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Abstract

Rett Syndrome (RTT) is a neurodevelopmental disorder in girls with mutations in the X-linked
gene that encodes methyl-CpG-binding protein 2 (MECP2). Using neurons differentiated from
patient-derived induced pluripotent stem cells (iPSC), | analyzed the MECP2 RNA levels,
MECP2 protein levels, morphology, and extracellular electrophysiology of a novel L124W
MECP2 mutation. My results show that L124W exhibits no change in RNA, protein, dendrite
length, soma size, or electrophysiology but does show a subtle significant change in dendrite
order and dendrite complexity. This is the first in vitro iPSC characterization of a mild RTT case.
While developing a CRISPR/Cas9 protocol that will eventually genetically rescue the L124W
mutation, | also generated the first iPSC knock-out lines for NEDDA4L, a downstream target of
MECP2. Overall, this work can be used to further elucidate MECP2 pathways and eventually

identify treatments for RTT.
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Chapter 1
Introduction

1 Introduction
1.1 Rett Syndrome

Rett Syndrome (RTT) is a neurodevelopmental disorder that affects 1 in every 10,000 girls and is
caused by a heterozygous mutation in the gene methyl-CpG-binding protein 2 (MECP2)
(Chahrour and Zoghbi, 2007; Amir et al., 1999). First described by Andreas Rett in 1966, Rett
Syndrome wouldn’t officially be recognized by the medical community until 1983 (Balachar et
al., 2016) and it would take another 16 years before Amir et al (1999) found that mutations in
MECP2 were the root of RTT. Originally, RTT patients were described to have autism spectrum
disorder with additional clinical phenotypes such as severe dementia, loss of purposeful hand
movements, jerky trunk ataxia, and acquired microencephaly (Hagberg et al., 1983). However, in
2013 the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition separated RTT
from autism as two separate disorders. Today, RTT is described by clinicians as a
neurodevelopmental disorder in girls that features normal developments until 6-18 months of age
when the girls begin to undergo a regression and lose acquired purposeful hand movements,
motor abilities, gait abilities, speech abilities, and develop stereotypical hand-wringing
movements. These features can be accompanied by a number of secondary diagnostic traits such
as reduced cognitive ability, repeated rocking, scratching, self- stimulatory behavior,
microencephaly, anxiety, breathing abnormalities, and seizures; with overall traits ranging from
physiological phenotypes to behavioral and emotional dysregulation (Williamson and
Christodoulou, 2006; Chahrour and Zoghbi, 2007; Singh & Santosh, 2018). After this regression
period, patients commonly stabilize at a point between 5 — 10 years of age and can live into their
late 60s, often developing Parkinsonian features and exhibiting severe debilitation of their

physical condition (Hagberg, 2005). There is currently no cure for Rett Syndrome.

1.2 MECPZ2 and The Genetics of Rett Syndrome

From a genetic perspective, more than 90-95% of RTT cases are caused by mutations in MECP2
(Amir et al., 1999) with the few remaining cases related to mutations in the genes FOXG1
(Ariani et al., 2008) and CDKL5 (White et al., 2010). With mutations in MECP2 making up the



majority of RTT cases, it has been the primary focus of study for the field. In fact, eight specific
nonsense and missense mutations in MECP2 make up nearly 60% of all RTT cases (Figure 1)
(Percy et al., 2007) with more than 900 RTT related MECP2 mutations reported in RettBase, a
database of patient MECP2 variants (http://mecp2.chw.edu.au/). The majority of these mutations
are missense or nonsense mutations that arise de novo from the paternal germline (Trappe et al.,
2001). Larger deletions in MECP2 do occur, although they only have a ~5% prevalence and
often result in a more severe form of RTT (Vidal et al., 2019). Mutations most frequently occur
in the functional protein domains such as the methyl-CpG-binding domain which binds
methylated CpGs (Nan et al., 1993), the transcriptional repression domain which recruits
chromatin remodeling proteins (Nan et al., 1997), and the nuclear localization signal (Trappe et
al., 2001) with all of these domains located in exons 3 and 4 (Figure 1). MECP2 has two
isoforms, both of which express exons 3 and 4. MECP2el encompasses exons 1, 3, and 4 while
MECP2e2 incorporates exons 2, 3, and 4. Mutations have been found in exon 1 that lead to RTT
but no exon 2 mutations are currently known (Mnatzakanian et al., 2004; Itoh et al., 2012; Djuric
et al.,2015; Martinez de Paz et al., 2019).

Exon 1 Exon 2 Exon 3 Exon 4

1 TI? t1

[ Methyl Binding Domain R106 R133|R168  R255 |R294

[ Nuclear Localization Signal T1i58 R270 R306
[I] Transcriptional Regression Domain

Figure 1. Mecp2 Schematic with Common Mutation Sites Associated with RTT.
The majority of Mecp2 mutations that lead to RTT cluster in core domains such as
the Methyl Binding Domain (MDB in green), the Nuclear Localization Signal (NLS
in orange), and the Transcriptional Repression Domain (TRD in pink). Highlighted
on the lower side of the schematic are the 8 most prominent amino acids where RTT
mutations occur, all of which are located preferentially in the MBD or the TRD.

Nonsense and missense mutations at these 8 locations make up 60% of RTT cases.

MECP2 is located on the X chromosome and is therefore an X-linked gene subject to X-
Chromosome Inactivation (XCI) wherein one of the two X-chromosomes is randomly
inactivated (Escamilla-Del-Arenal et al., 2011). In the case of RTT patients, girls are almost



always mosaic where half their cells express wild type (WT) MECP2 while the other half of their
cells express mutant (MT) MECP2. In humans, XCl is typically random however there are cases
where it is occasionally nonrandom. This may lead to patients with an increased WT skew being
more mildly affected and this idea is currently under debate. Nonrandom skewing is also a
common feature of RTT mouse models. Interestingly, in humans roughly 15% of X-linked genes
can ‘escape’ from X-chromosome inactivation and continue to express the inactive allele,
possibly creating a link to RTT severity (Zogbhi et al., 1990; Shahbazian and Zoghbi., 2002;
Huppke et al., 2006; Knudsen et al., 2006; Peters et al., 2014; Xiol et al., 2019). While RTT is
associated with a loss of function of MECP2 and XCI skewing can help increase the amount of
functioning MECP2 back up to expected levels, MECP2 Duplication Disorder is a
neurodevelopmental disorder where individuals have additional copies of MECP2 and produce
an excess quantity of MECP2 (Van Esch et al., 2005). These two disorders often cause inverse
but complimentary patient phenotypes. The fact that both deficiency and excess of MECP2 can
lead to neurodevelopmental disorders highlights both the importance of the gene and the delicate

balance held in its required quantities.

1.3 MECP2 Function

As a nuclear protein, MECP2 performs a number of different functions in the cell through the
genome-wide tracking of methylated-CpG-density and the eventual binding by MECP2 to single
methylated CpGs with adjacent motifs that are rich in A/Ts (Nan et al., 1993; Skene et al., 2010;
Tillotson and Bird., 2020). MECP2 was first discovered as a transcriptional repressor through the
association of its Transcriptional Repression Domain with co-repressor complexes such as
mSin3A and HDACs (Nan et al., 1998; Jones et al., 1998). The mechanistic role of MECP2 as a
transcriptional repressor was further elaborated through the determination that MECP2 also
interacted with the NCoR/SMRT co-repressor complex and HDAC3 as another means of
transcriptional repression. Related microarray experiments showed a subtle overall decrease in
gene expression, indicative of overall repression in the absence of Mecp2 (Tudor et al., 2002;
Lyst et al., 2013) More recently, a truncated version of mouse Mecp2 containing only the
methyl-binding-domain and the NCor/SMRT interacting domain was found to leave mice
phenotypically near-normal, furthering the idea of MECP2’s primary purpose being repression
(Tillotson et al., 2019).



However, although the transcriptional repression model is well studied, MECP2 also seems to
participate in transcriptional activation through associations with transcriptional activator
CREBL and other promoters (Yasui et al., 2007; Chahrour et al., 2008). In a demonstration of
gene expression patterns in a mouse hypothalamus that over or under expressed Mecp2, a total
85% of genes were found to be higher when Mecp2 was activated, making the case for MECP2
as a transcriptional activator (Chahrour et al., 2008). Later research in the cerebellum found
abnormal Mecp2 amounts caused both downregulation and upregulation of various genes (Ben-
Shachar et al., 2009) and posited the role of MECP2 not as a specific repressor or activator but

rather as an overall transcriptional modulator.

In addition to its role as a transcriptional modulator, MECP2 has also been found to associate
with nucleosomes in an N-terminus dependent manner and ultimately influence chromatin
compaction (Georgel et al., 2003). Shadowed electron microscopy of nucleosome arrays later
showed that this chromatin compaction was further accompanied by higher order structures that
lead to inter-chromatin condensation (Adkins and Georgel., 2010). Null mouse models also show
a loss of long-range chromatin interactions (Horike et al., 2005). The ability of MECP2 to be
involved in chromatin compaction is of particular interest to some RTT point mutations, such as

R168X, that lost the ability to form higher order chromatin structures (Georgel et al., 2003).

Overall, MECP2 plays a role in a number of different biological processes ranging from various
forms of transcriptional modification to chromatin compaction. This diverse set of roles further
highlights the importance of MECP2 function and the potential array of effects that RTT

mutations can have on a patient.

1.4 Rett Syndrome in Mouse Models and Post-Mortem Tissue

Mouse models are a well-known tool for studying RTT mutations as the amino acid sequence of
MECP2 is highly conserved throughout vertebrate species (Tillotson et al., 2017). After the
discovery that RTT is due to mutations in MECP2, knock-out mutations were generated in male
mouse embryonic stem cells and were found to exhibit developmental defects (Tate et al., 1996).
Eventually, two Mecp2 null mouse models were created. The first, Mecp2t1#ird used Cre-loxP
technology to delete exons 3 and 4 so that the mouse model completely lacked MECP2 protein
(Guy et al., 2001). The second mouse null model, Mecp2tmt»¢ ysed the same technology to

delete only exon 3. This model still expressed small Mecp2 protein fragments (Chen et al.,



2001). However, both nulls displayed very similar phenotypes. Together, these papers showed
that female mice heterozygous for the null allele started developmentally normal and then
developed a stiff gait, breathing difficulties, and hindlimb clasping. Similarly, males showed the
same features but developed phenotypes at a more rapid rate with more than 50% of the male
mice dying between 8 and 11 weeks of age (Guy et al., 2001; Chen et al., 2001). Since then, a
number of other RTT mouse model features have been found including increased sociability (Wu
et al., 2016), metabolism changes (Goffin and Zhou, 2012; Justice et al., 2013), abnormal
mitochondrial structure (Shulyakova et al., 2017), and microencephaly with mouse neurons
exhibiting smaller somas and decreased dendrite complexity phenotypes (Chen et al., 2001;
Chapleau et al., 2009; Li et al., 2013). In addition to the well-known null mouse models, 6 of the
8 most common RTT point mutations have been recapitulated in mice through various genetic
engineering techniques. Based on this research, there are many similarities between the human
and mouse model such as the period of delayed onset and the increased survivability of

heterozygous females over hemizygous males (Vashi and Justice, 2019).

Due to the majority of RTT patients being female, the female Mecp2 mutant mice are often
considered the most clinically relevant model. Interestingly, one difference between female
mouse models and human RTT cases, as mentioned above, is in XCI skewing where female mice
can show non-random XCI skewing that favours the wild type allele. Humans do not usually
show this skew. In mice, skewing is determined by alleles at the X chromosome controlling
element and is considered a primary activation activity (Amir et al., 2001; Thorvaldsen et al.,
2012). This skew towards the WT allele could mean that heterozygous female mice will not

experience as severe a phenotype as would be seen in heterozygous humans.

Although there is no current cure for RTT, an ongoing discussion has been the potential
reversibility of RTT due to the fact that RTT patients do not exhibit increased neuronal death.
With the number of neurons unchanged, only smaller and phenotypically abnormal, it was
posited that RTT was reversible. In 2007, this was shown to be true in a mouse model where the
endogenous Mecp2 was silenced by the insertion of a lox-Stop cassette that could be
conditionally activated with tamoxifen through a Cre-ER transgene (Guy et al., 2007). Upon the
injection of tamoxifen, Mecp2 expression was restored to 80% of normal levels which partially
reversed neurological phenotypes and restored lifespan (Guy et al., 2007). It has also been well

established that there are potential pharmacological rescues of RTT. For examples, treatment



with BDNF and IGF1 has been shown to partially rescue RTT phenotypes in both male and
female mouse models (Chang et al., 2005; Tropea et al., 2009). These, and other studies, have
clearly demonstrated that mouse models provide valuable insights into the human RTT

condition.

In addition to mouse models, post-mortem brain tissue is another well-known model for studying
RTT and has an established neuropathology. Similar to research seen in mouse models, post-
mortem brain tissues of RTT patients also shows microencephaly with reduced neuronal size,
dendrite branching, complexity, and spine number (Armstrong et al., 1995; Bauman et al., 1995;
Chapleau et al., 2009). Other experiments on post-mortem brains have revealed reductions in
nerve growth factors and TrkA, both of which are responsible for the later stages of dendritic
growth (Lipani et al., 2000) as well as reductions in other neuronal maturation factors such as
KCC2 (Hinz et al., 2019). Similar to results seen in mouse and other human studies, post-mortem
brain microarrays also show consistent changes in mRNA levels across a variety of transcripts,
showing MECP2’s role as a transcriptional regulator (Colantuoni et al., 2001). As a result, post-

mortem studies align in many ways with the work done on both humans and mice.

Although Mecp2-null mice and post-mortem brain tissue have demonstrated utility for studying
RTT, they both exhibit benefits and downsides in the study of the disease. As an example, the
nature of post-mortem studies means that RTT can only be examined at the end of life and the
unique features of the RTT early asymptomatic phase cannot be examined. In addition, RTT
post-mortem models are limited by the small number of samples available and are unable to
provide any insights on the key behavioral and motor alteration traits of RTT. Mouse models are
able to provide insights into these behavioral and motor traits. However, in addition to the
skewing mentioned earlier, mouse models may provide an underrepresentation of human disease
phenotypes since male mice, who are more severely affected, better recapitulate the symptoms
seen in human females while female mice show a less severe phenotype (Guy et al., 2001; Chen
etal., 2001). In addition, mouse models display some additional phenotypes that are not seen in
human patients (Chen et al., 2001). Therefore, in order to examine RTT from another angle and
overcome some of these challenges, human stem cell technology can be used as a

complementary model.



1.5 Human Stem Cells in Studying Disease

In addition to using mouse models and post-mortem tissue as a way of studying disease, the use
of human stem cells has increasingly become a relevant model system for studying RTT and
other diseases. There are currently two prominent pools of human stem cells available to
researchers, human embryonic stem cells (hESC) which are isolated from blastocysts (Thomson
et al., 1998) or human induced pluripotent stem cells (hiPSC) which are generated from human
somatic cells (Takahashi et al., 2007). Both hiPSCs and hESCs are self-renewing pluripotent
cells with the ability differentiate into cells from all three embryonic germ layers. These systems

both offer similar mechanisms for studying human disease with slight variations.

Human embryonic stem cells were first reported nearly 8 years before the introduction of hiPSCs
when researchers isolated the hES cells from the preimplantation epiblast cells of blastocysts
(Thomson et al., 1998; Reubinoff et al., 2000). This work built on the methods refined in mouse
ES cells derived directly from the mouse blastocyst (Evans and Kaufman, 1981). These original
hESCs showed both pluripotency through teratomas that gave rise to all 3 germ layers and the
ongoing ability to self-renew, the two key features of human stem cells (Thomson et al., 1998;
Reubinoff et al., 2000). This arrival of hESCs represented the first time a potentially indefinite
population of human differentiated cells could be available to researchers. For disease modelling,
embryos carrying mutations of interest could be detected and then the population of cells in the
blastocyst could be isolated in vitro; these cells could then eventually be isolated for further
differentiation and modelling as hESCs (Thomson et al., 1998). However, a number of
controversies exist around the use of hESCs including the ethical use of human embryos and the
possibility of human tissue rejection following patient transplantation.

