function of synapses give them the ability to
respond to external stimuli. This process known as synaptic plasticity is also affected by
MiRNAs reaction to activity dependent pre- and post-synaptic physiology [206].

In summary, several studies have highlighted the regulatory role of miRNAs in
every aspect of neural development, and their impairments have been observed in

several neurologic disorders such as schizophrenia, autism, and RTT [201].
1.5.3 miR132 and its effects on neural structure and function

Among the many miRNAs that are present in the CNS, miR132 is expressed in an
activity-dependent manner. This microRNA has a highly conserved sequence among

vertebrates and is regulated by CREB as the transcription factor [207].

miR132 not only affects neuronal morphology, but it also controls neuronal
function. One supporting evidence for such an activity comes from a study that shows
BDNF-induced axonal branching in mouse retina can be promoted by miR132 [208]. This

activity-regulated miRNA also regulates dendritogenesis in mice and chicks [209, 210].
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miR132 also plays a role in dendritic spine morphogenesis, affecting synaptic plasticity
[211, 212].

Deregulation of miR132 has been shown to be associated with different
neurological disorders as expected from its role in neuronal development and function.
Downregulation of miR132 in the brain of patients with Huntington’s disease,

schizophrenia, and bipolar disorder are a few examples [213, 214].

The location and function of miR132 is not limited to neurons. Its level changes in
immune-related contexts and there is increasing evidence for miR132 involvement in
inflammatory processes. For example, inflammatory conditions induce miR132 level in
different cell types such as monocytes, mast cells, and lymphatic endothelial cells. There
are also reports suggesting that hormone and nutrition condition can regulate miR132
[215]. Furthermore, the function of miR132 encompasses areas like tumorigenesis. For
instance, miR132 level has been shown to decrease in pancreatic cancer or increase in

chronic lymphoblastic leukemia when compared to non-cancerous condition [216, 217].
1.5.4 Homeostatic regulation of MeCP2 by miR132

Multiple polyadenylation sites of MECP2/Mecp2 result in transcription with short
(~1.8 kb) or long (~10 kb) 3’'UTRs. The main transcript in the brain is the longer form with
highly conserved MRE for several miRNAs including miR132. The shorter transcript does
not have these sites [218]. While the basal level of miR132 is low before birth, it has been
shown that this microRNA contributes to the BDNF-mediated neurite outgrowth in rat
neonatal neurons. On the other hand, miR132 introduction into rat primary cortical
neurons negatively affects the protein level of MeCP2 [219]. Forskolin and KCI treatment
both induce miR132 through CREB pathway, leading to decreased MeCP2 level. The
unchanged level of mRNA in this study is in favor of a post-transcriptional effect [187].
The authors also showed that MeCP2 overexpression as well as miR132 blocking could
increase BDNF IlI transcript while BDNF | without binding site for MeCP2 or miR132 MRE
did not change. In addition, in Jaenisch Mecp2- knockout mice both Bdnf IV and miR132
were decreased. Findings from the same authors that show MeCP2 increases BDNF

expression, together with reports that BDNF induces miR132 leads to the suggested
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homeostasis network that MeCP2 induces BDNF, which itself induces miR132 that
represses MeCP2 protein. From several studied miRNAs that can bind 3'UTR of Mecp2,
miR132 is the only one, which is enriched in the brain [187].

Another study has shown that during fetal stages, miRNAs other than miR132 (for
example miR483) can suppress MeCP2 protein. However, miR132 can fine-tune MeCP2

level in post-natal stages [220].

MeCP2 regulation by miR132 through binding to the evolutionary conserved
binding sites has been studied in animal models in different contexts from RTT [187] to
drug abuse [221], and pain transmission [222]. However, the limited number of studies
on human cells or brain samples are not consistent with the results from animal models
[220].

1.6 Rationale, hypothesis, and specific research aims

The two main isoforms of MeCP2 are identical in 96% of their amino acids. The
MeCP2EL1 isoform is slightly longer (498 amino acids in human) with 21 unique N-terminal
amino acids. The MeCP2E2 isoform, which is 12 amino acid shorter, has 9 unique N-
terminal amino acids [97, 100]. While MeCP2E1 isoform is present in all vertebrates, the
MeCP2E2 isoform is only found in mammals [223]. Predominance of MeCP2EL1 isoform
in the brain and the brain region-specific expression of the two isoforms have already
been shown in mice brain by independent groups including us [23, 70, 100]. In addition,
the half- lives of the two isoforms have been predicted to be very different, ~4 hours for
MeCP2E1, and ~100 hours for MeCP2E2 [224].

The fact that two isoforms of MeCP2 are highly similar, and observations such as
the capacity of MeCP2E2 overexpression in preventing key RTT-like phenotypes in RTT
mice models [122], point towards a functional overlap between the two isoforms.
However, the fact that mutations that only affect MECP2E1 can cause RTT, and
Mecp2el-specific knockout can generate RTT mouse models [225, 226], suggests that

MeCP2E2 is not capable of compensating for the lack of MeCP2E1 in vivo.
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It is not clear if the lower level of MeCP2E2 isoform, the specific function of each
isoform, or regional distribution of these isoforms in the brain are responsible for their

different functionality [225].

Due to limited availability of the human brain samples, and technical difficulties in
controlled assessments of these samples, distribution and level of the two MeCP2
isoforms has remained largely unexplored in the human brain. Moreover, research into
MeCP2 regulatory systems has mainly targeted animal models. A regulatory loop
composed of MeCP2, BDNF, and miR132 has been suggested to exist in the rat brain.
miR132, as a neuronal-specific microRNA (highly conserved among vertebrates [215])
inhibits MeCP2. Expression of this microRNA is induced by BDNF, which is controlled
itself by MeCP2 [187] as shown in Figure 1.9. Although a well-received study in the field,
the conservation of this regulatory loop has not been studied in the human brain to date.

'

MeCP2E1/E2 BDNF

(
& miR132 M/

Figure 1.9 Hypothetical MeCP2E1/E2-BDNF-miR132 regulatory network in the human brain.
This regulatory loop, studied in my thesis, is proposed based on the study in rat neurons [187].

1.6.1 Rationale

Currently, there are limited studies on how MeCP2 isoforms are regulated in the
brain, and how this regulation is impacted by different RTT-associated MECP2 mutations.
Furthermore, the role of BDNF deregulation in RTT pathophysiology is controversial. On

the other hand, due to challenges in research on post-mortem human brain tissues and
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limited access to human brain samples of this rare disease, many of our findings from
animal or cellular models have not been verified in the human brain. By studying
MeCP2E1/E2-BDNF-miR132 regulatory network in human brain tissues, this research is

aimed to address two fundamental questions on MeCP2 regulatory network:

1) Is MeCP2 regulatory network (MeCP2E1/E2-BDNF-miR132) conserved from

rodents to humans?

2) What are the impacts of RTT-associated MECP2 mutations on this regulatory

network?
1.6.2 Hypothesis

| hypothesize that MeCP2 isoforms are controlled by MeCP2E1/E2-BDNF-miR132
regulatory network in the human brain, and that MECP2 mutation causes molecular

deregulation of this network.
1.6.3 Research Aims
To address our hypothesis, two specific aims are proposed:

e Aiml: To study the components of the MeCP2E1/E2 regulatory network in
the frozen lysates of control and RTT human brain tissues.

e Aim2: To study MeCP2 and BDNF at the histologic level in formalin-fixed
control and RTT human brain samples, and verifying the impact of post-

mortem delay on their detection.
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2. Material and Methods

2.1 Ethics Statement

Our research on human brain tissues has been peer-reviewed and approved by
the University of Manitoba Bannatyne Campus research ethics board and Health
Research Ethical Board (REB) # HS20095 H2016: 337 for Dr. Mojgan Rastegar.

2.2 Frozen and formalin-fixed human brain tissue

Autopsy brain samples of four RTT patients, three females and one male, were
analyzed in this study, and compared with the brain samples of appropriate age- and sex-

matched controls. Table 2.1 summarizes the information about these brain samples.

T158M and R255X mutations in two of the studied RTT patients are the first and
third most common RTT-causing mutations. They affect main MeCP2 functional domains,
MBD and TRD, respectively [21]. The other two patients with the clinical diagnosis of RTT
had P152H (male RTT patient with a missense substitution) [123] and A201V (female
RTT patient with a polymorphism known to be associated with RTT) [21] mutations. The
formalin-fixed brain tissue of the male patient was used along with three female RTT brain
samples for Immunohistochemistry (IHC) studies. As the brain with P152H mutation did
not have optimal freezing condition (embalmed prior to freezing), only the brain tissues of
the three female patients were used for Aim 1. From the age- and sex-matched controls
used in this study, only the NIH sample # 5646 had both frozen and fixed tissues. The
rest of human brain samples were used for either molecular or IHC studies as shown in
Table 2.1. Based on the potential link to cognitive, behavioral, and locomotor impairments
in RTT, four brain regions (namely; the cortex, hippocampus, amygdala, and cerebellum)
were selected for molecular analysis of extracted RNA and protein. However, IHC studies

on formalin-fixed samples did not include amygdala, as it was not available for all cases.
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The slides of control human brain tissues including the tissue array of brain samples with
different PMDs, and slides of operative samples of brain and appendix were provided by
our collaborator, Dr. Marc Del Bigio, at the University of Manitoba for the IHC studies
(under his REB).

Table 2.1 Human brain samples used in present study. All patients and controls are
Caucasian. Three RTT brain samples were donated directly to our lab for research (*), two of
brain donations were coordinated through collaboration with Dr. Victoria Siu (Western University)
and obtaining proper consent for research (T158M and A201V). Donation of the brain for the
P152H (male RTT) was coordinated with direct contact (and consent) of the family members with
Dr. Mojgan Rastegar and further coordination with Dr. Marc Del Bigio. Three fixed brain samples
were provided by HSC pathology lab, Winnipeg, MB (). Post-mortem delay (PMD) shows the
interval between death and tissue preservation. Samples from NIH neuoBiobank were obtained
by Dr. Mojgan Rastegar and signed Material Transfer Agreement (MTA); Y(Years), M(Months).

NIH# RTT/Control Age Sex | PMD Storage Frozen/Fixed
(years) _ in. Tissue
Fixative
* T158M 13 F | <6h > 3.5Y Frozen/Fixed
* A201V 19 F 24 h > 3.5Y Frozen/Fixed
4516 R255X 21 F 9h > 14Y Frozen/Fixed
* P152H 44 M 72 h > 6M Fixed
a Control 14 F 24 h <1M Fixed
a Control 18 F 48 h <1M Fixed
5401 Control 19 F 22 h > 7.5Y Frozen
5646 Control 20 F 23 h >5Y Frozen/Fixed
5287 Control 23 F 15h >9Y Frozen
o Control 44 M 48h <1M Fixed
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2.3 Transcript Analysis

RNA was extracted from the cortex, hippocampus, amygdala, and cerebellum of
frozen brain samples by using TRIzole (Life Technologies Inc. 15596-062) as per
manufacturer’s guidelines. The frozen tissues were grinded by another lab member (Mr.
Carl Olson) and aliquots of brain tissues from each region were provided for protein/RNA
extraction required for this study.

2.3.1 RNA extraction

RNA extraction was done as previously reported [77]. Briefly, in a clean and
RNase-free condition, 0.5 mL of TRIzol was added to the frozen brain powders of about
50 mg in each tube. The mixture was then homogenized by pipetting up and down. After
incubation at room temperature for 5 minutes, 0.1 mL of chloroform per 0.5 mL of TRIzol
used for lysis, was added to each tube. After 3 minutes incubation at room temperature,
the tubes were centrifuged for 15 minutes at 12,000xg at 4°C. The colorless upper
aqueous phase was then collected and transferred to the new tube. Five microgram of
RNase-free glycogen was then added to the solution in addition to 0.25 mL of isopropanol
per 0.5 mL TRIzol used at the beginning. After incubating the mixture for 10 minutes at
room temperature, the tubes were centrifuged for 10 minutes at 12,000xg at 4°C. The
supernatant was then discarded and the pellet was washed with 0.5 mL of 75% ethanol
per 0.5 mL of starting TRIzol. The samples were then centrifuged for 5 minutes at
12,000xg at 4°C, the supernatant was discarded, and the RNA pellet was air-dried before
| re-suspend it in 30ul of RNase free water. It was then gently mixed and quantified by

NanoDrop 2000 micro-volume spectrophotometer, and stored in -80°C for further usage.
2.3.2 DNase treatment of extracted RNA

Ambion TURBO DNA-free™ kit was used to remove genomic DNA contamination.
One and a half microliter of the 10x TURBO DNase Buffer was added to 1 pl of TURBO
DNase enzyme and 1 ug of RNA. The total volume was reached to 10.5 ul by using sterile
RNase-free water. After being gently mixed, the tube was kept in 37°C water bath for 30

minutes. Then 2 ul of DNase inactivating reagent was added to the tube, mixed gently,
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and kept at room temperature for 5 minutes while it was flicked every one minute. Then
the tube was centrifuged at 13,000 rpm for 1.5 minutes and the supernatant was

transferred to a new tube and quantified again.
2.3.3 cDNA synthesis

One microliter of dNTPs, 0.1 ul of Random primers, and 500ng of DNase treated
RNA were diluted to 13 pul in sterile water. After mixing gently, the tube was incubated on
a hot plate of 65°C for 5 minutes. Then it was moved to an ice where it was incubated for
2 minutes. After a brief spin, 4 pl of 5x First Strand Buffer, 1 pl of 0.1 M DTT, 1 pl of
RNaseOut, and 1 pl of Superscript Il Reverse Transcriptase (from Invitrogen) was added
to 13 pl of the cDNA synthesis mix. Then the tube was incubated at room temperature for
5 minutes followed by 60 minutes incubation at 50°C and 15 minutes incubation at 70°C
on hotplate. The tube containing the synthetized cDNA was then transferred onto ice and

stored in -20 until being used.
2.3.4 Quantitative real time polymerase chain reaction (QRT-PCR)

Quantitative RT-PCR performed in a Fast 7500 Real-Time PCR machine (Applied
Biosystems) by using SYBR Green-based RT-PCR Master Mix (Applied Biosystems).
Transcripts levels of MECP2 isoforms and BDNF were assessed using the primers listed
in Table 2.2.

