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Abstract

Located on the X-chromosome is the gene encoding the nuclear protein Methyl CpG binding
protein 2 (MeCP2). The instability of this protein causes pleiotropic neurological abnormalities,
including the debilitating neurodevelopmental disease Rett syndrome (RTT). MeCP2, an
epigenetic regulator abundant in neurons, is involved in pleiotropic molecular interaction. Many
deleterious mutations of MeCP2 impact its mRNA or protein levels. Neuron maturation and
dendritic arborization are compromised when MeCP2 levels are out of the homeostatic range.
The mechanisms the cell uses to maintain MeCP2 levels within a tight range have yet to be fully
understood. Several hypotheses addressed the homeostatic mechanisms of MeCP2, which
involve miRNAs, N-terminal degradation signals or N-degrons, and the PEST domains that act
as degradation switches upon post-translational modifications (PTMs). Our lab hypothesized the
involvement of MeCP2 PEST-mediated degradation as a mechanism of its homeostatic
regulation; however, this hypothesis has yet to be experimentally proven. I experimentally tested
the PEST-mediated degradation of MeCP2 with Rett-causing mutations by integrating MeCP2
constructs that have an altered or deleted PEST domain and used microscopy, FRAP analysis and
western blotting to characterize in vitro how these constructs behave relative to WT and mutated
MeCP2. MeCP2 has Rett-causing mutations that cause lower protein levels, such as T158M; the
PEST motif expedites its degradation as deleting it results in higher protein levels. Moreover,
mutations that result in higher levels of MeCP2, such as R294X, show stronger DNA binding
relative to WT, as assessed by NaCl fractionation. For the first time, we report that the Ct-PEST

domain of MeCP2 plays a role in its degradation.
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Chapter 1: Introduction

1.1 Chromatin and MeCP2

The eukaryotic genome is highly organized in a dynamic structure called chromatin. 85% of
DNA in chromatin participate in DNA-protein complexes called nucleosomes that can be
arranged in uniform arrays inside the nucleus, classically referred to as “beads on a string” 3.
The nucleosome core particle is the fundamental building block of chromatin consisting of two
copies of histone proteins—H2A, H2B, H3, and H4— that are put together into an octamer. 145—
147 base pairs (bp) of DNA are wrapped 1.8 turn in a left-handed super-helix around the histone
octamer *°. A small stretch of linker DNA attaches the core particles. Incorporation of the linker
histone H1 into chromatin stabilizes the nucleosome and allows the formation of higher-order
structures that are more compact &’. Linker histone H1 binds to the nucleosome’s DNA entry and
exit site. It is widely accepted that H1 quickly exchanges in living cells and binds DNA less

tightly than the core histones. FRAP studies in Michael Hendzel’s lab confirm the dynamic

nature of linker histone 8!,

In humans, each cell holds ~2m of genetic information that is meticulously organized within
chromatin inside the small nuclear volume, and chromatin is continuously changing in response
to developmental and environmental cues to regulate the accessibility of the transcriptional
machinery. Numerous post-translational modifications (PTMs) are added to histones, such as
acetylation, ubiquitination, and SUMOylation. The PTMs are found both on the globular part of
histones and the histone tails. Like DNA modifications, such as the methylation of CpG

dinucleotides, histone PTMs serve as signals where each mark conveys a specific message '>!3.



Writer proteins
eg. DNA methyl
transferase
(DNMT) and
histone methyl
transferase
(HMT)

Reader proteins
eg. methyl CpG
binding protein 2
(MeCP2), and
heterochromatin
protein 1 (HP1)

Eraser proteins
eg. histone
deacetylase
(HDAC), and
deubiquitinase
(DUB).

Figure 1.1. Reader, writer, and eraser proteins that regulate the epigenome on DNA and
histones. Proteins mediating the epigenomic mark on DNA and histone tails change the

accessibility of genes to the transcription machinery '>!3,

These chemical modifications are placed on DNA and histones by proteins called “writers,”
which deposit the epigenetic signature. Proteins that bind to the epigenetic marks and initiate a
cascade of events are “readers.” The proteins that remove the marks are “erasers,” allowing vast
flexibility and reversibility for many cellular processes or malfunctions (Fig. 1.1). MicroRNAs
(miRNA)s, which are a subset of noncoding RNAs (ncRNA) approximately 22 nucleotides long,

have been recognized as another regulator of gene expression by pairing partially or entirely with
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the target mRNA’s 3’untranslated region (3’UTR) and preventing its translation and inducing its
degradation accordingly '*!'7. Examples of epigenetic regulators are histone acetyltransferases
(HATSs), a writer protein that deposits acetyl groups on the epsilon amino group of lysine residues
in histone tails '®, histone deacetylases (HDACS), an eraser protein removing acetyl marks from
histone tails, and methyl binding proteins (MBPs), reader proteins that bind to methylated DNA
or histones and recruit other proteins to regulate gene expression. Often, these regulators interact
with each other and form protein complexes that induce changes in nucleosome compaction.
Methyl CpG binding protein 2 (MeCP2) is a transcription factor and a methyl-DNA reader
protein ubiquitously expressed in vertebrate organisms, yet it is most abundant in neurons at one
per every two nucleosomes '°. Like histone H1, MeCP2 binds to the nucleosome’s DNA
entry/exit site, allowing chromatin compaction. Although controversial, several researchers
believe that MeCP2 and a linker histone variant H1° compete for binding to nucleosomes 2’;
however, it is accepted that MeCP2 binds a plethora of binding partners and it is involved in both
repression and activation of gene expression >'-2>. MeCP2, in conjugation with other epigenetic
regulators, mediates the on or off state of genes during development and differentiation. For a
healthy cellular function, the levels of this protein must be maintained within a tight range.
Deleterious mutations of this protein or destabilization of its dose results in numerous
neuropsychiatric disorders, the most well-known of which is Rett syndrome (RTT), the leading
cause of intellectual disability in girls with a frequency of ~ 7 per 100,000 live births **. The
following chapters discuss in depth the history of RTT, the fundamental mechanisms that MeCP2
is involved in and what is known about the regulatory systems the cell uses to keep this protein

within a tight range.



1.1 History of Rett syndrome and MeCP2

Dr. Andreas Rett, a pediatrician from Vienna, was the first to identify Rett syndrome; he
reported his observations of 22 patients, all young girls, who shared characteristic phenotypes of
hand wringing, mental retardation, speech impairment, and hyperammonemia at L.Boltzman
Institute on Brain-Damaged Children in 1966. Dr. Rett continued publishing his observations in
German over the next several years. Despite his efforts, the publications did not gain attention
because it was written in German; moreover, the misleading inclusion of hyperammonemia in
the title of his publications deterred many physicians, as ammonia in blood was not observed by
other pediatricians who had patients with symptoms overlapping with what Dr. Rett had first
described 2>, During the same time in Sweden, a child neurologist, Bengt Hagberg, had visited
patients with resemblant pathologies. In 1970, Bengt presented his observation at the European
child neurologists' meeting and learned that Dr. Rett had made a strikingly similar report. In
1981, Andreas Rett and Bengt Hagberg met in Toronto and concluded their young patients had
been suffering from the same disorder. They agreed to name this condition Rett syndrome. In
1983, Bengt Hagberg and colleagues published their observations in the Annals of Neurology *’
in English. The publication enabled an international understanding of this disorder among
pediatricians worldwide ?®. During this time in Europe, several families whose children were
diagnosed with Rett formed the first not-for-profit International Rett Syndrome Association
(IRSA), which exists to this day as the International Rett Syndrome Foundation (IRSF). The

foundation funds Rett’s research to create treatments worldwide 2°.

After the international recognition of Rett syndrome in 1983, it took another three years for a
North American institute to be dedicated to researching Rett. Dr. Vanja Holm, a developmental

pediatrician who served as Boyer’s Medical Director in Seattle, met Dr. Bengt and learned of the
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newly identified neurodevelopmental disease **. Soon after, Alan Percy, a child neurologist at
Baylor College of Medicine in Texas, received a copy of the publication by Bengt and
colleagues. Alan confirmed a case of an unidentified neurodevelopmental condition in a young
girl as RTT and admitted the patient to Texas Children’s Hospital. Several other cases of RTT
were confirmed throughout Texas, and multiple pediatricians were informed of this condition. In
1986, Dr. Alan Percy established the Rett Syndrome Clinic within Baylor College of Medicine
with colleagues Daniel Glaze and Rebecca Schulz ?*3!. Rett remained a condition that

exclusively affected females until 1990.

The first case of Rett-like symptoms appearing in males was published by a child neurologist,
Mary Coleman, from Washington, DC, who was informed of Rett at the international medical
conference in Paris soon after Bengt’s publication 2. The patient was a 6-year-old boy and had a
healthy early development ten months after birth. His parents soon noticed, however, that their
child’s eyesight was poor, and his motor skills were regressing. He lost his purposeful hand
movements and failed to feed himself. His family agreed to keep a helmet on their child as he
was described as “clumsy” and unable to coordinate muscle movements, all in agreement with
Rett phenotype. Since the cause of Rett remained unknown at the time, no standard testing was
designed for diagnosis *2. When the Rett syndrome clinic was established at Baylor College of
Medicine, a post-doctoral researcher, Huda Zoghbi, encountered young girls with Rett syndrome.
With support from Alan, Huda Zoghbi dedicated her research to finding the cause of Rett

syndrome.

In 1999, Amir E. Ruthie et al. from Huda Zoghbi’s lab found the cause of RTT to be mutations in
the epigenetic regulator Methyl CpG Binding Protein 2 or MeCP2 3. MeCP2 was identified in

1992 by Adrian Bird et al. It was purified from rat nuclear extracts of various tissues. Using



immunofluorescence in rat fibroblasts, they found that MeCP2 was concentrated in
pericentromeric regions while euchromatic regions were stained faintly **. At the time, it was
unknown that there were two isoforms of this protein. They identified the shorter E2 isoform
first; hence, the nomenclature of amino acid position refers to the E2 isoform as the accepted
standard in the literature. The more relevant E1 isoform, which is 10 — 15x more abundant in the
brain, was described in 2004 by Gevork N Mnatzakanian et al., who inspected the 5> UTR of
MeCP2 and found several open reading frames within exon 1, which had gone unnoticed when
MeCP2 was identified . The isoforms are discussed in detail in section 1.2 MeCP2 domains
and isoforms. Rett research has grown steadily since its cause was identified; today, there
remains no promising cure for this debilitating disease. There are, however, many reasons to
believe Rett will be a reversible condition in humans. Animal studies have demonstrated a degree
of reversibility of this disease 3*; such studies enable drug testing and therapeutic design, many
of which are currently in clinical stages. The most recent FDA-approved pharmaceutical for Rett
patients as of March 2023 is Trofinetide or (Glycyl-L-2-methylproyl-L-glutamic acid). The drug
is an analogue of glycine-proline-glutamate (GPE), the N-terminal tripeptide of insulin-like
growth factor 1. At a dose of 200 mg/kg, there is a significant improvement in mood and
disruptive behaviour, ambulation, and verbal communication. Common side effects are mild
gastrointestinal disorders, seizures and irritability **°. Due to the ubiquitous expression of
MeCP2, pharmacological approaches only partially improve the disease. It remains critical to

understand the basic mechanisms of MeCP2, especially those concerning its degradation

pathways, and strive to find a cure for RTT.