As such, research increased into the possibility of reprogramming somatic cells into human stem
cells. In 1997, reprogramming of mammalian somatic cells first occurred by transferring the
somatic cell’s nuclear contents into an enucleated unfertilized egg in an experiment now
commonly referred to as the ‘Dolly the Sheep’ experiments (Wilmut et al., 1997). Later
experiments would produce a similar effect by fusing somatic cells with ES cells (Cowan et al.,
2005) but it wasn’t until 2006 that the first true iPSCs would be produced through the
reprogramming of adult fibroblasts using four key factors (Takahashi and Yamanaka, 2006). To

determine these factors, 24 candidate transcription factors that were known to be associated with



pluripotency were introduced into the mouse fibroblasts and systematically eliminated until it
was determined that four ‘Yamanaka Factors’ were enough to support the generation of stem
cells. When these four factors, Oct3/4, Sox2, Klf4, and c-Myc, were retrovirally transduced into
the fibroblasts the cells began to express the morphology and cell markers typically found in
mESCs. The new cells, called induced pluripotent stem cells, also demonstrated their
pluripotency through the generation of teratomas that contained cells from all 3 germ layers
(Takahashi and Yamanaka, 2006). A year later, two labs came out with papers detailing the first
iPS cell lines from humans. The Yamanaka lab, who pioneered the original 2006 experiment,
generated iPSCs from human fibroblasts using the same four ‘Yamanaka Factors’ and a
retroviral system to generate hiPSCs (Takahashi et al., 2007). At the same time, the Thomson
Lab used a lentiviral system and the factors Oct4, Sox2, Nanog, and Lin28 to generate human
iIPSCs (Yu et al., 2007). However, as both retroviruses and lentiviruses are integrating viruses,
research began into the generation of clinically safer reprogramming methods that could generate
hiPSCs with no noise during integration and no remaining factors inside the target cell. Later
systems would therefore seek to use non-integrated viruses, such as Sendai viruses which
replicate only as RNA in the cytoplasm, to reprogram human fibroblast or peripheral blood cells
into human iPSCs using similar factors (Ban et al., 2011; Hildebrandt et al., 2019) (Figure 2).

As human stem cells, both iPSCs and ESCs exhibit pluripotency and self-renewal. However,
there is a constant ongoing discussion about how similar the two human stem cell types truly are.
Some reports have demonstrated that there are little to no significant differences in gene
expression (Park et al., 2008) while other studies looking at gene expression found that there was
a recurrent pattern in iPSCs of all origins that were not in ESCs (Chin et al., 2009; Parotta et al.,
2017). The underlying rationale for this potential difference has not been determined although
some theorize that iPSCs might retain traits from their original cell line (Kim and Webster, 2010;
Parotta et al., 2017). For example, Polo and colleagues (2010) found that iPSCs generated from
three different types of starting cells all exhibited differences in iPSC transcriptional and
epigenetic patterns. They suggested that early-passage iPSCs retain the transient epigenetic
memory of their cell of origin, potentially accounting for the differences between iPSCs. More
recent mass spectrometry and gene expression profiling for proteogenomic analysis has revealed
that a number of distinct pathways are differentially enriched in iPSCs when compared to ESCs

(Parrota et al., 2019). Overall, the studies generally agree that there are remarkable similarities



between iPSCs and ESCs however the number of subtle changes between the two types of
human stem cells requires further study to determine possible biological relevance (Phanstiel et
al., 2011; Parrota et al., 2019).

Shortly after the discovery of iPSCs, various research groups began generating iPSCs from
various disease models (Park et al., 2008; Dimos et al., 2008; Ebert et al., 2009). For example, in
2008 Dimos and colleagues generated iPSCs from a woman with amyotrophic lateral sclerosis
(ALS) and subsequently differentiated the ALS iPSCs into motor neurons, allowing them to
demonstrate the disease in an iPSC model for the first time. At the same time, another paper
(Park et al., 2008) showed iPSCs generated from 10 different individuals with diseases ranging
from pancreatic to immunological. One year later, studies began comparing patient-derived
IPSCs to wild type iPSCs from an unaffected family member. For example, a study comparing
spinal muscular atrophy (SMA) iPSCs to a wild type control found deficits in soma size and
SMA aggregates (Ebert et al., 2009). This was the first demonstration that disease-specific
phenotypes could be found in iPSC cells generated in vitro and strengthened the use of iPSCs as

a valuable model for disease.
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Figure 2. Model of Generating hIPS cells and Neurons from Patients. Patient
fibroblasts can be extracted and then infected with 4 transcription factors (Oct4,
Sox2, kIf-4, c-MYC). The resulting iPS cells can be differentiated in vitro to generate

neurons or other cell types for further study.

Overall, this early work provided a solid foundation of evidence that hiPSCs had valuable use as
a disease model, exhibiting a wide range of disease types and providing quantifiable differences

from wild type controls. Today, hiPSCs have been generated for hundreds of different diseases
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and are being investigated for further use in translational medicine such as increased disease

modeling, drug screening, and cellular therapy (Moradi et al., 2019; Braganca et al., 2019).

1.6 Rett Syndrome in hiPS Cells and Neurons

While hiPSCs were becoming an established disease model, work turned to developing an hiPSC
RTT disease model. This required two key innovations in the field: the generation of the first
human iPSC lines and, as RTT is primarily a neurodevelopmental disorder, the ability to
differentiate those iPSC lines into neurons. In 2009, we generated the first RTT-hiPSC lines
using the EOS (Early Transposon promoter and Oct-4 (Pou5f1) and Sox2 enhancers) system to
make reprogrammed iPSC colonies derived from RTT patient fibroblasts (Hotta et al., 2009). At
this time, there was significant interest in differentiating the iPSC RTT lines into neurons as RTT
is neurodevelopmental disorder and as MECP2, although ubiquitously expressed, is found to be

most abundant in neurons (Shahbazian et al., 2002).

There are a number of different methods for differentiating iPSCs into neurons. One early
method is a rosette-based method that generates a mix of excitatory and inhibitory cortical
neurons (Marchetto et al., 2010; Brennand et al., 2011). In this process, embryoid bodies are
generated from iPSC lines and maintained in media until visible structural rosettes form. The
rosettes are then manually dissected and the neural precursor cells (NPCs) are maintained to a
high density. These NPCs are then differentiated in neurons. Overall, this process takes ~13
weeks and is described in more detail in section 2.2.2. Although this is the type of protocol used
for the first generation of RTT neurons from hiPSCs (Marchetto et al., 2010), since then, other
differentiation methods have become common in the field. For example, this report primarily
uses a transcription factor-based differentiation method as it has a number of benefits relative to
the rosette-method such as a purer population of excitatory cortical neurons, reporting 100%
purity compared to the ~70% of other protocols, and a shortened total differentiation time,
making larger scale studies more feasible (Zhang et al., 2013). In this process, iPSCs are taken
directly to neurons without a rosette or NPC stage through the lentiviral infection and
overexpression of Neurogenin-2 (Ngn2) under the control of doxycycline in a tetracycline-
inducible system (Zhang et al., 2013) (Figure 3).
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Figure 3. Differentiation Method Comparison. The NGN2 protocol takes
only 2 weeks to move from iPSCs to neurons with no intermediary steps. The
Brennand Protocol (a type of rosette-based method) takes 13 weeks to

differentiate iPSCs into neurons and relies on two intermediary steps.

Using the rosette-based method, in 2010 Marchetto and colleagues differentiated RTT hiPSCs
from 4 distinct patients into neurons for the first time. The patients had a range of RTT mutations
including deletion, nonsense, and missense mutations in Mecp2 and these mutations were
compared to 5 hiPSC unrelated controls. The final hiPSC derived neurons were found to exhibit
a reduced soma size, a reduction in dendritic spines, and a reduction in glutamatergic synapses
(Marchetto et al., 2010). This paper also demonstrated that the RTT neurons had reductions in
the frequency and amplitude of spontaneous excitatory and inhibitory currents, reductions in
calcium oscillations, and the ability to be partially rescued by an increase in IGF1 (Marchetto et
al., 2010). Of note, these phenotypes match the phenotypes previously established by mouse and

post mortem models.

This original study was quickly followed up by other hiPSC RTT models which further
confirmed the similarity between Mecp2 mouse models and hiPSC RTT models including
reduced soma size, reduced dendrite length, reduced dendrite spine density, lower expression of
neuronal markers, and a decrease in spontaneous currents. (Cheung et al., 2011; Ananiev et al.,
2011; Farraetal., 2012; Li et al., 2013). For example, a paper by Cheung and colleagues (2011)
compared an isogenic pair of WT and RTT null neurons missing almost the entire MECP2 gene
and confirmed that the RTT lines saw a reduction in soma size. Anaviev and colleagues (2011)
looked at the R294X mutation and found a reduction in nuclear size, often correlated with soma
size. This work by Anaviev (2011) directly compared its results to the work by Cheung (2011)
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and began to discuss the idea that their R294X mutation, which retained some of its function
while lacking others, might produce a different phenotype relative to the complete deletion seen
in the Cheung nulls. Although the R194X was not found to be this ‘intermediary’ mutation, it did
build on the idea generated in clinical studies which suggested correlations between MECP2
genotype and RTT phenotype (Huppke et al., 2000; Bebbington et al., 2007; Neul et al., 2008).
Two seminal studies of clinical data in the late 2000s both demonstrated a key link between
phenotype and genotype to the degree that they even agreed on which mutations could be
categories as severe, such as R270X, R255X, and R168X, and as less severe, such as R133C,
R294X, and c-terminal deletions (Bebbington et al., 2007; Neul et al., 2008). They both also
demonstrated that individuals with more severe mutations were less likely to retain their hand
usage, walking ability, or speech ability (Bebbington et al., 2007; Neul et al., 2008). A follow-up
paper which examined the ‘less severe’ mutation group of c-terminal mutations found that these
patients typically had a later onset of regression and stereotypes (Bebbington et al., 2010). While
these milder mutations like R133C, R294X, and R306C are known in the literature, with R133C
being one of the 8 most common RTT mutations, (Dajani et al., 2013), iPSC work has focused
on mutations in the ‘severe’ category. To date, the R133C mutation has been gene edited into
LUHMES cells, a diploid human female mesencephalic cell line, using CRISPR (Shah et al.,
2016) however no phenotypic analysis of the resulting neurons has been done and the mutation

does not yet exist in a stem cell context.

Moving forward from the initial creation of RTT iPSCs, more and more types of RTT stem cells
were being examined. Li and colleagues (2013) used TALENS to generate an MECP2 loss-of-
function line in ES cells. They were the first to examine the RTT iPSC-derived transcriptome
and found an overall transcriptional down-regulation of RTT neurons. They also found a soma
size reduction, a decrease in dendrite arborization through Sholl analysis, and a reduction in
action potentials in RTT neurons as seen in the first multi-electrode array RTT results. Many of
these phenotypes could be rescued with IGF1 (Li et al., 2013). These lines, called WIBR3 in the
original paper, are of particular interest as they are used as a control in this paper alongside the
null lines reported in 2011 (Cheung et al., 2011). Looking forward, in 2015 our lab provided the
first isoform specific patient-iPSC line and found that three el lines had decreased soma size,
reduced dendrite complexity, and impairment in patch clamp electrophysiology such as reduced

cell capacitance, action potentials, and miniature excitatory synaptic current (Djuric et al., 2015).
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At the same time, studies began to show that RTT iPSC-derived neurons showed alterations in
neuronal differentiation, migration and branching (Williams et al., 2014; Fernandes et al., 2015).
Work on astrocytes at this time began to show that RTT also affected other types of brain cells
and that RTT astrocytes could create RTT phenotypes in WT neurons (Williams et al., 2014).
Building on iPSC work, Mellios and colleagues (2018) generated cerebral organoids from an
RTT isogenic line and found that RTT organoids had increased ventricular area but decreased
thickness relative to the WT control. They also found a reduction in neurogenesis due to
reductions in neuronal markers MAP2 and DCX (Mellios et al., 2018). These organoid models
represent a new complimentary model to existing mouse, post-mortem, and 2D neuronal
cultures. Work also continued on RTT iPSC lines where, for example, RTT iPS derived neurons
were found to have increased signs of stress, leading to an induction of P53 and senescence. This
induction of P53 was linked to the previously seen reduction in dendritic complexity for RTT
neurons and an inhibition of P53 was found to restore complexity phenotypes (Ohashi et al.,
2018). Recent work in iPSCs has also found differences in the cargo of exosomes and that
treating RTT cells with WT exosomes can rescue neurodevelopmental defeats such as
neurogenesis (Sharma et al., 2019). Most recently, our lab used iPSC-derived neurons in RNA
sequencing approaches to find that RTT neurons have reductions in global translation, with
strong reductions in ubiquitinated protein levels (Rodrigues et al., 2020). Overall, the use of
iPSCs and iPSC-derived neurons have provided a number of advances for the field and continue

to be a well-used RTT model.

One unique reason for the use of iPSCs as an RTT model compared to other disease models is
the previously discussed location of Mecp2 on the X-Chromosome and the effect of XCI
skewing. Unlike non-X-linked diseases which typically use a related wild type control, RTT girls
have cells that express either the wild-type Mecp2 or the mutant Mecp2. As such, hiPSC wild
type and mutant lines can be derived from the same patient, creating isogenic pairs that differ
only in their expression of Mecp2 (Cheung et al., 2011). One way of examining X inactivation is
through an androgen receptor assay (AR assay) where the AR gene, an X-linked gene, is
analyzed to determine which X is active (Shabazian et al., 2010). This is possible because a
feature of the AR gene is that it contains a region where the triplicate CAG is repeated multiple
times. As the two X-chromosomes have different numbers of CAG repeats, usually between 10
and 36, the two X-chromosomes can be differentiated (Plath et al., 2010). By using this method,
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cells can be identified to have either the WT or RTT X-chromosome and by acquiring one of

each from the same patient, researchers have access to isogenic pairs that are identical other than
their X-chromosome (Figure 4). Typically, cells retain their X-inactivation state through their life
however in some rare cases the iPSCs will experience XCI erosion due to a loss of XIST and H3-

K27 trimethylation, resulting in two active X-chromosomes (Mekboubad et al., 2013).

RTT WT

Patient

Figure 4. X-Chromosome Skewing in RTT Girls. Girls who are heterozygous in
MECP2 will have one X that is wild-type (green) and one X that is mutant (purple).
The X-linked nature of MECP2 means that in each of their cells one of these X’s will
be randomly shut down, leaving individual cells to present all wild-type MECP2
(green) or all mutant MECP2 (purple). This skewing allows us to create cell lines

that are either wild-type or mutant from the same patient.

Today, a wide variety of RTT and control iPSC and hESC lines exist, allowing the examination
of many different MECP2 mutations. While some of these cell lines come directly from patients,
others are generated from control lines using gene editing methods. Many of the initial RTT gene
editing experiments used TALEN editing (Boch et al., 2009; Li et al., 2013), but the field has
moved towards the use of CRISPR for RTT gene editing techniques (Ran et al., 2013; Shah et
al., 2016; Le et al., 2019; Croci et al., 2020). For example, Shah and colleagues (2016) used
CRISPR to re-create 4 different RTT missense mutations. Our lab has also used CRISPR to
genetically edit RTT lines; we took healthy control lines from the Personal Genome Project
Canada (PGPC) (Hildebrandt et al, 2019) and used a CRISPR plasmid based method to create
both a 1bp insertion in MECP2 leading to an early stop and a 51bp in-frame deletion in the
methy! binding domain of MECP2 (Mok et al., in prep). Both of these edits result in cell lines
null for MECP2.
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Whether looking at newly generated RTT lines, such as the PGPC NULL/Del lines, or patient
derived iPSC lines, the use of well-established RTT phenotyping techniques is vital in
understanding the effects of the genotype on the cells. The mutations themselves can be
determined by using gDNA and cDNA sequencing, however more complicated techniques must
be used to understand the effect on phenotype. To examine the effect of an RTT mutation on
MECP?2 levels, there are a number of different assays that can be used. The most common is to
use a western blot analysis to label the protein of interest with primary and secondary fluorescent
antibodies on a membrane (Djuric et al., 2015) and examine the blot for protein quantity
differences between WT and RTT. Another way to examine for protein is to use the relatively
newer In Cell Western (ICW) analysis which fixes cells of interest to a plate and stains the
protein of interest with primary antibodies and secondary fluorescent antibodies. The level of
fluorescence is then normalized to the number of cells in the well of the plate, allowing a
comparison between WT and RTT (Egorina et al., 2005; Nageshappa et al., 2016). The benefit of
an In-Cell Western is the ability to examine large batches of cells at one time by using 96 well

plates, making it a viable protein assays for large scale drug scenes or related assays.

In addition to the effect that genotype has on protein levels, RTT literature has a number of key
phenotypes that can be searched for when dealing with RTT iPSC-derived neurons. Morphology
is often a key aspect of RTT phenotype. These assays are performed by labelling the neurons of
interest with a green fluorescent protein (GFP) (Moriyoshi et al., 1996; Knott et al., 2009; Djuric
et al., 2015) and images are taken of each neuron. These images can then be traced manually or
automatically and relevant morphometric analyses are taken. For example, soma size is
determined by tracing the area of the soma and dendrite length is determined by summing the
length of all dendrites in a single neuron together (Marchetto et al., 2010; Li et al., 2013; Djuric
et al., 2015). There are two assays used to measure dendrite complexity. For a Sholl analysis, one
starts at the soma and then draws concentric, evenly spaced circles outward and counts the
number of times each circle is ‘cut through’ by a dendrite (Sholl, 1953; Li et al., 2013; Bird &
Cuntz, 2019). For a dendrite order analysis, the primary dendrite is traced until a branch point is
reached. Both the branches off the primary are labelled secondary and followed until another
branch point, these branches are labelled tertiary. This process continues until the end of the
dendrite (Abdel-Maguid & Bowsher, 1984; Costa et al., 2010; Reitveld et al., 2015.) Finally, an

examination of electrophysiology is common phenotype of RTT lines with patch-clamp analysis
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finding deficits in RTT. However, the appearance of the new multi-electrode array (MEA)
provides a less individualized way of examining electrophysiology. iPSCs of interest are plated
and differentiated in wells with microelectrodes on the bottom and their extracellular
electrophysiological signal is tracked over the duration of the experiment. Research has found
that RTT lines typically display less activity, less action potentials, and less network bursting in

both duration and frequency (Li et al., 2013; Nageshappa et al., 2016; Mok et al., in prep).