The gRT-PCR reaction mix was made of 1 ul primer mix, 10 ng template, 10 pl
SYBR Green, and ultra pure water (Invitrogen) up to 21 pl of volume. Ten microliter of the
reaction mix was added to each well in duplicate. The condition of gRT-PCR for the used
primers (MECP2E1, MECP2E2, BDNF, and Glyceraldehyde 3-phosphate
dehydrogenase, GAPDH ) was already optimized in Dr. Rastegar’s lab and the running
method was 95°C (10 minutes), 35 cycles of 95°C (15 secnds), 60°C (1 minutes), 72°C
(45 seconds), and 72°C (10 minutes), followed by a melt curve of 95°C (15 seconds),
60°C (1 minutes), 95°C (30 seconds), and 60°C (15 seconds).
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The AACT method was used to measure relative expression of target genes, and
results were normalized to GAPDH as the housekeeping gene. Microsoft Excel 2.10 and

GraphPad Prism 7 were used for the analysis of the results.

Table 2.2 List of primers used for gRT-PCR in this project.

Gene Forward (5’ to 3’) Reverse (5’ to 3’) Ref
MECP2E1 AGGAGAGACTGGAGGAAAAGTC CTTGAGGGGTTTGTCCTTGA [97]
MECP2E2 CTCACCAGTTCCTGCTTTGATGT CTTGAGGGGTTTGTCCTTGA [97]
BDNF TAACGGCGGCAGACAAAAAGA GAAGTATTGCTTCAGTTGGCCT [227]
GAPDH CCACTCCTCCACCTTTGAC ACCCTGTTGCTGTAGCCA [228]

2.3.5 TagMan assay for miR132 detection

The TagMan®MicroRNA assay kit from ThermoFisher was used to analyse and
guantify miR132. First cDNA was reverse transcribed from DNase-treated RNA by
TagMan®MicroRNA reverse transcription kit (ThermoFisher Cat. No. 4366596). First, 5ng
of DNase-treated RNA from a 1 ng/ul diluted solution was added to a master mix
composed of 0.15 pL of dNTPs, 1 pl of MultiScribe™ Reverse Transcriptase, 1.5 uL of
10x Reverse Transcription Buffer, 0.095 puL of RNase Inhibitor (Invitrogen Cat. No.
10777019), 4.255 uL of Nuclease-free water, and 3 pl of 5x RT primer. After mixing gently
and spinning briefly, the tubes were put in the thermocycler (Eppendorf® Mastercycler®
pro S) at 16°c (30’), 42°c (30’), 85°c (5’). The tubes were then incubated on ice until RT-
PCR reaction. The RT reaction mix was prepared from adding 1pL of TagMan®
MicroRNA Assay (20x) in a light protection condition (as it is sensitive to light), to 10 pl of
TagMan® Universal PCR Master Mix (2x) from ThermoFisher with Cat. No. 4304437,
7.67 uL of Nuclease-free water and 1.33 uL from primary cDNA product. The final volume

of 20 pL was then divided into 2 wells of RT-PCR plate in two technical replicates and
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RT-PCR was performed. The running method for miR132-3p, miR132-5p, and U6 was
95°C (20 minutes), 40 cycles of 95°C (3 seconds), 60°C (30 seconds).

The TagMan primers from ThermoFisher (hsa-miR132-3p, Cat. No. 000457 and
hsa-miR132-5p, Cat. No. 002132) were used for the two strands of miR132 and the
results were normalized to U6 snRNA (endogenous control for human and mouse

#001973), with the same analysis method as the other studied genes.
2.4 Western Blot (WB)

2.4.1 Extraction and quantification of nuclear and cytoplasmic protein fractions

Nuclear and cytoplasmic protein fractions were isolated from the cortex,
hippocampus, amygdala, and cerebellum of frozen brain samples by NE-PER Extraction
Kit [Thermo Scientific, Cat. No. 78833]. Based on previous studies in our lab [70], and
according to the manufacturer’s instruction the ice-cold Cytoplasmic Extraction Reagent
that | mixed with Roche Protease Inhibitor (PI), Cat No. 11 836 153 001, was added to
the frozen tissue powder (200 pl for 20 mg of tissue + 4 ul of PI). After 15 seconds of
vigorous vortex, it was incubated on ice for 10 minutes. At the next step, Cytoplasmic
Extraction Reagent Il was added to the mixture (11 ul for 20 mg of tissue), then it was
mixed for 5 seconds before incubation on ice for 1 minute and then centrifugation at
16,000x g for 5 minutes at 4°C. The supernatant containing the cytoplasmic fraction of
protein was transferred to pre-chilled tubes and kept on ice for aliquoting and later storage
at -80°C. The pellet in the first tube was resuspended in ice-cold Nuclear Extraction
Reagent mixed with Roche PI (100 ul for 20 mg of tissue + 2.5 ul of PI). Then it was mixed
vigorously for four rounds of 15 seconds every 10 minutes. Subsequently, the mixture
was centrifuged at 16,000x g for 10 minutes at 4°C. The supernatant which contained the
nuclear fragment of protein extraction was aliquoted in pre-chilled tubes and stored at -
80°C.

Bradford assay using Bio-Rad Protein Assay Dye Reagents (#5000006) was used
for protein quantification according to the manufacturer’s instructions. Using a

spectrophotometer (SpectraMax M2e, Molecular Devices), the absorbance value of the
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mixture of samples and dye was assessed in comparison with a standard curve of Bovine
Serum Albumin dilution series. The Softmax Pro 5.3 was used for calculating the protein

concentrations.
2.4.2 Western Blot

Polyacrylamide gel of 12-15% containing Sodium dodecyl sulfate was used for
electrophoresis (SDS-PAGE). After denaturing for 5 minutes in boiling water, 20-30 ug of
nuclear and/or cytoplasmic protein extracts were loaded on to the gel for assessment of
MeCP2 and BDNF, respectively. Electrophoresis was performed at 100V in the cold room
at 4°C. Separated proteins were then transferred to nitrocellulose membrane (for
MeCP2E1 and MeCP2E2) or polyvinylidene difluoride membranes (for BDNF) and
blocked in 3-5% skim milk in Tris-buffered saline with 0.2% Tween 20 (TBST) for 3h at
room temperature. All primary antibody incubations were done overnight at 4°C. The
primary antibodies used in this project are listed in Table 2.3. This was followed by three
washes with TBST. Subsequently, membranes were incubated with peroxidase-
conjugated secondary antibody at room temperature for 1h. After three times washing
(each for 20 minutes) with TBST, an enhanced chemiluminescence method was used to
develop the membranes (EMD Millipore). After that, the membranes were exposed to X-
ray films and the developed films were scanned. Detected bands for WB on films were
guantified by AlphaEase software (6.0.0). GAPDH (Glyceraldehyde 3-phosphate
dehydrogenase) was checked on all membranes as the loading control and results for
each antibody was normalized to GAPDH. Primary and secondary antibodies used for

WB are listed in Table 2.3 and Table 2.4, respectively.
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Table 2.3 List of primary antibodies.

Primary Antibody Application and Description Source
Dilution
BDNF WB 1:500 Rabbit Abcam, Toronto, ON,
monoclonal Canada, ab108319
(within aa 1_50 tothe C- IHC 1:2000
terminus)
BDNF ELISA Capture and Mouse Millipore, Billerica, MA,
Detection monoclonal USA,RAB0026
(within aa 128-247)
GAPDH WB 1:3000 Rabbit Santa Cruz, Dallas, TX,
polyclonal USA, sc25778
MeCP2E1 WB 2 ug/ml Chicken Home-made [70, 101]
polyclonal
MeCP2E2 WB 2 ug/ml Chicken Home-made [101]
polyclonal
MeCP2 IHC 1:100 Rabbit Millipore, Billerica, MA,
polyclonal USA, 07-013
(C-terminus)
Table 2.4 List of secondary antibodies.
Secondary Antibody Application and Source
Dilution
Peroxidase-AffiniPure WB 1:7500 Jackson ImmunoResearch
donkey anti-rabbit IgG 711-035-152
Biotin-Streptavidin IHC 1:300 Jackson ImmunoResearch
conjugated goat anti-rabbit 111-665-144
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2.5 Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA method was used to quantify BDNF protein because many regions had very
low expression for BDNF in Western blots. Human BDNF ELISA kit from Sigma-Aldrich
(RAB0026) was used according to the manufacturer’s instructions. Intra and inter-assay
coefficients of variation were <10% and <12% respectively, and the sensitivity was
determined to be 80 pg/ml. BDNF level was checked in the cytoplasmic protein extract of

brain samples.

First, we brought all reagents and samples to room temperature. Then, we added
100 L of each standard or sample to the capture antibody pre-coated wells. We next
covered the plate and incubated it for 2.5h at room temperature with gentle shaking. At
the next step, we discarded the solution and washed the wells 4 times with 300 ul of 1x
Wash Buffer by using a multi-channel pipettor. The wash solution was removed
completely at each step, and after the last wash, the plate was inverted and tapped gently
against clean paper towels. Hundred microliter of 1x prepared detection antibody solution
was then added to each well. The plate was covered and incubated for 1h at room
temperature with gentle shaking. After discarding the solution and repeating wash
procedure, 100 uL of prepared Streptavidin solution was added to each well. Covered
plates were incubated for 45 minutes at room temperature with gentle shaking. Next, the
solution was discarded and followed by 4 times wash. After that, 100 pL of TMB One-
Step Substrate Reagent was added to the wells and incubated for 30 minutes at room
temperature in the dark and with gentle shaking. Finally, 50 uL of Stop Solution was
added to each well and the absorbance was measured on a SpectraMax M2e plate reader
(Molecular Devices) at 450 nm. The concentrations were calculated based on a standard
curve that was generated by the Softmax Pro 5.3. BDNF level was calculated as ng/mg
of total protein in the extract. The information about BDNF antibody in ELISA kit is
presented in Table 2.3.
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2.6 Immunohistochemistry (IHC) by 3, 3’-diaminobenzidine (DAB)-

labeling

Formalin-fixed paraffin-embedded sections of human brain samples (5um thick),
prepared in HSC pathology lab, were deparaffinized by placing the slides in a glass rack
and putting it in the oven for 30 minutes in 60-65 °C and then in four jars of xylene (4
minutes in each jar). At next step decreasing concentrations of ethanol (100%, 95%, 70%,
H20) were used for tissue rehydration. Then, the heat-induced antigen retrieval process
was performed in Tris-EDTA buffer at PH=9 except for the over-fixed brain samples that
hydrogen chloride at pH=3 showed the best results. For each condition, one litter of the
buffer was added to the rice cooker and the slides, transferred to metal rack, were placed
in the boiling buffer for 20 minutes. The slides were incubated in the buffer for another 5
minutes while the rice cooker was turned off and its lid was open. Then they were
transferred to a glass rack and put in the water for another 5 minutes and then to a jar of
3% peroxidase (Fisher Chemicals, Cat. No. 7722-84-1) in methanol for 10 minutes in
order to quench the endogenous peroxidase. After that, a 10% blocking serum with 1%
BSA/PBS was used to reduce non-specific bindings of the antibodies. Sections were then
incubated for 2h at room temperature with 400 microliter per slide of either 1/100 diluted
rabbit polyclonal MeCP2 antibody (Millipore, 07-013), or 1/2000 diluted rabbit monoclonal
BDNF antibody (Abcam, 108319). The antibody diluent used in all steps was a solution
made from 1x Phosphate-buffered saline (PBS) and 0.5% Bovine Serum Albumin (BSA).
The Biotin-Streptavidin conjugated goat anti-rabbit antibody (Jackson Immuno Research
111-665-144) and Peroxidase-Conjugated Streptavidin were both used with 1/300
dilution as secondary and tertiary antibodies. The 3, 3’-Diaminobenzidine (DAB) in H202
(10/1) was the chromogen solution for visualising the proteins. The chromogen solution
(400 pL for each slide) was added to the slides while they were protected from light. After
incubating with DAB solution for 8 minutes in order to detect MeC2, and 5 minutes in
order to detect BDNF, the slides were dipped into water. After 5 minutes, all sections were
counterstained with Hematoxylin (Fisher Chemical Cat. No. 28-600-99). In order to do
that, the slides were immersed in hematoxylin for 30 minutes, then rinsed under the tap

water, and next dipped 3 times in acid alcohol (10 mL of concentrated HCI in 1L of 70%
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ethanol), once in water, and 3 times in ammonia water (7.5 ml of concentrated ammonia
in 1L H20). Finally the stained slides were dehydrated by dipping in the increasing
concentrations of ethanol (70%, 95%, 100%), and Xylene. Coverslips were mounted to
the slides by Permount Medium from Fisher Chemical (Cat No. SP15-100).