1.2 MeCP2 domains and isoforms

MeCP2 is an intrinsically disordered protein (IDP) for ~60% of its primary structure *°.
Intrinsically disordered proteins (natively unfolded) have at least one region that naturally fails to
fold into a-helices or B-sheets. MeCP2, as its name indicates, preferentially binds methylated
DNA and is involved in transcriptional repression and maintenance of silenced heterochromatin
regions #'*#. Recent findings on MeCP2's association with the transcriptional activator CREBI at
the promoter of active genes 2> changed the dogma on its exclusivity to repressed genes and
heterochromatin. MeCP2 has four exons, transcribed from the telomere to centromere *4.
Alternative splicing of its mRNA yields two isoforms, E1 and E2. The E1 isoform starts with
exon one but entirely skips exon two, producing a 498 amino acid long protein in humans and
484 in mice. The E2 isoform skips most of exon 1, and the start codon begins at exon 2, giving
rise to a 486-residue-long protein in humans and 501 residues in mice *° (Fig.1.2 A and C). The
two isoforms only differ within their NTD, which lacks tertiary structure. E1 has a stretch of poly
alanine and poly glycine, making it 21 residues longer than E2, as shown in the Clustal omega
alignment of the human MeCP2 isoforms (Fig. 1.2 B). The yellow highlighted region of the
Alphafold image of MeCP2 shows the unstructured NTD; the black arrow indicates the N-
terminal methionine (Fig. 1.2 D). Due to the similarity between the two isoforms, it has been
suggested that they are functionally redundant, although significant differences still exist
between them **7. As mentioned, the longer E1 isoform is more abundant in the brain, except
for the dorsal thalamus (DT) 4%, Moreover, sex-dependant differential expression of the two
isoforms has also been reported. In the neurons and astrocytes of mouse brains, differential
accumulation of MeCP2 isoforms has been observed between sexes. Female astrocytes and

neurons accumulate similar levels of el transcripts, while e2 transcripts are higher in neurons



than in astrocytes. In males, however, both isoforms are expressed equally in neurons and
astrocytes. Rastegar et al. reported that DNA methylation of MeCP2 regulatory elements (RE) is
associated with the differential expression in male and female mice */, suggesting that DNA
methylation at REs of MeCP2 controls the levels of MeCP2 isoforms. In the context of Rett,
mutations occurring within exon one are rare. A single missense mutation Ala2Val in exon one
has been reported where the missense mutation results in faster proteasomal degradation of
MeCP2. This observation transcends this specific mutation as many MBD mutations, such as the
most common T158M missense mutation, also result in rapid proteasomal degradation of
MeCP2 when compared to WT. See section 1.3.1. MBD mutations for a synopsis of what is

known about MeCP2 MBD mutations, especially the most common, T158M.
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Me(P2-E1 SSSVOKEEXMPRGGSLESDGCPKEPAKTQPAVATAATAAEXYKHRGEGERKDIVSSSMPR 480
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Figure 1.2. Alternative splicing of MeCP2 mRNA yields the E1 and E2 isoform. A. MeCP2
mRNA has four exons, I — VI. The el isoform begins with exon one, and the e2 isoform begins
with exon two %%, The 3’UTR is not shown to scale as it is unusually long, 8.5 Kbp ** B.
Clustal omega alignment of human MeCP2 E1 and E2; the highlighted sequence corresponds to
the domains represented in the cartoon diagram. C. Domains of MeCP2 with the residue number
of E1 and E2: NTD, N-terminal domain; MBD, methyl binding domain; ID, intervening domain;
TRD, transcription repression domain; NID., NCoR (nuclear receptor coreceptor) interaction
domain; CTD, C-terminal domain. D. Alphafold structure prediction of human MeCP2-E2. The
arrow points to the N-terminal methionine; the yellow highlighted region is the disordered NTD
ending at serine 78 %31,

Albeit the NTD is unstructured, it impacts its neighbouring MBD and can stabilize it in
conditions of low ionic strength >2. Our lab had shown the differential stability of the NTDs

when tethered to MBD. Cycloheximide chase assay of the two isoforms with a GFP tag in

transiently transfected neuroblastoma showed that after 48 hours of the treatment, the E1 levels



dropped to ~10% while the E2 isoform dropped to ~ 40% >3, suggesting the longer NTD of E1

may contribute to the shorter half-life of this isoform (Fig. 1.3%%).
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Figure 1.3. MeCP2 isoforms have different half-lives. Cycloheximide chase assay of

transiently transfected neuroblastoma SH SY5Y with recombinant MeCP2 E1 and E2 after 48
hours [OE: overexpressed] (top). Endogenous expression of MeCP2 isoforms in differentiated
SH SYS5Y after 8 hours (bottom) 3, used with permission from Creative Commons Attribution

E1 EGrP

B Actin

E2 EGFP

B Actin
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4.0 International License. Epigenetics & Chromatin, vol 12, MeCP2-E1 isoform is a dynamically
expressed, weakly DNA-bound protein with different protein and DNA interactions compared to
MeCP2-E2. Khajavi and Sheikh et al.
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The methyl binding domain (MBD) and the transcriptional repression domain (TRD) are well
characterized, as the deleterious mutations of MeCP2 are often clustered within these two
domains **+°°_ The trypsin digest of MeCP2 yields seven trypsin-resistant fragments. Four of
these overlap with the MBD and TRD. (Fig. 1.4 A), suggesting that these domains contain a
degree of tertiary structure, restricting trypsin access *°. These findings were corroborated after
the MBD structure was identified to be composed of four antiparallel B-sheets on the N-terminal
and an o-helical region at the C-terminal, as predicted by the MOLSCRIPT algorithm (Fig. 1.4
B, C) °*5%. The X-ray analysis of the co-crystalized MBD-DNA revealed contact between
methylated DNA and hydrophilic surfaces, including tightly bound water molecules. Their
finding suggests that MeCP2 recognizes DNA by hydration of the major groove of methylated

DNA.

N Figure 1.4. MBD of MeCP2 has a
A Trypsin — ;3 defined secondary structure. A.
Trypsin digest of MeCP2 exhibits
e WP 8o seven trypsin-resistant fragments (top).
pr- | Cartoon presentation of MeCP2
= == 7 domains aligned with seven trypsin-
sy - resistant fragments “’(reprinted from
the J. Biol. Chem., open access;
«5 Intrinsic Disorder and Autonomous
Domain Function in the
MecP2 [ N | MBD | D | TR | cm Multifunctional Nuclear Protein,
MeCP2; 2007; Adams & Hansen et
s — | [7I]I al.B. MOLSCRIPT 38 diagram of
MeCP2 MBD 3 (Reprinted from J.
Mol. Biol., Vol 29, Solution structure of
B c the domain of MeCP2 that binds
methylated DNA, Robert and Bird et al.

1999, with permission from Elsevier).
. " The B-sheets are by the N-terminal and
W %‘ c the a-helices by the C-terminal of MBD
N N domain C. AlphaFold structure of
MeCP2 MBD. Dark and light blue
correspond to high and moderate

confidence in structural prediction %!,
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The Asx-ST (Asp/Asn-S/T) motif within MBD lies near the C-terminus of the MBD, 13 residues
after the defined a-helix of MBD. The motif contacts DNA via hydrogen bonding between
Val159 of Asx-ST and oxygen of the phosphate backbone of DNA. Thr158 stabilizes the tandem

Asx-ST, forming hydrogen bonding between the Asx turn and ST motif (Fig. 1.5°7).

Asx turn

Figure 1.5. Asx-ST motif of MeCP2. T158 is essential for the stability of the Asx turn and ST
motif. D156, F157, and T158 make up the Asx-turn. The critical hydrogen bonding of this motif
is between the COOH of Asp156 (red) and the nitrogen of Thr158 amino group (blue). ST motif
comprises T158, V159, T169, G161, R162. Critical hydrogen bonding is between the COOH
group of Thr158 and the nitrogen of amino groups of Gly161 and Arg162 °’. Reprinted from
Molecular Cell, vol 29 (4), Ho and Walkinshaw et al. MeCP2 Binding to DNA Depends upon
Hydration at Methyl-CpG. (2008), with permission from Elsevier.PBD domain identifier of
MeCP2 MBD with methylated DNA: 6C1Y.

The transcriptional repression domain (TRD) of MeCP2 is critical for maintaining a repressed
transcriptional environment. Histone deacetylase (HDAC) containing complexes such as Sin3A
and NCoR-SMRT have been identified to interact with MeCP2 by its TRD in co-fractionation
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experiments >*%°. Common Rett-causing mutations within TRD are clustered in residues 302-
306, with R306C ranking as the most common Rett-causing missense mutation. The mutation
hot spot identified the specific region within TRD, residues 302 — 306 that binds the co-repressor

NCoR-SMRT through the direct binding subunit of the NCoR complex, TBLR1.

Rett mouse models with null MeCP2, MBD or TRD mutations recapitulate the Rett phenotype.
MBD and TRD of MeCP2 account for most of MeCP2’s critical functions, DNA binding and
recruitment of repressor complexes. Intriguingly, when MeCP2-null mice are introduced with a
truncated MeCP2 that only contains the MBD and segments of TRD that are responsible for
nuclear localization and binding to co-repressor complex, NCoR-SMRT, many of the phenotypes
were reversed to near WT levels. The improvements include increased survival from 16 weeks to
50 weeks and improved locomotion, measured by latency to fall, to near WT levels °'. However,
this should not be interpreted that the NTD, ID, and CTD domains of MeCP2 are unimportant.
As previously discussed, the NTD is the domain that varies between the two isoforms, and this
variation is enough to cause significant differences in the isoform half-life >*. The intervening
domain (ID) stabilizes the MBD as its deletion significantly reduces protein levels; however, the
mRNA levels remained unaltered 32°'. Moreover, two PEST domains, discussed in detail in the

next chapter, have been suggested to mediate MeCP2’s homeostasis 2.

1.2.1 PEST domains

PEST domains were first described by Rogers et al. in 1986 as protein regions enriched
in proline (P), glutamic acid (E), serine (S) and threonine (T), flanked by positively charged
residues such as lysine (K) or arginine (R), that target the protein for degradation %. PEST
domains are commonly found in short-lived proteins ® and IDPs enriched in disorder-promoting

residues 4%, PEST domains have marginal stability due to the secondary structures, such as
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polyproline type II (PPII) and alpha helices. Upon being phosphorylated at a serine or threonine
adjacent to a proline, the conformational stability of the PEST domain is impaired. Proteolysis

occurs following the structural impairment %47,

Rogers et al. developed an algorithm, PEST-find, which identifies putative PEST motifs and
gives each candidate a score between -50 to +50. Scores greater than +5 are considered strong
PEST motifs 8. Soon after PEST-mediated degradation was postulated, other researchers
published their findings on PEST domains acting as degradation signals, resulting in rapid
proteolysis 7!, Seldomly, PEST domains are found on long-lived proteins; in such instances,
they serve as intermolecular signals for proteolysis ®*. Proteolytic pathways associated with
PEST-containing proteins are the ubiquitin-proteosome system (UPS) and calpain cleavage.
Calpain proteolysis involves the binding of calpain to an acidic proline in the PEST motif, which
drives proteolysis in a calcium-dependent manner 2. A bona fide example of PEST-mediated
proteolysis is mouse ornithine decarboxylase (ODC), an enzyme for polyamine biosynthesis. The
half-life of ODC is ~ 1hr; however, deletion of its PEST motif, located at its C-terminus,
increased its half-life to at least 4 hours . As an extension to this finding, Ghoda et al. reported
that ODC in a protozoan parasite, Trypanosoma brucei, has a half-life of over 6 hours. By
transfecting ODC from mouse and 7. brucei to ODC deficient cells, they observed in cells
transfected with mouse ODC, its expression was less stable than the cells transfected with 7.
brucei ODC, and the stability of protozoan ODC was linked to lack of the C-terminus containing

PEST motif which was exclusive to mammals 74,

There are contrasting observations regarding the deletion of PEST domains and increased

stability. Contrary to the observation in mouse ODC stability after deletion of its PEST domains,
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deletion of this motif in the oncogene, c-Myb, did not affect protein turnover ”°. This seeming
contradiction suggests the PEST motifs function as regulatory regions that either directly result
in proteolysis or indirectly result in signalling pathways that will eventually lead to degradation,
such as PEST-like containing protein Ste3p in yeast that acts as an endocytosis signal upon
ubiquitination, followed by vacuolar degradation *7°. It is important to note that the PEST
domains are always present. Yet, they do not result in immediate destabilization and rapid
proteolysis because the PEST-containing proteins must be marked for degradation.
Phosphorylation is one of the many mechanisms that can activate the PEST domain. Serine or
threonine phosphorylation precedes the attachment of the polyubiquitin chain to a flanking lysine

of the PEST domain, recruiting the proteasome %77

MeCP2 has two strong PEST domains near the N- and C-terminus. The C-terminal PEST is the
stronger candidate with a score of 17.29, generated by the PESTfind algorithm’® (Fig. 1.6). Our
lab has postulated that MeCP2 proteolysis may be controlled by the PTMs of this motif >”. One
of the well-characterized MeCP2’s phosphorylation is at Ser80, critical for chromatin association

18!, which has been

80 and it acts in opposition to another essential phosphorylation at Ser42
incorrectly associated with the Ct-PEST %. Ser421 in mice corresponds to S423 in humans, and
it lies outside the Ct-PEST (Fig. 1.6; red box); however, phosphorylation at Ser401 and
ubiquitination at Lys82 has been identified as a putative PTM in mass-spec analysis "%, It
remains unclear if MeCP2 PEST domains play a role in its degradation, and if they do, to what

extent are they driving proteolysis. As discussed in section 1.4.2.2, PEST-mediated degradation,

this project focuses on finding an answer for the role of PEST domains in MeCP2 degradation.
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Figure 1.6. MeCP2 has two PEST motifs. Cartoon presentation of MeCP2 domains shows the
N and C-terminal PEST in red and their PEST score generated by the PESTfind algorithm’®
(top). The Human MeCP2-E2 protein sequence depicts the exact position of the two PEST
domains in bold (bottom). Phosphorylation at S80 and S401 and ubiquitination at K82 have been
identified as MeCP2 PTMs 8%2,

1.3 Rett causing mutations

Although MeCP2 has been associated with numerous neuropsychiatric diseases, Rett
remains the most severe and debilitating MeCP2-related disorder. 90 to 95% of Rett mutations
are within MeCP2, yet atypical Rett phenotype may not be caused by MECP2 mutations; instead,
the mutations are in cyclin-dependant kinase-like (CDKL) 5 protein® and forkhead box protein
(FOXG) 134, Recent findings have demonstrated that MeCP2 drives liquid-liquid phase
separation (LLPS) when in complex with DNA. LLPS has been studied in the context of MeCP2.

