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Abstract

Myoclonus dystonia (MD) is a rare autosomal-dominant combined dystonia movement
disorder characterised by quick, involuntary muscle jerks (myoclonus) paired with sustained
muscular contraction (dystonia). Although known to be genetically heterogeneous, the most
common genetic factor is mutations within SGCE, the gene encoding e-sarcoglycan, accounting
for approximately 45% of cases. Previous linkage analyses conducted on a family displaying
inherited MD without SGCE mutations lead to the identification of another critical region,
DYT15. Preliminary data suggested that mutations within the long non-coding RNA (IncRNA)
CD108131, found within the DYT15 locus, resulted in decreased expression of both the SGCE
transcript, as well as the SGCE protein. Validation of the remaining variants of interest yielded

no new candidate genes. A low coverage area coinciding with the entire sequence of

TMEM200C was discovered, however subsequent sequencing data revealed no potential disease-

causing variants. Therefore, to further characterise the relationship between CD108131 and
SGCE suggested by the preliminary data, a CRISPR-Cas9 knockout was developed in HEK293
cells using a double-cut strategy that allowed for complete excision of the CD108131 gene.

Stable CD108131 knockout mutant cell lines were examined for differences in gene expression.

QRT-PCR analysis was conducted and revealed a significant decrease in SGCE expression in the

absence of CD108131. Additionally, expression also trended towards a decrease for ZBTB14,
however ARHGAP28 and RPPH1 were not significantly altered. This data demonstrates that the
IncRNA CD108131 is likely to have a regulatory effect on SGCE, and perhaps ZBTB14,

transcription.
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Chapter 1: Introduction
1.1 Dystonic movement disorders

Dystonia is the third most common movement disorder affecting humans, after Parkinson’s
disease and essential tremor (Richter et al, 2015). The phenotype was initially documented in
1911, although it wasn’t until 1994 that the first genetic link was discovered (Albanese, et al.,
2013, Klein, 2014). Over the years, the clinical definition of dystonia as a movement disorder
has varied. In 2013, an international panel of experts revised the definition to the following:
Dystonia is a movement disorder characterized by sustained or intermittent muscle contractions
causing abnormal, often repetitive, movements, postures, or both. Dystonic movements are
typically patterned and twisting and may be tremulous. Dystonia is often initiated or worsened
by voluntary action and associated with overflow muscle activation (Albanese, et al., 2013).
While it can manifest at any age, the earlier the age of onset, the more severe the disorder tends
to be (Phukan et al, 2011). The region affected by dystonia can be singular (focal) or can spread
connected muscles (segmental) or also unconnected muscles (multifocal). More severe cases can
involve generalized dystonia, where often all four limbs can be affected, and hemidystonia,

where half the body is symptomatic (Charlesworth, Bhatia, and Wood, 2013).

Dystonia encompasses an incredibly heterogeneous set of disorders. To date, 29 loci have
been genetically linked to dystonia: DYT1-28, as well as one unnamed locus. Of these, 15 loci
(DYT1,DYT3,DYT5a, DYT5b/DYT14, DYT6, DYT8, DYT10, DYT11, DYT12, DYT16,
DYT18, DYT24, DYT25, DYT28, and the unnamed locus) have been narrowed down to their
specific causative gene, respectively: TOR1A, TAF1, GCH1, TH, THAP1, PNKD, PRRT2,
SGCE, ATP1A3, PRKRA, SLC2A1, ANO3, GNAL, KMT2B, and SPR (Weisheit, Pappas, and

Dauer, 2018). These genes are involved in a variety of different pathways, some of which



include: dopamine signalling and metabolism, cytoskeleton and cell movement, vesicle recycling
and transport, protein folding and stability, transcriptional regulation, cell cycle progression,
nitric oxide synthesis, ion channels, phosphorylation, and glucose transportation and uptake
(Lohmann and Klein, 2013). The mode of inheritance for the majority of known monogenic
forms of dystonia is autosomal dominant, although 3 are known to be autosomal recessive, and
one is X-linked (Weisheit, Pappas, and Dauer, 2018). Interestingly, a predominant feature of
autosomal dominant forms of dystonia is that they tend to display reduced penetrance (Lohmann

and Klein, 2013).

Furthermore, dystonia can be sub-classified into three categories: complex dystonia, isolated
dystonia, and combined dystonia. A diagnosis of complex dystonia occurs when dystonic
symptoms arise following damage to any areas of the brain responsible for movement, however
typically it is the putamen that is compromised (Weisheit, Pappas, and Dauer, 2018). These cases
of dystonia do not have a causative genetic factor involved. Isolated dystonia, formerly referred
to as primary dystonia, describes cases of dystonia in which no central nervous system injury has
occurred (Weisheit, Pappas, and Dauer, 2018). In these cases, the dystonic condition can have a
varied age of onset and body distribution, with persistent dystonia as the only movement disorder
(Klein, 2014). Combined dystonia, formerly referred to as dystonia-plus syndrome, involves
either persistent or paroxysmal (episodic) dystonia paired with one or more additional movement

disorders (Klein, 2014).