With these types of phenotyping assays, the link between genotype and phenotype can be further
examined. For example, in our PGPC CRISPR edited lines our results indicate that both of these
null lines show the expected reduction in soma size, dendrite length, dendrite complexity, and
electrophysiology (Mok et al., in prep), indicating that these lines match the phenotypic severity
of other established null lines (Marchetto et al., 2010; Cheung et al., 2011; Li et al., 2013).
Overall, the combination of these phenotyping tools with the ability to generate patient-derived
iPSC lines and CRISPR iPSC lines allows researchers to continually uncover new characteristics

of RTT mutations and how various mutations alter the severity of RTT.

1.7 Thesis Rationale

We continue to discover new MECP2 mutations that lead to RTT in patients however it is not yet
clear if they all share the same core alterations in gene expression and neuronal function. For this
project, our lab obtained iPSC lines from an RTT patient with a novel L124W MECP2
(c.317T>G) mutation in the crucial methyl binding domain (Figure 5) and with unknown
neuronal consequences. Recent research has shown that the methyl binding domain is one of two
key domains required for MECP2 to function (Tillotson et al., 2017). While patient information
is limited, the patient does have a milder RTT phenotype and was diagnosed at a relatively later
age. Interestingly, results from John Vincent’s group on the ability of L124W MECP2 to bind
heterochromatin through the over-expression of point mutant-GFP fusions in mouse cells
(Sheikh et al., 2017), shows that the L124W mutation has an intermediate phenotype that
minimally disrupts heterochromatin foci and has only transitory heterochromatin binding (Mok
etal., in prep). WT-MECP2 fusion protein was shown to bind tightly to DAPI rich
chromocenters while more severe L124F or R106C fusion proteins showed diffuse localization
throughout the cell. The L124W MECP2 fusion showed an intermediate phenotype where GFP

bound chromocenters showed hazy, less distinct boundaries (Mok et al., in prep). The Vincent
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lab also used Fluorescence Recovery After Photobleaching on the L124W MECP2 GFP bound
chromatin and found that the L124W mutation was more mobile and recovered after ten seconds
while the WT was still bleached by 100 seconds. This implies that the L124W MECP2 is only
transiently bound to the heterochromatin and is easily replaced with non-bleached MECP2
nearby. As such, these experiments indicate that the L124W mutation may have a less severe
phenotype relative to other mutations and that the L124W mutation may create a binding change
in MECP2 (Mok et al., in prep).

Exon 1 Exon 2 Exon 3 Exon 4

|:| Methyl Binding Domain T
L124W
] Nuclear Localization Signal

B Transcriptional Regression Domain

Figure 5. Location of the L124W Mutation. The L124W (c.317T>G)
mutation is located at the very end of exon 3 in the middle of the methyl

binding domain (green).

The goal of this project was to better understand the novel L124W mutation. Based on the results
from the Vincent lab (Mok et al, in prep) and our knowledge that the L124W mutation is not a
null, we posited that perhaps the L124W mutation would have a less severe or intermediary
phenotype. As such, the first aim was to investigate a number of core RTT phenotypes including
protein level, soma size, dendrite length, dendrite complexity, dendrite order, and extracellular
electrophysiology. To follow-up on this goal, the second aim of this project was to rescue the
L124W mutation through CRISPR/Cas9 gene editing. By achieving a successful L124W rescue
line, we would be able to determine if a genetic rescue is enough to eliminate any phenotypes
found in Aim 1. This would ultimately provide confirmation that the L124W mutation is
causative while providing a high-quality control for future experiments. In addition, the
CRISPR/Cas9 protocol developed in this aim could be used in other gene editing experiments,

such as targeting other prominent proteins regulated directly or indirectly by MECP2.
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Chapter 2
Materials and Methods

2 Materials and Methods
2.1 Cell Culture

hiPSC and hESC were cultured on plates coated with Matrigel (Corning) and maintained in
StemMACS iPS-Brew (Miltenyi) or Complete mTeSR (STEMCELL Technologies) with 100X
penicillin and streptomycin (Gibco). Pluripotent cells (hiPSC and hESC) were detached with
ReLeSR (STEMCELL Technologies) and passaged once per week. All human patient derived
iPSC and hESC were cultured under the approval of the SickKids Research Ethics Board and

Canadian Institute of Health Research Stem Cell Oversight Committee.

2.2 Neuronal Differentiation

This project used three distinct neuronal differentiation methods. The primary method, a
transcription factor-based differentiation using neurogenin-2, was based on Zhang et al., (2013).
The secondary method, a rosette-based differentiation, was based on Brennand et al., (2011).
Finally, I briefly experimented with a new protocol using dual SMAD inhibition that we refer to
as the 6F protocol (Ross et al., 2020).

2.2.1 Transcription Factor Differentiation

To establish cell lines with inducible Ngn2, two lentiviral vectors, rtTA and TetO-Ngn2, were
packaged and transduced into target lines as per Hotta et al., (2009). Briefly, flasks were seeded
with 7.5x10° 293T cells each in 10% FBS (10X; Gibco) with 1% 100X Penicillin/Streptomycin
(100X; Gibco) in DMEM (Gibco). The following day, the 293T cells were transfected using
Lipofectamine 2000 (Thermo Fisher) with 10ug Gag-pol, 10 ug Tat, 10 pug Rev, 5 ug VSV-G
and 15 pg of either rtTA or TetO-Ngn2. The media was changed and the virus-containing media
was harvested. The virus was concentrated by ultracentrifugation at 90,000G for 2 hours, divided

into 10 pl aliquots, and stored at -80C.

Target iPSCs were washed with PBS (1X, Wisent), aspirated, and then detached with accutase

(Innovative Cell Technologies) and incubated for 10 minutes at 37C. Cells were transferred to a
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15mL falcon tube along with 5mL of mTeSR (STEMCELL Technologies) and ROCK inhibitor
(1000X; STEMCELL Technologies) before being centrifuged at 123 RCF for 2 minutes. Cells
were then aspirated and resuspended in mTeSR (STEMCELL Technologies) and ROCK
inhibitor (1000X; STEMCELL Technologies). Cells were counted and seeded on Matrigel
(Corning) at 3.0x10° cells per 6-well plate. The following day, iPS cells were infected with 5pL

of concentrated virus and subsequent daily media changes were used to wash away virus.

To induce neuronal differentiation, previously infected cells were seeded in 6-well plates on
Matrigel (Corning) at a concentration of 5.0x10° cells per well. Cells were then cultured in CM1
Complete base media [DMEM-F12 (Gibco), N2 (100X; Gibco), NEAA (100X; Gibco),
Penicillin/Streptomycin (100X; Gibco), Laminin (1000X; Sigma-Aldrich)] with BDNF (10000X;
Peprotech), GDNF (10000X; Peprotech), Doxycycline (1000X; Sigma-Aldrich), and ROCK
Inhibitor (1000X; STEMCELL Technologies). On day 3, the cells were switched to CM2
Complete base media [Neurobasal (Gibco), B27 (50X; Gibco), Glutamax (100X; Gibco), and
Penicillin/Streptomycin (100X; Gibco) with BDNF (10000X; Peprotech), GDNF (10000X;
Peprotech), Doxycycline (1000X; Sigma-Aldrich), laminin (1000X; Sigma-Aldrich) and ROCK
Inhibitor (1000X; STEMCELL Technologies). This was repeated for three days with the addition
of 2ug/mL of puromycin (500X; Sigma-Aldrich) from days 2 to 4. On day 5 puromycin was
removed and AraC (50X; Sigma-Aldrich) was added. On day 7 cells were reseeded as to the

specific conditions of their chosen assay.

2.2.2 Rosette-Based Differentiation

Pluripotent stem cell colonies were detached from Matrigel (Corning) coated plates using
warmed collagenase 1V (Invitrogen) and harvested colonies were transferred to 1x100mm low
cluster dishes at a density of 1:1. Cells were then cultured in EB media [DMEM/F12 (Gibco), N-
2 (100X; Gibco), NEAA (100X; Gibco), Penicillin/Streptomycin (100X, Gibco) Heparin
(2pug/mL; Sigma-Aldrich), FGF2 (10ng/mL; R&D Systems), Dorsomorphin (2uM; Sigma-
Aldrich), and SB431542 (10uM; Stemgent)] for 7 days before they were transferred to plates
coated in Poly-L-Ornithine (0.1mg/mL; Sigma-Aldrich) and Laminin (20 pg/mL; Sigma-
Aldrich). To promote the formation of primary neural rosettes, cells were cultures in adherent
conditions and maintained in Neural Rosette media (DMEM/F12 (Gibco), N-2 (100X; Gibco),
NEAA (100X; Gibco), Penicillin/Streptomycin (100X; Gibco), Heparin (2ug/mL; Sigma-
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Aldrich), FGF2 (10ng/mL; R&D Systems), and Laminin (1ug/mL; Sigma-Aldrich) for another 7
days. The primary neural rosettes were then manually resected with a p20 micropipette tip and
needle before they were transferred to poly-L-ornithine/laminin coated plates and cultured in
NPC media [DMEM/F12 (Gibco), N-2 (100X;Gibco), NEAA (100X; Gibco),
Penicillin/Streptomycin (100X;Gibco), Heparin (2ug/mL; Sigma-Aldrich), FGF2 (10ng/mL;
R&D Systems), Laminin (1ug/mL; Sigma-Aldrich) and B27 without Vitamin A (50X; Gibco).

To transition NPCs towards a neuronal fate, cells were seeded at 5x10* cells per well in a 24 well
plate coated in poly-L-ornithine/laminin and switched to cND media [Neurobasal (Gibco), N-2
(100X;Gibco), NEAA (100X;Gibco), Penicillin/Streptomycin (100X;Gibco), Laminin (1pg/mL;
Sigma-Aldrich), B27 without Vitamin A (50X; Gibco), BDNF (10ng/mL; Peprotech),
GDNF(10ng/mL; Peprotech), IGF-1 (10ng/mL; Peprotech), ascorbic acid (200ng/mL; Sigma-
Aldrich), and cAMP (1puM; Sigma-Aldrich). cND media was subsequently changed every other
day.

2.2.3 6F — Dual SMAD inhibition

For neural induction, the pluripotent stem cells were cultured in mTESR1 (Stem Cell
Technologies) and the media was refreshed exactly 15 minutes before starting the protocol. The
cells were then detached using accutase (Innovative Cell Technologies) at 37°C and gently
tapped until the majority of the cells were floating. Cells were centrifuged at 300G for 2
minutes, aspirated, and resuspended to a 10X volume in mTESRL1 (Stem Cell Technologies). The
cells were then counted with a Countess (Invitrogen). 100,000 cells were then plated in N2B27
SB/LDN Media [DMEM-F12 (1X; Gibco), Neurobasal (1X;Gibco), N2 (0.5X;Gibco), B27
Supplement with Vitamin A (0.5X; Gibco), Glutamax (2mM;Gibco), Beta-mercaptoethanol
(0.1mM; Sigma-Aldrich), SB431542 (10uM; Stem Cell Technologies), LDN193189 (100nM;
Sigma-Aldrich)] with an addition of ROCK Inhibitor (10uM; STEMCELL Technologies) for the
first night. Media was then changed every second day.

Once neuroepithelial-like stem cells (NES) were apparent, they were detached with EDTA
(500uM; Invitrogen) in PBS (1X; Wisent). The EDTA solution was then aspirated and the cells
were washed with DMEM-F12 (Gibco) containing 0.1% BSA (Gibco). The cells were diluted to
SmL, centrifuged at 150G for 2 minutes, aspirated, and resuspended as ‘cell clumps’ in 6F media

[DMEM-F12 (1X; Gibco), Neurobasal (1X;Gibco), N2 (0.5X;Gibco), B27 Supplement with
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Vitamin A (0.5X; Gibco), Glutamax (2mM;Gibco), Beta-mercaptoethanol (0.1mM; Sigma-
Aldrich), K02288 (100nM;Sigma-Aldrich), AKTiVIII (100nM; Millipore), MK2006
(AKT1/2/31) (75nM; Sigma-Aldrich), XAV939 (1uM; Sigma-Aldrich)] with an addition of
ROCK Inhibitor (10uM; STEMCELL Technologies) for the first three passages. These cells
were plated at 300x103 cells per cm2 in the 6F media with both CHIR99021 (2uM; Sigma-
Aldrich) and XAV939 (1uM; Sigma-Aldrich) added.

For neural differentiation, the NES cells were plated at 5x10* cells per cm? on laminin (Sigma-
Aldrich) coated plates in Neural Differentiation | Media [DMEM-F12 (1X; Gibco), Neurobasal
(1X;Gibco), N2 (0.5X;Gibco), B27 Supplement with Vitamin A (0.5X; Gibco), Glutamax
(2mM;Gibco), Beta-mercaptoethanol (0.1mM; Sigma-Aldrich)]. The media was changed every
other day and on day 14 the cells were dissociated with accutase (Innovative Cells Technologies)
and re-plated onto a coating of laminin (Sigma-Aldrich) and poly-ornithine (1pg/cm2; EMD-
Millipore) at a concentration of 1-5x10* cells per cm? in Neural Differentiation 11 Media
[DMEM-F12 (1X; Gibco), Neurobasal (1X;Gibco), N2 (0.5X;Gibco), B27 Supplement with
Vitamin A (1X; Gibco), Glutamax (2mM;Gibco), Beta-mercaptoethanol (0.1mM; Sigma-
Aldrich), BDNF (10ng/mL; Peprotech), Forskolin (10uM; Simga-Aldrich]. Half of the media

was replaced every 2 days as neurons formed.

2.3 RNA Analysis

RNA was extracted from iPSCs or 4-week-old neurons by washing them in 1X PBS (Wisent)
and then adding TRIzol Reagent (Ambion by Life Technologies) to the aspirated pellet.
Chloroform (Anachemia) was added according to Invitrogen’s TRIzol Reagent Protocol and the
mixture was centrifuged in a fume hood for 15 minutes. The colourless upper aqueous layer was
taken and the RNA precipitated into a white gel pellet. The pellet was cleaned with 75% ethanol
and then air dried for 10 minutes. Finally, the pellet was resuspended in 35uL of sterile water
(Multicell).

To reverse transcribe the RNA into cDNA, the RNA concentration was first determined by a
NanoDrop Microvolume Spectrophotometer. The Deoxyribonuclease | Kit (Invitrogen) was used
to prepare the RNA for reverse transcription. Briefly, the RNA was mixed with DNase |
(Invitrogen) for 15 minutes at room temperature before DNase inactivation by 25mM EDTA

(Invitrogen). First-Strand synthesis was then performed using random hexamers (Invitrogen)
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followed by reverse transcription with SuperScript 111 Reverse Transcriptase (Invitrogen) to

generate cDNA.

For RNA analysis by gqRT-PCR, cDNA was serially diluted into 10X, 100X, and 1000X
dilutions in sterile water (Multicell) and placed into a SYBR Select PCR Master Mix (Applied
Biosystems). Fold changes were calculated by the AACt method using 18S rRNA as a house-

keeping gene and results were averaged between technical and biological replicates.

2.4 Protein Analysis

To extract protein, cells on ice were washed with ice cold PBS (1X; Wisent) and aspirated. Total
protein was extracted in radioimmune precipitation assay (RIPA) buffer [25mM Tris-HCL,
150mM NacCl, 1% Nonidet P-40, 1% Sodium deoxycholate, 0.1% SDS] with Halt Protease
Inhibitor Cocktail (100X; Thermo Fisher) and Phosphatase Inhibitor Cocktail (100X; Thermo

Fisher). Pellets were then sonicated at level 3 for 10 seconds and stored at -80C.

Protein levels were quantified by the BioRad DC Protein Assay (BioRad). Standard curves were
set up with BSA and desired proteins in duplicate using a starting concentration of 2mg/mL. All

antibody information is listed in Table 1.