Evidence supports the formation of a membrane-less compartment inside the cell following
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LLPS ¥, in agreement with MeCP2 function inside the nucleus as it facilitates tight chromatin
packing. MeCP2-DNA interaction is a multivalent interaction. MeCP2 binds DNA through its
intervening domain, MBD, and the TRD 3¢, Common Rett-causing mutations such as T158M,
R133C, and R306H have been shown to impair the in vitro phase separation of MeCP2 in
conjugation with methylated DNA. Intriguingly, the two isoforms exhibit different capacities for
driving LLPS *’. Impaired LLPS of mutated MeCP2 suggests how these mutations disable
MeCP2 from forming dense chromocenters inside nuclei. Confocal fluorescence microscopy
images of various MBD mutations correlated with the observation that MeCP2’s fundamental
capacity in developing dense heterochromatin regions is abolished or severely impaired,
depending on the position of the MBD mutation *®. As depicted in Table 1, the Rett-causing
mutations, their frequency and how they impact protein levels are tabulated. The following topics
discuss common Rett-causing mutations, such as T158M and R306C, that are within the MBD

and the TRD, respectively.
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Table 1. Classification of Rett-causing mutations based on their position in MeCP2 domains.

Domain of
MeCP2

N-terminal
Domain
(NTD)

Methyl
Binding
Domain

(MBD)

Transcription
Repression
Domain
(TRD)

NCoR/SMRT
Interaction
Domain
(NID)

Mutation

MeCP2-
El- A2V

T158M

P152R/A

R133C

R111G

R106W

R294X

R306C

Molecular phenotype

Methionine at the P1 position
and the penultimate valine (P’1)
were acetylated in vitro. N-
methionine excision (NME) was
absent when compared with E1.
MeCP2 colocalization to
chromocenters was unaffected.
Impaired stability of Asx-ST
motif. Impaired binding to
chromocenters due to reduced
affinity for mCpG.

Impaired clustering of MeCP2 to
chromocenters.

Impaired stability of 4™ B-sheet
and a-helix. Reduced binding to
hmC (retained binding to mC).
Impaired interaction with TCF20
complex. Reduced MeCP2-
driven LLPS.

Abolished binding to mC;
disrupted nuclear localization;
disrupted binding to TCF20
complex. Reduced MeCP2-
driven LLPS.

Impaired stability of 2" beta-
sheet and reduced affinity to
mCpG. Decreased MeCP2-
driven LLPS.

Increased binding to DNA.
Clustering to chromocenters was
unaffected.

Abolished interaction between
NCoR/SMRT by disrupting
TBLR1 binding. Disrupted
binding to ATRX complex.
Reduced HDAC activity in the
forebrain of mice.

Protein levels
in vivo
relative to WT

~1/4

~1/3

Unknown

~1/2 in the
hippocampus;
indistinguishable
in cortex and
cerebellum

unknown

~1/3

Indistinguishable

Indistinguishable

% of
RTT
cases

0.2%

8.79%

1.5%

4.24%

>1%

2.76%

6.1%

6.8%

Median
life span
in mice

Unknown

12 weeks

Unknown

42 weeks

6 weeks

10 weeks

35 weeks

18 weeks

Reference

88-90

38,88,90-92

88,93

54,88,92,94-96

88,95-98

88,92,96,99-
101

90,102-104

55,105,106
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1.3.1 MBD mutations

The most common MBD mutation, T158M, accounts for 9 % of all Rett cases **°°. This
mutation destabilizes the Asx-ST motif. Fig. 1. 5 depicts the Asx turn comprising **DFT!*® and
the immediate ST motif *TVTG!®!. T158 is critical for the stability of this motif through H-
bonding. Both female and male mouse models with T158M mutations have been created. The
mice develop neurological abnormalities such as abnormal gait, reduced brain weight, and
reduced survival. A critical observation in this mouse model was that the level of this protein, but
not the mRNA, drops to ~ 30% of that of WT, yet the mutation does not have a dominant
negative effect. Transgenic mice that over-express the T158M protein exhibit improved
phenotype and a degree of reversibility of the Rett phenotype. Brain weight and survival of mice
overexpressing the T158M mutation were indistinguishable from the WT 3. Surprisingly, the
overexpression of mutated protein does not lead to abnormal neuronal arborization, as observed
when WT MeCP2 is overexpressed '°7-11°. Moreover, incorporating the proteasome inhibitor
MG132 restored the degradation of T158M MeCP2 while it did not affect the WT (Fig.1.7).
These observations provided new routes for designing Rett treatments through gene therapy or
through pharmacological administration of proteasome inhibitors to alleviate fast degradation of

T158M.
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Figure 1.7. Proteosome is responsible for degrading MeCP2 T158M. Incorporating the
proteasome inhibitor MG132 restores the declining levels of MeCP2 T158M *. Used with
permission of the American Society for Clinical Investigation, from Elevating expression of
MeCP2 T158M rescues DNA binding and Rett syndrome-like phenotypes by Lamonica and Cui
et al. vol 127 (5). 2017. Permission is conveyed through Copyright Clearance Center, Inc.

Binding analysis and stability of the MBD domain with Rett causing mutations enabled the
categorization of the MBD mutants into three groups (Fig. 1.8). Group three mutants are
mutations that destabilize the protein the most, and group one is comparatively less destabilizing.
Group three mutations include the first residue within the Asx-turn, D156E. In addition, P152R,
S134C, and L100V are within this cluster’®. As depicted in Fig. 1.8, P152R amongst cluster 3
mutants conserves the most DNA binding (lowest on the y-axis). In the context of Rett, P152R is
the 4" most common MBD mutation; however, it is within the disordered region °°. Rett patients
with P152R have a diverse degree of phenotypic severity. The normal phenotype of girls with
this mutation is typical Rett phenotype; however, a report of a girl with atypical Rett with P152R
has been published where the patient became microcephalic with mild mental retardation and

behaviour disturbances ''!. The correlation between genotype and phenotype is only reliable in
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males (XY). In females, X-chromosome inactivation (XCI) creates a mosaic expression of genes
on the two X-chromosomes, making the genotype-to-phenotype comparisons more complex. It is
plausible that P152R, similar to TI158M, becomes rapidly degraded and that the proteasome is
responsible for their breakdown. It remains to be determined how the 26S ubiquitin-proteosome
system (UPS) drives the degradation of MeCP2 with MBD mutants and whether the PEST

domains play a part in the proteasome recruitment.
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Figure 1.8. Categorization of Rett causing MBD mutations based on biophysical analysis.
Top, cartoon presentation of MeCP2 primary structure. Bottom, three groups of MBD mutations
are based on how the mutation impairs stability (X-axis) and affinity for DNA (Y-axis).
Reprinted with permission from ACS Chemical Biology. Binding analysis of Methyl CpG
binding domain of MeCP2 and Rett Syndrome mutations. Yang and Cao, et al. vol 11. 2006. *%,
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1.3.2 TRD mutations

Another hot spot of Rett-causing mutations is concentrated within a narrow region of TRD
that directly binds the NCoR-SMRT co-repressor complex >>!%°. The most common TRD
mutation is R306C, accounting for ~6% of all Rett cases . This mutation prevents the binding
of MeCP2 with the TBLR1 component of the NCoR-SMRT complex. In addition to R306C, NID
mutations include P302R, K304E, K305R/E, and R306C. Protein levels in mouse models with
R306C MeCP2 were indistinguishable from WT 1% suggesting that NID mutations do not
destabilize the protein. Colocalization of MeCP2 to target DNA in mouse ES cells appeared

unaffected in R306C. The colocalization was unchanged since R306 lies outside the MBD °°.

1.4 MeCP2 homeostasis

The levels of MeCP2 must be kept within a tight range for its proper function. Numerous
mechanisms regulate MeCP2, many involving miRNAs binding MECP2 3°UTR; however, less
is known about mechanisms at play for maintaining protein levels of MeCP2. The following
sections elaborate on the mechanisms that play a role in maintaining MeCP2 homeostasis before

and after translation.

1.4.1 MeCP2 regulation before translation

At the mRNA level, various proteins and microRNAs have been identified to regulate
levels of MECP2. These regulators include negative regulators such as high mobility group N1
protein (HMGN1) 2 several miRNAs such as miRNA132-212 '3, and positive regulators such

as myocyte enhancer factor 2C (MEF2C) !4,
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1.4.1.1 Negative regulators of MeCP2

HMGNI is a ubiquitous nuclear protein, and like MeCP2, it binds to nucleosome core
particles. 151" HMGN1 was found to be a negative regulator of MeCP2 by binding to its
promoter. The observation that resulted in this finding was that in patients with Down syndrome
(DS), MeCP2 expression is reduced !'; more specifically, there was a ~50% increase in HMGN1
protein and a 30% decrease of MeCP?2 transcripts in the brain of DS patients. Western blot
analysis confirmed protein levels of MeCP2 were also reduced 2. Similar to MeCP2’s sensitive
dose dependency, too little and too much HMGNI results in abnormal behaviour. In mice that
overexpress HMGN1, hyperactivity and abnormal social interest are observed, similar to DS
mouse models ', In contrast, null Hmgn1 mice exhibit hypoactivity, aberrant social behaviour,
and other traits that mirror models of autism spectrum disorder (ASD) !'°. These data suggest
irregularities in the homeostasis of proteins that affect MeCP2 dose and consequently impact the

epigenetic machinery, contribute to the etiology of behavioural problems in ASD and DS.

There are miRNA recognition elements (MREs) in MeCP2 3” UTR, and several miRNAs have
been predicted to bind this region, such as miRNA194, miRNA-7b, miRNA-212 and miRNA-
132 113:120-122 CREB-induced miRNAs132/212 are known for regulating synaptic transmission
13,121 ' miRNA-132, enriched in the brain, has been shown to bind MeCP2 3’-UTR and
negatively regulate MeCP2 expression '?*. MeCP2 has multiple polyadenylation sites, which
results in several 3’UTRs ranging between ~ 2 to 10 Kbp. Longer transcripts found in the brain
are highly conserved across mammals '**; the miRNA-132 binding site is only available in the
longer 3’UTR transcripts in the brain. A shorter 3° UTR of MeCP2 is present in visceral tissues

such as muscles. Induction of miRNA-132 expression by treatment with forskolin or KCl
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decreased MeCP2 levels ''>!23. Moreover, the use of oligonucleotides that are complimentary to
the miR 132 recognition element (MRE) on MeCP2 3’ UTR, designed to block the interaction
between miRNA132 and MeCP2, resulted in higher MeCP2 levels in cortical neurons relative to
oligonucleotides non-specific to the MRE, corroborating the observation that miRNA-132
negatively regulates this protein ''°.