IHC slides were examined by an Axio Observer Z1 inverted microscope (Carl Zeiss
Canada Ltd). Images were obtained and analyzed using Zen software (Carl Zeiss Canada
Ltd.), and assembled into figures using Adobe Photoshop C5 and Adobe lllustrator C5.
The information about antibodies used for IHC are presented in Table 2.3.

2.7 Statistical Analysis

GraphPad Prism software was used for statistical analysis and generating the graphs.
Statistical significance was determined by one-way ANOVA with multiple pairwise
comparisons among different brain regions for transcript assessments and protein
quantifications by ELISA. Student’s t-test was used to compare controls and RTT samples
for these parametric data. Western blot non-parametric results were analysed by Kruskal-
Walllis, and Mann-Whitney tests. The significance level was determined at *P<0.05, **P<
0.01, **P< 0.001, and ****P< 0.0001.
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Autopsy brain samples of four patients with a diagnosis of RTT and with four
different MECP2 mutations were compared in this study with their age and sex-matched
controls. A summary of the information about these RTT samples in addition to the control
brain tissues used in this project is provided in Table 2.1. Frozen brain samples of four
different brain regions (cortex, hippocampus, amygdala, and cerebellum) from three
female RTT patients and their age and sex-matched controls was used to study transcript
and protein level of MECP2/MeCP2 isoforms, BDNF/BDNF, as well as miR132-3P, and
miR132-5P. Formalin-fixed parts of all four RTT brains (three female and one male) were
available for three regions (cortex, hippocampus, and cerebellum), and were used for
histological studies of the total MeCP2 and BDNF proteins. The male RTT brain was not
used for the first aim of our project as it had not been frozen properly. In addition, the
amygdala was not included in histological studies as it was not available for all fixed brain

samples. Our plan for the experiments was adapted with these conditions.

The limited IHC studies on RTT brain samples for total MeCP2 go back to 2002
[23, 229]. After 16 years, we tried to reopen the discussion about the challenges in MeCP2
immunolabeling of human brain samples. In order to do that, we studied the total MeCP2
in different regions of human brain, and for the first time we have targeted Post- Mortem
Delay (PMD), as one of the potential factors that affect IHC staining. Furthermore, as the
unpublished data from our lab had shown similar pattern among human brain tissues
stained by antibodies against total MeCP2 and MeCP2E1, and in order to have a point of
reference in the literature, the focus of my IHC studies was total MeCP2 in addition to
BDNF.
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3.1 Clinical history of studied RTT patients and the pathological

findings in post-mortem brain samples

The clinical history of RTT patients and the macroscopic description of autopsy
brain samples presented below are based on the information we received from London
Health Sciences Centre Genetics Clinic (for cases #1 and #2), NIH NeuroBioBank (for
case #3), and Ontario Forensic Pathology Service (for case #4). Reports of macroscopic
examination for the three non-NIH brain samples used in this study was provided by Dr.
Marc Del Bigio, neuropathologist and our collaborator in this research. Histopathologic
studies of three brain regions (cortex, hippocampus and cerebellum) in three RTT patients
and their sex- and age-matched controls were performed on Hematoxylin and Eosin
(H&E) stained slides prepared by Pathology, and Human Anatomy and Cell Science

Departments at the University of Manitoba as a paid service.
3.1.1 Case | (T158M)?

The first patient was a 12.5-year-old girl from Ontario, Canada who was born
apparently normal without any remarkable medical condition before or after birth. She
started showing gradual regression and delay in developmental milestones after 6 months
with a further advancement at 18 month, when she stopped walking and purposeful hand
movement, and became nonverbal. Repetitive abnormal hand movements, autonomic
abnormalities (such as cardiac arrhythmia, and respiratory problems), and seizure
disorder were later added to the clinical picture of the disease. She had generalized
polyspiking waves (grade-four dysrhythmia) in electroencephalography, and mild brain
atrophy was reported by Magnetic Resonance Imaging of the head. She was labeled as
a Rett Syndrome patient clinically when she was 3 year old, and the genetic testing
showed a mutation in exon 3 of the MECP2 gene designated as 473C>T (non-

conservative amino acid substitution pThrl58Met). Her seizure disorder was treated

a Additional information about this case is presented in Olson CO, Pejhan S, Kroft D, Sheikholeslami K,
Fuss D, Buist M, Sher AA, Del Bigio MR, Sztainberg Y, Siu V, Ang LC, Sabourin-Felix M, Moss T, and
Rastegar M: MECP2 mutation interrupts Nucleolin-mTOR-P70S6K signaling in Rett Syndrome Patients.
Frontiers in Genetics. doi: 10.3389/fgene.2018.00635 (accepted manuscript).
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initially with Phenytoin and later with Valproic acid. Following her gradual neurological
decline, she became dependent on gastrostomy tube for feeding and positive pressure
airway support (BiPAP) nightly. She succumbed to respiratory failure before turning 13.
Her family donated her brain to our lab for research purposes through arrangements by
Dr. Victoria Siu from Western University, London, Ontario, and in collaboration with Dr.
Mojgan Rastegar. We received the brain with its right half frozen, and the left half formalin-

fixed.

The brain was small (7979 in weight before fixation) with bilateral patchy orange
discoloration on the internal surface of the dura and adjacent to the falx cerebri, due to
partially resolved subdural hemorrhage. Slightly thinner corpus callosum in posterior area,
and mildly enlarged lateral ventricles were the only findings in gross examination of the
brain (Figure 3.1 A). No focal abnormalities were seen in the cerebellum.

Microscopic examination of H&E stained slides did not reveal eosinophilic neurons
or inflammation in the studied regions of the brain. Congested areas were present in
different studied regions including hippocampus. Our collaborator, Dr. Marc Del Bigio
performed neuropathological examination on the brain slides and reported subjectively,
increased cell density and smaller pyramidal neurons in comparison to an age and sex-
matched control (Figure 3.1 B, C).

Specific staining and IHC studies were performed in the Pathology Department for
markers other than what we looked for in this project. They showed diffuse mild microglial
activation in the white matter and leptomeninges through immunostaining for the Human
Leukocyte Antigen (HLA)-DR. However, there were no microglial nodules in gray matter
structures (which would have been suggestive of neuronal death). Immunohistochemistry
studies for Neurofilament showed no abnormalities in the cerebellum. In addition, the dura
exhibited hemosiderin-containing macrophages on the inner surface, which, stained with

Perls Prussian blue method.
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Figure 3.1 Gross and microscopic examination of 13 year-old RTT patient with T158M
mutation in MeCP2 protein. A) Left half of the hemisphere in coronal section of formalin-fixed
brain from RTT patient with T158M mutation shows mildly enlarged ventricle. B) Vascular
congestion is observed in H&E stained slides of T158M brain tissue, especially in the
hippocampus. C) Smaller pyramidal neurons and increased cell density are observed in
hippocampal region of T158M brain (Il) compared to age and sex matched control (I); Control
(CRL). Scale bars shown in two middle figures of part B are similar in all identical magnifications.
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3.1.2 Case Il (A201V)

The second patient was an 18.5-year-old girl without any known risk factor or
remarkable family history who was apparently normal up to 4 months of age. She was
referred to the Neurology clinic at the age of 7 months because of the delay in motor
development, which became more serious during the next two years. She developed
seizure episodes, which were treated with Lamotrigine. She was unable to talk, but
despite decreased central muscle tone, she could walk with support by a wide-based,
stiff-legged gait. With a height of 75th percentile, her head circumference was at 25th
percentile. She showed non-specific changes in EEG, but the rest of paraclinical tests
including magnetic resonance imaging of the head were reported as normal. In addition
to motor and cognitive features, the spontaneous laugh episodes she had led to the
clinical diagnosis of Angelman Syndrome eventhough it was not supported by the genetic
testing of chromosome 15q region. The diagnosis was then shifted toward Rett
Syndrome, and the sequencing of MECP2 gene showed an amino acid substitution
(c602C>T; pAla201V). The A201V sequence variant had been interpreted as clinical
neutral by the testing lab. According to Rett BASE, this is the 215t most commonly
reported amino acid substitution in RTT [21]. Some reports in the database suggest that
this is a polymorphism that does not cause the disease. She died when she had less than
19 years old. Her family donated her brain to our lab for research purposes through
arrangements by Dr. Victoria Siu from Western University, London, Ontario, and in
collaboration with Dr. Mojgan Rastegar. We received the brain while its right half was

formalin-fixed and the left half was frozen.

The brain was small (1179 g in weight before fixation). No obvious abnormalities
were found in gross examination or sectioning of different parts of the brain including the

cerebellum (Figure 3.2 A).

Microscopic evaluation of the H&E stained slides did not show evidence of neuron
death or inflammation. The dentate gyrus of the hippocampal formation was slightly thin
towards the end and focally hypocellular (Figure 3.2 B, C). The rest of studied sections

including the sections from the cerebellum were unremarkable.
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Figure 3.2 Gross and microscopic examination of 19 year-old RTT patient with A201V
mutation in MeCP2 protein. A) Right half of the hemisphere in the coronal section of formalin-
fixed brain from RTT patient with A201V mutation is macroscopically unremarkable. B) H&E
stained slides of brain tissue are not showing any remarkable change. C) Thin and slightly
hypocellular dentate gyrus is observed in the hippocampus of A201V brain (II) versus control (1);
Black arrows (hypocellular area of dentate gyrus); Control (CRL). Scale bars shown in two middle
figures of part B are similar in all identical magnifications.
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As mentioned for the previous case, specific staining and IHC studies were
performed in the Pathology Department for markers other than what we looked for in this
project. They showed a negative labeling in the cortex for NeuN (a neuron differentiation
marker), which could be the result of overfixation artifacts. Cortical lamination was
identified as normal with regular distribution of calretinin-immunoreactive inhibitory
interneurons. HLA-DR immunoreactivity showed microglial activation throughout
temporal and cerebellar white matter; which could be related to a premortem illness.
Immunostaining for Neurofilament showed the bodies of stellate cells in the molecular
layer of the cerebellum. Calretinin labeled brush cells in the granular layer.There were no

abnormal axonal varicosities.
3.1.3 Case lll (R255X)

The third patient was a 21-year-old girl who was clinically diagnosed with Rett
Syndrome at the age of three. She showed regression in developmental achievements at
about 16 months of age by arrest in speech development, difficulties in purposeful hand
movements, and losing her ability to potty train. Recurrent seizures, mostly complex
partial with consciousness alterations, started at the age of two. She lost her life nine days
before turning 21. Parts of her brain tissue were received by Dr. Mojgan Rastegar from
NIH NeuroBioBank, under a signed & approved Material Transfer Agreement (MTA)
between the University of Manitoba and NIH NeuroBioBank.

NIH NeuroBioBank reported slight cerebral atrophy and mild degenerative
changes in the cerebellum and substantia nigra. Post-mortem genetic analysis showed a
heterozygous C>T transition at nucleotide 763, which substitutes a stop codon for an
arginine at amino acid 255 of the MeCP2 protein (c.763>T, p. R255X).

Microscopic evaluation of H&E slides was unremarkable in different studied
regions except for less neuropil compared to age- and sex-matched control, which was
suggested subjectively by our collaborator, Dr. Marc Del Bigio, based on his experience
in Neuropathology. Artifacts apparently caused by fixative were also observed in different
brain regions (Figure 3.3 A, B).
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Figure 3.3 Gross and microscopic examination of 21 year-old RTT patient with R255X
mutation in MeCP2 protein. A) H&E stained slides of brain tissue are not showing remarkable
changes. B) Less neuropil is observed in cortical region of RTT brain with R255X mutation (II)
compared to age- and sex-matched control (I); Black Arrow (neuropil); Control (CRL). Scale bars
shown in two middle figures of part A are similar in all identical magnifications.
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3.1.4 Case IV (P152H)

The last patient was a 44-year-old man with a history of significant developmental
delay, who had been diagnosed at birth with cerebral palsy. He had scoliosis, sleep

apnea, and tremor.