Antibody Company Species Use
anti-puromycin  |[Kerafast Mouse ICW
anti-R-Actin Sigma Mouse WB/Wes
DAPI Sigma ICC
MAP2 Synaptic Systems |Guinea Pig |ICC
MECP2 Cell Signaling Rabbit ICC/ICW/WB
NEDD4-2 Abcam Rabbit WB/Wes
PSD95 (SAP-90) |Neuromab Mouse ICW

Table 1. Antibodies Used In Protein Assays. This table lists all of the
antibodies used in this report. The ‘Use’ column indicates the type of assay that
the antibody has been used in ICW stands for In Cell Western, WB stands for
Western Blot, ICC stands for Immunocytochemistry, and Wes stands for the

Wes Analysis.
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2.4.1 Western Blot

For western blot analysis, proteins were prepared to a concentration of 30ug per lane and mixed
with Bolt 10X Sample Reducing Agent (Thermo Fisher) and Protein Loading Buffer 4X (LI-
COR). Samples were boiled at 75C and then loaded in equivalent protein mass into a Bolt 4-12%
Bis-TRIS Plus 12 Lane gel (Invitrogen). The gel was run for ~1 hour at 180V. The protein was
then transferred to a Hybond ECL (GE Healthcare) nitrocellulose membrane through overnight
transfer at 60V. The membrane was then trimmed and washed in REVERT 700 Total Protein
Stain (LI-COR) for scanning in the 700 channel of the Li-Cor Odyssey CLx. The stain was
removed with Revert Destaining Solution (LI-COR). The membrane was allowed to incubate in
either 5% Skim Milk or 5% BSA (Sigma Aldrich) in PBS (1X; Wisent) for the duration of the
day. The membrane was then packaged with primary antibodies and either 5% Skim Milk or 5%
BSA (Sigma Aldrich) in PBS-T [PSB (1X; Wisent), Tween-20 (1%; Sigma Aldrich)]. The
following morning, the membrane was washed three times with PBS-T [PSB (1X; Wisent),
Tween-20 (1%; Sigma Aldrich)] and packaged for 1 hour with near-infra red-conjugated
secondary antibodies in either 5% Skim Milk or 5% BSA (Sigma Aldrich) in PBS-T [PSB (1X;
Wisent), Tween-20 (1%; Sigma Aldrich)]. The membrane was then imaged in the Li-Cor
Odyssey CLx in both the 700 and 800 channels and analyzed using ImageStudio.

2.4.2 WES

The WES (ProteinSimple) is a capillary based western blot and all assays were carried out
according to the ProteinSimple protocol. The samples were diluted in 0.1X Sample Buffer
(ProteinSimple) and combined with the Fluorescent Master Mix (ProteinSimple) for a final
concentration of 0.4mg/mL. The proteins were denatured with heat and the Jess/Wes 12-230 kDa
Pre-filled Plates with Split Buffer (ProteinSimple) were set up with the biotinylated ladder,
antibody diluent, primary antibody, Streptavidin-HRP, secondary conjugate, and the luminol-
peroxide mix (all from ProteinSimple). The protein mix was added to the plate and the plate was

run in the Wes for 3 hours.

2.4.3 In Cell Western

Cells were left in 12 well plates and washed with PBS (1X; Wisent) before they were left for 15
minutes in 4% paraformaldehyde (PFA) [ddH20, PBS (1X; Wisent), PFA (4%; Sigma Aldrich)

for fixation. Once cells were fixed, the PFA was removed and the wells were washed 3 times for
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5 minutes each with 1X PBS (Wisent) with 0.1% Triton X-100 (Sigma Aldrich). Wells were
aspirated manually and Odyssey Blocking Buffer PBS (LI-COR) was added for 1.5 hours at
room temperature. The primary antibody dilution was made in Odyssey Blocking Buffer PBS
(LI-COR) and pipetted into all experimental wells while the blocking buffer without antibody
was added to control wells. Plates were then incubated at 4°C overnight. In the morning, the
wells were washed 3 times with 1X PBS (Wisent) with 0.1% Tween-20 (Sigma Aldrich). The
fluorescent secondary antibodies (LI-COR) were diluted in Odyssey Blocking Buffer PBS (LI-
COR) alongside CellTag 700 Stain (LI1-COR). The secondary with CellTag 700 Stain (LI-COR)
was added to experimental wells while secondary only was added to the control wells. Plates
were wrapped in aluminum foil and incubated at room temperature for 1 hour. Wells were
washed 3 times with 1X PBS (Wisent) with 0.1% Tween-20 (Sigma Aldrich) and then imaged in
both the 700 and 800 channels on the LiCor Odyssey CLx with ImageStudio.

For the puromycin incorporation assay, cells received 1jug/pL of puromycin for 1 hour. The ICW

protocol was then started as normal.

2.4.4 Immunocytochemical Staining

Immunocytochemical Staining (ICC) was performed in p-Plate 24 well black plates (Ibidi). Cells
were fixed for 15 minutes in 4% paraformaldehyde (PFA) [ddH20, PBS (1X; Wisent), PFA (4%;
Sigma Aldrich) and then washed 3 times for 5 minutes each in PBS (1X; Wisent). A
permeabilization solution was prepared [0.1% Triton X-100 (Sigma Aldrich), PBS(1X; Wisent)]
and placed on the cells for 8 minutes at room temperature. Wells were aspirated and blocking
solution was added [PBS (1X;Wisent), 0.1% Triton X-100 (Sigma Aldrich), 10% Goat serum
(Sigma Aldrich)] for 1 hour. Primary antibodies were then diluted in PBS (1X;Wisent), 0.1%
Triton X-100 (Sigma Aldrich), and 5% Goat serum (Sigma Aldrich)], placed in the wells, and
left at 4°C overnight. In the morning, wells were washed 2 times with PBS (1X;Wisent)
containing 0.1% Triton X-100 (Sigma Aldrich). Secondary antibodies were diluted in PBS
(1X;Wisent) containing 0.1% Triton X-100 (Sigma Aldrich) and placed in the wells for 1 hour at
room temperature. Plates were protected from light from this moment forward. The secondary
solution was removed and wells were washed with PBS (1X;Wisent) containing 0.1% Triton X-
100 (Sigma Aldrich). DAPI (2mg/mL;Thermo Fisher) was diluted in PBS (1X;Wisent)
containing 0.1% Triton X-100 (Sigma Aldrich) and placed in the wells for 5 minutes. Wells were
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then washed with PBS (1X;Wisent) containing 0.1% Triton X-100 (Sigma Aldrich) and stored in
a final solution of only PBS (1X, Wisent). Images were acquired on the Leica DM14000B
epifluorescence microscope using a DFC7000T camera and LAS X software (Leica).

2.5 Neuronal Morphometric Analysis

Neuronal morphology assays were performed on neurons differentiated for 6 weeks in vitro
according to the transcription factor differentiation (Zhang et al., 2013). Prior to fixation,
neurons were transfected with the EFLaEGFP plasmid through Lipofectamine 2000 (Invitrogen).
Cultures were exposed to the transfection mixture over night (~16hrs) before the mixture was
replaced with fresh media. Neurons were fixed in PKS [4% PFA in Krebs-Sucrose buffer, 50
mM KCI, 1.2 mM CaCl2, 1.3 mM MgCl2, 20 mm HEPES pH 7.4, 12 mM NaH2P0O4, 400 mM
sucrose, 145 mM NaCl, 10 mM glucose in water] and imaged in 10 micron stacks with an
Olympus 1X81 spinning disk confocal microscope using a Hamamatsu C9100-13 EM-CDD
camera and Volocity software (Perkin Elmer). All images were then blinded by an outside source
and analyzed in Imaris (Bitplane).

In Imaris (Bitplane), the images were projected to 2D and flattened. Then the soma of each
neuron was manually traced using the surface tool. For dendrite tracing, | used semi-automated
reconstruction on sparsely labelled GFP neurons that were co-stained with MAP2. Using this
tracing, sholl results were exported through the auto-generated filament statistics. A series of
concentric circles were drawn starting with the soma outward, at a distance of 10um increments.
The number of intersections between the traced dendrites and the circles was then counted by

Imaris (Bitplane). Dendrite order was manually counted and assessed.

2.6 Multi-Electrode Array

For plating on the cytoview MEA 12 well plates (Axion Biosystems), | followed the
transcription factor differentiation method described in 2.2.1 until day 7 when the CM2 base
media was switched to BrainPhys Neuronal Media (Stem Cell Technologies) instead of the
Neurobasal (Gibco) described above. Cells were reseeded at a density of 1x10° cells per 100uL
droplet. Droplets were placed directly on top of the electrodes in each well and incubated for 1
hour at 37°C before additional CM2 BrainPhys media with extra lamin (10ug/mL; Sigma
Aldrich) was slowly added. Plates had been previously coated in 0.1% poly(ethylenimine)
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solution (Sigma Aldrich) in borate buffer pH 8.4 for 1 hour at room temperature. Plates were

then washed 4 times in water and left to drive overnight.

One day after reseeding, 2x10* mouse astrocytes were seeded on top of the neurons located in
each well. Cells were fed twice a week, directly 24 hours prior to recordings on the Maestro
MEA platform (Axion Biosystems). For recordings, plates were removed from their 37°C
incubators and plates in the machine for 5 minutes to acclimatize on a 37°C heated pad. Each
plate was then recorded using AxIS 2.0 software (Axion Biosystems) under the same conditions
over a 5-minute period. Spikes were detected based on a calculation of 6x the standard deviation
of the noise inherent in the spontaneous activity. Plates were then returned to their 37°C
incubator until the next recording. Plates were tested two times a week over a period of 6 to 8
weeks. Data analysis used the Neural Metric Tool (Axion Biosystems). Electrodes were
considered active if more than 5 spikes/minutes were detected under the conditions of a poisson

surprise burst. Further analysis was performed in R Studio.

2.7 Sequencing
2.7.1 gDNA

DNA was extracted from cells by washing them in 1X PBS (Wisent) and leaving them in
accutase (Innovative Cell Technologies) for 7 minutes. The accutase was deactivated with a
small amount of media [StemMACS iPS-Brew (Miltenyi)] and cells were scraped from the
bottom of the well as necessary. The cell solution was extracted with a pipette and spun down at
123RCF in the Beckman Coulter Allegra X-22R Centrifuge for 4 minutes. The pellet was
aspirated and frozen at -20°C. Samples were then prepared according to the Quick-DNA

Miniprep Kit (Zymo).

Samples then proceeded directly to PCR (polymerase chain reaction) using either the platinum
tag kit (Invitrogen) or the hifi tag kit (Invitrogen) and final results were run on a 1% agarose gel
with ethidium bromide. The resulting PCR product was then sent to the TCAG facility for

sequencing.

2.7.2 cDNA

To sequence cDNA, RNA was first extracted as descripted in section 2.3 RNA analysis. 1jg of

RNA was taken and was digested with Deoxyribonuclease | (1U/ul;Invitrogen) for 15 minutes
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before the mixture was inactivated with EDTA solution (25mM; Invitrogen). The solution was
heated to 65°C for 10 minutes and then put through the SuperScript 111 First Strand Synthesis
System (Invitrogen). In brief, 5.5uL of the solution was mixed with random hexamers (50ng/pL;
Invitrogen) and a dNTP mix (10mM; Invitrogen) for 5 minutes at 65°C and then put on ice. 5X
First Strand Buffer (Invitrogen), DTT (0.1M; Invitrogen), and SuperScript 11 RT (200U/uL;
Invitrogen) were added to the solution. The solution was then heated to 25°C for 5 minutes, 50°C

for 1 hour, and 70°C for 15 minutes before the final cDNA was used or stored at -20°C.

Samples then proceeded directly to PCR (polymerase chain reaction) using either the platinum
taqg kit (Invitrogen) or the hifi tag kit (Invitrogen) and final results were run on a 1% agarose gel
with ethidium bromide. The resulting PCR product was then sent to the TCAG facility for

sequencing.

2.8 X Chromosome Inactivation Status

To determine X chromosome inactivation status, the androgen receptor assay was used (Cheung
et al., 2011; Shabazian et al., 2010). As all cell lines of interest were female, a male PGPC
control line was also used. All gDNA was diluted to 100ng/pL and a total of 500ng of gDNA
was used. To digest the gDNA a mixture of CutSmart Buffer (New England Bio Labs), with
methylation sensitive enzymes Hpall and Hhal was used. An undigested control without Hpall
and Hhal was also prepared. To ensure complete digestion, the mixtures were incubated for 6
hours and then heated to 65°C for 20 minutes in the morning. The samples were then processed
through PCR using the HiFi Taqg Kit (Invitrogen) with the fluorescently labelled ARF primer and
the ARR primer. The PCR products were visualized on a 2.5% agarose gel with ethidium
bromide. Samples were sent to TCAG for Genetic Analysis electrophoresis. Results were

analyzed with Peak Scanner software (Thermo Fisher).

2.9 CRISPR Protocols

The CRISPR protocols used in this project are based on the protocol described in Hildebrandt et
al., 2019 with some modifications. For all experiments, CRISPR guide choices were determined
used the tools and algorithms provided by the online Benchling software. All oligos were

ordered from IDT Industries.
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2.9.1 sgRNA and ssODN Based

This process was primarily used to attempt CRISPR corrections or single base changes.

On the day of nucleofection, all the ordered components were prepared. The synthetic crRNA
(IDT) was resuspended at 1.4ug/uL in nuclease-free duplex buffer at 4°C and the tracrRNA
(IDT) was resuspended in the same way at 2.6pg/pL. Then 4pL of each RNA was taken and
combined to form the sgRNA through heating the RNAs to 60°C for 15min, 37°C for 30
minutes, and then cooling to RT. The single-stranded guide oligo (ssODN) (IDT) was
resuspended at 200pmol/pL. Once the sgRNA cooled to RT, 4pL was removed and combined
with 0.4puL of NaCl and 2uL (20ug) of alt-R S.p. HiFi Cas9 Nuclease V3 (IDT). This Cas9 RNP

complex was left for 30-45 minutes while the rest of the nucleofection was set up.

For nucleofection, a six well plate was coated with Matrigel (Corning) and 100 CloneR Media
which was made of 19.8mL of complete iPS Brew MACs media [iPS Brew MACs (Miltenyi),
penicillin (100X;Gibco), streptomycin (100X;Gibco)] with an additional 2.2mL of CloneR
(2.2mL; Miltenyi)]. The cells of interest were washed with PBS (Wisent) and then lifted with an
accutase (Innovative Cell Technologies) incubation of 7 minutes at 37°C. Cells were shaken to
ensure lift and then inactivated with complete iPS Brew MACs media [iPS Brew MACs
(Miltenyi), penicillin (100X;Gibco), streptomycin (100X;Gibco)] in a falcon tube. The tubes
were centrifuged at 123RCF for 4 minutes and the resulting pellet aspirated, resuspended in 1mL
of media and then counted in the Countess. 800,000 cells were taken for each nucleofection and

moved into microcentrifuge tubes where they were pelleted at 0.3G for 3 minutes.

The Neon Transfection System (Invitrogen) was then turned on and prepped. As per the
directions of the 100uL Kit, 3mL of E2 (Invitrogen) was pipetted into the Neon 100uL Tube
(Invitrogen) and clicked into the Neon Transfection System (Invitrogen). One tube was used for
each transfection unless there was a duplicate transfection wherein the same tube was used a
maximum of twice. The cell pellets were aspirated. The Cas9 RNP which had been incubating
during the above process had 105uL of R Mixture (Invitrogen) added. In addition, 1uL of the
ssSODN was added to this tube. Then the whole solution was taken up using the Neon Pipette
(Invitrogen) and the Neon 100puL pipette tips (Invitrogen) and used to resuspend the cell pellet.
Using the Neon pipette and tips, the cell mixture was slowly mixed. Then, careful as to ensure no

bubbles entered the tube, the full amount of mixture was taken into the pipette tip. The pipette
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was clicked into the Neon Transfection System (Invitrogen) and the nucleofection run with 1
pulse of 1300V for 30ms. If a flash was seen, the cells were discarded and the protocol was
repeated with fresh cells. The nucleofected cells were then transferred into two wells of a six
well plate filled with 100 CLoneR Media.

On the day following nucleofection, the cells were left untouched in the incubator. On day 2, the
cells received fresh 100 CLoneR Media. On days 3 and 4, the cells received fresh 25 CloneR
media [75% iPS Brew MACs (Miltenyi), penicillin (100X;Gibco), streptomycin (100X;Gibco),
25% 100 CLone R media]. On all subsequent days, the cells received iPS Brew Macs media as
per their usual schedule. The cells were allowed to grow, passaged, and eventually had their

genomic DNA extracted for sequencing and further analysis.

2.9.2 Plasmid Based

This plasmid based CRISPR method was used for Knock-Down and Knock-Out experiments
such as the NEDDAL KO.

This project used the pSpCas9(BB)-2A-Puro (Ran et al., 2013) cloning backbone for sgRNA that
is available from AddGene. The vector was digested using Bbsl and the guide (a pair of annealed
oligos) were cloned scarlessly into the vector (Ran et al., 2013). The preparation of the plasmid
was done by Dr. Maria Satori and a stock was frozen down.

Then, | began the process of nucleofection. A six well plate was coated with Matrigel (Corning)
and <100 CloneR Media’ which was made of 19.8mL of complete mTesR [mTesR (STEM CELL
Technologies), penicillin (100X;Gibco), streptomycin (100X;Gibco)] with an additional 2.2mL
of CloneR (2.2mL; STEMCELL Technologies)]. The cells of interest were washed with PBS
(Wisent) and then lifted with an accutase (Innovative Cell Technologies) incubation of 7 minutes
at 37°C. Cells were shaken to ensure lift and then inactivated with complete MTesR [mTesR
(STEM CELL Technologies), penicillin (100X;Gibco), streptomycin (100X;Gibco)] in a falcon
tube. The tubes were centrifuged at 123RCF for 4 minutes and the resulting pellet aspirated,
resuspended in 1mL of media and then counted in the Countess. 800,000 cells were taken for
each nucleofection and moved into microcentrifuge tubes where they were pelleted at 0.3G for 3

minutes.
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The Neon Transfection System (Invitrogen) was then turned on and prepped in the same way as
listed in the 2.9.1 sgRNA and ssODN Based protocol. The cell pellets were aspirated and then
resuspended with 105uL of R Mixture (Invitrogen). Once the cells were resuspended, 1.5ug of
plasmid was added to the mixture. The solution was gently mixed used the Neon Pipette
(Invitrogen) and the Neon 100puL pipette tips (Invitrogen). Then, ensuring no bubbles entered the
tube, the full amount of mixture was taken into the pipette tip. The pipette was clicked into the
Neon Transfection System (Invitrogen) and the nucleofection run at 1500V for 20ms. If a flash
was seen, the cells were discarded and the protocol was repeated with fresh cells. The
nucleofected cells were then transferred into two wells of a six well plate filled with 100 CloneR
Media.