There is bi-directional feedback autoregulation between MeCP2 and miRNA7-b. miRNA-7b can
become hypermethylated at the 5°-flanking regions. MeCP2 recruitment to methylated CpG
islands has been shown to diminish the expression of miRNA-7b. Conversely, the binding of
miRNA-7b to 3’UTR of MeCP2 inhibits the levels of this protein. This autoregulation between
MeCP2 and miRNA-7b occurred during postnatal murine neuronal maturation when MeCP2

levels increased and regulated healthy neuronal development 2,

1.4.1.2 Positive regulators of MeCP2

Another bi-directional regulation of MeCP2 is with the myocyte enhancer factor 2C
(MEF2C), one of MeCP2’s binding partners. MeCP2 binds to the murine Mef2c promoter and

125 MEF2C was found to be mutated or truncated in patients with severe

represses transcription
mental retardation ''4!26, Mutations or truncation of this transcription factor diminished
expression of MeCP2 and CDKLS; as mentioned, atypical Rett patients have mutations in
CDKLS5 #. Luciferase gene assay analysis of MeCP2 and MEF2C demonstrated that MEF2C
activates MeCP2 while deleterious MEF2C mutations diminished transcriptional activation of

the MeCP2 promoter 27, The mechanistic details of how MEF2C positively regulates MeCP2

remain elusive.
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1.4.2 MeCP2 regulation after translation
1.4.2.1 N-methionine excision

Nearly all polypeptides translated by the ribosome begin with a methionine (Met), which
marks the translation initiation. The N-terminal methionine is co-translationally excised by Met-
aminopeptidases bound to the ribosome if the penultimate residue is small enough, such as Ala,
Gly, Val, Ser, Thr, Cys, and Pro. N-methionine excision (NME) is evolutionarily conserved
among prokaryotes and eukaryotes, and it is applied to more than 50% of nascent proteins 12%!2°,
In ~ 80% of nascent human proteins, the Nt-Met or the penultimate residue after NME undergoes
Nat-acetylation '*°. Nt-acetylation acts as a degradation signal (degrons) targeted by ubiquitin
ligases for proteolysis; however, there are records of numerous long-lived stable proteins that
become co-translationally acetylated at the second position after NME; a plausible explanation
for this contrast has been the inaccessibility of the Nt-domain to the proteasomal machinery
created by higher order structures '*!. It has been postulated that the destabilizing Nt residue
reduces the half-life of the protein, and this phenomenon is referred to as the N-end rule **'3*, In
Saccharomyces cerevisiae, the E3 ubiquitin ligase, Doal0, adds the polyubiquitin chain to Nt-
acetylated Met, Ala, Gly, Ser, Thr and Cys '3°. Our lab has previously analyzed the Nt-co and
post-translational modification of MeCP2 by expressing the NTD of the E1 isoform in HEK293
cells. MS analysis of the MeCP2-E1 isoform showed no Nt-Met, indicating complete NME; in
addition, the Ala that became exposed following NME was acetylated. Several MS reads
exhibited the cleavage of the first two, three, five and six Nt-Ala following NME and the

acetylation of the following exposed Nt residue (Fig1.9, top) *°. For the shorter MeCP2 E2

isoform, MS analysis revealed the retention and acetylation of Nt-Met and acetylation of Val at
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position P’1. At the same time, a few peptide reads showed NME and acetylation of the

penultimate Val > (Fig.1.9, bottom).

MeCP2-E1 MAAAAAAAPSGGGGGGEEERL EEKSEDQDL

a X7
a x3
a
a X1
d

MeCP2-E2 MVAGMLGLR EEKSEDQDL

aa
a

a: acetylation

Figure 1.9. N-methionine excision and acetylation of N-terminal residues of MeCP2
identified by mass-spectrometry sequencing. Most mass spec reads found NME and
acetylation of the penultimate alanine for MeCP2 E1, top. The acetylation and retention of Nt-
methionine or NME and acetylation of the penultimate valine were observed for the E2 isoform,
bottom. The figure was adapted and modified from Sheikh et al. *>.

The NME and the acetylation of the penultimate residue are found in higher peptide reads in the
El relative to E2. According to the N-end rule, the E1 isoform would be more destabilized by its
acetylated Nt-residue than its shorter E2 isoform that retains Nt-Met '**. Cycloheximide chase
assays of MeCP2 isoforms in the transient transfected SH-SY5Y neuroblastoma cells showed
that after 4 hours, the E1 isoform was ~30% less than the E2 >3. Moreover, the lower folding
stability of the first two domains of MeCP2-E1, NTD-MBD, and its lower affinity for DNA

suggests a higher presence of the E1 isoform in solution, expediting its degradation as it is
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exposed to the proteolytic machinery >*!*¢. The higher degradation rate of E1 isoform is essential

for its involvement in dynamic processes in neurons throughout development.

1.4.2.2 PEST-mediated degradation

The PEST-mediated degradation in the context of Rett-causing mutations re-sparked our
interest after Dr. Zhaolan Zhou and colleagues published their findings in 2017 with the T158M
mouse model. They found that protein levels in vivo were reduced to 1/3™ of WT and that by
inhibiting the 26S UPS by MG 132, the mutated MeCP2 levels were restored **. Our lab has
previously suggested the PEST-mediated degradation as a potential proteolytic pathway for
MeCP2; however, it had never been experimentally tested. As mentioned in section 1.2.1, PEST
domains are insufficient to induce proteolysis and must be ‘activated’ to recruit the proteolytic
machinery. A pre-requisite of this activation is phosphorylation on a serine or threonine within
the PEST that induces structural instability, especially for the stability imposed by the
polyproline type II secondary structure 2637 MeCP2’s polyproline region is located within the
Ct-PEST motif. However, as of today, the only phosphorylation event identified by MS in this
region is at S401, situated within the Ct-PEST polyproline stretch of MeCP2 (Fig. 1.6). It
remains unclear whether the PEST domains play a role in the recruitment of the proteasome
when MeCP2 has deleterious mutations. To conclude about the role of PEST domains in the
degradation of MeCP2 with MBD mutations, I have dedicated the focus of this thesis to

addressing the PEST hypothesis in the degradation of MeCP2 with MBD mutations.
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1.5 C2C12 myoblasts, an excellent model for neuronal cells

The C2C12 cells were created by Blau and Webster in 1983 37 from a subclone of C2 cells
generated by Yaffe and Saxel in 1977 3. C2 cells were generated from primary cultures
prepared from the thigh muscle of a two-month-old healthy female C3H mouse 17 h after thigh
muscle crush injury. This cell line was used as a control for studying muscular dystrophy 38139,
One disadvantage of the C2 cell line was that other cell types, such as adipocytes and fibroblasts,
were present, and the proportion of these cell types varied in diseased versus healthy cells. Blaue
et al. generated the C2C12 subclone by creating a culture condition that enabled the isolation of
muscle cells to circumvent this variability due to a heterogeneous population of cells. C2C12
cells undergo differentiation at high confluency from myoblasts to polynucleated myotubes, and
the rearrangement of centromeric domains occurs in terminal differentiation in both C2C12 and
mouse neurons 40142 Moreover, as the myoblasts differentiate, the pericentric DNA methylation
and MeCP2 expression increases 42,143, MeCP2 cells similarly increase in neuronal cells as
neurons mature and undergo differentiation '*4. The clustering of chromocenters, addressed in the
co-localization analysis in Chapter 4.1, increases in myogenesis '*?. The visual analysis of
MeCP2 for FRAP and co-localization is facilitated by the defined chromocenters that house
densely methylated DNA where MeCP2 binds. These striking similarities between C2C12 and

neuronal cells and the defined pericentromeric structures make C2C12 an excellent model for

studying MeCP2.
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1.6 Research Questions, Objectives and Significance

I aim to address the role of MeCP2’s PEST domains in the degradation of MeCP2 with MBD

mutations. The specific questions I seek to address are:

1) Is the reduced protein availability, as observed in T158M, recapitulated in MeCP2 with

other MBD mutations that have been predicted to have a destabilizing effect?

2) How do MeCP2’s MBD mutations differ from other mutants, such as the NID mutation

R306C, in DNA binding and protein levels?

3) How does deleting or modifying the Ct-PEST in MeCP2 T158M affect DNA binding and

protein levels?

1.6.1 Significance

The dose-dependency of MeCP2 for healthy neuronal maturation has been recognized soon after
MeCP2 mutations were identified to cause Rett syndrome. The most common Rett-causing
missense mutation, T158M, resulted in lower protein due to its higher proteasomal degradation
38 However, some non-canonical mutations within MeCP2 CTD, such as P322L, have also
caused reduced protein levels '*°. Another MeCP2-related disorder resulting from higher levels
of this protein is MeCP2 duplication syndrome, sharing many phenotypes with Rett due to
impaired neuronal maturation. Despite the importance of MeCP2 homeostasis for healthy
neuronal maturation, significant knowledge gaps remain in which mechanisms regulate MeCP2
at protein levels. Our lab has hypothesized PEST-mediated degradation of MeCP2 to regulate
MeCP2 levels at a protein level; however, it has never been experimentally tested. In this work,

the PEST hypothesis for degradation of MeCP2 is experimentally tested for the first time. These
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findings enhance our understanding of MeCP2 degradation mechanism at a protein level, and

create a model for further analysis of the molecular interactions that regulate MeCP2 dynamics.
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Chapter 2: Materials and Methods

Section 2.3 of this chapter is the FRAP analysis Anastasia Roemer conducted from Dr. Michael

Hendzel’s lab. I completed the remaining experiments. Dr. Bob Chow and Alberto Ruiz assisted

in the confocal imaging of the transiently transfected mouse myoblasts from the biology

department at the University of Victoria.

Table 2. List of reagents and their distributor/ manufacturer.

SDS and Western blotting

Company, Country, Catalog #

Coomassie Brilliant blue G 250

Sigma-Aldrich, St. Louis, MO, USA,; 6104-58-1

Nitrocellulose membrane 0.2uM

Bio-Rad Laboratories (Canada) Ltd; 1620112

Clarity ™ Western ECL Substrate

Bio-Rad Laboratories (Canada) Ltd; 1705060

Plasmid prep

DH5-alpha In-house

Ampicillin Sigma-Aldrich, St. Louis, MO, USA; A9518
Kanamycin Sigma-Aldrich, St. Louis, MO, USA; BP861

Plasmid Prep kit

HiSpeed Plasmid Midi Kit, Qiagen, Venlo,
Netherlands; 12643

Reagents for cell-culture

DMEM, high glucose

Invitrogen, Waltham, MA, USA.
11965092

Fetal Bovine Serum (FBS)

Sigma-Aldrich, St. Louis, MO, USA; F1051

PBS, pH 7.4 Gibco™

Invitrogen, Waltham, MA, USA.

10010023

Lipofectamine™ 3000 Transfection Reagent Invitrogen, Waltham, MA, USA.
L3000015

Trypsin_EDTA (0.5%), no phenol red Invitrogen, Waltham, MA, USA.
15400054

Reagents for nuclear fractionation

Protease inhibitor

cOmplete™ Mini, EDTA-free Protease Inhibitor
Cocktail, Roche, Laval, QC,
Canada; 5056489001

Phosphatase Inhibitor

PhosSTOP ™ Roche; 4906837001

Alkaline phosphatase

Antarctic Phosphatase, New England Biolabs Inc;
M0289S

Reagents for confocal fluorescence microscopy

16% Paraformaldehyde

Electron Microscopy Sciences, Hatfield, PA, USA;
15170

Coverslips Bellco Glass Inc., Vineland, NJ, USA.
50-194-4702
Immumount Thermo Shandon Limited, Cheshire, UK.

9990402

DAPI (4',6-Diamidino-2-Phenylindole,
Dihydrochloride)

Invitrogen, Waltham, MA, USA.
D1306

31



2.1 Cell culture and transfection

Mouse myoblasts, C2C12, were generously donated by Dr. Perry Howard, University of Victoria.
Cells were grown at 5% CO2 at 37°C in DMEM, high glucose (Invitrogen; 11965092) with 10%
FBS (Sigma-Aldrich; F1051). Cells were 50-70% confluent at the time of transfection with
lipofectamine 3000™ (Invitrogen; L3000015) following the manufacturer’s protocol. Human
MeCP2_E1 constructs and the expression vectors WT, T158M, P152R and R306C on
pcDNA3.1_Ct-GFP were donated by Dr. John Vincent. The MeCP2 double mutants constructs
modPEST+T158M, nullPEST+T158M, and the nonsense mutation R294X were cloned onto
expression vector pcDNA3.1_Ct-GFP_AP717 ordered from Invitrogen. Cells were harvested 48-
52 hours after transfection. Harvested cells were subjected to confocal microscopy for
colocalization analysis of MeCP2 to pericentromeric regions of C2C12 nuclei, or they were
subjected to NaCl extractions, HCI isolation and western blotting for quantification of total
MeCP2 or MeCP2 phosphorylation at S80. Table 3 contains the list and source of the MeCP2

constructs.

Table 3. MeCP2 constructs for the in vitro characterization.

Species-protein- MeCP2 construct Expression vector Provider
isoform
WT pcDNA3.1_CT-GFP Dr. John Vincent
T158M pcDNA3.1 CT-GFP Dr. John Vincent
P152R pcDNA3.1_CT-GFP Dr. John Vincent
R306C pcDNA3.1 CT-GFP Invitrogen
Homo sapien - | Modified PEST+T158M pcDNA3.1_CT- Invitrogen
MeCP2-E1 GFP_AP717
nullPEST+T158M pcDNA3.1_CT- Invitrogen
GFP_AP717
R294X pcDNA3.1_CT- Invitrogen
GFP_AP717
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2.2 Confocal fluorescence microscopy

Cells were fixed on coverslips (Bellco Glass Inc; 501944702) by 4% paraformaldehyde (Electron
Microscopy Sciences; 15170) in PBS at -20°C for 10 minutes. Following three washes with
PBS, cells were stained with DAPI. (Invitrogen; D1306) to a final 1pg/ml concentration. The cell
membrane was lysed with triton-X to minimize background autofluorescence to a final
concentration of 0.1% triton in PBS. Cells were incubated with the diluted DAPI and triton
mixture for 20 minutes at room temperature in the dark. Cells were washed with PBS three
times, and coverslips were mounted face down on a glass slide using Immu-Mount™ (Thermo
Shandon Limited; 9990402) and were stored in a dark place at 4 °C until imaging. Confocal
fluorescence images were taken using CFI Plan Flour 100XS Oil (NA 1.3) Nikon objective lens
on the Nikon C2 confocal microscope. Channel 1 (DAPI) had a laser wavelength of 405nm and
laser power of 10, while channel 2 (GFP) had a laser wavelength of 488nm and a laser power of
5. Images were taken in Z-stacks with a 2pum step size. Pixel width and height were 0.103 pm,
and the image size was 2048 pixels. Images were captured with NIS-Elements imaging software

(https://www.microscope.healthcare.nikon.com/products/software/nis-elements).