Cytogenetic analysis was performed in 2011. Microarray analysis on peripheral
blood specimen showed a 0.313Mb deletion in chromosome region 1g32.1, which
resulted in the loss of one copy of RefSeq genes TMEM9, IGFN1, LAD1, and three OMIM
Morbid Map genes CACNALS, PKP1, TNNT2. The clinical significance of these findings

was considered unknown.

In 2012, Next Generation Sequencing Panel for X-Linked Intellectual Disabilities
(XLMR) showed a P152H mutation of MeCP2 caused by a suspected pathogenic variant
of MECP2 gene (exon 4, c.455C>A). In 2016, this mutation was reported in a male
individual with intellectual disabilities, which is the 4" patient in our study [123]. This
mutation has not been reported in RettBASE (database for Rett Syndrome) [21] yet.
Based on the authors of the report from 2016, the patient with P152H had muscle
weakness, regression of motor skills, spoke several words, and had a Clinical Severity
Score of 18. Experimental transfection of the mutant DNA into cultured cells had shown

a moderate effect on heterochromatin clustering.

In July 2017, he was diagnosed with squamous cell carcinoma that was identified
after drainage of a chronic "cyst" on his right lower chest/upper abdomen. Less than one
month after a surgical procedure on the skin lesion, he died suddenly and unexpectedly
in his sleep. Initially, his body was sent to the School of Anatomy at the University of
Toronto, where he was embalmed. Upon the request of his mother, a limited autopsy was
performed there and evidence of embalming was reported without any evidence of trauma
or meningitis. The brain samples were donated for research to Dr. Rastegar’'s lab.
Donation was coordinated by direct contact of the patient's mother with Dr. Mojgan
Rastegar, and consent for research in our lab. According to the guidance from our lab,
the brain was removed; a portion of the left frontal lobe was frozen (-80°C), and the

remainder was fixed before being sent to the University of Manitoba.
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Based on autopsy reports, the brain weight (1310 g) was within the normal range
for a male of his age [230]. Macroscopic evaluation performed by our neuropathologist
collaborator, Dr. Marc Del Bigio, showed an unremarkable dura with pale vessels. That
pallor was also observed in the right frontal lobe, right temporal lobe, left temporal lobe,
brainstem, and anterior aspects of the cerebellum, most probably as a consequence of
the embalming perfusion. The left parietal lobe, both occipital lobes, and the posterior
cerebellum apparently had not been perfused well. The anterior falx cerebri was partially
calcified. There were no obvious abnormalities in the gyral pattern. The cerebellum had
a normal size. Coronal sections through the cerebral hemispheres and horizontal sections

through the brainstem and cerebellum demonstrated no focal abnormalities (Figure 3.4).

Figure 3.4 Macroscopic examination of 44 year-old male RTT patient with P152H mutation
in MeCP2 protein. A) Unremarkable outer surface of right hemisphere of cortex and cerebellum.
The pallor, better seen close to the ruler, is due to the embalming perfusion. B) Unremarkable
coronal sections through the cerebral hemispheres except for the pallor caused by embalmment.

Microscopic evaluation of H&E slides as well as specific staining and IHC studies
were performed in the Pathology Department for markers other than what we looked for
in this project. The microscopic examination was reported as unremarkable without

features of dead neurons or inflammation. The only reported abnormality was in the left
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and right hippocampi at the level of the lateral geniculate nucleus where there were
considerable irregularities of the dentate gyrus. The posterior right hippocampus exhibited
rare slightly eosinophilic and pyknotic neurons in the CA1 sector. The dentate gyrus was
reported to be somewhat sparse and convoluted. Immunostaining of the frontal, temporal,
and parietal cortices performed for NeuN was reported to be variable, perhaps as a
consequence of the embalming fixation. The laminar pattern of cortical neurons was
reported as apparently preserved on the NeuN, non-phosphorylated neurofilament, and
calretinin  (calbindin  2) immunostainings. No abnormal immunostaining for
hyperphosphorylated tau protein (AT8 antibody) was reported. Immunostaining of
inhibitory interneurons in the frontal lobe with calretinin was reported as reduced; which
could be also a consequence of the embalming perfusion. Immunolabeling for
neurofilament revealed a few distended cell processes in the internal granular layer; the
significance of which is unclear. Perivascular spaces in the lateral temporal white matter
were seen in this report as slightly enlarged. Structural features of the brainstem and

organization of the cerebellar cortex were reported as normal.

Figure 3.5 shows the comparison between H&E stained slides of the three female
RTT and their age- and sex- matched controls. H&E stained slides were prepared in the

Pathology and Human Anatomy and Cell Science Departments as a paid service.
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Cortex Hippocampus Cerebellum

Figure 3.5 Histopathologic studies of three brain regions (cortex, hippocampus and
cerebellum) in three RTT patients and their sex-, and age-matched controls stained by
Hematoxylin and Eosin (H&E). There were not noticeable findings at microscopic level. Three
subtle changes are shown here: small pyramidal neurons and increased cell density in
hippocampal region of T158M brain (A4) compared to the control (A3); Thin and hypocellular
dentate gyrus in the hippocampus of A201V brain (B4) compared to the control (B3); Less neuropil
in RTT cortex with R255X mutation (C2) versus control (C1); Control (CRL); Year old (Y); 200x
Magnification. Scale bar shown in A5 is identical for the whole figure.
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3.2 Variations at the transcript level of MECP2 isoforms, BDNF, and
miR132

In order to evaluate the predicted regulatory network including MECP2 isoforms,
BDNF, and miR132 (Figure 1.8) at the transcript level, we extracted RNA from human
brain samples, and performed gRT-PCR and TagMan assay as explained in chapter 2.
The results from different regions of the brain were compared. In addition, the results from

RTT samples were compared with their age-, and sex matched controls.
3.2.1 Transcript level of MECP2 isoforms in the brain of RTT patients and controls

The expression level of MECP2 isoforms in four different brain regions (cortex,
hippocampus, amygdala, and cerebellum) was determined by gRT-PCR in both control
and RTT brain samples. These four regions were selected based on their potential link to
cognitive, behavioral, and locomotor impairments observed in RTT patients. Quantitative
data were normalized to GAPDH as an internal housekeeping gene. Comparison studies
of the two isoforms indicated that MECP2EL1 is the main isoform at the transcript level in
all of the studied brain regions in the control and RTT patients (Figure 3.6 A, B). The
transcript level of MECP2 isoforms varied between different brain regions, with
cerebellum showing significantly higher level for both MECP2E1 and MECP2EZ2
transcripts compared to the other tested regions. Only MECP2E1 level in cortex of
controls was roughly comparable with cerebellum and was significantly higher than the

level of MECP2EL1 in the hippocampus.

As presented in Figure 3.6 C, both MECP2 isoforms showed significantly lower
transcript level when the average of all three RTT patients was compared to the mean of
controls (considered to be 100%). There was also a difference between the four studied
brain regions in this regard in a way that in the cortex, MECP2E1 transcript had the
minimum RTT/Control ratio of around 40% that was significant (P<0.001), while in the
hippocampus the RTT/Control ratio was around 80% without any statistical significance
(Figure 3.6 C).
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Figure 3.6 Transcript levels of MECP2E1, MECP2E2, BDNF, and miR132. In all studied brain
regions of three RTT (B, E) and controls (A, D), MECP2E1 and miR132-3P are significantly higher
than MECP2E2 and miR132-5P, respectively. Cerebellum in comparison with the other three
regions shows the highest level for all the studied transcripts except for microRNA132 (A, B, D,
E, G, and H). RTT patients are showing lower transcript levels of MECP2E1, MECP2E2, BDNF,
miR132-3P, and 5P in four studied brain regions compared to their age-, and sex- matched
controls (C, F, I). Cerebellum has exceptionally similar level of miRNAs in RTT and controls (F).
Cortex (Cx), Hippocampus (Hp), Amygdala (Am), Cerebellum (Cb); N=3+Standard Error of the
Mean (SEM); One-way ANOVA with multiple pairwise comparisons used among different brain
regions. Student’s t-test was used to compare controls and RTT samples for each parameter. The
significance level was determined at *P<0.05, **P< 0.01, ***P< 0.001, and ****P< 0.0001.

3.2.2 Transcript detection of miR132 and BDNF in the brain of RTT patients and

controls

To evaluate the level of miR132 in RTT and control human brain, we performed
TagMan real time PCR assay for both 3P and 5P strands. My data indicated that miR132-
3p was the dominant transcript with statistical significance (P< 0.0001) in all four studied
regions of brain and not only in the controls, but also in RTT patients (Figure 3.6 D, E).
While miR132-5P strand was detected at very low levels, it still followed the same pattern
as the miR132-3P strand.

Previous studies on the role of miR132 in MeCP2 regulation focused on the guide
strand of this microRNA (3P) [187, 215, 222]. However, it was shown that the passenger
strand of miR132 (5P), can also be stimulated by neurotrophins, and it has been
suggested that it can regulate different mRNA target based on its different sequence
(Figure 3.7) [231].

0@’@\9 , & = "
%-@—@ @} »-a-a-0-d-0-0-0-—-<o Q-p-c-g-@-c-d-p-a-q
00Q @ P005000d 0000006000
© 9599 o°

Figure 3.7 Predicted structure of human pre-miR132. The sequence of guide strand of miR132
is shown in red, the passenger strand sequence is indicated in grey and hydrogen bounds are
shown in blue. Adapted from Wanet et al paper [215]. By permission of Oxford University Press,
License Number 4441120461177.
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Noticeably, and in contrast to MECP2E1/E2 transcripts, the lowest level of miR132
was detected in the cerebellum. The fact that the highest transcript level of MECP2
isoforms was found in the cerebellum while it showed the lowest level for miR132, was in
line with the negative regulatory role of this microRNA on MeCP2 expression in rat brain
[187]. The other three brain regions showed quite similar levels of miR132 among RTT
patients. However, in control samples, cortex had a higher level of miR132 when
compared to hippocampus and amygdala (Figure 3.6 D, E). Finally, the RTT samples had
significantly lower level of miR132-3P in all studied brain regions except for the
cerebellum that showed a reverse ratio in a way that miR132-3P levels were similar in the

cerebellum of RTT samples when compared to the controls (Figure 3.6 F).

Next, we studied the transcript level of BDNF, the third element of MeCP2
regulatory loop suggested in rat brain (Figure 1.8). gRT-PCR results showed that in the
control brains, BDNF transcript had significantly higher levels in the cerebellum when
compared to the other regions (Figure 3.6 G). In RTT patients, BDNF levels in the
cerebellum were significantly higher than the cortex or amygdala. Hippocampus was not
significantly different from cerebellum, but showed higher levels of BDNF when compared
to the cortex (Figure 3.6 H). Lastly, | showed that all the four tested regions of RTT brains
had significantly lower level of BDNF when compared to the counterpart controls (Figure
3.61).

Taken together, in all studied RTT brain samples MECP2 isoforms and BDNF were
found to be lower than controls. The decrease in these two elements of studied regulatory
network showed a change in similar direction, which was expected based on the
suggested model (Figure 1.8). However, only in the cerebellum the unchanged level of
mMiR132 in RTT brains was not against the findings in rat brain model [187]. For the other
three regions, the decreased level of this microRNA was against the suppressive role of
mMiR132 suggested by studies on rat brain (Figure 1.8) [187].
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3.3 Variations in protein level of MeCP2 isoforms, and BDNF in the brain

of RTT patients and controls

At this step, we evaluated the elements of the suggested regulatory network
including MeCP2 isoforms, and BDNF at the protein level. In order to do that, we extracted
nuclear and cytoplasmic protein from human brain samples, and performed Western Blot,
and ELISA experiments as explained in Materials and Methods. The results from different
regions of the brain were compared. In addition, the results from RTT samples were

compared with their age-, and sex- matched controls.

3.3.1 Expression analysis of MeCP2 isoforms in RTT and control human brain

tissues

In order to evaluate the protein level of MeCP2 isoforms in the human brain
samples, we performed WB experiments of isolated nuclear extracts, using the reported
anti-MeCP2E1 and MeCP2E2 antibodies from our lab [70, 101, 116]. Both MeCP2E1 and
E2 proteins were detected in RTT patients and control brain tissues at ~75kDa (Figure
3.8 A). Semi-quantitative analysis of WB signals (normalized to GAPDH) showed
noticeable variation for both MeCP2 isoforms among the controls and RTT samples. For
example, the 20 year-old control brain (NIH# 5646) showed lower levels of both isoforms
in some of the studied brain regions when compared with other controls (Figure 3.8 A).
Different peri-mortem factors could possibly play a role in this regard. It is also possible
that different gene mutations in RTT patients led to change in MeCP2E1 and MeCP2E2
levels. For example, brain samples of the RTT patient with the R255X nonsense mutation
showed lower level of MeCP2 isoforms in most brain regions. The smaller size or
degradation of the truncated MeCP2 in R255X mutation may play a role in the lower

amount of the protein that was quantified at ~75kDa.