Cells were allowed to rest in the incubator undisturbed for one day. On the second day, the 100
CloneR media was replaced with 25 CLoneR media [75% mTesR (STEM CELL Technologies),
penicillin (100X;Gibco), streptomycin (100X;Gibco), 25% 100 CLone R]. Puromycin selection
was also started on this day. Amounts of puromycin varied by cell line and were chosen based on
an independent puromycin curve done before each nucleofection. On days 3 and 4 the cells
continued to receive fresh 25 CLoneR media with puromycin. On day 5, the puromycin was
removed and the cells received only fresh 25 CLoneR media. From day 6 onward, the cells
received regular complete mTesR as according to their usual schedule. These cells were then

grown and clonally picked to allow future analysis.

2.10 Analysis of the NEDD4L KO Lines

After the generation of two new NEDDA4L KO lines from the PGPC-3 control line, karyotyping
and off-target analysis were performed to ensure that no unexpected changes were made during
the edit. Karyotype analysis was performed by TCAG. Each cell line was prepared in two 6cm
dishes and fed at exactly 10am each morning for three days. On the third day, when the cells
were at 50% confluence, they were deposited at the facility for analysis. For off-target analysis
the guide portion of the sgRNA was inputted in Benchling software and the software’s off-target
tool was used to assess for most likely potential off-target locations. Benchling was used as it
was the software in which the guide was originally designed. From the list of most likely targets,
the two most likely off-target locations were tested by cDNA sequencing (Section 2.7.2).
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2.11 Statistics & R Code
2.11.1 Statistical Analysis

All datasets were managed in Microsoft Excel 2019 Home and Student and, unless otherwise
noted, all statistical tests were performed in R Studio. All datasets were first tested for normality
using the Shapiro Wilks Test. In instances of normality, where only two samples were being
compared a student’s t-test was used and where three or more samples were compared an
ANOVA test was used. However, in most cases, datasets were revealed to be non-normal. As
such, nonparametric tests were primarily used. In all such cases, the data was first tested with a
Kruskal Wallace test to determine if there was any difference between any of the samples. If
more than two samples were being compared and the Kruskal Wallace test showed a significant
difference, the data was run through a Dunn Test (Scholl, Dendrite Order, Soma Area, Dendrite

Length). In all cases, the significance cut-off was determined to be a p of 0.05.

For the Multi-Electrode Array, bursts were determined by the Axion Software. To find single
bursts, a Poisson Surprise algorithm set to a minimum surprise of 3 was used and to determine
network bursts and envelope algorithm was used with a minimum electrode percentage of 25.
The results outputted by this software were then further analyzed in Excel and R. This analysis

included a one sample t-test or two way ANOVA with Bonferroni multiple comparisons.

2.11.2 R Code for Testing Significance

This and the following code are modified from work by Rebecca Mok.

head(den_data)
names(den_data)
Summarize(Primary~name, data=den_data)
shapiro.test(den_data$Primary)
kruskal.test(Primary~name, data = den_data)
dunn_list <-

dunnTest(Primary ~ name,

data = den_data)

# Extract the dataframe generated from dunnTest and asign to new dataframe
dunn_df <- dunn_list$res
# Add Sig column if < 0.05. TRUE = reject null hyp
d_list <- mutate(dunn_df, Sig = P.unadj < 0.05)
print(d_list,dunn.test.results=TRUE)
write.csv(

d_list,

row.names = FALSE,



file = paste(path_data, "TITLE.csv", sep ="/")
)

2.11.3 R Code for Graph Creation

give.n = function(x) {return(c(y = 20, label = length(x)))}

colour_soma = c("cyan3", "deeppink3", "chartreuse", "chartreuse","darkorchid", "darkorchid")
shape_pro = c("circle","square","triangle")

#circle is bren, square is ngn, 6f triangle

#i#plot data###

ggplot(data=data_1, aes(x= Line, y= mecp2_quant))+
geom_boxplot(outlier.shape=NA,
fatten = 4) +
geom_jitter(width = 0.2,
alpha =0.5,
size = 4,
aes(x=Line,
Yy = mecp2_quant,
shape = method,
colour = Line)) +
gatitle("MECP2 Western Blot Protein Results™) +
ylab(expression(paste("Fold Change Relative to WT-1"))) +
scale_y_continuous(expand = c(0,0),
limits = ¢(0,3)) +
scale_color_manual(values = colour_soma) +
scale_shape_manual(values = shape_pro) +
theme_classic() +
theme(title = element_text(face = "bold", size = 20),
plot.subtitle = element_text(face = "plain”, size = 20),
axis.title.x = element_blank(),
axis.title.y = element_text(size = 24, margin = margin(r = 20)),
axis.text.x = element_text(size = 24, angle = 45, hjust = 1.05, colour = "black™),
axis.text.y = element_text(size = 24, hjust = -0.1, colour = "black™),
axis.ticks.length = unit(0.2, "cm"),
legend.position = "none™)

ggsave(paste(path_base_all, "TITLE.pdf", sep ="/"),
width = 8,
height = 6)



3 Results

Chapter 3
Results

3.1 Cell Lines Used In This Project

The goal of this project is to understand the phenotype of the L124W mutation, referred to as

RTT-3, in comparison to its wild-type control WT-3. To perform this work, two WT-3 lines
(WT-3A, WT-3B) and two RTT-3 lines (RTT-3C, RTT-3D) were derived from the L124W

patient by Alysson Muotri’s group and characterized by Rebecca Mok. All four of these lines

were used in the reported assays. These novel lines were then compared to established and new
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null lines. Control lines include the RTT-1/WT-1 iPSC pair (Cheung et al., 2011), the ESC RTT-
2/WT-2 pair (Li et al., 2013), and the newly CRISPR created iPSC PGPC-14 Null and Del lines
(Mok et al., in prep) with their PGPC-14 Parental Control (Hildebrandt et al., 2019). The

NEDDA4L CRISPR experiments used the PGPC-3 control line as the base line for gene editing

(Hildebrandt et al., 2019) (Table 2).

Line Name Cell Type Mutation Citation
RTT-1/WT-1 iPSC Null — deletions removing exons 3 &4 Cheung et al, 2011
RTT-2/WT-2 ESC Null — TALEN edit targeting exon 3 Li et al, 2013
RTT-3/WT-3 iPSC Missense, point mutation L124W Mok et al, in prep
PGPC-14 Parental iPSC Control Line Hildebrandt et al,
2019
PGPC-14 Indel Null iPSC 1bp insertion, premature stop Mok et al, in prep
PGPC-14 Indel Del iPSC 51bp in-frame deletion Mok et al, in prep
PGPC-3 Control iPSC Control Line Hildebrandt et al,

2019

Table 2. Description of Cell Lines Used. Listing line name, type, mutation,
and origin of all cell lines used in this project. The RTT-3/WT-3 lines (L124W)

are the novel lines of interest.

3.2 X Inactivation Status of WT-3 & RTT-3 Lines

When starting the project, | wanted to determine the current X-inactivation (XCI) status of the

WT-3 and RTT-3 lines to ensure that the lines had not been subject to erosion over time. XCl is a
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strategy used in mammalian cells to transcriptionally silence one of the X chromosomes in XX
creatures to equalize the gene dosage when compared to XY creatures (Escamilla-Del-Arenal et
al., 2011). At the onset of XCI, either the maternal or paternal X is randomly silenced through
methylation and this X should remain inactivated through all subsequent cell divisions
(Escamilla-Del-Arenal et al., 2011). The MECP2 gene is located on the X-chromosome and is
subject to X-inactivation (Zoghbi et al., 1990). While it is worth noting that ~15% of X
chromosome genes escape X-inactivation, the majority of escapees are located on the p arm
(Carrel & Willard, 2005). As MECP?2 is located on the g arm, the potential effect of gene escape
is limited. In Rett syndrome patients, the majority of which are female, this means that one X-
chromosome will be wild type while the other will be mutated in the MECP2 gene. For patient
derived iPSCs, all cell lines will randomly have either an active wild type MECP2 gene or a
mutant MECP2 gene from the patient (Cheung et al., 2011). Each cell line will reflect the status
of the original fibroblast from which they were derived (Tchieu et al., 2010), however, it has
been shown that over time this XCI can erode in hIPSCs leading to cells that express both mutant
and wild type MECP2 genes (Mekhoubad et al., 2012; Vallot et al., 2015).

Therefore, 1 used the androgen receptor (AR) endonuclease digestion assay (Cheung et al., 2011)
as described in section 2.8 to examine the XCI status of my lines of interest. Briefly, methylation
sensitive enzymes were used to digest the active X as the inactive X was protected by its hyper-
methylated state. The remaining X was examined through PCR with a fluorescent primer set to
amplify the androgen receptor gene. These samples were then genetically analyzed by TCAG
using electrophoresis. The androgen receptor is used because it is located on the X chromosome
and is made up of polymorphic CAG-tandem repeats that vary between X chromosomes, making

the two peaks distinguishable from each other.

The XCI status of the WT-3 and RTT-3 lines was preserved (Figure 6). In the undigested control
samples that did not receive the methylation sensitive digestion enzymes, two peaks can be seen,
indicating that both X chromosomes were still present. In the digested sample, only one peak can
be seen in each cell line. This indicates that only 1 X is active in each sample and highlights that
the cell lines are not expressing both wild type and mutant MECP2. This assay also shows that
the WT-3A and WT-3B skew one way while RTT-3C and RTT-3D skew the other way,
indicating that there was no switching of the active X. The wild types remain wild type and the
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mutants remain mutant. Finally, the male PGPC3 control line shows complete digestion of the

sole X and indicates that the assay is working as expected.

Based on these results, | concluded that the XCI status was not eroded and that the WT-3 and

RTT-3 lines were good subjects for further study.

Undigested Digested
2000
0 JJL,\JL A
RTT-3C RTT-3C

2000

0 A J

RTT-3D RTT-3D
2000 JLJl
0 A
WT-3 A WT-3 A
2000
0 A J\ A
WT-3B WT-3B
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Figure 6. X-Inactivation Status of WT-3 and RTT-3 hiPSCs. Human iPS cells
were found to have no changes from the expected XCI status with RTT-3 lines
expressing only the mutated MECP2 X-chromosome and WT-3 lines expressing only

the wild type MECP2 X-chromosome.

3.3 MECP2 mRNA Levels

As the WT-3 and RTT-3 lines were newly isolated cell lines, my first goal was to establish the
phenotypic characteristics of the RTT lines in comparison to their wild type isogenic controls. To
do this, I started by examining MECP2 mRNA levels in iPSCs through quantitative real-time
PCR (g-RT-PCR) analysis as listed in section 2.3. Briefly, RNA was processed using TRIzol
Reagent (Ambion by Life Technologies) and SuperScript 111 Reverse Transcriptase (Invitrogen)

with random hexamer primers. Then to prep the samples for g-RT-PCR, | used SYBR Select
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PCR Master Mix (Applied Biosystems). I analyzed the results with the AACt method using 18S

MRNA as a house-keeping gene.

| found that there was no significant difference between WT-3 and RTT-3 in MECP2 mRNA
levels (Figure 7). This implies that the L124W mutation does not create a change in the level of
MECP2 mRNA in the cells.
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Figure 7. iPSC MECP2 mRNA in WT-3 and RTT-3. There is no significant
difference between WT-3A, WT-3B, RTT-3C, or RTT-3C demonstrating that there
is no change in the mRNA of MECP2 in iPSCs.

3.4 MECP2 Protein Levels

To identify an MECP2 antibody that could be used in both traditional western blot analysis and
in In-Cell Western assays, | evaluated the Cell Systems antibody using immunocytochemical
staining (ICC). Four-week-old NGN2 WT-1 neurons were fixed and co-stained with DAPI,
MAP-2, and the MECP2 antibody (Figure 8) revealing that DAPI and MECP2 colocalize in the
nucleus as expected (Koch & Stratling, 2004). The MAP-2 detected dendrites and confirmed that

the cells were neurons.
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MECP2 Antibody in WT-1 Neurons

MECP2

Figure 8. ICC of the new MECP2 Antibody. MECP2 and DAPI colocalize in the
soma of the neuron revealing that the new antibody does appear to detect MECP2
protein.

To further validate the antibody, | proceeded to conduct two different protein assays in control
and null cells, while attempting to determine if there was any difference in MECP2 protein levels
when between WT-3 and RTT-3. With the help of our technicians, | differentiated WT-3 and
RTT-3 neurons using three neuron differentiation protocols described in Section 2.2 (NGN2,
Brennand, 6F) to isolate protein for western blots. Briefly, total protein was extracted with RIPA
buffer and equivalent protein mass was loaded into a Bolt 4-12% Bis-TRIS Plus 12 Lane gel
before transfer to a nitrocellulose membrane. The membrane was incubated with primary
antibodies overnight and then Near-Infra Red conjugated secondary antibodies; then membrane
was then scanned using the LI-COR Odyssey CLx scanner.

A significant difference can be seen in the null RTT-1 and its WT-1 isogenic pair (Figure 9
A,B,C) validating the specificity of the antibody. There is no significant difference between WT-
3A, WT-3B, RTT-3C, and RTT-3D MECP2, suggesting that the L124W MECP2 protein level is

equivalent to WT MECP2 in neurons derived from isogenic iPSC lines.
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Figure 9. Examination of MECP2 Protein by Western Blot Analysis. (A)
An example western blot of 4-week neurons differentiated according to the
Brennand method showing MECP2 in green and the b-actin control in red.
Two replicate batches of the WT-3/RTT-3 lines can be seen. (B) A plot of all
WT-3/RTT-3 western blots done to examine MECP2 in comparison to WT-1.
Results from different differentiation methods are signified by variable shapes.
No significant difference between any WT-3 line to any RTT-3 line was found.
A significant difference was seen between WT-1 and RTT-1. (C) A more
detailed layout of the statistics for the WT-3 and RTT-3 comparisons. Statistics

were performed using the Kruskal Wallace and Dunn Tests.

Seeing no significant difference in the western blot results, | confirmed this result with the In-
Cell Western (ICW) assay. This assay is of interest for the purposes of potential high throughput
screens and testing MECP2, our key protein of interest, represents the first step of this process.
Briefly, the ICW is a quantitative fluorescence-based assay where cells are fixed to the wells and
then labelled with the primary protein of interest and a Near-Infra Red conjugated secondary

antibody. The wells were scanned with on LI-COR Odyssey CLx and the degree of fluorescence
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in MECP2 was compared to the fluorescent levels of LiCor’s Cell Tag 700 stain, a non-specific
cell stain that allows normalization to cell number. The protein of interest is labeled in green

while the cell count tag is labelled in red. Where red overlaps green, a yellow colour can be seen.

| found that the ICW protein assay was able to replicate the results of the western blot. There was
no significant difference in MECP2 between the WT-3 and RTT-3 lines (Figure 10A,B,C). In
addition, this assay also replicated previous western blot work (Li et al., 2013) showing that there
was a significant difference between the control null WT-2 and RTT-2 lines (Figure 10 B).
These results further indicate that the L124W mutation does not affect protein level. It also

demonstrates that ICW is an effective protein assay.

10A 108
MECP2 ICW Protein Levels

Kruskal-Wallis test, p = 0.3

Fold Change Relative to WT-3A
N

Figure 10. Examination of MECP2 Protein by In Cell Western. (A) A plot of all
ICW MECP?2 results show that there is not significant difference between WT-3 (n =
12 wells) and RTT-3 (n = 11 wells). (B) An example ICW where MECP?2 is present
in the WT-2 but not the null RTT-2 line. In comparison, the WT-3 and RTT-3 lines
clearly show protein. (C) An example ICW of all 4 WT-3/RTT-3 lines.