2.2.1 Pearson’s correlation coefficient and scatter plots
Colocalization of MeCP2 to DAPI stained chromocenters was analyzed with ImageJ

(https://imagej.nih.gov/ij/download.html). The background was subtracted by measuring its

mean and removing it from the image. The Colocalization Finder plugin generated the scatter

plot and Pearson’s correlation coefficient (PCC),. The equation for PCC (r) is as follows:

nyxy — Ex)Q&y)
VInXx? — (Z0)2][nxy? — (Ty)?]

T =
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X and y are the pixel values of red and green. N is the number of observations of both red and
green values as they are done in pairs. The final number r will be between -1 and 1, where -1 is
interpreted as anticorrelation where the variables tend to avoid each other; where the red pixels
(DNA) would be present, the green pixels (MeCP2) are absent. If the r value is 0, it implies no
correlation between the red and green variables, and r of 1 implies perfect correlation'®, which is
not achieved in practice. Hence, the correlation values for this colocalization analysis are

between 0 and 1.

2.3 FRAP analysis

For the FRAP analysis of wildtype and mutant MeCP2 proteins, C2C12 cells were seeded and
transfected at approximately 60-70% confluency on 35 mm MatTek dishes. The Qiagen
Effectene transfection kit was used with some modifications to the protocol. 100 ul of EC buffer
was added along with 3 ul of Enhancer and 1 pug of DNA. This was incubated at room
temperature for 20 minutes. 5 ul of Effectene was added, and the solution was incubated for
another 20 minutes at room temperature before being added to the cells. Media was changed the
following morning, and FRAP experiments were performed using a Zeiss LSM710 laser
scanning confocal microscope with a 63x 1.4NA Oil DIC Plan-Apochromat objective lens and a
fluorescent photon multiplier tube detector. Entire heterochromatin domains were bleached with
a 488 Argon laser. 3 pre-bleach images were collected, and then time-lapse images were
collected every second for the first 20 seconds and then every 5 seconds for the remainder of the
FRAP experiment. During imaging, cells were maintained in a live cell chamber at 37°C with
5% CO2. FRAP curves were normalized to the intensity of the whole nucleus throughout the
FRAP experiment to account for the FRAP ROI and photobleaching of the entire cell as the

result of repeated imaging.
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2.4 Nuclei isolation

Whole P30 mouse brains previously frozen at -80°C or fresh nuclei of C2C12 cells were
homogenized with a Dounce in 4 volumes of lysis buffer A (0.25 M sucrose, 60 KCI, 15mM
NaCl, 10 mM MES pH 6.5, 5SmM MgCl,, ImM CaCly, 0.5% triton X-100, protease inhibitor
cocktail at 1:100 [cOmplete™ Mini, EDTA-free Protease Inhibitor Cocktail, Roche;
5056489001]), and phosphatase inhibitor at 1:50 (PhosSTOP ™ Roche; 4906837001) and
incubated on ice for 3 - 6 minutes. Lysates were centrifuged at 600 x g for 5 minutes at 4°C. The
cytoplasmic fraction was discarded, and the pellet was resuspended in 8 volumes of lysis buffer.
The sample was pelleted at 600 x g for 5 minutes. Pellet was resuspended in 4 volumes of
resuspension buffer (buffer B: 50mM NaCl, 10mM Pipes pH 6.8, 5SmM MgCl,, ImM CaCl,,
protease inhibitor, phosphatase inhibitor). The same centrifugation time and speed were applied.
Nuclei were resuspended in 2 volumes of buffer B. With cells, only one round of centrifugation
with lysis buffer was completed. For OD measurement, nuclei were diluted with distilled water
and vortexed briefly to create a hypotonic pressure and nuclei lysis. SDS was added to the final
concentration of 0.2% in 1/200 dilution of nuclei. SDS binds core histones and breaks the DNA-
histone interactions. OD2so was measured on CARY 1 BIO UV-VIS to estimate nuclei
concentration. The dilutions were based on Beer-Lambert law that at 260nm, the extinction
coefficient of double-stranded DNA is 0.020 (ug/ml) "' cm™' to create an estimate of DNA

concentration in nuclei isolates '4’.

2.4.1 Alkaline phosphatase (AP) treatment
Nuclei were isolated as described with the exclusion of phosphatase inhibitor from buffers A and

B. Isolated nuclei were treated with alkaline phosphatase (Antarctic Phosphatase, New England
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Biolabs Inc; M0289S) at a concentration of 1U/5ug nuclei. AP treatment was performed

following the manufacturer’s protocol.

2.5 NaCl extraction of MeCP2 and H4

60ug of isolated nuclei were diluted in buffer B with protease inhibitor and aliquoted in 6
fractions. Equal volumes of 2x NaCl solutions ranging from 0.2M to 1M in 20 mM Tris-HCI
pH7.5, 0.5 mM EDTA, 2 mM DTT, and protease inhibitor were added to fractions. Fractions
intermittently vortexed for 10 seconds every 5 minutes for three rounds while on ice. Samples
were incubated on ice for 30 minutes and centrifuged at 16’000 x g for 15 minutes at 4°C. The
supernatant was separated and mixed with 2x sample buffer (250 mM Tris HCI (pH 6.8), 4%
SDS, 40% glycerol, 2.86 M f-mercaptoethanol, and 0.4% bromophenol blue). The pellet of each
fraction was resuspended in 1x sample buffer (125 mM Tris HCI pH 6.8, 2% SDS, 20% glycerol,
1.43 M f-mercaptoethanol, and 0.2% bromophenol blue), sonicated for 2 minutes, and incubated

at 100 °C for 3 minutes before loading on SDS gel.

2.6 HCI extraction of nuclear proteins

Nuclei in buffer B were centrifuged at 600 x g. The pellet was homogenized with HCI to a final
concentration of 0.65N with the Dounce. The sample was centrifuged at 13,000 x g for 10
minutes at 4°C. The supernatant was added to 6 volumes of 100% acetone. The acetone-
supernatant mixture was incubated at -20°C overnight to precipitate nuclear proteins.
Centrifugation at 13,000 x g for 10 minutes at 4°C followed. Pellet was washed with another six
volumes of fresh acetone. The pellet was scraped with a thin spatula to facilitate surface contact
of nuclear proteins with freshly added acetone. The sample was centrifuged at 13,000 x g at 4 °C
for 10 minutes. The pellet was vacuum-dried with Jouan RC 1010 concentrator centrifuge for 15
minutes at room temperature and stored at -80°C.
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2.7 SDS-PAGE

Samples were loaded onto SDS gel (15% separating, 4% stacking) for 2 hours at 100V. Gels
were stained with Coomassie stain (25% isopropanol, 10% acetic acid, 0.27% w/v Coomassie
Brilliant Blue G-250) for at least one hour and distained with a solution containing 10%

isopropanol and 10% acetic acid for 1-3 hours.

2.8 Western blotting

Proteins were transferred on the nitrocellulose membrane with Tris-glycine transfer buffer (40
Tris, 192mM glycine, 20% methanol) for 2 hours at 400mA or overnight (16 hours) at 100mA.
The membrane was blocked with 5% skim milk in PBST (137mM NacCl, 2.7mM KCI, 10mM
NaxHPOy4, 1.8mM KH>PO4, 0.1% (w/v)Tween). The primary antibodies were incubated
overnight at 4°C and include anti-MeCP2 (Sigma Aldrich; M9317: 1:8000 dilution); H4 (in-
house; 1:50°000); GFP clone 4B10(cell signalling; 2955S; 1:1,000 dilution). Secondary
antibodies (IRDye 800 Anti-rabbit; Licor; 611-132-122; 1:10,000 dilution/ IRDye 680 anti-
mouse; 926-68070; 1:5,000/ ECL Anti-Rabbit IgG, Horseradish peroxidase; GE Healthcare;
NA934V; 1:2000) incubation was at room temperature for 1 hour with shaking. Images were
analyzed with Li-Cor Odyssey (LI-COR Biosciences Lincoln, NE, USA) and Li-Cor Image

Studio Lite 5.2.5 software.

2.9 Statistical Analysis

Results were expressed as mean = standard error of the mean (s.e.m) as indicated with o < 0.05.
GraphPad Prism software performed one-way analysis of variation (ANOVA) with post hoc
Dunnett’s test, which compares values to the wildtype, and post hoc Tukey’s test, which

compares all values (https:/www.graphpad.com). Statistical power calculation was completed on

the R-studio “pwr” plugin to calculate the number of observations needed for a power of 0.8.
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Chapter 3: Biochemical characterization of MeCP2 with deleterious
mutations

3.1 MeCP2 homeostasis is lost with several Rett mutations

Based on biophysical analysis, the categorization of MBD mutants yielded three clusters
of MBD mutations based on protein stability and DNA binding. T158M is in group two, with
moderate stability and DNA binding. The most destabilizing MBD mutation is P152R, yet it has
not been experimentally verified 3%7%14%, P152 is not involved in direct DNA binding, and its
mutation to arginine retains partial binding relative to TI58M ?8. To confirm if this MBD mutant
destabilizes MeCP2, I used an in vitro approach of C2C12 cells and transient transfection with
MeCP2-GFP constructs to compare total MeCP2 levels in transfected cells (Fig 3.1, A). As a
secondary control, I used the most common NID mutation, R306C (Fig 3.1, B), which, in vivo,
had indistinguishable protein levels relative to WT, suggesting that the mutation did not impact
protein stability °°>. When comparing the levels of MeCP2-GFP in transiently transfected cells,
there was no difference in protein levels between T158M and P152R, and contrary to the in vivo
observation of R306C, this mutant had significant overexpression relative to WT at nearly 2x

WT levels (Fig. 3.1, C).

Our lab had an intriguing observation in mouse models with the nonsense mutation R294X. The
truncation results in MeCP2 missing the critical N-CoR1 interacting domain within residues 302
— 306 and the entire C-terminal domain encompassing the Ct-PEST motif. Unpublished in vivo
work by our previous lab members on protein quantification by western blotting from four mice
showed protein overexpression to varying levels with a mean of ~4x higher than WT. This
observation was contradicted by published work, which showed the levels were indistinguishable

from WT 2. To address what could have caused the overexpression of R294X, we asked
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whether the deletion of the Ct-PEST contributes to increased MeCP2 levels. Using the in vitro
approach, we designed double mutants with the critical T158M mutation with modified PEST
(mP+TM) or deleted PEST (nullP+TM). Modification entailed the substitution of proline
residues with small hydrophobic amino acids, alanine, valine, and glycine, to prevent the
formation of stabilizing polyproline type II, while deletion entailed complete removal of the Ct-
PEST (Fig 3.1, B; bottom). Using transfection and western blotting, I compared MeCP2 levels
in R294X, mPEST and nullPEST relative to WT and T158M. R294X showed a robust

overexpression of ~4.4 times the WT.