We did not detect any significant difference in MeCP2 isoforms from each other in
most studied brain regions, except for the cerebellum of the RTT samples; where
MeCP2E1 showed a significantly higher level compared to MeCP2E2. On average, the

level of MeCP2EL1 in the cerebellum of RTT brain samples was significantly higher than
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the cortex and hippocampus. MeCP2E1 level in the hippocampus of RTT patients was
also significantly lower than amygdala (Figure 3.8 B and C). WB studies also showed that
average protein level of MeCP2E1 and E2 in RTT brain was not significantly different from
the controls (Figure 3.8 D), and that was not in concordance with transcript analysis
studies. The storage time of the control samples was longer than RTT samples, except
for the R255X (Table 2.1). That might affect the quality of proteins used in this study, and
might explain the lower level of MeCP2 isoforms in controls. The different half-lives of the
two isoforms of MeCP2, and the potential impact of MeCP2 mutation on these half-lives
might play a role in higher MeCP2E2 level (with longer half-life) in the cortex of controls
and RTTs, as well as hippocampus of RTTs, whereas MECP2E1 was the dominant

transcript in all studied samples (Figure 3.6 A and B).
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Figure 3.8 Protein levels of MeCP2E1, MeCP2E2, ProBDNF, and BDNF in RTT and control
brain tissues. (A) Western Blot results for MeCP2 isoforms and ProBDNF normalized to GAPDH
in three RTT patients and their age-, and sex-matched controls show inter-regional variations as
well as variable amount of proteins among controls and RTTs. (B) Western blot results for MeCP2
isoforms quantified and analyzed in four brain regions for mean of controls show non-significant
variations between the regions. (C) Western blot results for MeCP2 isoforms quantified and
analyzed in four brain regions for mean of RTTs show higher level of MeCP2EL1 isoform in the
cerebellum compared to the cortex or hippocampus. (D) Mean of MeCP2 isoforms in RTT and
controls are not significantly different in relative RTT/control analysis. (E) Western blot results for
ProBDNF quantified and analyzed in four brain regions for mean of controls and RTTs show non-
significant inter-regional variations without significant difference between RTT and controls. (F)
ELISA results for BDNF quantified and analyzed in four brain regions for mean of controls and
RTTs show significantly higher levels in Hippocampus compared to Cortex and Cerebellum of the
controls. (G) Mean of ProBDNF and BDNF in RTT and controls are not significantly different in
relative RTT/Control analysis. Control (CRL); Year old (Y); Cortex (Cx); Hippocampus (Hp);
Amygdala (Am); Cerebellum (Cb); Kilo Dalton (kDa); N=3+ Standard Error of the Mean (SEM);
One-way ANOVA (ELISA)/Kruskal-Wallis test (WB) with multiple pairwise comparisons used
among different brain regions. Student’s t-test (ELISA)/Mann-Whiney test (WB) was used to
compare controls and RTT samples for each parameter. The significance level was determined
at *P<0.05, *P< 0.01, ***P< 0.001, and ****P< 0.0001. 18Y CRL (NIH # 5401); 20Y CRL (NIH #
5646); 23Y CRL (NIH #5287); R255X (NIH # 45186).

3.3.2 BDNF and ProBDNF levels in the brain of RTT patients and controls

In order to detect BDNF as a mainly cytoplasmic protein [232, 233], we performed
WB with cytoplasmic extracts of frozen brain tissues of the four tested brain regions. My
results showed the presence of the mature BDNF at around 14 kDa, and pro-BDNF at 32
kDa (Figure 3.9). A 28-kDa band, suggested to be truncated protein [149], is visible in our
blot and has been reported in other studies. There was no significant difference between
RTTs and controls for proBDNF (Figure 3.8 A and E). All results were normalized against
GAPDH signals. Surprisingly, the mature BDNF was found at very low levels in the
cerebellum of both RTT and control tissues (Figure 3.9). To ensure about the WB results
of BDNF, we also studied BDNF levels by ELISA (Sigma-Aldrich, RAB0026), capable to
quantify BDNF as low as 80 pg/ml.

Based on ELISA results, hippocampus had a higher level of BDNF in comparison
with cortex and cerebellum of control brain tissue. Inter-regional differences among RTT

samples were not statistically significant (Figure 3.8 F). In addition, we did not detect any
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significant difference between the controls and RTT samples for either proBDNF or
mature BDNF protein (Figure 3.8 G).
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Figure 3.9 Western blot analysis of ProBDNF and mature BDNF in RTT and control brain
tissues. ProBDNF is detected around 32kDa while the mature BDNF is detected around 14 kDa.
The bands detected around 28 kDa have been observed by other groups and are suggested to
be truncated protein [149]. Mature BDNF has a significantly lower level in cerebellar tissues of
both controls and RTTs compared to the other three studied brain regions (cortex, hippocampus
and amygdala). However, the level of ProBDNF in the cerebellum is comparable to the other
regions. The results are normalized with GAPDH as the housekeeping protein. Control (CRL);
Year old (Y); Cortex (Cx); Hippocampus (Hp); Amygdala (Am); Cerebellum (Cb); Kilodaton (kDa).

3.4 IHC studies for MeCP2 and BDNF on formalin-fixed brain samples

At this step, we studied MeCP2 and BDNF, two protein elements of the suggested
MeCP2 regulatory network (Figure 1.8), in sections of three brain regions (Cortex,
Hippocampus, and Cerebellum) of four RTT patients and their age- and sex- matched
controls. As the second aim of this project, studying the cellular distribution of MeCP2
and BDNF in RTT and control human brain was the main goal of our IHC studies. In
addition, for the first time, we studied the impact of post-mortem delay on immunostaining
for these two proteins in human brain samples. DAB labeling was the method used for

immunohistochemistry studies as explained in chapter two.
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3.4.1 MeCP2 detection in the human operative brain samples and study of post-

mortem delays

To have a good understanding of MeCP2 in a histological context, next we
performed IHC studies on human operative brain samples provided as unstained slides
by our collaborator, Dr. Marc Del Bigio. In order to perform DAB labeling technique, we
used a commercial anti-MeCP2 antibody that recognizes both MeCP2 isoforms and has
been successfully used for both IHC and WB experiments in the previous studies of our
lab [70, 101]. IHC studies on operative surgical brain samples of the hippocampus from
epilepsy patients were used to study MeCP2 immunoreactivity in rapidly fixed brain
tissues. Here, we tried to eliminate post-mortem delay as one potential interfering factor
in my study, which is based on human autopsy samples. We showed that almost all brain
cells including granular cells of the dentate gyrus were positive for MeCP2 in operative
samples. Endothelial cells were mainly negative in these slides (Figure 3.10 A1-C2).
Further, we showed that comparable age ranges of the two sexes were similar for
MeCP2-labeling (Figure 3.10 A1-C2).

Hippocampus is one of the rare regions of the human brain that we have access
to its optimally preserved tissue through the surgery of epileptic patients. In order to
investigate another region of the brain, we performed IHC on the cerebellar operative
samples excised for decompression purpose in cerebellar infarct, or as part of surgeries
for tumors. As expected, theses tissues were not intact histologically because of the
cause of surgery and the surgical procedure itself. However, they showed that the
majority of cells in the molecular layer were MeCP2 positive. The white matter showed a
similar distribution of MeCP2 positive cells, while the Purkinje and granular cells showed
sparse and weak immunoreactivity for MeCP2 (Figure 3.11). Differences in age and pre-
operative conditions such as hypoxia and compression might cause the variability in
immunolabeling for MeCP2 in similar cells of different specimens. Immunolabeling was
performed with a single antibody at a time and different types of cells were identified
based on their microscopic morphology.
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Hippocampus Operative Samples
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Figure 3.10 MeCP2 immunolabeling in operative samples of human hippocampus versus
a tissue array of human cortex with different post mortem delays. A1-C2) Almost all brain
cells (both neuronal, Blue Arrows, and glial, Green Arrows) are immunoreactive for MeCP2 in
rapidly fixed operative samples excised in epilepsy patients. Endothelial cells are variable (mainly
negative) in staining for MeCP2 (Red Arrows). The two sexes do not show significant differences
in immunoreactivity for MeCP2 (x 200 magnification). D-F) Three samples of human brain tissue
array stained for MeCP2. Human cortex with the minimum delay to fixation (<1 hour) show
maximum immunoreactivity for MeCP2 (D). Delay in fixation process accompanies variable
staining of similar cell groups in the studied human brain neocortex (E, F); x 200 Magnification.
Scale bar shown in C1 is identical for the whole figure.

To study the impact of PMD on MeCP2 staining, next we performed MeCP2
labeling on a tissue array of human brain neocortical samples provided by our
collaborator, Dr. Marc Del Bigio, who had reviewed neuropathology surgical and autopsy
records in order to obtain neocortical samples that had been formalin fixed after a range
of devitalization or death. Four millimetre-diameter tissue samples were punched out of

representative paraffin blocks and assembled into a 5x3 array. The tissue sections on this

74



Chapter 3. Results

slide had been fixed in formalin in a range of less than one hour to 5 days. The purpose
of this experiment was to investigate the PMD effects on MeCP2 immunostaining. From
the 13 brain tissues on the microarray slides, 3 are shown in Figure 3.10 D-F and the rest
are presented in Figure 3.12.

MeCP2 immunoreactivity in the brain tissues with minimum delay was similar to
the previously studied operative samples where almost all the cells were stained positive
for MeCP2 (Figure 3.10 D). Less than 24 hours delay in fixation was not associated with
noticeable impact on MeCP2 immunoreactivity (Figure 3.10 E). However, more than 24-
hour delay was accompanied by variable and inconsistent MeCP2 immunostaining
(Figure 3.10 F). A pattern similar to our array tissues with long fixation delay had been
reported in previous studies on MeCP2 labeling of post-mortem human brain tissues [29].
Table 3.1 shows that factors other than PMD might vary between different tissues on the
tissue array slide. Age, medical condition prior to death such as severe hypoxia, and the
fixation time with a range of 1 to 55-day storage in the formalin before slide preparation,
are some of the other factors that can potentially interfere with immuno-labeling. As an
example, these factors and other unknown factors that might affect immunolabeling in
post-mortem tissue could be the reason behind more intense labeling in the brain tissue
with a 4-day delay in fixation (Table 3.1, and Figure 3.12 L) when compared to 6h delay
in another sample (Table 3.1, and Figure 3.12 C).

As part of optimization process for MeCP2 immunolabeling, we also performed
IHC on normal appendix tissue fixed without delay after surgery. This operative tissue
was used because of accessibility of normal appendix, as the clinical manifestations of
appendicitis could be mimicked by the pathology of other organs. In addition, a previous
study on human intestine had shown low detectable level of MECP2 transcript in human
colon and barely detectable amount of MECP2 in the small intestine [23]. Our IHC study
showed that parasympathetic ganglia of myenteric plexus, and vast majority of smooth
muscles in muscularis mucosae and two layers of muscularis externa were positive for
MeCP2. However, other cell types in mucosal and submucosal layer including epithelial
and lymphoid tissue did not show nuclear labeling for MeCP2 (Figure 3.13).
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Figure 3.11 Cerebellum Operative Samples Immunostained for MeCP2. The majority of
molecular layer (Orange Arrow) and white matter cells (both neuronal, Blue Arrow, and glial,
Green Arrow) are immunoreactive for MeCP2 in rapidly fixed intraoperative samples excised due
to brain infarct or different tumors. Purkinje (Purple Arrow) and Granular cells (Black Arrow) show
sparse and weak immunoreactivity; Year old (Y); x 100 Magnification. Scale bar shown on top left
is identical for the whole figure.
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Figure 3.12 Immunostaining for MeCP2 in the human brain tissue array. Brain tissues with
the minimum delay to fixation (<1 hour) show maximum immunoreactivity for MeCP2. Delay in
fixation process accompanies variable staining of similar cell groups in the studied human brain
microarray; hours delay in fixation (h); days delay in fixation (d); Year old (Y); Cortex (Cx);

Cerebellum (Cb); x 200 Magnification. Scale bar shown in A is identical for the whole figure.
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Table 3.1 Information of human brain neocortex tissue array to study post-mortem delay
effects. Year old (Y); Month old (M).