Combined dystonia encompasses three different disorders: persistent dystonia-parkinsonism,
paroxysmal dystonia with mixed dyskinesia, and persistent myoclonus dystonia (MD). Dystonia-
parkinsonism can have a broad phenotype and age of onset, and can be inherited or occur

sporadically. In these syndromes, dystonia is paired with non-neurodegenerative symptoms of



Parkinson’s disease, such as tremors, bradykinesia, rigidity, and postural instability (Asmus and
Gasser, 2010). Dopa-responsive dystonia (DRD) is a subset of this category, whereby patients
respond well with dopamine treatment (Asmus and Gasser, 2010). When dystonia is combined
with other dyskinesia, the additional symptoms can be one or more of the following: chorea
(rapid, flowing, unpatterned movement), athetosis (slow writhing movements), or ballismus
(large, flinging movements). Myoclonus dystonia (MD) is the third dystonia-plus syndrome and

will be discussed in greater detail.

1.2 Myoclonus Dystonia

MD is a rare autosomal dominant disorder, with an estimated prevalence of 1 in 100 000.
Individuals usually become symptomatic within the first two decades of life, with a mean onset
age of 6 years of age (Asmus and Gasser, 2010). Myoclonus is typically the predominant clinical
sign and is characterized by lightning fast muscle jerks (Asmus and Gasser, 2010). These
myoclonic jerks typically present in the arms, shoulders, and neck, while the dystonia presents in
the neck (as torticollis) or the hand (as chronic writer’s cramp) (Grabowski et al, 2003).
Individuals generally do not show progression of their disease state, and live normal lifespans

(Grimes et al, 2001).

Myoclonus Dystonia is a genetically heterogeneous disorder (Grimes et al., 2001) with two
associated loci, DYT11 and DYT15 (Spatola & Wider, 2012). DYT11 is caused by mutations in
the gene epsilon-sarcoglycan (SGCE) (Zimprich et al., 2001). However, mutations in SGCE
only account for about 30-50% of MD cases (Griinewald et al., 2008; Han et al., 2007; Ritz et al.,
2011). Two separate families, a 5 generation British family and a 2 generation German family,
were found to have MD related to a mutation in a conserved, yet functionally uncharacterised,

region of KCTD17, coding for potassium channel tetramerization domain-containing protein 17



(Mencacci et al, 2015). This presentation of MD differed from the better known DYT11
presentation in that dystonia was the predominant clinical feature and symptoms progressed over
time, sometimes spreading to other sites (Mencacci et al, 2015). Little is known about KCTD17,
but was found to be highly expressed in the putamen and thalamus, and it is thought to have a
role in dopaminergic signalling and ciliogenesis (Mencacci et al, 2015). Recently, a potential
association has also been made with mutations in the ADCY5 gene, encoding adenylyl cyclase 5,
and MD. ADCY5-related mutations have been known to cause various forms of dyskinesia, some
of which have been shown to present as an inherited myoclonus dystonia phenotype (Douglas et

al, 2017).

Several neurophysiological studies have been performed in an attempt to elucidate the
underlying mechanism for the motor symptoms associated with MD. To evaluate sensorimotor
integration, functional MRI imaging of DYT11 MD patients and healthy controls was conducted
while subjects were performing a simple finger-tapping task. In comparison to the healthy
controls, the MD patients were shown to have hyperresponsiveness of the contralateral
secondary somatosensory cortex, ipsilateral premotor cortex, primary somatosensory cortex,
dorsolateral prefrontal cortex, and ipsilateral cerebellum. A decrease in responsiveness was noted

in the contralateral insula (Beukers et al, 2010).

Expanding on these findings, [*®F]-fluorodeoxyglucose PET functional imaging was
performed on a small sample of DYTY11 MD patients, DYT11 carriers, and age-matched
healthy controls, revealing metabolic differences in sensorimotor and brain stem regions (Carbon
et al, 2013). When compared to healthy controls, both MD-exhibiting patients and carriers
presented with increased metabolic activity in the pontine nuclei and the posterior thalamus, as

well as decreased metabolic activity in the ventromedial prefrontal cortex. Additionally, the



affected MD patients presented with hypermetabolism of the parasagittal cerebellum (Carbon et

al, 2013).