3.4.1 ICW Tests for Screening

To explore the potential of using ICW to screen other proteins or activities related to RTT, |

tested antibodies for SAP-90 (previously known as PSD95) and puromycin. SAP-90 is known to
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be reduced in RTT (Tropea et al., 2009) and was recently used in an ICW drug screen for
MECP2 Duplication Syndrome (Nageshappa et al., 2016). The puromycin antibody is used to
examine the results of the puromycin incorporation assay, sometimes called a SUnSET assay
(Schmidt et al., 2009), which measures protein synthesis through the incorporation of puromycin
into the amino acid chain. Preliminary results (n=1) of these antibodies in the ICW reveal that
WT-2 cells have a higher amount of SAP-90 relative to RTT-2 (Figure 11 A, B) and that WT-2
cells have a higher degree of puromycin incorporation than RTT-2, (Figure 11 C, D) implying

that they have a higher rate of protein synthesis.
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Figure 11. ICW Tests of SAP-90 and Puromycin. (A) The white boxes show
ICW results of SAP-90 in RTT-2 and WT-2 4 week old neurons. The red
channel cell tag stain 700 has been removed for better viewing of SAP-90

green fluorescence. (B) Quantification of a the preliminary experiment
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suggests that SAP-90 is higher in WT-2 than in RTT-2. The blue and orange
represent individual wells on the plate. (C) The white box shows ICW results
of the puromycin incoporation assay where the green fluorescence is
puromycin and the red fluorescence is the cell tag stain. The top row shows the
fluorescence with puromycin. The bottom row shows the puromycin control
that received no puromycin. (D) Quantification of a preliminary experiment
suggests that WT-2 has a higher amount of puromycin incorporation than RTT-
2.

Although these ICW tests are preliminary, it does appear that the ICW is capable of picking up
differences using these antibodies. As such, the ICW could potentially be used in a larger scale

screen where SAP-90 or puromycin incorporation levels are tested.

3.5 Neuronal Morphometric Analysis

Having seen that there was no change in L124W mRNA level or protein level, my next step was
to examine if there were any changes in the morphology of the RTT-3 neurons. We and others
have shown that RTT neurons have smaller somas and shorter dendrites than their wild type
controls (Chen et al., 2001; Cheung et al., 2011; Li et al., 2013). To examine this, | used images
generated by PhD candidate, Rebecca Mok. Briefly, 6-week-old NGN2 neurons were transfected
with an EF1aEGFP plasmid through Lipofectamine 2000 before the cells were fixed and imaged
in stacks with the Olympus 1X81 spinning disk confocal microscope. All images were then
blinded, shifted to 2D, and analyzed.

3.5.1 Soma Area and Dendrite Length

| measured between 31 and 35 replicates from each line of neurons (WT-3A, WT-3B, RTT-3C,
RTT-3D) and determined that there was no significant difference in either soma size or dendrite
length between WT and RTT (Figure 12A, B). This demonstrates that, although the patient
presents with Rett Syndrome, the L124W mutation does not induce the ‘classic’ morphology
changes seen in literature and in previous work done on the null RTT lines (Cheung et al., 2011;
Lietal., 2013).
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Figure 12. L124W Soma & Dendrite Analysis. (A) A test of soma area reveals that
there are no significant differences in soma area between WT and RTT in the L124W
mutation (n= 128 neurons over 3 replicates). (B) A test of dendrite length reveals that
there is no significant difference in total dendrite length between WT and RTT in the

L124W mutation(n= 128 neurons over 3 replicates).

3.5.2  Sholl Analysis

Sholl Analysis (Sholl., 1953; Chapleau et al., 2009) is a measure of dendrite complexity where
concentric circles are made outwards from the soma and a measure is taken of how many times
each circle intersects with a dendrite (Figure 13A). For my experiment, the distance of the
circles was set to 10pum and intersections were determined by Imaris (Bitplane) based on the
trace | created when analyzing dendrite length. Using Sholl analysis, there was a subtle but
significant difference between WT-3 and RTT-3 at the beginning of the analysis, closest to the
soma (Figure 13B). There was a significant overall difference in WT-3 vs RTT-3 lines (Figure
13C), narrowing in, this significant difference was in the number of intersections only at the 10 —
80um distance as seen by pairwise comparison (Figure 13D). As only a few neurons had
dendrites extending to the farthest circles, near 400 um, the power of statistical tests was too low
to determine significance. However this early Sholl difference, found only at the beginning
levels of concentric circles, represents the first phenotype found in this novel L124W mutation.
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Sholl Analysis of WT-3 and RTT-3
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Figure 13. Sholl Analysis of WT-3 and RTT-3 6-week-old Neurons. (A) A
demonstration of Sholl analysis where concentric circles are created a 10pum intervals
outwards from the soma and then the number of times a dendrite intersects each ring
is counted. (B) Sholl analysis reveals a significant difference between WT-3 and
RTT-3 lines. The circles at a distance of 10 — 80um from the soma specifically show
this difference occurring at least once when comparing WT and RTT, as shown in
Figure 13D. (n= 128 neurons over 3 replicates). (C) Statistical tests (Tukey ANOVA,
p = <0.001) reveal a significant difference between all WT-3 lines with all RTT-3
lines no difference between internal WT-3 and RTT-3 lines. (D) Statistical analysis
(Pair-wise comparison, Dunn Test, p<0.05) showed that the lines had at least one

statistical difference at distance of 10 — 80um from the soma

3.5.3 Dendrite Order Analysis

— 80um distance of the Sholl analysis. As such, | then performed a Dendrite Order assay on the
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| wanted to look further into the unique subtle phenotype in the L124W mutation found at the 10
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same images. This assay uses the existing traces of the dendrites to manually count the number
dendrites at each level of the order (Figure 14A). Starting at the soma, each dendrite coming
directly off the soma was labelled as ‘Primary’ and then each primary dendrite was traced until
there was a branch point. Both of the branches were labelled as secondary. These secondary
dendrites were followed until a subsequent branch point lead to tertiary dendrites. This continued

until the end of all dendrites was found.

| found that in the WT-3 and RTT-3 neurons, there is only a difference in dendrite order at the
level of the primary dendrites (Figure 14B) where there is an average of 4.28 primary dendrites

on WT-3 neurons and only an average of 3.53 primary dendrites on RTT-3 neurons.
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Figure 14. Dendrite Order Analysis of WT-3 and RTT-3. (A) A
demonstration of the definitions for each dendrite order level. Primary
dendrites come directly off the soma. Secondary dendrites branch directly off
the primary. (n= 128 neurons over 3 replicates). (B) Dendrite order analysis
that there is a significant difference between WT-3 and RTT-3 only at the level

of the primary dendrites as per Kruskal Wallace and Dunn tests.

Having found this increasingly subtle phenotype where dendrite complexity seems affected only
at the level of primary dendrites, | examined the null RTT lines for a similar phenotype. Existing
images, from PhD candidate Rebecca Mok, of these neurons at 6 weeks were used. First
examined were the WT-1 and RTT-1 lines which have a deletion removing exons 3 and 4
(Cheung et al., 2011). I found that there was a significant difference between WT-1 and RTT-1
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at the level of the primary dendrites with additional differences at the secondary and quaternary
levels (Figure 15A). | then performed the dendrite order analysis on our WT-2 and RTT-2 lines
which are ES cells with a TALEN edit to remove exon 3 (Li et al., 2013) and found that there
was no significant difference between WT-2 and RTT-2 at any of the order levels (Figure 15B).
Finally, I performed another dendrite order analysis on the new CRISPR created PGPC14 NULL
and PGPC14 DEL lines against their pre-existing PGPC14 Parental control (Hildebrandt et al.,
2019). | found that both PGPC14 Indels, the NULL and the DEL, showed a significant difference
at the level of primary dendrites from their Parental control (Figure 15C). The PGPC14 NULL,
which is a 1bp insertion in exon 3 leading to an early stop, also showed significant differences at
the secondary and tertiary levels. | also analyzed new images of the WT-1/RTT-1 lines as a

control and again found the primary dendrite phenotype.

Dendrite Order Analysis: RTT-1/WT-1  RTT-1n=35

15A WT-1 n=38
w0
2
5
84
53
E2
31
& T
g 0 i I i L i ] l T L .L
) : o <\ o «\"’d
q"\‘ Q,C’OG «a \\P&,} Of"\ ® (_)eQ& O‘,‘@ & o
o
RTT-1 ™ w1
158 _ .
Dendrite Order Analysis: RTT-2/WT-2  RTT-2n=27
WT-2 n=29
5
45
¢ 4
235
S 3
225
£
z 2
$15
21 i
0.5
0 ﬁ I L E
’b 'C\ ’bé
Q\ Lo“ /\e éef‘ 00\(\ & 0&?9 OC&Q %0 Qe,‘\



15C

46

Dendrite Order: PGPC-14

450

3.00
250
200
150
1.00
0.50
0.00

Line n
29

Average Number of Dendrites

i i
T
| . WT-1
i L RTT 1 18
. PGPC14 Parental 43
. PGP14 DEL 41
T T PGPC14 NULL 42
- T
T [
i g il I & I

Primary Secondary Tertiary Quaternary Quinary Senary

H WT-1 W RTT-1 PGPC-14 Parental PGPC-14 DEL B PGPC-14NULL

Figure 15. Dendrite Order Analysis of RTT Null Lines. (A) Dendrite order
analysis of WT-1/RTT-1 reveals a significant difference between WT and RT at the
level of the primary dendrites as well as the secondary and quaternary levels. (B)
Dendrite order analysis of the WT-2/RTT-2 lines reveal no significant difference at
any of the levels. (C) Dendrite order analysis of the PGPC-14 lines show that both
the PGPC-14 DEL and PGPC-14 NULL have a significant difference relative to the
PGPC-14 Parental line. The PGPC-14 NULL also shows significant differences at
the secondary and tertiary levels. New images of the WT-1/RTT-1 continue to show

the primary dendrite difference.

Overall, I have found a subtle morphology phenotype in dendrite complexity in the WT-3/RTT-3
neurons with the unique primary level dendrite order phenotype being replicated in all of the

hiPSC isogenic pairs but not the hESC null isogenic lines.

3.6 Electrophysiology on the Multi-Electrode Array

To determine whether the L124W mutation affected neural connectivity, | next decided to
examine extracellular electrophysiology on our Multi-Electrode Array (MEA). The MEA is a
device that allows us to capture ongoing extracellular electrophysiological phenotypes in neurons
as they grow and develop over a grid of 64 electrodes. iPS cells that are one week into the NGN2
differentiation process are re-seeded into the MEA plates with mouse astrocytes. The
differentiation is continued and the plates are recorded twice a week, every week, for up to 8
weeks. This allows us to track the progress of the same neurons over time. Rebecca Mok, a PhD
candidate in our lab, has used this method to test WT-1/RTT-1, WT-2/RTT-2, and PGPC
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Parental/NULL/DEL lines for extracellular electrophysiological and has found alterations in
network burst length and duration (the frequency and length of time that electrodes fire together
as a single ‘burst’). I tested the WT-3/RTT-3 lines in this same assay (Figure 16A) and found
there was no significant difference in either network burst frequency (Figure 16B) or network
burst duration (Figure 16C).
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Figure 16. WT-3/RTT-3 Electrophysiology on the Multi-Electrode Array. (A)
Results from the multi-electrode array (MEA) showing that all wells have a high
level of activity with all wells reaching a total active number of 60 out of 64
electrodes. This reflects a high plate quality. N for all MEA is 9 wells over 3 plates.
(B) MEA results examining network burst frequency over a period of 63 days shows
no significant difference between WT-3 and RTT-3 (C) MEA results examining
network burst duration over a period of 63 days shows no significant difference
between WT-3 and RTT-3.
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3.7 CRISPR Correction of the L3124W Mutation

To confirm that the L124W mutation is causative and to demonstrate that it can be rescued, |
attempted to correct the L124W mutation in iPSCs by editing the altered ‘T’ back to a ‘G’ using
a Cas9 ribonucleoprotein complex (Cas9 RNP) and a de-salted single-strand oligo repair temple
(ssODN) CRISPR protocol. To do so, I first tested my protocol using KOLF2-C1 iPS cells where
a BFP gene was inserted into the AAVS1 locus (Skarnes et al., 2019). Applying a protocol
developed in conjunction with our previous postdoc (Hildebrandt et al., 2019), I successfully
made the one base pair edit that transformed BFP to GFP. The edited cells were examined using
fluorescent -activated cell sorting and | found that 6.94% of the cells were successfully edited
from BFP to GFP, showing that the protocol worked (Figure 17A). From there, | designed the
ssSODN to have two edits. One was the expected L124W edit and the other was an edit of the
targeted protospacer adjacent motif (PAM) site to ensure that the sgRNA could not bind the
same location twice. | then designed the probes for digital droplet PCR (ddPCR) to target the
PAM, allowing me to examine for positive edits (Figure 17B). The PAM site was chosen due to
relative ease of ddPCR at the PAM site when compared to the L124W and because the large
distance between the PAM and the L124W point mutation made edits at the L124W increasingly
difficult.

With everything ready, | performed the CRISPR process on the RTT-3C iPSCs. Due to ongoing
delays in ddPCR results increasing passage number, for the final CRISPR | performed a single
ddPCR analysis and confirmed that there were successful PAM edits in the population (Figure
17C). With the help of our technicians, I then picked 136 clones from the population. These
clones were expanded and, during passage, | removed a portion of the cells from each clone for

gDNA analysis.

Sequencing results for the gDNA revealed that none of the 136 clones were successfully
corrected; this was likely due to the long 35bp distance between the cut site and the desired edit.
However, | did successfully generate edits of the PAM site (Figure 17D) and generated indels in

the non-coding region where the closest PAM was located (Figure 17E).
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Figure 17. L124W CRISPR Correction in iPSCs. (A) A demonstration that the
protocol can be used successfully by transforming the consistently expressed BFP in
KOLF2-C1 iPS cells into a GFP in 6.94% of cells. (B) Description of probes used in
ddPCR and proposed PAM edit. Below is a layout of the targeted CRISPR with the
L124W RTT-3 edit 34 base pairs away from the closest PAM site. The blue box
denotes where the ddPCR probes will bind. (C) ddPCR results from the final
CRISPR reveal 4 distinct populations. The ‘correction” population represents where
only Probe 1 the corrected sequence bound. The ‘edit in one strand’ represents where
Probe 1 and Probe 2 bound. The ‘no edit’ population has only probe 2 bound. The
indel population is where no probe has bound. The size of the correction population
represents the successful PAM edits. (D) This is an example clone showing a

successful edit of the PAM site from the sSODN. It can be seen that the original
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GGG of the PAM has been edited to a GCG. E) This is an example clone showing a
successful indel generation, in this case, a one base pair insertion. It is in the

noncoding region.

Overall, although I was not able to generate a successful L124W correction, | did successfully
generate both a PAM edit and indels. The PAM edit indicates that the sSODN was successfully
used as a template however the lack of L124W edit indicates that the distance between the PAM
site and the L124W mutation was a negative factor in success. The generation of indels
demonstrates that this protocol could be used on PAM sites within the coding sequence to create

indels in lines of interest.

3.8 Impact of Differentiation Method on Detection of NEDDA4L

For the majority of this project, | used the NGN2 differentiation methods for my cells allowing
me to generate functional neurons in 14 days (Zhang et al., 2013). However, the lab does use
other differentiation protocols such as the rosette-based ‘Brennand’ differentiation method
(Brennand et al., 2011) and the 6F protocol (Ross et al., 2020). While using Brennand derived
WT-/RTT-1 protein extracts as a control in western blots, we noticed that the Brennand
differentiated lines seemed to express higher amounts of MECP2 than lines differentiated
according to the 6F protocol or my preferred NGN2 protocol (Figure 18A,B). Our technicians
then successfully differentiated 3 of the 4 WT-3/RTT-3 lines according to the Brennand
differentiation method. | ran a western blot comparing WT-3/RTT-3 lines differentiated
according to the NGN2 or Brennand methods and found that the Brennand WT-3/RTT-3 lines
were expressing higher amounts of protein (Figure 18C,D).

One interesting component of generating the WT-3/RTT-3 lines with the higher level of MECP2
protein that seems to be found in the Brennand differentiated cells is that | was able to look at
NEDDA4L levels in WT-3/RTT-3 lines for the first time. NEDDA4L is an E4 ubiquitin protein
ligase that our lab has found to be significantly reduced in RTT cell lines (Rodrigues et al.,
2020). Using the new Brennand differentiated WT-3/RTT-3 cell lines, | used a western blot to
search for NEDDA4L and found it visible for the first time (Figure 18E, F). Although the blot
could not be repeated and refined due to COVID-19 shutdown, this represents our first
experience of NEDDAL in these lines.
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RTT-3 MECP2 Across Differentiation Methods
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Figure 18. Western Blot Analysis of VVarious Differentiation Methods. (A)
A western blot (n=2) comparing the amount of MECP2 in Brennand

differentiated neurons, NGN2 differentiated neurons, and 6F neurons shows a
higher amount of MECP2 in Brennand WT-1/RTT-1 over WT-3/RTT-3 lines
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in the other two methods. ‘v2’ represents an additional replicate. (B) A
quantification of Figure 12A. (C) A western blot comparison of MECP2 in
Brennand differentiated WT-1/RTT-1 and WT-3/RTT-3 compared to WT-
3/RTT-3 NGN2 differentiated neurons shows higher protein in all the
Brennand lines compared to the NGN2 lines. ‘v2’ represents an additional
replicate. (D) A quantification of Figure 12C. (E) A preliminary western blot
showing for the first time that NEDDAL is visible in WT-3/RTT-3 lines when
they are differentiated according to the Brennand method but not according the
NGN2 method. (F) A quantification of Figure 12E reveals discrepancies

between replicates.