Delay to _ Fixation
Sample Details Age / sex
fixation time (days)

A <1 hour Temporal cortex (surgical access, 72Y, male 1
adjacent to tumaor)

B <1 hour Temporal cortex (hippocampus 12Y, male 1
surgery for epilepsy)

C 6 hours Frontal cortex-normal 66Y, female 14

D 24 hours Cerebellum (reference location) 17Y, male 4

E 26 hours Frontal cortex-sudden unexpected 8M, male 8
death in infant (SUDI)

= 31 hours Frontal cortex-severe 42Y, male 19
hypoxia+7days survival

G 43 hours Frontal cortex-severe 53Y, male 19
hypoxia+2days survival

H 52 hours Frontal cortex-sudden unexpected 10M, male 2
death in infant (SUDI)

I 53 hours Frontal cortex-normal 15Y, female 1

J 3 days Frontal cortex-normal 21Y, male 17

K >3 days Frontal cortex-decomposition, deep 61Y, male 18
brain putrefaction

L 4 days Frontal cortex-acute trauma 17Y, male 2

M 5 days Frontal cortex-Alzheimer’s disease 76Y, female 55

78



Chapter 3. Results

Figure 3.13 Immunostaining for MeCP2 in human normal appendix. Different cell types in
mucosal layer (Green Arrow), and lymphoid follicles (Orange Arrow) do not show nuclear labeling
for MeCP2 (A, B, and C). Parasympathetic ganglia of myenteric plexus are strongly positive (Red
Arrow). Vast majority of smooth muscles (Blue Arrow) in muscularis mucosae and two layers of
muscularis externa are immunoreactive for MeCP2 (A, D, and E). Scale bars are similar in
identical magnifications.

3.4.2 MeCP2 in different brain regions of RTT patients compared to controls

Next, we performed IHC studies for MeCP2 with the DAB-labeling technique on
three brain regions (cortex, hippocampus, and cerebellum) of autopsy samples from three
female and one male RTT patients (cases 1-4) and their age-, and sex-matched controls.
My experiments showed variable immunoreactivity with MeCP2 antibody in neurons of all

studied brain samples (Figure 3.14).

This variable staining among similar neurons of both RTT and control brains was
comparable with tissue array samples that were not fixed immediately. Operative samples
and tissue array samples with fixation delay below one hour showed minimum variability
in immunolabeling for MeCP2 (Figure 3.10, and Figure 3.12).

Unlike previous reports [29], in this study, the grey matter of studied brain regions

in RTT samples was not remarkably different from the controls (Figure 3.14). However,
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in the white matter of all four RTT brains, MeCP2 nuclear staining was barely detectable
in the glial cells. In contrast to the abundance of MeCP2 negative glial cells, sparse
neurons of the white matter were weakly to moderately MeCP2 positive (Figure 3.15).
These findings were consistent for the three studied brain regions of all four pairs of RTT

and control brain tissues (Figure 3.14, Figure 3.15, and Figure 3.16).
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Figure 3.14 IHC studies of grey matter in three brain regions (hippocampus, cortex, and
cerebellum) of three RTT patients and their sex-, and age-matched controls for MeCP2.
Variable immunorecativity among brain cells is observed in both RTT, and controls. Grey matter
in RTT brain is not showing significant decreased immunolabeling when compared to controls (A-
C). IHC; Immunohistochemistry; Purkinje cells (Purple Arrow); Granular Layer (Black Arrow);
Large Neurons (Blue Arrow); Glial Cells (Green Arrow); Endothelial Cells (Red Arrow); x 200
Magnification. Scale bar shown on top left of part A is identical for the whole figure.
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Figure 3.15 Immunohistochemistry studies of white matter in three brain regions
(hippocampus, cortex, and cerebellum) of three RTT patients and their sex-, and age-
matched controls for MeCP2. Significant decrease in MeCP2 nuclear staining in glial cells of
white matter is the main finding of all studied RTT samples when compared to the controls (A-C).
Neurons (Blue Arrow); Glial Cells (Green Arrow); Endothelial Cells (Red Arrow); x 400
Magnification. Scale bar shown on top left of part A is identical for the whole figure.
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For the RTT and control brain samples received from NIH Brain Bank, NIH#4516:
R255X, and NIH#5646: 20Y-old control, | had to adjust the pH of buffer for antigen
retrieval (explained in Chapter 2) in order to make the IHC process possible for these
overfixed tissues (>14 years of storage in fixative for NIH#4516, and > 5 years for
NIH#5646, as shown in Table 2.1). The quality of staining was below what | had with other
brain samples with shorter storage times. However, the pattern was similar to other RTT-

control pairs (Figure 3.16).

MeCP2 staining in some neurons of RTT tissues, such as Purkinje cells of the
cerebellum, was slightly weaker compared to the age and sex matched controls. Absence
of MeCP2 staining in the cerebellar granular layer and variable staining of hippocampal
dentate granular neurons for MeCP2 were other common findings in all RTT and controls
(Figure 3.14), which could be a post-mortem artifact. The overfixed pair of RTT and
control stained differently. Granular layer of cerebellum show staining for MeCP2 in RTT
brain with R255X mutation, but not in its control. On the contrary, the hippocampal dentate

granular neurons are positive for the control but not RTT brain (Figure 3.16).
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Figure 3.16 MeCP2 immunostaining of three brain regions (cortex, hippocampus and
cerebellum) in the overfixed RTT and control sample (NIH#4516: R255X, and NIH#5646:
20Y-old control). After pH adjustment in antigen retrieval buffer, we had the same pattern as the
other samples despite an overall lower quality of immunostaining. The only difference is that the
granular layer of cerebellum was labeled for MeCP2 exclusively in RTT brain with R255X mutation
(Black Arrow) and not in the rest of RTT or control brains. Purkinje cells (Purple Arrow); Neurons

(Blue Arrow); Glial Cells (Green Arrow). Scale bars are similar for identical magnifications.
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3.4.3 BDNF in different brain regions of RTT patients compared with controls

In order to have an insight on BDNF level and cellular distribution in RTT and
control human samples, we performed IHC on these brain tissues, and labeled them with
the same BDNF antibody we used for Western blot experiments. First, we investigated
the impact of PMD on BDNF immunostaining. BDNF was apparently more resistant to
PMD, compared to MeCP2. All the brain tissue fragments on the Tissue array slide were
similar in terms of their staining pattern. Three days or more delay in the fixation was
associated with a slight decrease in the intensity of labeling (Figure3.17). Other factors
that potentially affected the immunolabeling such as variations in peri-sampling

conditions, and fixation time among these brain samples are listed in Table 3.1.

In the next step, we compared three brain regions (cortex, hippocampus, and
cerebellum) of RTT and their counterpart controls for BDNF immunolabeling. In all RTT-
control pairs and in all brain regions, there was a strong cytoplasmic staining with

astroglial/endothelial pattern (Figure 3.18 A-C, and Figure 3.19).

By single staining for BDNF, astrocytic endfeet were not differentiable from the adjacent
endothelial cells in the sections of cerebral capillaries, and as both cell types might contain

BDNF, we have referred to the staining pattern as astroglial/endothelial.

Neurons in the cortex and hippocampus were not labeled. Only Purkinje cells
showed strong BDNF immunolabeling. Astroglial/endothelial BDNF staining in RTT
samples was not significantly different from the controls (Figure 3.19), and more
noticeably, the Purkinje cells of RTT cerebellar samples showed stronger cytoplasmic
BDNF protein in all 4 RTT patients, when compared to the control brain samples (Figure
3.18, and Figure 3.19).

As explained for MeCP2 labeling for the overfixed RTT and control brain samples
received from NIH Brain Bank, NIH#4516: R255X, and NIH#5646: 20Y-old control with
long storage time in fixative as shown in Table 2.1, we had to adjust the pH of buffer for
antigen retrieval to make the IHC process possible for these overfixed samples. The

guality of staining was below what we had with other brain samples with shorter storage
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times in the fixative. However, the pattern was similar to other RTT-control pairs (Figure

3.19).
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Figure 3.17 Immunostaining for BDNF in the human brain tissue array. BDNF shows higher
stability with post mortem delay compared to MeCP2 (Figure 3.12). A slight decrease is observed
in the intensity of staining for longer intervals (Fixation after 3 days). Glial Cells (Green Arrow);
Endothelial Cells (Red Arrow); x 200 Magnification. Scale bar shown in A is identical for the whole
figure.
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Figure 3.18 BDNF immunolabeling of three brain regions (cortex, hippocampus, and
cerebellum) in three RTT patient and their sex-, and age-matched controls. Prominent
astroglial/endothelial pattern in BDNF labeling is seen in both RTTs and controls without
significant difference between the two groups. Purkinje cells of the cerebellum (Purple Arrow) are
exceptionally positive for BDNF compared to the other neurons. They show relatively higher
intensity in RTT patient. Granular layer (Black Arrow); Astroglial cells (Green Arrow); Endothelial
cells (Red Arrow); Molecular layer (Orange Arrow); x 400 Magnification. Scale bar shown in A is

identical for the

whole figure.
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Figure 3.19 BDNF immunostaining of three brain regions (cortex, hippocampus and
cerebellum) in the overfixed RTT and control sample (NIH#4516: R255X, and NIH#5646:
20Y-old control). After pH adjustment in antigen retrieval buffer, we had the same pattern as the
other samples despite an overall lower quality of immunostaining. Granular layer (Black Arrow);
Astroglial cells (Green Arrow); Endothelial cells (Red Arrow); Molecular layer (Orange Arrow); x
200 Magnification. Scale bar shown on top left is identical for the whole figure.

Protein fixation creates crosslinks that mask tissue antigen and limit antibody-
epitope binding. Antigen retrieval restores antigenicity and enhances antibody-epitope
binding by reversing protein crosslinks in tissue sections [234]. We used heat and a
change in pH as the antigen retrieval method in order to improve antibody affinity for its
epitope. The longer storage time in fixative for the two fixed brain samples we received
from NIH (#4516, and #5646) was assumed to play a role in lower quality of
immunolabeling for both studied proteins (MeCP2, and BDNF). For the rest of samples,
antigen retrieval was performed in pH=9, however these two NIH samples showed better
results with PH=3 for MeCP2 staining, and pH=6 for BDNF staining (Figure 3.15 and
Figure 3.18).

88



Chapter 3. Results

Regarding the process of histopathological evaluation of human brain samples,
the H&E slides were prepared in the Pathology and Human Anatomy and Cell Science
Departments of University of Manitoba as paid services. Unstained slides of brain
samples for IHC studies were also prepared in Pathology Department. We performed the
IHC experiments and examined the H&E and IHC stained slides by light microscope and
did the imaging. Then our neuropathologist collaborator, Dr. Marc Del Bigio, evaluated
them in a blind manner. | also made a semiquantitative assessment according to the
percentage of labeled cells and the intensity of peroxidase deposits ranging from light
beige to dark brown, which is shown in the Table 3.2 to Table 3.6.
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Table 3.2 Semiquantitative assessment of RTT brain with T158M mutation and its age-, and
sex-matched control brain immunostained for MeCP2 and BDNF. The assessments are
based on percentage of labeled cells and the intensity of staining.

Al MeCP2
Cell Type Control (14y) RTT (T158M)
Positivity (Intensity) Positivity (Intensity)
_ Large Neurons 80% (3+) 10% (2+) 50% (+)
g E Small/Medium Neurons 50% (3+) 10% (+) 20% (2+) 40% (+)
LEL 8 Neuroglial Cells (White Matter) 85% (2+) 10% (+) <1% (+)

Sparse Neurons (White Matter)

Almost All (+ to 2+)

50% (Weak +)

Temporal
Cortex

Large Neurons

80% (2 to 3+)

60% (Weak to +)

Small/Medium Neurons 60-70% (2 to 3+) 50% (+) 5% (2+)
4 Granular Layer (Dentate Gyrus) 10%(2+) 10% (+) 40-50% (Weak to +)
Qo
(S
o Large Neurons 10%(3+) 10% (2+) 30% (+)
o
(o
-%' Neuroglial Cells (White Matter) 90% (+ to 2+) 1% (Weak to +)
. Purkinje Cells 85% (2t03+) | 10% (+) | 60% Weakto+) | 10% (2+)
= Granular Layer Rare (+) 2% (Weak +)
(]
g Molecular Layer 30% (2to 3+) | 40% (+) 40% (+) | 10% (24)
S Neuroglial Cells (White Matter) 70% (+) 20% (2+) < 5% (Weak +)
A2 BDNF
Cell Type Control (14y) RTT (T158M)
Positivity (Intensity) Positivity (Intensity)
< Large Neurons Rare (Weak+) 30% (Weak+)
s Small/Medium Neurons Rare (Weak+) 30% (Weak+)
(@] . .
O Neuroglial/Endothelial Cells o o
- (Grey matter) 40% (2+ to 3+) 40% (+)
§ Endothelial Cells (White Matter) Weak to + Almost All (Weak to +)
L Neuroglial Cells (White Matter) Rare (+) Rare (+)
Granular Layer (Dentate Gyrus) Rare (Weak+) Rare (+)
@ Neurons Rare (Weak +) 70-80 % (Weak+)
2 - -
£ Neuroglial/Endothelial Cells 90-95% (+) 50% (+ to 3+)
S (Grey matter)
S Endothelial Cells (White Matter) Weak + Weak +
-%‘ Neuroglial Cells (White Matter) Rare (+) Rare (Weak+)
Temporal Cortex Neurons Rare (Weak+) 70-80% (Weak+)
Purkinje Cells 70% (Weak to+) Almost All (+ to 2+)
g Granular Layer Rare (+) 5% (Weak to +)
E Molecular Layer Rare (+) Rare (+)
(O]
8 Neuroglial Cells (White matter) Rare (+) Rare (+)
Endothelial + White (Rare Weak+) | Grey (+)
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Table 3.3 Semiquantitative assessment of RTT brain with A201V mutation and its age-, and
sex-matched control brain immunostained for MeCP2 and BDNF. The assessments are

based on percentage of labeled cells and the intensity of staining.