NullPEST yielded ~25% more MeCP2 than T158M, while mPEST did not differ significantly
from T158M, suggesting that the substitution of proline residues with small hydrophobic amino
acids, alanine and valine, does not significantly change protein stability. The increase in protein
levels in the double mutant nullP+T158M suggests that the Ct-PEST domain plays a partial role
in the degradation of MeCP2; however, other mechanisms must be involved as the Ct-PEST
deletion does not entirely restore MeCP2 levels (Fig 3.1, E and F). Altogether, these findings
suggest that multiple factors mediate the mechanisms involved in degrading MeCP2, and the Ct-
PEST is one contributor that expedites MeCP2 degradation. There have been reports from Dr.
Adrian Bird's lab on non-canonical Rett mutations affecting the Ct-PEST. In these CTD
truncations, referred to as CTD1 and CTD2, the truncation occurs at P389X and P388X,
respectively, and in both cases, the truncation interrupts the stretch of polyproline residues '+
When protein levels in humanized mouse models were measured, the CTD1 truncation caused a
drop in MeCP2 levels. It is important to note that this truncation included two missense

mutations, L384H and P385Q '*°. This observation suggests that the CTD has a vital role in

protein stability, and specific residues within the Ct-PEST mediate this stability.
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Figure 3.1. Comparison of MeCP2 levels in vitro. A. Cartoon diagram of transient transfection of
C2C12 with GFP tagged MeCP2. B. MeCP2 primary structure depicting the N-terminal domain (NTD),
methyl binding domain (MBD), intervening domain (ID), transcriptional repression domain (TRD),
nuclear receptor co-repressor interaction domain (NID), and the C-terminal domain (CTD). The
approximate position of the MBD mutations P152R and T158M are shown. R306C lies within the critical
NID domain (top). Diagram of MeCP2 double mutants, modified PEST, and null PEST, both having the
missense mutation T158M (middle). MeCP2 R294X diagram shows the absence of segments of the TRD,
the entire NID, and the CTD due to the truncation (bottom). C. Mean values with the standard deviation
of MeCP2 normalized by histone H4 from western blotting. D. Western blots of isolated nuclei of
transfected myoblasts with MeCP2 constructs probed with MeCP2 antibody (green) that binds to the C-
terminal epitope, which is absent in R294X; hence, this nonsense mutation is probed with GFP antibody
(red). E. Bar graphs of normalized MeCP2 levels. F. Same as E, the double mutants nullPEST and
modPEST with the missense mutation T158M are compared with MeCP2 T158M. Data are mean + SEM;
n = 5 biological replicates; one-way ANOVA with post hoc Dunnett’s test; * P <0.05, ** P <0.01; *** P
<0.001. For quantification of MeCP2, only the upper band, MeCP2-GFP, was used. Endogenous (endo)
MeCP2 was excluded.
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3.2 NaCl extractions of MeCP2 confirm Rett mutations impact its DNA binding

MeCP2, an IDP, gains its secondary structure by binding to its partners '*°. When
unbound, it remains unstructured. A plausible explanation for the rapid proteolysis of MeCP2
with MBD mutations is that due to their reduced affinity to DNA, they are more often in
suspension, unbound and exposed to proteolytic machinery; these conditions support rapid
degradation '*°. To assess how the strength of DNA binding is affected in mutated MeCP2, NaCl
extractions of MeCP2 from nuclei of transiently transfected C2C12 were carried out. The elution
profile of MeCP2 in NaCl fractions from 0 to 0.5M was measured using densitometry analysis of
the immunoblot (Fig.3.2 A and B). At 0.2M NaCl, T158M MeCP2 showed a significant increase
in MeCP2 elution relative to WT, suggesting that this mutation weakens the strength of DNA
binding as low concentration of 0.2 M NaCl is enough to dissociate MeCP2 from its target DNA.
Moreover, this increased elution of T158M was significantly higher than the double mutant
nullP+TM, and to a lesser extent relative to modP+TM. A plausible explanation for this
observation is that modifying or deleting the Ct-PEST containing the polyproline stretch
enhances DNA binding, suggesting that the elimination of the secondary structure PPII that is the
result of the several proline residues adjacent to each other may facilitate DNA binding, although

more experimentation is needed to confirm this hypothesis.

At 0.3 and 0.4M NacCl, where most variation amongst mutants was observed, T158M did not
show significant differences relative to WT or the double mutants, nullP+TM and mP+TM.
However, R306C at both these salt concentrations had significantly lower elution of MeCP2
relative to WT, suggesting this mutant enhances the strength of DNA binding (Fig. 3.2. B). At
0.3M NaCl, R294X also exhibited lower elution (Fig 3.2. B, middle row), and this observation

corroborated Dr. Jeff Nuel’s R294X mouse model, suggesting that this truncation enhances
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DNA binding !°2. One can speculate that since this truncation creates a smaller protein, and since
it occurs downstream the critical MBD, the protein’s ability to associate with DNA is fortified as
MeCP2 R294X no longer has the domains that enable protein-protein interactions, which could
get in the way of DNA binding. Together, the NaCl extraction of MeCP2 constructs suggests that
the mutations that strengthen the DNA binding of MeCP2, such as R306C and R294X, tend to
delay its degradation by making the target lysine residues of MeCP2 inaccessible to the E3

ubiquitin ligases and the proteasomal machinery.
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Figure 3.2. NaCl extractions of MeCP2. A. Western blot of the released MeCP2 in salt fractions from 0
to 0.5M. The first western is MeCP2 isolated from nuclei of P30 mouse, undetermined sex, brain (top),
normalized by loading control histone H4 (bottom). MeCP2 was isolated from transiently transfected
C2C12 normalized by H4 in the remaining westerns. The asterisk next to WT is the endogenous MeCP2.
Only the upper band, MeCP2 with Ct-GFP, was used for quantification purposes. R294X was detected
with an anti-GFP antibody since the epitope was absent due to truncation. B. Bar graphs quantification of
MeCP2 released at 0.2 — 0.4 M NaCl. C. X, Y plots of released MeCP2 of all constructs in salt fractions
(left). Individual comparisons were made for better data visualization, as follows: released MeCP2 in
mouse brain and transfected myoblasts with WT MeCP2 (top left); WT with T158M and P152R, both
located within the MBD (top right); WT with R306C, a NID mutation, and R294X (bottom left); and WT
and T158M compared with the double mutants, nullPEST and modified PEST both having T158M
(bottom right). One-way ANOVA with post hoc Tukey’s test; n = 5 biological replicates; * P < 0.05, ** P
<0.01; *** P <0.001.
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3.3 MeCP2 phosphorylation at S80 yields a stronger signal in MBD mutants

One of the first identified post-translational modifications of MeCP2 was
phosphorylation at Ser421%! and Ser80 ®, amongst which Ser80 lies within the PEST motif.
According to PEST-mediated degradation, PEST domains are conditional switches that induce
proteolysis upon post-synthetic modifications; phosphorylation of a serine or threonine is what
induces protein degradation as the phosphorylation impairs the stability of PEST regions within
the IDP; hence it is followed by lysine ubiquitination -** (Fig 3.3, A). To check if
phosphorylation at S80 varies amongst mutants, and in particular, if the intensity of this PTM is
highest in MeCP2 with destabilizing mutations, the nuclei of transfected cells were isolated, and
S80 was detected using phospho-specific antibodies in western blots. The same membrane was
stained with MeCP2 antibody for signal normalization (Fig 3.3 B, C). A slower migrating band
was apparent for all constructs at 110kDa, just 10kDa higher than MeCP2-GFP. Interestingly,
both bands at 100 and 110kDa were diminished upon alkaline phosphatase treatment of the
nuclei (Fig 3.3 B), suggesting that both are due to phosphorylation. Both T158M and P152R
exhibit the highest band ratio at 110kDa to the band at 100kDa. I postulated that the slower
migrating band is because of MeCP2 ubiquitination, albeit it disappears upon alkaline
phosphatase treatment. Ubiquitination at Lys82 (ubK82) has been identified by mass
spectrometry 52, It is highly probable that upon heat stress, which was part of alkaline
phosphatase treatment to incubate the nuclei at 37 °C, the ubiquitinated MeCP2 is quickly
degraded because increased temperature stimulates the degradation of newly synthesized
proteins via the proteasome system '°°. All phosphorylation signals were normalized by dividing
the S80p signal by that of MeCP2-GFP, as shown in yellow bars. When comparing R294X

levels, which would be approximately 25kDa lighter than full-length MeCP2, a band at 110kDa
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appeared, which suggests non-specific binding at this region (Fig 3.3 C; S80 western); hence,
the R294X bar column is excluded from the pink bars corresponding to the band at 110kDa.
When comparing the double mutants nullPEST and modified PEST, they both exhibit an intense
slower migrating band at 110kDa; however, due to high variability amongst replicates, the lower
band at 100kDa did not yield any significant result (Fig3.3, C; navy bars). Nevertheless, all
mutants with the missense mutation T158M show a higher ratio of the upper band to the lower

band relative to WT (Fig3.3, C; grey bars).

Due to the lack of ubiquitin-specific antibodies, whether the slower migrating band is due to
MeCP2 ubiquitination at K82 remains to be determined. I have tried eight in-house ubiquitin-
specific antibodies, but they showed widely unspecific binding to all proteins (data not shown).
While knowing that there is a background signal at 110kDa as identified by the S80p antibody in
MeCP2 R294X mutant and also observed in non-transfected cells (data not shown), one way to
assess if there is variability in this signal is to transfect the C2C12 cells with MeCP2 S80A, and
compare the intensity of the signal. In future studies following this thesis, I plan to transfect
C2C12 cells with mutants that include the SS0A mutation and check for the presence of the band

detected by the MeCP2 S80p antibody.
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Figure 3.3. Phosphorylation at Ser-80 detected by phospho-specific antibody to MeCP2 S80. A.
Cartoon diagram of MeCP2 e2 with the score, position, and sequence of its PEST domains.
Phosphorylation of S80 precedes K82 ubiquitination, according to the PEST-mediated degradation
hypothesis. B. Western blot of transfected C2C12 nuclei with and without treatment with alkaline
phosphatase (AP), stained against S80p antibody; same membrane re-stained against MeCP2. Histone H4
was used as a loading control (top). Quantification of the phosphorylation signal (bottom): pink bars
depict phosphorylation at S80 at 100KDa, equal migration as MeCP2-GFP. Navy bars are S80p signals of
the slower migrating band at 110kDa, overlapping with ubiquitylated MeCP2. Grey bars are the ratio of
the slower migrating band at 110kDa to the band at 100kDa multiplied by 25. Yellow bars depict the
protein levels. C. Same as B, without AP treatment. The double mutants modified PEST (mP) and null
PEST (nullP) have the missense mutation T158M. R294X was stained with GFP antibody as the epitope
was removed due to truncation. The same densitometry analysis as B was performed. One-way ANOVA
with post hoc Dunett’s test; n = 3 biological replicate; * P < 0.05, ** P <0.01; *** P <0.001.
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3.4 Summary

The findings from the biochemical characterization of MeCP2 with loss of function
mutations revealed three crucial aspects of MeCP2. Firstly, in MeCP2 with MBD mutations that
destabilize the protein and expedite its degradation, the Ct-PEST domain was found to play a
role in MeCP2’s degradation as its deletion yielded ~25% higher protein levels. Secondly, the
mutants that showed higher MeCP2 levels relative to WT were found to associate with DNA
more strongly, and this increased binding, as detected by the NaCl elution profile of MeCP2,
could play a role in delaying the degradation of MeCP2 by making the target residues
inaccessible to proteasomal machinery. Lastly, the immunoblotting analysis of MeCP2
phosphorylation at S80 using a phospho-specific antibody showed a double banding pattern with
a slower migrating band about 10kDa higher than MeCP2. The intensity of this band was highest
in MeCP2 T158M, P152R and the double mutants nullPEST and modPEST. I speculated that the
slower migrating band could be due to MeCP2 ubiquitination at K82, but this cannot be
confirmed due to a lack of ubiquitin-specific antibodies. Future work using SS0A MeCP2 will
determine if the slower migrating band is due to MeCP2 ubiquitination, which, if it is, would

agree with the PEST hypothesis.
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Chapter 4: Cytological analysis of MeCP2 with deleterious mutations

4.1 MeCP2 clustering to chromocenters is severely impaired with MBD mutations
MeCP2 mutations, especially those within the MBD, are known to impair its binding to
target DNA. To check how MeCP2 mutations affect its colocalization to target DNA, mouse
myoblasts were transiently transfected with MeCP2 constructs. C2C12 cells show dense
pericentromeric regions, and the heterochromatin DNA stains clearly with DAPI; hence, they are
a great candidate for co-localization analysis. Pearson’s correlation coefficient (PCC) analysis
and the scatterplots were used as quantitative and qualitative methods of measuring
colocalization, respectively. Not surprisingly, T158M, which has been shown to impair MeCP2’s
colocalization to methylated DNA #, had the lowest PCC, whereas P152R, another MBD
mutation, did not affect colocalization to the same extent (Fig. 4.1, A and B). However, when
comparing chromocenter numbers, P152R did show the highest number of chromocenters (Fig.
4.1, D). In the truncation mutation R294X, which did not impact the MBD domain, the
colocalization was indistinguishable from WT as the PCC values are around 0.7 (Fig 4.1, B; see
green and grey bars). An intriguing finding was that the chromocenter size for R294X was the
largest (Fig 4.1 A—C; see grey bars). The larger chromocenters apparent in R294X may suggest
how this truncation modifies the chromocenters and induces rearrangements; however, more
work is needed to address why this enlargement of chromocenters occurs. R294X chromocenter
numbers were similar to WT. The most common Rett-causing mutation outside the MBD,
R306C, did not differ significantly from WT in colocalization, chromocenter size or number. The
binding profile of MeCP2 follows methylated cytosine, although regions without DNA
methylation show significant binding!>!'*2, Beyond the MBD, other MeCP2 domains have been

reported to associate with DNA. There is a basic cluster within MeCP2’s primary sequence in the

48



TRD, and it is rich in positively charged amino acids that bind DNA in vitro and enhance MeCP2
binding to major satellite repeats in vivo ***>152, R306C lies within this basic cluster. Although
outside the MBD, this mutant influences MeCP2’s DNA binding. R306H is one of the mutants
that impairs the LLPS of MeCP2 when in complex with DNA, suggesting that this mutant
impairs MeCP2’s ability to condensate heterochromatin®’; R306C appears to behave in an
opposing manner to R306H as its ability to form condensates seems enhanced because what
made R306C different from all other mutants was the appearance of several large chromocenters
detected by both DAPI and the GFP channel (Fig 4.1 A; top of column two). We initially
speculated that one reason for the enlarged appearance of chromocenters is the formation of

disulfide bridges between MeCP2 proteins due to the introduction of the new cysteine residues.