3.9 Generating NEDD4L KO Lines with CRISPR/Cas9

To follow-up on our recently published paper which described a reduction in NEDDAL in RTT
lines (Rodrigues et al., 2020), | created two NEDD4L Knock-Out (KO) lines using
CRISPR/Cas9. This was done in conjunction with Dr Maria Sartori and accomplished using a
plasmid-based CRISPR method where the sRNA was cloned into the pSpCas9(BB)-2A-Puro
plasmid backbone (Ran et al., 2013) for transfection into the male PGPC-3 and the female
PGPC-14 iPSCs. (Hildebrandt et al., 2019). Two separate guide plasmids were generated to
respectively target both exon 7 and exon 10 of NEDDAL. To increase the likelihood of a
complete knockout, | performed eight transfections simultaneously with the two plasmids being
transfected either individually or in tandem. With the puromycin-resistance offered by the
backbone, we used a 3-day puromycin selection to select for transfected cells. From the
surviving cells, we picked ~100 clones which were then grown to confluency. Half of the cells

from each clone were then harvested for protein analysis.

To test large numbers of protein extracts, we used the WES, a capillary based western blot. This
revealed a number of clones that appear to be full NEDD4L KOs (Figure 19A). We then tested
the most likely candidates with a traditional western blot, which uses a higher quantity of protein
extract, and found two true NEDDA4L KOs: Indel E10 #17B and Indel E7 +E10 #7B (Figure
19B). Both of these KOs were in the male PGPC-3 line with only knock-downs in the female
PGPC-14 line. Once the protein KOs were found, we performed both gDNA and cDNA

sequencing to understand where the genome had been edited to generate the KOs. We found that
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both clones had a single base pair insertion in exon 10 leading to an early stop (Figure 19C).
The cDNA also revealed that Indel E10 #17B had a mixed population of the 1bp insertion and a
149 base pair deletion in exon 10 (Figure 19D). Both populations appear to achieve a full KO of
NEDDAL. To confirm that the CRISPR process had not altered the cell lines in some unexpected
way, | inputted the sgRNA into Benchling software which performed an off-target analysis to
determine the most likely regions of off-target edits. I then selected the two most likely off-target
locations and sequenced their cDNA. | found that there was no difference between the PGPC-3
control and the two Indels in either off target location (Figure 19E). Finally, I sent the cell lines

for karyotyping and found that both cell lines maintained a normal karyotype (Figure 19F).
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Figure 19. NEDD4L CRISPR Knock-Out. (A) Protein analysis done on the WES,
a capillary based western blot, shows a number of potential KOs in NEDD4L. Two
cell lines are highlighted in red as these lines will be revealed in 13B to be true KOs.
(B) Protein analysis done by traditional western blot show two complete KOs,
PGPC3 E10 #17B and PGPC3 E7 +E10 #7B. One line that appeared to be a KO on
the WES, E10 #11, has revealed to be a knockdown and not a KO. (C) gDNA
sequencing shows that both KO lines have a 1bp insertion in exon 10. D) cDNA
sequencing of E10 #17B reveals a mixed KO population with a 1bp insertion and a
149 base pair deletion. E) Off target sequencing of two potential off target sites
reveals that no changes were made to the cDNA sequence. F) Karyotyping results of
both KOs show that the CRISPR process did not make any karyotype changes and
cell lines remain normal.

These NEDDA4L KO lines will be used by the lab to determine NEDDAL targets and as a control
for future experiments.



55

Chapter 4
Discussion

4  Discussion
4.1 RTT-3 Lines Show A Less Severe Phenotype

One of the core goals of the work detailed in this thesis was to understand the novel L124W
mutation and to find, for the first time, what phenotypes it displays. The results detailed above
show that the RTT-3 L124W mutation produces a limited phenotype. An investigation into
MECP2 RNA levels by gqRT-PCR showed that there was no significant difference between WT-
3 and RTT-3. Performing protein analysis by traditional Western blot and the new In Cell
Western showed that there was no significant change in MECP2 levels. | also looked at
electrophysiology levels as determined on the Multi-electrode array and found again that there
was no significant difference between WT-3 and RTT-3. When examining morphology there
was no significant change in either soma area or dendrite length however there was a significant

difference in dendrite complexity as determined by Sholl analysis and dendrite order analysis.

4.1.1 Dendrite Complexity Reduction in WT vs RTT

In the literature and in our own lab, a frequent hallmark of RTT neurons is a reduction in both
soma area and dendrite length (Bauman et al., 1995; Chen et al., 2001; Li et al., 2013; Djuric et
al., 2015), however | do not see this reduction phenotype in the RTT-3 lines. Instead, | found
only the more subtle dendrite branching phenotype. Previous research in mice, iPSC-derived
neurons, and post-mortem brains have only found the dendrite complexity phenotype in
conjunction with the more frequently examined soma area and dendrite length (Armstrong et al.,
1995; Kishi et al., 2004; Stuss et al., 2012; Nguyen et al., 2012).

Using 6-week-old NGN2 neurons transfected with the EFLaEGFP plasmid, I employed methods
to trace and reconstruct individual neurons for morphometric analysis across a number of
different assays. This was performed in triplicate across several different RTT lines and their
controls including RTT-1-/WT-1, RTT-2/WT-2, RTT-3/WT-3, and PGPC14 Null/DEL/Parental
lines (Table 3). The RTT-1 line showed a reduction in all four of the morphometric analyses
including soma size, dendrite length, Sholl analysis, and dendrite order. The RTT-2 line showed

a reduction in soma size, dendrite length, and Sholl analysis but did not show a difference in
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dendrite order. The RTT-3 line showed a reduction in Sholl analysis and dendrite order with no
changes in soma size or dendrite length. For the PGPC Null/DEL lines, PhD candidate Rebecca
Mok has found that they show reductions in soma area, dendrite length, and Sholl analysis (Mok
et al., in prep) while this thesis shows that both lines also exhibit reduced dendrite order. In
summary, the RTT-1 and the PGPC Null/DEL lines show reductions in all four assays, the RTT-
2 line shows reductions in all assays except the dendrite order analysis, and the RTT-3 lines

show reductions only in the Sholl and dendrite order assays.

Soma Area | Dendrite Length | Sholl Analysis | Dendrite Order

RTT-1
RTT-2
RTT-3
PGPC3 DEL
PGPC3 Null

Table 3. Summary of Morphology Assays in RTT Lines. A table examining
all 5 RTT lines in each of the morphology assays. Red boxes indicate that the
RTT lines significantly differed from the WT in this assay. Green boxes
indicate that there was no difference.

Interestingly, although all of the RTT lines showed a morphometric reduction in at least one of
the assays, there were differences between the individual lines. Three of our null lines, the RTT-
1 line, PGPC DEL, and PGPC Null, showed reductions in dendrite length, soma area, and both
dendrite complexity assays. Contrastingly, my core line of interest, the RTT-3 L124W mutation
does not see significant reductions in dendrite length or soma area however it does see a subtle
reduction in dendrite complexity as shown by Sholl analysis and dendrite order. This once again
appears to be an intermediary phenotype where the RTT-3 line does not have as severe a

phenotype as the null lines but instead has a more subtle phenotypic response.

Of note in this is the null RTT-2 line, which showed reductions in dendrite length and soma area
but only showed dendrite complexity changes in the Sholl analysis and not in the dendrite order
assay. While it follows our previous trend of the null having a more severe phenotype relative to
the RTT-3 L124W, the lack of dendrite order difference makes it an outlier from our other nulls.

One potential explanation for this difference is that the RTT-2/WT-2 lines are the only
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embryonic stem (ES) cell lines used in this report. All of the other lines reported here are iPS cell
lines. Previous research has shown that there are a number of small gene expression signature
differences between ES and iPS cells, possibly due to transient epigenetic memory, (Chin et al.,
2009; Polo et al., 2010), and it is possible that these changes contribute to the already subtle
dendrite order assay. Overall, RTT-2 maintains a more severe morphology phenotype relative to
RTT-3 as it does have the sholl dendrite complexity phenotype in conjunction with reduced soma
area and dendrite, further cementing the hypothesis that RTT-3 is an example of a less severe
RTT mutation.

Although we know that this dendrite complexity phenotype exists in all of our RTT lines, we are
still uncertain as to the underlying cause. One strong possibility is that the RTT neurons are less
mature than their WT pairs which results in less complex dendrite growth. It has been previously
shown that RTT-iPSCs display defects in neuronal maturation (Chen et al., 2001; Kishi et al.,
2004) where, for example, the mature neuronal marker TuJ has been found to be reduced in RTT
lines (Kim et al., 2011). This reduction in maturity could lead to delayed growth or an overall
slower rate of dendritic growth, possibly leading to stunted neurons. An alternative hypothesis is
that RTT neurons experience increased dendritic atrophy (Nerlie et al., 2020).

4.1.2  Multi-Electrode Array Results Link to Dendrite Length

Whatever the reason for the dendrite complexity phenotype, it is possible that the reported
changes in morphology directly link into the electrophysiology results shown in this report. |
performed electrophysiology assays on the multi-electrode array (MEA) which measure
extracellular firing and found no changes in network burst frequency or duration between WT-3
and RTT-3. In comparison, work done in parallel to this thesis by PhD candidate Rebecca Mok
has found MEA changes in both network burst frequency and duration in our RTT null lines
(Mok et al., in prep). As these lines also show RTT reductions in dendrite length and soma area,
it is possible that the reduced dendrite length found in the null lines means that the dendrites of
an individual neuron are not able to reach as many nearby dendrites. This creates less
opportunities to pass the signal, resulting in a less defined network and therefore a change in
network burst frequency and duration. As such, because the RTT-3 lines do not have reduced

dendrite length and therefore would have the same dendritic reach as the WT-3 lines, |
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hypothesize that this is why | do not see changes in the MEA electrophysiology results for the
L124W mutation.

4.2 Impact of Rosette vs Transcription Factor Differentiation

In this project, | primarily used a transcription factor differentiation where neurogenin-2 (NGN2)
was lenti-virally infected into the target iPSCs and controlled using doxycycline. However,
during the course of my protein assays, | often used protein extracts from our rosette-based
protocol (referred to as ‘Brennand’) as a control. It was during analysis of these blots that the
research associate in our lab, Dr Rodrigues, pointed out that it seemed the rosette protein extracts
had significantly more MECP?2 relative to the NGN2 lines. At the time, we had only
differentiated the WT-3/RTT-3 lines according to the NGN2 method and the control line, WT-
1/RTT-1, according to the rosette-based method. This observation started a small side project to
examine if the two differentiation methods did result in different final amounts of MECP2. | also
compared these two methods to a third differentiation method, called ‘6F’, which used dual-
SMAD inhibition during differentiation. It was recently reported that between 2004 and 2017
more than 74 modified or novel protocols for deriving neurons were published and that while
they were all able to recapitulate key characteristics, there were a number of small differences in
the final neurons (Marton & loannidis, 2018). As such, it is vital for each lab to examine their

preferred differentiation methods and examine the differences between them.

| found that the NGN2 and 6F protocols both result in lower amounts of MECP2 relative to the
much higher amount of MECP2 protein generated by the Brennand protocol. In fact, when we
differentiate three of our WT-3/RTT-3 lines according to the Brennand protocol, these lines
produced much higher amounts of MECP2 than they had during the NGN2 protocol, pointing to
the change resulting from the protocol itself and not the specific line. We know that modulation
of the quantity of MECP2 is important as patients with reduced MECP2 have Rett Syndrome and
patients with too much MECP2 have MECP2 Duplication Disorder, a disorder where patients are
neurodevelopmentally delayed and have speech abnormalities, seizures, and progressive
spasticity (Ramocki et al., 2010). Small changes in MECP2 dosage affecting severity can also be
seen in the effects of XCI skewing (Zogbhi et al., 1990; Shahbazian and Zoghbi., 2002). Neurons
differentiated according to the NGN2 protocol seem to have less MECP2. Therefore, it seems

likely that if the same cell lines were differentiated according to the Brennand protocol, which



59

produces more MECP2 and therefore has a larger difference in MECP2 quantities between WT
and RTT, the differences presented in this thesis would be even more significant. In addition,
knowing that different protocols produce different amounts of MECP2, this might allow us new
opportunities to examine RTT. For example, | used this difference to examine new
characteristics of the L124W mutation. NEDDAL, a ubiquitin protein ligase, is of great interest in
to the lab due to its reduction in RTT MECP2 null lines (Rodrigues et al., 2020). However, this
protein could not be detected in the NGN2 derived neurons due to low abundance. By using the
L124W lines that had been Brennand differentiated, | was able to see NEDDAL in the L124W
lines for the first time. Overall, these experiments demonstrate the importance of understanding

the limitations and advantages of different differentiation methods and using the appropriate one.

4.3 Experimental Limitations

4.3.1 Rationale for Lack of RTT-3 CRISPR Correction

In addition to the work already discussed, my results also detailed work to use CRISPR to
correct the L124W mutant line with the idea of using this line to both provide evidence that the
mutation was responsible for the dendrite complexity phenotype and to control for the different
X chromosome between WT-3 and RTT-3. Through this work, | did successfully optimize an
ssODN CRISPR protocol and generated both indels and corrections of the PAM site. However, |
was unable to obtain the actual L124W correction itself. Based on the successful generation of
indels at the cut site location, it appears that the CRISPR and the guide both worked as
anticipated. In addition, the successful PAM site edit indicates that the sSODN template worked
as expected. Therefore, it seems there are two likely candidates as to why no correction was

generated: distance from the PAM site and number of clones picked.

Despite PAM sites occurring frequently throughout the genome with an average of every 8-12bp
(Ran et al., 2013), the L124W mutation is 34 base pairs away from the closest PAM site.
Recently, a number of different papers have shown that the distance between the cut site (4bp
upstream of PAM) and the desired mutation is a key factor to editing efficiency (Yang et al.,
2013; Bialk et al., 2015; Kwart et al., 2017). These studies found that while a correction at 34bp
is possible, it suffers from a low editing efficiency as the repair mechanisms reading the sSODN
will often fall off before reaching the desired mutation resulting in bases more distant to the cut

site being incorporated less frequently. In addition, when the edit is more than 16bp from the cut
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site, the amount of accurate HDR drops from 80% to less than 20% with continued drops in
efficiency the farther the desired edit was from the cut site (Kwart et al., 2017). With HDR itself
only occurring in stem cells at a 2.1-6.7% rate under ideal distances (Paquet et al., 2016), this
additional distance reduction resulted in an extremely low efficiency rate for the L124W

mutation of roughly 1.5%.

When starting these experiments, | had hoped to overcome the low efficiency by screening a
higher number of cells through the use of 96 well plates and ddPCR. Unfortunately, the L124W
cells experienced high rates of cell death when plated in 96 well plates. This could be due to
altered cell densities, increased handling, increased passage, or low adhesion to the alternative
plate type. Although some cells from a 6 well plate were sent for ddPCR, the length of time
between results meant that the iPSCs reached high passage numbers and were not viable for
picking. As such, | was not able to use the ddPCR 96 plate method to overcome the low editing
efficiency. | ended up performing a single ddPCR to ensure that the edit existed within the
population and then manually picked and cultured 136 clones to search for the correction.
Unfortunately, the combination of low efficiency and relatively low number of clones picked
meant that I did not successfully pick one of the few cells from the original 800,000 that was
successfully edited. As such, | believe that the issue was not in the generation of the clone but in
its isolation. Looking forward, | believe that if a better screening method was used to isolate the

desired clone, the same protocol could be used to successfully generate the L124W correction.

4.3.2 Differences in Phenotypic Trends Within RTT-3 and WT-3 Lines

The WT-3 and RTT-3 lines were originally generated from fibroblasts derived from the L124W
patient. In the iPSC generation process, each line was derived from a distinct fibroblast and a
number of different pluripotency metrics were assessed to define the best iPSC lines to
phenotype. At the end of this process, we retained 2 WT-3 (A & B) linesand 2 RTT-3 (C & D)
lines where the two WT-3 lines should have been identical and the two RTT-3 lines should have
been identical. Having two lines for each isogenotype allowed me to determine a significant
change only if both WT-3 lines significantly differed from both RTT-3 lines. It was under these
conditions that the dendrite complexity phenotype was found. However, for unknown reasons,
experiments sometimes showed a difference between the two WT-3 lines with one trending more

like a ‘wild-type’ (differed from the RTT lines) and one trending more in the direction of the
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RTT lines. Similarly, sometimes one of the RTT lines would trend in the direction of the WT and
appear to give more WT-like results. My original hypothesis was erosion of the X-inactivation
skew, a known phenomenon in iPSCs (Mekhoubad et al., 2012; Ohhata & Wutz, 2013), however
when | repeated the androgen receptor assay it showed that there had been no erosion of the
inactive X-chromosome. One additional possibility for the variability is in the chosen NGN2
differentiation method (Zhang et al., 2013); as the iPSCs are lenti-virally infected with NGN2,
each cell line will carry a different number of NGN2 copies. This could potentially create
differences in the differentiation process, affecting the phenotype of the final neurons. To control
for this, future work could place a single copy of NGN2 within the AAV1S safe harbour site,
thereby ensuring that all lines receive the same amount of NGN2. In addition, as the WT-3/RTT-
3 isthe only RTT line in which we have patient duplicates we do not currently know if this level
of variability within isogenic lines is normal. One alternative would be to take some of the other
WT-3/RTT-3 lines that were cryopreserved and repeat the same assays to see which way these

lines trend.