B1 MeCP2
Cell Type Control (18y) RTT (A201V)
Positivity (Intensity) Positivity (Intensity)
Large Neurons 80% (2+ to 3+) 80-90% (+ to 2+)
835 Small/Medium Neurons 60-70% (2+ to 3+) 80-90% (+ to 2+)
c
o g Neuroglial Cells (Grey Matter) 50% (Weak to +) Scattered (Weak +)
- Neuroglial Cells (White Matter) 80-90% (+) Rare (Weak +)
B o Large Neurons 80% (2+ to 3+) 80-90%% (+ to 2+)
2 % Small/Medium Neurons 60-70% (2+ to 3+) 80-90%% (+ to 2+)
€ O
Qo Neuroglial Cells (White Matter) 80-90% (+) Rare (weak+)
Granular Layer (Dentate Gyrus) 5% (Weak+) 90% (Weak +)
(2]
a Large Neurons 40% (2+ to 3+) Almost All (Weak to +)
(S
© Small Neurons Scattered (Weak +) Scattered (Weak +)
o
2 Neuroglial Cells (White Matter) 90-95% (+) Rare (Weak +)
T Large Neurons of Nucleolus + +
e Purkinje Cells Almost All (+ to 2+) Almost All (Weak to +)
E Granular Layer Rare (+) Negative
I Molecular Layer Rare (+) 80-90% (+ to 2+)
% Neuroglial Cells (White Matter) Scattered (Weak+) 80-90% (Weak +)
O Endothelial Cells Weak +
B2 BDNF
Cell Type Control (18y) RTT (A201V)
Positivity (Intensity) Positivity (Intensity)
< Large Neurons 50% (Weak to +) 20% (Weak +)
b Small/Medium Neurons
5 - -
o Neuroglial/Endothelial Cells 40-50% (2+ to 3+) 30% (1+ to 2+)
= (Grey matter)
S Endothelial Cells (White Matter) Weak to + Weak to +
L Neuroglial Cells (White matter) Scattered Granular (Weak +) Rare Granular (+)
Granular Layer (Dentate Gyrus) Rare (Weak +) 40-50% (Weak to +)
» Large Neurons Majority (+ to 2+) Majority (Weak to +)
2 Neuroglial/Endothelial Cells 40% (+ to 2+) Rare (Weak to +)
% (Grey matter)
é Endothelial Cells (White Matter) Weak + Weak +
-]9:' Neuroglial Cells (White matter) Scattered (Weak +) Rare (+)
Temporal Cortex Neurons 50% (Weak to +) 50% (Weak +)
Purkinje Cells Almost All (1+ to 2+) Almost All (1+ to 2+)
c Granular Layer Rare (+) Rare (+)
= Molecular Layer Rare (+) Rare (+)
(O]
3 Neuroglial Cells (White matter) Rare (+) Weak +
8 Endothelial Rare (+) White (Weak +) | Grey (+)
Large Neurons of Red Nucleous Majority (Weak +) NA
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Table 3.4 Semiquantitative assessment of RTT brain with R255X mutation and its age-, and
sex-matched control brain immunostained for MeCP2 and BDNF. The assessments are

based on percentage of labeled cells and the intensity of staining.

C1l MeCP2
Cell Type Control (20y) RTT (R255X)
Positivity (Intensity) Positivity (Intensity)
Large Neurons 30-40 % (Weak +) 30 % (Very Weak +)
83 Small/Medium Neurons 80 % (+) 70 % (Weak to +)
c
o S Neuroglial Cells (White Matter) 50 % (Weak to +) 5% (Weak +)
- Sparse Neurons (White Matter) Weak + Weak +
= Large Neurons 30-40 % (Weak to +) 30 % (Very Weak +)
= X
2 % Small/Medium Neurons 80 % (+) 70 % (Weak to +)
£ 0
& © Neuroglial Cells (White Matter) 50 % (Weak to +) Negative
" Granular Layer (Dentate Gyrus) Almost All (Weak to +) 40-50% (Very Weak +)
]
=3 Large Neurons 40%-50% (Weak +) 20-30% (Very Weak +)
IS
é Small Neurons 20-30% (Very Weak +)
o
T Neuroglial Cells (White matter) 50% (Weak to +) Negative
Purkinje Cells <1%(+) Negative
c Granular Layer 90 % (Weak to +) Almost All (+)
=]
E Molecular Layer Almost All (1+ to 2+) 60 % (Weak to +)
§ Neuroglial Cells (White matter) 50-60 % (1+ to 2+) 5% (+)
Sparse Neurons (White Matter) + Negative
C2 BDNF
Cell Type Control (20y) RTT (R255X)
Positivity (Intensity) Positivity (Intensity)
Large Neurons 10% (+ to 3+) 80% (Weak to 2+)
= x Small/Medium Neurons 20-30% (+ to 3+) 60-70% (Weak+)
‘g % Neuroglial/Endothelial Cells (Grey matter) 10-20% (+) 5% Granular (Weak+)
IS Endothelial Cells (White Matter) Weak + +
Neuroglial Cells (White matter) 20% (Granular +) 20% (+ to 3+)
Granular Layer (Dentate Gyrus) 40% (Weak to 2+) 30-40% (Weak +)
2 Ganglion like Ganglion like
=] 0,
g_ Large Neurons (Weak to 2+) (30%+) 10% (+)
© Neuroglial/Endothelial Cells (Grey matter) 40%-50 (+) 10% (Weak +)
S Endothelial Cells (White Matter) + Weak +
.]9:- Neuroglial Cells (White matter) 30-40% (+) Rare (+)
Temporal Cortex Neurons Sparse (Weak +) Sparse (Very Weak +)
Purkinje Cells Almost All (+ to 3+) 50-60% (+ to 3+)
g Granular Layer Rare (+) Negative
3 Molecular Layer 10% (Weak to 1+) 20-30% (Weak to 1+)
Keo)
g Neuroglial Cells (White matter) 60% (Granular +) Negative
© Endothelial + +
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Table 3.5 Semiquantitative assessment of RTT brain with P152H mutation and its age-, and
sex-matched control brain immunostained for MeCP2 and BDNF. The assessments are
based on percentage of labeled cells and the intensity of staining.

D1 MeCP2
Cell Type Control (44y) RTT (P152H)
Positivity (Intensity) Positivity (Intensity)
Large Neurons <5 % (+to 2+) < 1% (Weak +)
T x Small/Medium Neurons 5% (+ to 2+) 50 % (Weak +)
*g % Neuroglial Cells (Grey Matter) 50 % (Weak to +) 80 % (Weak +)
) Neuroglial Cells (White Matter) Almost All (+ to 2+) Almost All (Negative)
Sparse Neurons (White Matter) Weak + Very Weak +
T o Large Neurons <59% (+to 2+) <1%(+)
é% Small/Medium Neurons 5% (+ to 2+) 50% (Weak to +)
it 3 Neuroglial Cells (Grey Matter) 50 % (+ to 2+) 50 % (Weak to +)
” Granular Layer (Dentate Gyrus) Almost All Negative Almost All Negative
a Large Neurons Granular Staining Granular Staining
% Neuroglial Cells (White matter) Almost All (+ to 2+) Almost All (Weak +)
é Sparse Neurons (White Matter) Weak to + 50% (Weak +)
'% Large Neurons of Nucleolus Granular Staining Granular Staining
Purkinje Cells <5 % (+to 2+4) 1% (Weak to +)
= Granular Layer Almost All Negative Almost All Negative
% Molecular Layer 60 % (+ to 3+) 40-50 % (Weak to +)
S Neuroglial Cells (White matter) 60% (+ to 2+) 40 % (Weak +)
g Sparse Neurons (White Matter) Negative to Weak Negative
Large Neurons of Red Nucleous Granular Staining Granular Staining
D2 BDNF
Cell Type Control (44y) RTT (P152H)
Positivity (Intensity) Positivity (Intensity)
x Large Neurons Negative 70-80% (Granular Weak to 2+)
g Small/Medium Neurons Rare (+) Rare (+)
o Neuroglial/Endothelial Cells (Grey matter) 40-50% (+ to 3+) 5% (Granular+)
< Endothelial Cells (White Matter) + +
§ Neuroglial Cells (White matter) 40-50% (Granular +) 10-20% (Granular +)
L Sparse Neurons (White Matter) Negative Negative
Granular Layer (Dentate Gyrus) Rare (Granular +) Rare (Granular +)
4 Large Neurons Rare (Very Weak+) 5% (Granular Very Weak +)
g' Neuroglial/Endothelial Cells (Grey matter) 40% (+ to 2+) 30% (Granular Weak to +)
§ Endothelial Cells (White Matter) + +
o Neuroglial Cells (White matter) 20-30% (+ to 2+) 50-60% (Granular +)
T Temporal Cortex Neurons Negative Negative
Large Neurons of Nucleolus Granular +1 to 3+ Granular +1 to 2+
Purkinje Cells <10% (Weak to 2+) Almost All (+ to 3+)
= Granular Layer Rare (+) Rare (+)
2 Molecular Layer Rare (+) Rare (+)
% Neuroglial Cells/Endothelial Cells (Grey matter) 5-10% (+) Rare (+)
5 Endothelial Cells (White Matter) + +
© Neuroglial Cells (White matter) 30-40% (Granular + to 2+) 30% (Granular +)
Sparse Neurons (White Matter) + +
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Table 3.6 Semiquantitative assessment of hippocampal region of two male control brain
immunostained for MeCP2 and BDNF. The assessments are based on percentage of labeled

cells and the intensity of staining.

El MeCP2
Cell Type Male Control (15y) Male Control (19Y)
Positivity (Intensity) Positivity (Intensity)
Granular Layer (Dentate Gyrus) Almost All (+) Almost All Negative
]
a Large Neurons Almost All (+ to 2+) 40-50% (+ to 3+)
&
3
2 Neuroglial Cells (White matter) 90% (Very Weak +) Almost All +
£
Sparse Neurons (White Matter) Weak to + +10 2+
T . Large Neurons 90 % (+ to 2+) 40-50 % (+ to 3+)
oo
X
Q@ © Small/Medium Neurons 80 % (Weak to +) 40-50 % (+ to 3+)
E2 BDNF
Cell Type Male Control (15y) Male Control (19Y)
Positivity (Intensity) Positivity (Intensity)
Mostly o
Granular Layer (Dentate Gyrus) Almost All (Granular +) (Very Weak) <5% (+)
Large Neurons 80 % (Granular Weak +) Almost All (+ to 3+)
(2]
]
g— Neuroglial Cells (White matter) 90% (Very Weak +) 20 % (Granular +)
S|
(&)
S Endothelial Cells + Weak +
o
T Sparse Neurons (White Matter) Rare Granular + 50 % (Weak +)
0,
Large Neurons of Nucleolus 80 % (Granular Weak +) Almost All (Weak to 2+)
Large Neurons 95 % (2+ to 3+) Rare Weak
g % Small/Medium Neurons 95 % (2+ to 3+) Rare Weak
SRk
g 8 Neuroglial Cells (Grey matter) 50-60 % (2+ to 3+) 30-40 % (+ to 3+)
a Endothelial Cells + +
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4. Discussion

In this study, elements of a regulatory network suggested for MeCP2 homeostasis
in rat brain [187] (Figure 1.8), were evaluated in human brain in order to test our
hypothesis about conservation of this network from rodents to human. The studied
elements included miR132, MeCP2 isoforms, and BDNF at both the transcript and protein
levels. These factors were assessed in four different regions of human post-mortem
brains. In order to test our hypothesis on alteration of these elements in Rett Syndrome,
we evaluated the same factors in post-mortem brain samples of RTT patients. The studies
were performed on frozen brain lysates for the first aim of my project, and qRT-PCR,
TagMan assay, Western Blot, and ELISA techniques were used for transcript and protein

assessments.