To assess if the enlarged chromocenters were caused by MeCP2 binding to form dimers or higher
number complexes, nuclei were isolated with WT, T158M, P152R and R306C MeCP2 and
sample buffer with and without beta-mercaptoethanol (BME) was added. If there are any
disulfide bridges present due to the introduced cysteine, they should remain intact as the
reducing conditions are eliminated by excluding BME, allowing covalent linkages between
cysteine residues to stay intact. Western blot of nuclei of MeCP2 constructs with and without
BME did not exhibit any differences between the constructs (Appendix 1). We could not,
however, rule out the possibility that there may be MeCP2 forming larger complexes with other
MeCP2 molecules, and due to its higher molecular weight, it may not have been transferred to
the nitrocellulose membrane in the 15% SDS gel. This phenomenon has been repeatedly
observed in my western blots. To circumvent this issue, I ran isolated nuclei from a transgenic
R306C mouse with or without BME on a 12% SDS for ~3x longer to allow band separation. I

probed for MeCP2 in a western blot. While the separation between the E1 and E2 isoforms was
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evident, there was no appearance of a higher molecular weight MeCP2 that could be due to
MeCP2 dimers or oligomers (Appendix 2). Therefore, the chromocenters visibly larger than
other MeCP2 contracts are not due to MeCP2 binding to itself via disulfide bridges; hence, the

reason for the enlarged chromocenters in R306C requires further investigation.

The double mutants nullPEST and modPEST exhibited a diffuse distribution of MeCP2;
however, some cells retained the defined chromocenters. The variability in the shape of
chromocenters for the double mutants is shown in Appendix 3. The percentage of nuclei with
defined boundaries between the chromocenters and the surrounding chromatin for nullPEST was
23%, and for modified PEST, it was 38%. In both cases, more than half of the nuclei of double

mutants had a diffuse appearance where the chromocenter’s boundaries were hardly noticeable.

Overall, the confocal fluorescence microscopy analysis of MeCP2 constructs confirms how the
mutations within the MBD impair its binding by varying degrees. As expected, T158M causes
the most severe impairment in the localization of MeCP2 to methylated DNA. To shed light on
the complexity of Rett-causing mutations, chromocenter size and numbers of the transfected
cells were analyzed, and it was confirmed that the MBD mutation P152R resulted in the highest
chromocenter number, while R294X yielded the largest size of chromocenters. This finding
suggests how Rett-causing mutations impair how MeCP2 remodels the heterochromatic regions
and that while colocalization may not be affected, the recruitment of other repressive or
activating complexes may not take place. Hence, there will be deleterious outcomes for neuronal

cell functions where MeCP2 homeostasis is impaired. .
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Figure 4.1. Confocal fluorescence microscopy of transiently transfected C2C12 with MeCP2
constructs. A. Confocal image stacks of DAPI (red), GFP (green), and merged channels. The scatter plot
depicts the overlap of red and green pixels. MTV is the empty vector, pcDNA3.1-Ct-GFP. The missense
mutations T158M and P152R are within the MDB, while R306C is part of the NID. The double mutants,
nullPEST and modified PEST, contain the T158M mutation, and the nonsense mutation R294X is missing
the critical NID and the entire Ct-domain. B. Pearson’s correlation coefficient r, (PCC) values of the
DAPI and GFP within the nuclei for quantitative colocalization of MeCP2 to chromocenters. The bar
graph to the right compares the double mutants nullPEST and modPEST with the missense mutation
T158M to WT MeCP2 and T158M MeCP2. C. Chromocenter size of ~ 50 chromocenters measured from
the DAPI channel in transfected cells; the bar graph at the right is the same as B. D. Chromocenter
number of the nuclei of transfected C2C12. Data are mean = SEM; n =10 — 15 from three biological
replicates. One-way ANOVA with post hoc Tukey’s test; * P <0.05, ** P <0.01; *** P <0.001.
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4.2 FRAP analysis shows rapid recovery for mutations that enhance proteolysis

Fluorescence recovery after photobleaching (FRAP) experiments involve the bleaching
of fluorescently labelled proteins at a predetermined region within a cell using a high-energy
laser pulse following measuring the time it takes for the signal to recover at the same area; it is

used as a kinetic model for investigating the dynamics of protein diffusion and binding 33134,

To further assess the protein mobility and binding dynamics, Dr. Michael Henzel and Anastasia
Roemer performed the FRAP analysis on transfected C2C12 cells using the same eight
constructs (Fig 4.2). As shown by the blue arrows, the selected chromocenter was bleached with
a 488nm argon laser, followed by time-lapse images from 0 — 60 seconds. Not surprisingly, all
mutants with an MBD mutation, including the double mutants, exhibited a faster recovery,
suggesting that the binding strength is weaker as it can quickly dissociate and rebound to DNA.
In contrast, WT and R294X MeCP2 showed a much slower recovery. After 60 seconds, only
partial recovery occurred, correlating with a tighter association of MeCP2 to DNA, restricting
MeCP2’s mobility(Fig 4.2, A). As depicted in the relative intensity curves in Fig 4.2, B, which
plot the relative intensity of the fluorophore to its surrounding chromatin as a function of time
(s), recovery of P152R after 60 seconds is ~ 0.8. In comparison, the relative recovery of TI58M
is 0.9, suggesting its higher mobility and weaker binding, which correlates with the initial visual
assessment of how T158M is more detrimental to the protein-DNA interaction of MeCP2 than
P152R and other published work by Sheikh ef al., focusing on the degree of binding impairment
in MeCP2 MBD mutants®®. The longer time it takes for the fluorescence signal to be recovered

suggests that P152R allows a degree of MeCP2-DNA binding that is more so than T158M.

After 120 seconds, the NID mutant R306C relative intensity is ~ 0.7, while WT and R294X after

120 seconds have a slightly lower intensity of 0.6, suggesting how R306C may impair the
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binding dynamics of MeCP2 more so than R294X. In other words, WT and R294X take longer
to reach the same intensity of 0.7 than all other mutants, as the binding dynamics are at their

minimum for these constructs due to the strength of protein-DNA binding.

As shown in the bar graphs, the half-time recovery better illustrates how WT and R294X are
indistinguishable in their half-time recovery and have a value of ~70s. In contrast, all other
missense mutations have significantly lower recovery times, with R306C at ~40s, P152R at 14s,
and T158M at ~4s (Fig 4.2, C). When comparing the half-recovery time of the double mutants
nullPEST and modPEST to T158M, the difference is within 2-3 seconds, yet both double
mutants cause an increase in recovery time. The increase is significant when only comparing the
three mutants (Fig 4.2, D). Although this increase is minimal, it suggests that the Ct-PEST

domain may play a part in stabilizing the DNA binding.

Overall, the FRAP analysis of MeCP2 constructs provides insight into the binding dynamics and
diffusion of MeCP2 to the densely methylated pericentromeric regions. Mutations that impair the
DNA binding, such as those that are within the MBD, allow MeCP2 to quickly diffuse and,
therefore, recover the fluorophore faster than other mutations that do not affect MeCP2’s DNA

binding, such as the R294X and R306C.
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Figure 4.2. FRAP analysis of transfected C2C12 for comparing the mobility and binding
dynamics of MeCP2 to chromocenters. A. Fluorescence recovery of the first 60 seconds of the
GFP at the C-terminal of transfected MeCP2 after photobleaching. The blue arrow specifies the
chromocenter that is targeted by the laser. The recovery for the first 60 seconds at Os, 10s, 30s,
and 60s is shown next to the pre-bleached full view of the cell. B. FRAP recovery curves of
MeCP2 constructs at the chromocenters; n = 30-32. C. Bar graph comparisons of half recovery
time of GFP in MeCP2 constructs. One-way ANOVA with post hoc Tukey’s test. Comparisons
were made only to WT and T158M. D. Same as C, except comparisons are made to T158M as
both double mutants, nullPEST and modified PEST contain the missense mutation T158M.
Unpaired t-test. P-values for nullPEST and mPEST are < 0.0001 and 0.0045, respectively. Data
are mean £ SEM; ** P <0.01 *** P<0.001.
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4.3 Summary

The cytological in vitro analysis of MeCP2 with loss of function mutations showed how
colocalization of MeCP2 to densely methylated pericentromeric regions of myoblasts is most
disturbed in T158M MeCP2, the most common MBD mutation 3% In the confocal fluorescence
microscopy images, the size and number of chromocenters of transfected cells were measured.
The truncated protein R294X exhibited the largest size of chromocenters among all mutants. In
addition, the apparent aggregation of chromocenters that appeared for R306C was not because of
MeCP2 binding to itself via disulfide bridges. This enlarged appearance of chromocenters of
R306C MeCP2 has never been addressed in the literature, and it is worthy of investigation.
Moreover, protein diffusion and binding dynamics of MeCP2 analyzed by FRAP studies
confirmed how T158M is a most disruptive mutation to protein-DNA binding as it had a half-
time recovery of ~ 4 seconds, whereas that of WT was 70 seconds. All the missense mutations
resulted in a significantly faster recovery of fluorophore. In contrast, R294X had an
indistinguishable half-time recovery relative to WT, suggesting how this truncated MeCP2 is
tightly associated with methylated DNA despite missing parts of the TRD and the entire CTD.
When comparing the recovery time of the double mutants to T158M, the recovery for both
mutants was significantly higher; however, this increase only accounted for 2-3 seconds, which,
compared to WT, is a weak improvement. Overall, the colocalization and FRAP analysis of
MeCP2 with deleterious mutations provides invaluable insight on a molecular level. Confocal
fluorescence microscopy analysis showed how these mutations influence the chromocenter size,
like the R294X, which had the largest chromocenter size and R306C, which had several very
large but also very small chromocenters. When looking at chromocenter numbers, P152R

exhibited the highest chromocenter number. The abolished colocalization, as seen in the T158M
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and the double mutants, was observed in the FRAP and colocalization analysis. The diffusion of
MeCP2 in the FRAP studies confirms the severity of the MBD mutations in disrupting protein-
DNA binding. The mutants R306C and R294X that showed the highest colocalization, as
assessed by the PCC values, also showed the longest half-recovery time in the FRAP studies,

with values that were near or indistinguishable from WT.
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Chapter 5: Discussion

A critical step in addressing treatments for RTT and other MeCP2-related disorders is to
recover the MeCP2 dose to its normal levels, as many of the loss-of-function mutations impair
the dose of this protein, or in uncommon occasions, duplication of MECP2 as observed in MDS
results in overexpression of MeCP2, yet it manifests many of the RTT phenotypes. | generated
an in vitro system using mouse myoblasts C2C12 cells and six RTT-causing mutants, T158M,
P152R, R306C, R294X, nullPEST, modPEST, and the WT of human MeCP2 E1 isomer to
evaluate how they affect protein levels. This system was used for visual and biochemical
assessment of the mutants and to analyze how they impair protein levels and their DNA-binding
and dynamics. The C2C12 cell lines were a great model for visually evaluating colocalization
and FRAP studies because of their defined heterochromatic regions, making the binding
assessment simple and easily measurable; moreover, due to the striking similarities that C2C12
cells have with neurons, they are an ideal candidate for MeCP2 studies. One disadvantage,
however, in using C2C12 cells is that they originated from a female mouse's thigh muscle after a
muscle injury. Both being from a mouse and harvested following physical stress may create
conditions that do not resemble human neurons. For comparison, human embryonic kidney cells,
HEK?293, were transfected with MeCP2 constructs and imaged. The DAPI staining of DNA is
much more diffuse as HEK cells' chromatin structure does not have defined pericentromeric
regions (Appendix 4). The evaluation of protein abundance for some mutants, such as P152R and
the double mutants nullPEST and modPEST, has never been done before. Moreover, the
generation of the two mutants that had their Ct-PEST domain modified or deleted was exclusive
to our lab, and it was done with a primary focus on assessing the role of Ct-PEST domain in

proteasomal degradation of MeCP2 with destabilizing mutations such as those within the MBD.
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It has been over a decade since our lab proposed the PEST-mediated degradation of MeCP2 52,
In 2017, Dr. Zhaolan Zhou and colleagues had an intriguing finding that rekindled the interest in
the PEST hypothesis, which concerned a transgenic mouse model with the most common
missense mutation in the MBD, T158M . They found that the proteasome is responsible for the
degradation of T158M MeCP2, in agreement with the PEST hypothesis. Beyond having two
putative PEST domains, detected and scored by the PEST algorithm 8, numerous other
molecular characteristics of MeCP2 also hinted at the possibility of PEST-mediated degradation,
such as being intrinsically disordered, having a relatively short half-life, specific to the E1
isoform °3, and being constitutively phosphorylated at a Ser-80 8 which resides within the Nt-