4.4 Tying Results to L124W Mutation Work by Collaborators

In conjunction to the work done in this report, we also had a number of collaborators working on
projects related to the L124W mutation. Their work provides additional information on the

mutation and provides insights back to my own work.

4.4.1 L124W Mutation Creates a Binding Defect

My thesis showed that there was no change in RTT-3 Mecp2 RNA or MECP2 protein levels.
This lack of change in RTT-3 MECP2 at the RNA or protein levels suggests that the L124W
mutation does not interfere with the production or final quantity of the protein itself. As such, we
hypothesized that perhaps the L124W mutation, which is located in the key methyl binding
domain at the end of exon 3, interferes with the binding of MECP2 to DNA. Although the
L124W mutation has not been previously reported, an L124F mutation had been found to have
severely impaired chromatin binding (Kudo et al., 2003). Furthermore, the crystallized structure
of the WT MECP2 methyl binding domain bound to the BDNF promoter (Ho et al., 2008)
showed that the R106 mutation, one of the 8 most common mutation points, is located very close
to the L124 mutations. As such, we thought that the L124W mutation might have the same

chromatin binding problems seen in these other two mutations. Through a collaboration with the
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John Vincent lab where they expressed the L124W, L124F, and R106 mutations in mouse cells
and looked at chromocenter disruption, we have found that the novel L124W mutation has
reduced chromocenter binding and showed an intermediate phenotype between the WT and the
complete disruption of binding seen in the L124F and the R106. In addition, a fluorescence
recovery after photobleaching (FRAP) assay showed that the L124W MECP2-GFP fusion
protein was highly mobile, binding and releasing chromocenters very quickly (Mok et al., in
prep). Based on these results, it appears that the L124W mutation does not cause a disruption in
MECP2 quantity but rather impedes the ability of MECP2 bind DNA, causing only a transient
binding before quickly falling off. As such, L124W MECP2 does not show a severe impairment
like L124F or R106 which were not able to bind at all but does show more impairment than the
WT control. Together, this seems to contribute to the L124W having an intermediary or less
severe phenotype when compared to null RTT lines.

4.4.2 L124W Mutation & Single Neuron Electrophysiology

| examined the extracellular phenotypes of the L124W mutation on the multi-electrode array and
demonstrate that there was no significant change between WT-3 and RTT-3. Interestingly, work
done by Dr Wenbo Zhang in Michael Salter’s lab with whole-cell patch clamp electrophysiology
showed that the 6-week NGN2 RTT-3 lines do show some intracellular electrophysiology
alterations compared to WT-3. While the MEA looks at network connections, patch clamp
analysis is performed on a single neuron at a time allowing an examination of intracellular
electrophysiology. Parallel work on our null lines found that the RTT null lines exhibited higher
resting membrane potential, increased input resistance, decreased cell capacitance, fewer
invoked action potentials, reduced AMPAR-nESPC amplitude and frequency, and diminished
Na* and K* currents (Mok et al., in prep). In contrast, the RTT-3 lines displayed only a subset of
these phenotypes, with increased input resistance, impaired invoked N* and K* currents, and a
trend towards reduced AMPAR mEPSC amplitude and frequency (Mok et al., in prep). This

supports the idea that the RTT-3 lines have a less severe phenotype relative to our null lines.

4.5 Novelty of L124W Mild Genotype/Phenotype Correlation

Overall, this report highlights potential phenotypic differences in our RTT lines and reinforces
the idea that different RTT mutations confer different levels of severity in patients. The field has

examined the idea of MECP2 mutation and phenotype-genotype correlations since its early days
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when patient mutations were compared to clinical traits and other factors such as
electrophysiological data, and cerebrospinal fluid neurochemistry (Amir & Zoghbi, 2000;
Cheadle et al., 2000; Huppke et al., 2000). These first investigations found variable results with
some papers claiming no correlation between mutation and severity (Amir & Zoghbi, 2000) and
others finding that patients with missense mutations had a less severe version of RTT relative to
truncation mutations (Huppke et al., 2000). However, all of the papers agreed that X-
chromosome inactivation was an important modulator of phenotype, demonstrating that severity
of RTT could be affected (Amir et al., 2000). As the field progressed, clinical studies continued
to investigate this question and the field began to move towards the idea that severity and
mutation type were linked, albeit with nuance beyond the missense vs truncation idea that the
early studies had examined. For example, a clinical cross-sectional study found that particular
mutations were less severe relative to other mutations and began to create what was essentially a
‘severity scale’ for each of the mutations where the R133C mutation was less severe than the
R168X or where large DNA deletions were considered more severe than late carboxy truncating
mutations (Neul et al., 2008). Since then, several papers have shown a link between clinical
severity and MECP2 mutation (Neul et al., 2010; Cuddapah et al., 2014). More recently, another
clinical study found that particular MECP2 mutations were linked to the severity of patient
phenotypes such as bone density (Caffarelli et al., 2020). To date, all of these studies have been
performed in vivo. My research represents the first description of an in vitro less severe

phenotype.

In summary, | found the first phenotype for the RTT-3 L124W mutation, a subtle dendrite
complexity phenotype. This is novel in that it is the first of our lines to show a dendrite
complexity phenotype without the more severe dendrite length and soma area phenotypes
typically found in RTT patients. It is also novel in that it is the first in vitro example of a mild
RTT case.

4.6 Future Directions

The results presented in this report provides a number of first steps that could be followed up
with additional work and experiments. | would propose that there are two key areas of
investigation available. Firstly, there is the continued investigation into the L124W mutation and

its nature as an intermediary or subtle RTT mutation and secondly, | would propose using the
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NEDDAL KO line | created to better understand the roll of NEDDAL in RTT. In addition, there
are a number of secondary areas that could be pursued including the use of the In Cell Western
protocol that | tested in drug screening trials or looking into the difference in MECP2 protein
levels seen between differentiation methods.

4.6.1 The L124W Mutation Follow-Up

The L124W mutation has been shown to demonstrate a subtle or intermediary phenotype across
a number of key assays however further assays could be used to continue to understand the
affected pathways of this particular mutation. Here, | described a morphology phenotype in
dendrite complexity, however another well-known morphology alteration in RTT patients is
synapse development (Johnston et al., 2001). It has been demonstrated in patients and mice that
RTT consistently features a reduction in synapse number and an overall reduced excitatory
synaptic response while microarray analysis shows reductions in gene products related to
synapses such as NMDA receptor subunits and synaptic vesicle proteins (Johnston et al., 2001,
Chao et al., 2007). In addition, both RTT human ES cells and iPS cells have been previously
reported to show defects in synapse formation and function (Marchetto et al., 2010; Li et al.,
2013) and our lab has performed synapse counting assays in our autism cell lines (Zaslavsky et
al., 2019). As we know that the L124W mutation does confer some morphology phenotypes and
as we also know that the L124W lines exhibit electrophysiology reductions in patch clamp, it is
possible that they also possess a subtle reduction in synapse number or response. To pursue this,
WT and L124W neurons have been sparsely transfected with GFP for immunostaining and
counted for puncta containing both SYN1 and HOMER1, markers of mammalian cortical

synapses.

In addition to the synapse count, future examination of the L124W mutation should include a
comparison of the WT-3 and RTT-3 lines to each other and our null lines through RNA
sequencing (RNA-Seq) analysis. RNASeq is currently underway on the L124W lines, and the
RTT null lines will be evaluated over the summer. This would allow an examination of the
overall changes in the presence and amount of RNA in each of these lines. It is known that RTT
lines typically display a wide range of subtle RNA changes across models with dysregulation in
gene transcription and global translation (Li et al., 2013; Lyst et al., 2013; Renthal et al., 2018).
However, we hypothesize that the unique nature of the L124W phenotypes may provide
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additional insights. The lab is considering the idea that as an intermediary mutation, it seems
likely that the L124W lines will have reduced RNA changes relative to the null lines and perhaps
only express a subset of the null’s differences. By examining what changes lies in common and
different between the L124W and the nulls, we can begin to better understand the pathways and
mechanisms that underlie these varying phenotypes. Ultimately, this would allow additional
insights into potential therapies and provide better points for patient-specific drug targets.
Another related area of personal interest is the link between RTT phenotypes and diagnostics.
One possibility would be using the L124W lines to search for the ‘core features’ of RTT
diagnostics. As the L124W patient has been diagnosed with RTT but does not show the
traditional neuronal phenotypes (dendrite length, soma size, electrophysiology), it is possible that
these phenotypes do not contribute to the physical and behavioral traits that clinicians look for.
As such, with a better understanding of the patient’s diagnostic record, the L124W lines could be

used to better narrow in on and elucidate the pathways behind these traits.

Looking farther ahead, |1 would also propose additional work into L124W rescue experiments
with both gene editing and treatment with compounds that affect dendrite arborization pathways.
For gene editing, the work presented in this paper demonstrates that the CRISPR-Correction
protocol | used could successfully work if a better screening method was found. Some
possibilities could include cloning the guide into a plasmid with puromycin resistance, as done in
the NEDDA4L KO experiment, to allow screening by resistance. Another option would be to boost
the survivability of the cells in 96 well plates through the addition and optimization of cell
supporting compounds such as CloneR or ROCK inhibitor. If the distance from the PAM site
continues to be an issue, the traditional Cas9 could be switched for a Prime editor (Anzalone et
al., 2019). This new gene editing technique, often called CRISPR Prime, increases the efficiency
of the edit and works at distance of more than 100bp from the PAM site by fusing the reverse
transcriptase to an RNA-programmable nickase and the prime editing extended guide RNA
(pegRNA), ultimately directly copying the new genetic information off the pegRNA (Anzalone
et al., 2019). The generation of an L124W correction by one of these means could then be put
back through the dendrite complexity assays, hopefully showing a complete elimination of the
phenotype and demonstrating that is truly is the L124W mutation leading to these changes. This
correction will also create a more accurate control, as the RTT and rescue lines will no longer

differ in their active X-chromosome, that could be used in future experiments. Alongside
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performing an L124W rescue, it would also be interesting to use CRISPR/Cas9 to generate
another mutation in the RTT-3. In the event that a genetic CRISPR rescue does not rescue the
L124W phenotypes, | would propose either targeted sequencing of genes FOXG1 and CDKLS5,
which have mutations implicated in atypical RTT and make up just under 10% of RTT cases, or

full genome sequencing to determine other mutations that may be generating the phenotypes.

In addition to a CRISPR rescue, it would be interesting to see the effect of various compounds on
the L124W lines. Most notably, BDNF and its downstream hormone IGF-1 have both been well
established to be regulated by MECP2 (Chang et al., 2006; Abuhatzia et al., 2007; Chahrour et
al., 2008) and has been found to affect dendritic growth and arborization (Larimore et al., 2009)
and rescue synaptic function (Kline et al., 2010). More recently, BDNF overexpression has also
been found to partially-rescue dendrite atrophy (Nerli et al., 2020). Although BDNF has a well-
established history of rescuing RTT dendrite morphology phenotypes, it has never been tested
for its effectiveness on dendrite complexity phenotypes like seen in the L124W. In addition, it is
possible that the addition of BDNF will result in the neurons growing too large which could have

negative impacts on the cells such as are seen in MECP2 Duplication Syndrome.

Finally, my worked showed a preliminary examination of NEDDAL for the first time in the
L124W lines. Our lab has shown that NEDDAL is reduced in null RTT lines (Rodrigues et al.,
2020). Further work could optimize the protocol and determine if NEDDA4L is significantly
changed in the intermediary L124W lines.

4.6.2 Using the NEDD4L CRISPR KO Line

As a part of this project, | used CRISPR to generate and validate two NEDD4L Knock-Out (KO)
lines. Both of these lines show a complete NEDDA4L protein KO on both the WES and traditional
western blot and have been determined to be karyotypically normal with no known off target
mutations at the checked sites. As PCR off-targeting analysis is limited, as a first step, whole
genome sequencing could be used to check the entire genome for any off-target changes. Going
forward, these lines can be further validated by the lab and then used in a number of upcoming
experiments. While the NEDD4L KO lines can work as an excellent control line, more crucial is
that they provide a new opportunity to examine the effect and pathway of NEDDAL. Previously,
the literature has shown Nedd4-2 (another name of NEDD4L) KOs in mice (Hisa et al., 2014;

Manning & Kumar, 2018) but my lines are the first human iPSC model created. As our lab is the
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first to study NEDDA4L in RTT (Rodrigues et al., 2020), these lines will allow the lab to continue
this work. Some next steps underway in the lab include proteomics experiments with a specific
interest in the ubiquitome, a comparison of existing RNA-seq data in the MECP2 null lines to the
NEDDA4L KO lines, and an examination of the phenotypes of the NEDDA4L KO lines.

It is worth noting that the PGPC-3 line is a male control line and RTT occurs primarily in
females. In the generation of these lines, we performed the plasmid CRISPR/Cas9 protocol on
both our female control PGPC-14 line, which was previously used in the MECP2 gene edits, and
the male control line PGPC-3. From this population, we generated a number of NEDDA4L knock-
downs and the two knock-outs reported here. However, both KOs were in the male PGPC-3 line.
While generation of the NEDD4L KO in female lines would have allowed us to better model
human RTT, male hemizygous RTT models are commonly used in mice and, although they are
in the minority, male RTT patients do exist. As such, these lines can still provide insights into
NEDDAL, its pathways, and the effect of a NEDD4L KO on cells.

4.6.3 Use of In Cell Western as a Screening Device

Upon starting in the lab, one of my side projects was testing the In Cell Western (ICW) assay for
the lab with the hope of eventually using the assay to perform drug screens on the L124W lines.
The ICW is a quantitative immunofluorescence assay performed directly in cell culture plates
used to detect proteins in fixed cells using targeted primary antibodies and infra-red fluorescent
secondary antibodies. As the ICW takes place directly in the well of a plate, iPSCs or neurons
could be cultured directly in 96 well plates and then analyzed all at once, making a drug screen
more efficient. In fact, this method has been previously used in a drug screen on MECP2
Duplication Disorder and found positive hits (Nageshappa et al., 2016). My work optimized the
lab’s protocol for the ICW, determined that MECP2 changes could be viewed on the ICW, and
then tested a number of other proteins for their drug screening potential. Ultimately, | performed
two preliminary tests that could potentially be used in an ICW screen: SAP-90 levels (previously
known as PSD-95) and puromycin incorporation levels. SAP-90 (PSD-95) is a regulator of
synaptic maturation including the stabilization and trafficking of NMDARs and AMPARs.
Previous research has shown that SAP-90 (PSD-95) is significantly reduced in RTT lines and
that this can be rescued with IGF-1(Tropea et al., 2009). Preliminary experiments suggested that

this reduction could be seen in our cell lines on the ICW, the first examination of this protein in
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our lab. The use of SAP-90 (PSD-95) is of particular interest as the successful MECP2
Duplication ICW screen used SAP-90 (PSD-95) to great effect (Nageshappa et al., 2016). In
addition to SAP-90, ICW preliminary tests suggested that the assay could detect a difference in a
puromycin incorporation assay (sometimes called a SUnSET assay), suggesting changes in
protein synthesis between WT and RTT (Schmidt et al., 2009). Based on these preliminary tests,

future work could eventually use these two ICW assays to begin drug screens on RTT cell lines.

4.6.4  Examining Differentiation Methods

Further follow-up work could be performed on examining the effect of various differentiation
methods on MECP2 and other relevant RTT proteins. Although my work showed that the
Brennand method generated more MECP2 relative to a total protein stain than the NGN2 or 6F
protocols, it is possible that other proteins have altered levels depending on the differentiation
method. For example, work in our lab and in this report show that levels of NEDDAL are too low
for detection in the NGNZ2 lines but can be detected in the Brennand lines. Future work could
look into other proteins and determine which are seeing an effect of differentiation and how this

could be affecting various cellular phenotypes.

4.7 Conclusions

In this thesis, | examined the phenotypes of the novel RTT mutation L124W and found that the
mutation exhibits a less severe phenotype relative to our null lines. The L124W lines exhibits no
changes in MECP2 RNA or MECP?2 protein levels, no change in soma area or dendrite length,
and no extracellular electrophysiological change as determined by MEA. The lines did exhibit a
subtle dendrite order and complexity phenotype. This represents the first time that an RTT
patient iPSC model of intermediate severity has been characterized. Moreover, | established a
protocol for the eventual CRISPR correction of the L124W mutation and successfully generated
a CRISPR KO line in NEDDA4L, a downstream target of MECP2. This KO line is the first
NEDDA4L KO line in human iPSC and will be available as a resource to elucidate the role and
pathway of NEDDA4L. Finally, I provided evidence for neuronal differentiation methods affecting
MECP?2 levels and developed a protocol for screening RTT neurons using SAP-90 and
puromycin incorporation in an In Cell Western assay. In conclusion, the phenotyping of the first
intermediate-severity iPSC line and the generation of the first iPSC NEDDA4L KO line will have
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immense value in further elucidating the pathways of MECP2, the intricacies and pathologies of

RTT, and ultimately lead to identifying effective treatments for Rett Syndrome.
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