For the second aim of my project, we evaluated two protein elements of the
regulatory network (MeCP2, and BDNF) in a histological context by using formalin-fixed
brain samples of RTT patients and their age- and sex-matched controls. We evaluated
the histopathology of the brain samples and performed immunolabeling for the two
mentioned proteins on both RTT and control brain samples. Furthermore, for the first time
in this project, post-mortem delay effects on MeCP2 and BDNF immunolabeling was

studied in human brain tissue.

4.1 Lessons learned from the human brain on MeCP2-BDNF-miR132

regulatory components

| showed a lower transcript level of MECP2 isoforms in human RTT brain (Figure
3.6), which was in agreement with previous studies on total MeCP2, that had shown
decreased level of MECP2 transcript or impaired structure and function of MeCP2 protein

in neuronal [29, 41, 229], or non-neuronal RTT samples (e.g. peripheral blood) [235].
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Here, | did not find a clear association between MECP2E1/E2 transcript and
MeCP2E1/E2 protein levels (Figure 3.8). BDNF and its precursor did not show any
concordance with BDNF transcript either. Complex regulation of protein expression in the
human brain has been suggested as a possible reason behind the low predictive value of
transcript expression for the corresponding protein(s) in the brain [236]. Post-
transcriptional control, as well as cell- or tissue-specific regulation rather than

transcriptional-specific control are among other possible explanations [23].

In human post-mortem RTT brain, BDNF showed a similar pattern to MECP2E1/E2
with lower transcript expression (Figure 3.6), without any significant difference at the
protein levels compared to controls (Figure 3.7). However, my studies on the formalin-
fixed brain samples added another layer to the complexity of MeCP2-BDNF relationship.
Based on my results from the BDNF immunolabeling, different cells in the brain i.e.
astrocytes, endothelial cells, and neurons were labelled with the BDNF antibody, and
could play a role in MeCP2 homeostasis as sources of BDNF. Therefore, it might be too
simplistic to suggest one regulatory system without considering the cellular source of
each protein.

In contrast to the negative regulatory role of miR132, suggested by experiments in
rodents [187], lower transcript level of MECP2 isoforms that | found in human RTT brains
was associated with lower level of miR132 in all brain regions except for the cerebellum
(Figure 3.6). This finding does not support a conserved suppressive role for miR132 on
MECP2/MeCP2 homeostasis in human brain. However, as explained before, cerebellum
was different from the other three regions by showing similar level of miR132 in RTT and

control brains.

The inter-regional variations that | showed in the elements of the suggested
regulatory network in human brain might be the result of variable number of cells and
different cell types with different functions in each region, and again makes finding a

unigue regulatory system in the whole brain of human less probable.
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4.2 Effects of post-mortem interval on MeCP2-BDNF detection in the

human brain

Although transgenic animal models and in vitro cellular studies may provide
valuable information about neurological disorders, studying human post-mortem brain
tissues has an essential place in deciphering the pathophysiology of human neurologic
disorders [237]. Theses valuable human brain samples from RTT as a rare disease bring
challenges to this research field. Similar PMD in RTT patients studied here and their
controls reduced the effect of PMD in our comparisons. However, unpredictable peri-
mortem factors may also contribute in the lower level of the detected proteins in some
controls. Similarly, there might be a differential degradation pattern of MeCP2 isoforms,

which may influence the quantified level of each isoform at the transcript or protein level.

To our knowledge, our study of the human brain tissue array is the first effort
towards addressing PMD effects on MeCP2, and BDNF in the human brain. We showed
that while BDNF is stable more than 72 hours post-mortem, MeCP2 shows notable
reduction in immunolabeling as soon as 24 hours. Considering other potential factors that
may impact these brain samples, studying controlled model systems with different PMD
would help to make a more complete picture of post-mortem changes in similar gene

regulation studies.

4.3 White matter astrocytes are the major difference between RTT and

control brains

An intriguing finding of this study is the absence of MeCP2 detection in almost all
glial cells of the white matter in human RTT brain, whereas it appears to be widely present
in glial cells of the control brain tissues. As a syndrome with mainly neurological
symptoms, pathogenesis of RTT has been primarily attributed to neuronal malfunction [5,
40]. The role of the most abundant cell type of the brain (astroglial cells) has been
overlooked in most studies [111]. While MeCP2 is not absent in the astrocytes as
suggested earlier by researchers of this field [23, 66, 101, 116], its level has been shown

to be five-fold lower in astrocytes compared to neurons [104, 111]. Despite low level of
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MeCP2 in the astrocytes, its deficiency has been suggested to contribute in abnormal

neurodevelopment [104].

The role of astrocytes in dendritic growth, synaptogenesis, synapse function, and
plasticity has already been reported in the literature [238]. Moreover, the fact that the peak
period of astrocytes generation is after birth and continues even in the adult brain is in
line with postnatal onset of a neurodevelopmental disorder such as RTT. Besides that,
MeCP2 loss- and gain-of-function in postnatal astrocytes can result in RTT-like phenotype
in mice and subsequent rescue of most features respectively [239]. An intriguing finding
of my study is the absence of MeCP2 immunoreactivity in almost all astroglial cells of the
white matter in human RTT brain, whereas it appears to be ubiquitously present in
astroglial cells of the control brain tissues. Noticeably, neurons in the RTT brain tissues
are not significantly different from their control counterparts.

In one study, Maezawa and colleagues showed that MeCP2 protein level in the
cultured astrocytes from mosaic female heterozygous Mecp2”/*mice (from mating
Mecp2im1-1Bird+ mice with C57BL/6J mice of Jackson Laboratories) was 10-30% of wild
type astrocytes, which was far below a balanced X-chromosome inactivation [239].
Neurons did not follow the same pattern. MeCP2 expression had been shown in 70-80%
of neurons with mosaic Mecp2”’* by Maezawa and a few other researchers [240, 241].
Maezawa et al [239] showed similar results in an in vivo study suggesting that a non-cell
autonomous effect from MeCP2" astrocytes could negatively influence MeCP2 level in
cells that were MeCP2*. They also suggested a few candidate negative regulators
including miR132 that might transfer overtime from MeCP2-to MeCP2* astrocytes via gap
junctions and result in astrocyte selective decline of MeCP2 around the time of phenotypic
regression in RTT [239].

In addition to the theory of astrocytic spread of MeCP2-deficiency through
connexin-mediated gap junctions, another study has shown that neural stem cells with
knocked-out MECP2 have higher tendency to differentiate into astrocytes than neurons
[242]. Based on this study, from a pool of heterozygous neural stem cells, those with
defective MECP2 gene on the active X might preferentially differentiate intro astrocytes
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rather than neurons. This can provide an explanation for the dominant MeCP2" astrocytes

in our studied RTT brain samples.

Working on post-mortem brain samples, we should also consider that a protein like
MeCP2 in different cell types of the brain might react variably to peri-mortem conditions

and glial cells might be more susceptible to these intervening factors.

4.4 BDNF and its cellular source in IHC studies on human brain

samples

The fact that BDNF was primarily purified from the brain [146] does not mean that
neurons are the main cellular source of this protein. In fact, it is almost 20 years that cell
culture studies have shown that endothelial cells of the cerebral microvasculature can
express BDNF [243, 244]. After being overlooked for years, more recent in vivo studies
have shown BDNF expression by endothelial cells of adult cerebrovasculature [245, 246].
Even a 50-time higher BDNF production rate has been attributed to cerebral endothelial
cells in comparison with cortical neurons [247]. Based on a few other research studies,
removal of cerebral endothelial cells significantly decreases BDNF levels in the brain
[248]. Furthermore, different studies have shown that glial cells such as astrocytes and
oligodendrocytes synthetize and release BDNF [249, 250]. The prominent
astroglial/endothelial pattern of BDNF staining in my study extends previous findings in
the animal models and cell culture systems to different regions of normal as well as RTT
human brain. At the same time, it adds more questions to the role of MeCP2-BDNF cross-
talks in RTT pathophysiology because most model systems have focused on neurons as

the main source of BDNF, which has been challenged by my results.

Apart from the cellular source of BDNF, its impairment in RTT patients is another
controversy that our study has approached from a post-mortem human brain angle. Here,
| showed lower BDNF transcript expression in RTT brain. However, BDNF protein levels
(detected by WB, ELISA, and IHC) did not follow the same trend. Surprisingly, we
observed higher BDNF expression in Purkinje cells of RTT cerebellar tissues. As

mentioned earlier, the weak predictive value of transcript expression for corresponding
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proteins is not uncommon and has been linked to complex regulation of protein
expression in the human brain [236]. However, it is noticeable that the anti-BDNF
antibody that we used for WB and IHC is capable of detecting pro-BDNF and the mature
protein. The coating antibody of the ELISA kit also detects both mature BDNF and pro-
BDNF. While WB experiment differentiate between pro-BDNF and mature BDNF by

molecular size, ELISA and IHC show the combination of both protein forms.

Considering the inhibitory character of Purkinje cells as GABAergic neurons, we
might relate more intense immunolabeling of these cells in RTT brains to higher level of
ProBDNF, which has a reverse function compared to the mature BDNF [167]. Our WB
results with lower level of mature BDNF and higher level of ProBDNF in the cerebellum
are in line with IHC findings. Furthermore, BDNF immunoreactivity has been shown to
increase with conditions like hypoxia or neuroinflammation [251, 252], which are part of
the pathogenesis of different neurological diseases, not yet studied in RTT brain. Finally,
our results are important from a therapeutic point of view. This is mainly by considering
the endothelial cells as a major source of BDNF in human brain that might allow us to
circumvent the blood-brain-barrier and focus on increasing BDNF levels in the brain

through its non-neuronal sources.
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5.1 Strength, Challenges and limitations

5.1.1 Significance and strength of this study

This study provides evidence about changes in total MECP2/MeCP2 and its
isoforms, BDNF/BDNF, and miR132 in four different regions of RTT human brain. While
our data partly support previous studies on animal model neurons, as well as non-
neuronal samples, major differences have been highlighted in this study. Our findings
from post-mortem human brain samples were not supportive for the suppressive effect of
miR132 on MeCP2. However, inter-regional variations were also present in post-mortem
human brains. For instance, cerebellum was not similar to the other regions in that regard,
and its level of miR132 had not changed in the same direction as the other studied

transcripts (MECP2 isoforms, and BDNF) in the RTT brain samples.

We further showed a significant reduction of MeCP2 labeling in glial cells of white
matter, but not neurons in the RTT human brain. In addition, the relationship between
BDNF, and MeCP2 was challenged from a cell of origin standpoint. This might add to the
complexity of regulatory systems, but at the same time opens the possibility of a more

achievable therapeutic approach through non-neuronal sources of BDNF.

While increasing number of studies have shown different MeCP2 roles from
neurodevelopment to the function of immune system [253], and carcinogenesis [74],
MeCP2 homeostasis regulatory network is still poorly understood. Our findings would help
to shed some light on this regulatory network and obscurities caused by limited studies
on MeCP2 in the human brain. Our results are important as an effort to translate the vast
body of data from non-human models of RTT to the disease condition. Furthermore,

several more common conditions such as Autism Spectrum Disorders or Fetal Alcohol
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Spectrum Disorders with the evidence for the role of MeCP2 in their pathophysiology [74],

would also benefit from the results of our study.
5.1.2 Limitations and challenges

While studies in RTT mouse models and different cell lines can be done in
multiples to examine reproducibility, access to human RTT patient brain samples is
limited. We still had access to different brain regions of four RTT brain and six human
brain controls. We have also had access to three technical replicates for each RTT
sample and its control in protein studies as well as, four technical replicates for transcript

analysis.

Being aware of the intervening factors in studying human post-mortem brain
samples, we tried to minimize their effect on the result by choosing comparable controls.
Part of the study was also dedicated to evaluating the impacts of PMD as one of these
intervening factors. However similar to other human post-mortem studies, unknown pre-
and post-mortem factors may potentially exist that cannot be fully considered in choosing

the controls and analysing the results.

Studying the frozen brain lysate gives us an overall result for different cell types
with potentially variable regulatory systems in a complex organ such as the human brain.
By doing IHC studies, we brought the analysis to the cellular level for the two main
proteins of this study. | am mindful that IHC represents a snapshot of the location of the
proteins at fixed samples and not necessarily representing information about the
dynamics of their production and secretion. Of course, a functional model system would

complement nicely this expression-based study.
5.2 Future directions of this study

Studying the same elements in more samples, especially different RTT samples
with similar mutations, can give more significance to the analytic part of the study and can

make the correlation studies possible.
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In vitro studies on human cell lines (neuronal or glial) for the parameters studied in
this project can clarify the observed changes at the cellular level. This can become more
dynamic through chemical or molecular manipulation of the cells such as adding BDNF
to the cells in culture, or Knock down/ overexpression of one factor and studying the

alterations in the rest.

The study on the effects of post-mortem delay on IHC can be followed by making
tissue arrays of different PMD from one single brain sample to eliminate factors other than
post-mortem delay from the study.
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