PEST domain - a prerequisite of Lys-ubiquitination in PEST mediated degradation %47°,

| addressed the abundance of MeCP2 with missense and nonsense mutations to first check if
other MBD mutants behave similarly to T158M and assess if the reduced bioavailability of the
protein can be recapitulated with other destabilizing mutations, such as P152R. In the following
biochemical assessment of MeCP2 constructs, | focused on the level of Ser-80 phosphorylation.
In the mutants that resulted in the fastest degradation of MeCP2, a more robust signal was
detected right above transfected MeCP2. The slower migrating band is speculated to be
ubiquitinated MeCP2 at Lys-82, yet this could not be confirmed due to a lack of ubiquitin
antibodies with high specificity and affinity. Another phosphorylation event that is situated on
MeCP2 Ct-PEST is at Ser-401 8, albeit there were no phospho-specific antibodies for this
epitope. llustrated in Fig 5.17° is the predicted and experimentally confirmed MeCP2 PTM?&:82
that is situated with the two PEST motifs of MeCP2, including SUMOylation sites at K429 of

mouse MeCP2%°, which is one of the flanking lysine residues of the Ct-PEST domain. The
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alpha-fold prediction of polyproline type Il (PPI1I), which in PEST-mediated degradation is

predicted to be destabilized upon serine phosphorylation, is also shown
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domains. The sequence and location of the PEST domains of human and mouse MeCP2 are
shown with the predicted and experimentally determined sites of sumoylation, phosphorylation
and ubiquitination. The polyubiquitin chains are predicted to target the lysine residues that flank
the PEST motifs through the K48/K11 linkage between the ubiquitin monomers. The alpha fold
prediction of the left-handed polyproline type Il helix is shown beneath the proline stretch of the

Ct-PEST.

Because | could not probe for other phosphorylation events of MeCP2, | took a different

approach based on revisiting an observation in the transgenic mouse with the nonsense mutation

R294X. This mutant resulted in overexpression of MeCP2, and since this mutant was missing the
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entire CTD, including the Ct-PEST that had a higher score, we speculated the deletion of the Ct-
PEST may have contributed to the increased levels of MeCP2. For this reason, | integrated the
double mutants into my in vitro system. | found when the Ct-PEST is deleted, there are increased
protein amounts, correlating with PEST-mediated degradation. This observation, for the first
time in literature, had shown that the Ct-PEST does play a role in the degradation of MeCP2 with
destabilizing mutations. However, whether this Ct-PEST influences MeCP2 degradation directly
or indirectly remains to be addressed. If the Ct-PEST directly was responsible for the recruitment
of the proteasome, then one or more of the serine residues within the Ct-PEST would be
phosphorylated, and its flanking lysine residues at K377 and K414 (Fig 1.6) would have been
ubiquitylated. However, the initial mass spectrometry analysis of MeCP2 did not find any
ubiquitination in the CTD of MeCP2 #. It is important to note that the MS analysis focused on
the PTMs in WT MeCP2; hence, looking at the PTM profile of MeCP2 T158M remains a critical
step in further assessing where the ubiquitination occurs. Knowing that the E3 ubiquitin ligase
that ubiquitinates MeCP2 is RNF4 % allows for a more targeted approach in deciphering the
nature of MeCP2 ubiquitination, that is, in addition to finding which lysine is ubiquitinated,
finding whether it is poly or mono ubiquitylated and via which linkage (homotypic or heterotypic
and branched), remain essential questions amongst others. What is the outcome of
ubiquitination? Does it act as a degradation or mislocalization signal, increasing its likelihood of
degradation **? In other words, the direct or indirect role of the PEST motif in the proteasomal
degradation of MeCP2 with destabilizing mutations such as T158M and P152R remains to be
investigated. Depicted in Fig 5.1 is the model proposed for MeCP2 ubiquitination in MeCP2
T158M via RNF4 ubiquitin ligase, which has better accessibility to MeCP2 due to its abolished

DNA binding.
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Figure 5.2. Model for MeCP2 ubiquitination in chromatin and PEST-mediated
degradation.” A. RNF4 is a transcriptional co-activator, and the E3 ubiquitin ligase that
ubiquitylates (blue pentagons) MeCP2 (red circles with lines), causing it to be released from the
methylated promoter of genes (orange circles) °, promoting transcription. B. Since T158M
abolishes the DNA binding ability of MeCP2, it causes the protein to be in solution and more
available for ubiquitination, which expedites its degradation.

A prerequisite of Lys-ubiquitination by RNF4 ubiquitin ligase is the accessibility of the target
lysine residues of MeCP2%. The NaCl extractions of MeCP2 showed how in the mutants that
resulted in higher MeCP2 levels than WT, such as R306C and R294X, less MeCP2 was being
eluted at 300mM salt concentration which implies that MeCP2 R306C and R294X have tighter
DNA binding. It would take higher ionic strength to dislodge them from DNA. Their tight
binding can explain why the protein levels were higher, as when they are bound to DNA, they

are protected from the 26S UPS proteasomal machinery by being inaccessible to ubiquitination.

61



In contrast, at lower salt concentrations where minimal MeCP2 was eluted in WT, T158M was
easily dislodged from DNA, and while unbound and in solution, it will quickly become
degraded, as observed in the protein quantification analysis; however, the same cannot be said
about MeCP2 P152R which, in its NaCl elution, it did not significantly differ from WT despite
having low protein levels similar to that of T158M. This contradiction in NaCl extraction of
MeCP2 and protein levels sheds light on the complexity of the mechanisms responsible for
MeCP2 degradation and how other mechanisms influence MeCP2 binding and its turnover. As
observed in the colocalization and FRAP analysis, MeCP2's DNA binding and dynamics are
most impaired by the mutations resulting in its rapid degradation. This evidence supports the
accessibility of MeCP2 to the proteolytic machinery: when MeCP2 is free in solution, it is more
likely to be degraded, as it is intrinsically disordered and exposed. While the NaCl extractions
showed R306C having the highest binding strength than WT, and R294X was ranked as the
second highest binding strength, in the FRAP analysis, the binding dynamics of R294X ranked
as the mutant with the slowest recovery, similar to WT levels, and R306C was ranked the 2"
mutation that has the relative slowest recovery to WT. This observation suggests that DNA
binding strength analysis, as observed in NaCl extractions of MeCP2, and diffusion and binding
analysis, as observed in FRAP, may not always correlate, as FRAP analysis does not provide
information on the binding strength. Deleting the Ct-PEST improved the protein amounts but did
not enhance colocalization or recovery in the FRAP analysis to near WT conditions. This was
not surprising because the Ct-PEST located with CTD of MeCP2 does not participate in DNA
binding. Deleting the Ct-PEST delays MeCP2 degradation, thereby indirectly affecting its
binding. Overall, my findings show that the Ct-PEST is one of the many players that regulate the

turnover of MeCP2 with destabilizing mutations. When designing therapeutics and small
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molecules that can stabilize the protein, it is essential to know by which mechanisms MeCP2 is
degraded. Knowing that the Ct-PEST contributes to MeCP2 degradation opens a new pathway

for drug discovery and therapeutics that can target the Ct-PEST to delay MeCP2 degradation.
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5.1 Conclusions

My research findings shed light on a crucial prerequisite of MeCP2 degradation and the

involvement of its Ct-PEST in its turnover when having destabilizing mutations; the findings can

be summarized as follows:

1)

2)

3)

4)

The reduced protein availability observed in T158M is recapitulated in P152R, another
destabilizing MBD mutant.

MeCP2’s accessibility to the proteasomal machinery is hindered when MeCP2 is bound
to target DNA with higher affinity, as seen in mutants that strengthen the DNA binding of
MeCP2, such as R306C and R294X. In other words, MeCP?2 is stabilized when it is
bound to DNA.

Phosphorylation of a serine residue within the Nt-PEST domain of MeCP2, a prerequisite
of PEST-mediated degradation, yields the strongest signal in MeCP2 with destabilizing
mutations that expedite its degradation, such as P152R and T158M, corroborating the
PEST-mediated degradation.

Deleting the Ct-PEST motif of MeCP2 with destabilizing mutation, T158M, recovers
protein amounts to near WT levels. However, this deletion is insufficient to fully rescue
the protein amounts, suggesting other mechanisms are at play, such as the Nt-PEST

motif, which requires further investigation.
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5.2 Future directions

A follow-up step in assessing PEST-mediated degradation of MeCP2 would be to design
plasmids looking at both PEST motifs. While I have focused on the Ct-PEST in designing the
double mutants, modified and nullPEST, whether my initial speculation about K82 ubiquitination
was actual remains to be investigated. To address this question, one can integrate a plasmid
expressing double mutant MeCP2 with two missense mutations, T158M and K82R, and probe
the isolated nuclei from transfected cells with phospho-specific antibodies against MeCP2 S80
and check for the presence of the slower migrating band at 110kDa (See Fig. 3.3). If that was
indeed due to ubiquitination, then while the slower migrating band would be present for T158M,
this band in the double mutant T158M/K82R would cease to exist as this mutant cannot be

ubiquitylated; arginine can become modified by methylation and not ubiquitination!®

. Moreover,
suppose S80 phosphorylation is a prerequisite of K82 ubiquitination; in that case, one can

integrate another double mutant with the missense mutations T158M/S80A and check for the

slower migrating band relative to T158M when probed with a phospho-specific antibody to S80.

In finding possible therapeutics that can stabilize MeCP2 by targeting the Ct-PEST, it is critical
to assess the biological significance of the Ct-PEST and design transgenic mouse models with
nullPEST MeCP2. If the deletion of Ct-PEST does not have detrimental effects in mice, then
targeting this domain can be explored as the pathway of drug development for Rett and other

MeCP2-related disorders that result from MeCP2 dose dysregulation.

As mentioned earlier, the PTM profile of MeCP2 T158M remains to be studied to find the
ubiquitylation sites, the linkage type and their outcome. Moreover, there may be more than one

ubiquitin ligase of MeCP2. Other than RNF4, are there other E3 ubiquitin ligases that
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ubiquitylate MeCP2, and are there deubiquitinases that can be used as a therapeutic approach to

stabilize MeCP2?

These are some of the many questions that remain to be addressed about this relatively simple
yet functionally pleiotropic and complex protein. Rett, to this day, remains an irreversible
condition, yet with advances in CRISPR Cas-9 and other gene therapy approaches, and rigorous
research funded by families whose children have been impacted, Rett may soon become a

reversible condition in humans.
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Appendix 1. Comparison of MeCP2 in reducing and non-reducing
conditions

WT T158M P152R R306C

WT T158M P152R R;QGCk
+ | - +

Appendix 1. Nuclei isolated from transfected C2C12 run on SDS-gel and western blot probing
for MeCP2. The nuclei of transfected cells with WT, TI58M, P152R, and R306C MeCP2 with a
Ct-GFP tag were run with and without beta-mercaptoethanol (BME) to check if MeCP2 dimers
are present when BME is absent, especially for R306C where the extra cysteine is introduced. A
band at ~200kDa would have been present if the dimerization occurred.
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Appendix 2. MeCP2 R306C on 12% gel

R306C R306C R306C R306C
e PM 3 - + - PMCM __ pPM 5 - + - PM CM
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Appendix 2. Western blot of transgenic mouse brain nuclei with R306C MeCP2 with and
without BME on 12% SDS. Right, ponceau stain of the nitrocellulose membrane of two technical
replicates of R306C MeCP2. Left, western blot of R306C MeCP2 showing the two isoforms of
MeCP2. As expected, the E1 is present at higher concentrations than the E2.
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Appendix 3. Heterogeneity in the chromocenter appearance in confocal

fluorescence microscopy of MeCP2-GFP
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Appendix 3. Confocal fluorescence microscopy images of C2C12 nuclei showing the GFP
channel and the ratio of the cells with defined chromocenters. The transient transfection of

C2C12 with MeCP2 constructs nullPEST and modPEST with missense mutation T158M,

causing diffuse chromocenters and loss of defined boundaries that separate the pericentromeric

DNA from chromatin within the nuclei.
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Appendix 4. MeCP2-GFP in transiently transfected HEK?293 cells
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Appendix 4. Confocal fluorescence microscopy images of HEK293 cells transiently transfected
with MeCP2 WT and T158M with a GFP tag. HEK cells do not display the defined
pericentromeric DNA as observed with C2C12 cells. The DAPI staining of HEK cells is diffuse
and has high background binding.
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