Structural analyses of brain matter have also been conducted in DYT11 MD patients.
Cortical plasticity was inferred by examining the relative volumes of grey and macrostructural
white matter, as well as quantification of diffusion of water molecules in microstructural white
matter. Results showed that, compared to healthy controls, MD patients had a bilateral increase
in white matter volume in the subthalmic area of the brain stem, and decreased diffusivity in
white matter near the cortical sensorimotor areas (van der Meer et al, 2012). This structural data
corroborates the functional data, suggesting that the brain stem and sensorimotor areas are the

main brain regions affected by MD.

In addition to functional, metabolic, and structural abnormalities, psychological disorders are
also quite common in patients suffering from MD, who often have diagnoses of depression,
anxiety, obsessive-compulsive disorder, alcohol dependence, or panic disorder (Kim et al, 2017).
While originally thought to be linked to mutations in SGCE, a recent study has found that the
frequency of psychiatric disorders does not differ significantly between DYT11 MD patients
(61.5%) and those without SGCE mutations (54.5%) (Kim et al, 2017). Interestingly, a subset of
patients also experiences alleviation of symptoms upon alcohol consumption. However, as blood
alcohol levels drop, symptoms rebound with greater severity. Consequently, nearly all those who

have tried to self-medicate with alcohol develop a long-term dependency (Ritz et al, 2011).

Alternative treatments for the motor symptoms of MD include several drug treatments aimed
to reduce neuronal excitability through GABAergic and anticholinergic agents, such as
benzodiazepine or chlorpromazine (Caviness, 2014). Other therapies involve drugs designed to

treat other neuromuscular disorders, such as antiepileptic drugs (Caviness, 2014). In severe



cases, where pharmaceuticals have not alleviated symptoms, bilateral deep brain stimulation of
the internal globus pallidum can be considered. This involves the insertion of two
microelectrodes into the posteroventral portion of the globus pallidum, which will then provide
electrical stimulus to the region at a prescribed voltage, pulse width, and frequency. Over 90% of
patients that receive this treatment reach an improvement of 50% or more, with the benefits

lasting up to ten years (Fernandez-Parjarin et al, 2016).

1.3 Characterization of the gene SGCE

Located on chromosome 7g21.3, SGCE is the 70 986bp coding gene for the epsilon
sargoclycan protein. SGCE is highly conserved and is comprised of 13 exons with 5 known
protein-coding isoforms formed through the alternative splicing of exons 2, 8, 10, and 11b. Of
these exons, 11b is of particular interest as its inclusion denotes the brain specific isoform. While
the mouse homologue of SGCE has two distinct brain specific isoforms, in humans there exists
only one to date (Ritz et al, 2011). Ubiquitous SGCE expression is found in a variety of tissues,
including skeletal muscle, heart, liver, kidney, and brain. With regards to the brain specific
isoform, the highest levels of expression are seen in the primary somatosensory cortex and the
motor cortex, with intermediate expression seen in the caudate nucleus and substantia nigra, and
the lowest levels of expression seen in the globus pallidus (Ritz et al., 2011). While originally
thought to be the only sarcoglycan expressed in the brain, it has since been revealed that zeta-
sarcoglycan (SGC2Z2) is also expressed within the brain, with a similar expression pattern to
SGCE (Shiga et al, 2006). The widespread expression of SGCE and SGCZ is in direct contrast to
the localised expression of the other sarcoglycan genes, which are generally restricted to
musculature, although it is now known that all the major sarcoglycans are expressed in the

cerebrovascular system (Piras et al, 2000, Boulay et al, 2015). SGCE expression, regardless of



isoform, is variable amongst individuals and amongst different tissue types, with the greatest

individual variation being seen in cerebellar and putamen tissues (Ritz et al, 2011).

As with most dystonia-related mutations, reduced penetrance is a predominant feature of
SGCE-related MD. This reduced penetrance can be explained by SGCE imprinting in several
tissues including human brain (Grabowski et al., 2003). Observations in human blood cells, and
murine embryogenic fibroblasts, neonatal and embryogenic brain tissue show that the maternal
allele of epsilon-sarcoglycan is methylated, resulting in only the paternal allele being expressed
(Grabowski et al, 2003; Carbon et al, 2013). Those individuals with a paternally inherited loss-
of-function mutation exhibit MD, whereas individuals with a maternally inherited mutation are
asymptomatic (Grabowski et al., 2003). While most cases of inherited MD do follow this pattern,
it has been noted that in adult mouse brain samples, weak expression of the maternal allele can
occur (Piras et al, 2000). A study observing metabolic changes in DYT11 patients, carriers, and
controls noted that metabolic abnormalities were common between patients and non-manifesting
carriers (Carbon et al, 2013). Gene imprinting is not always binary, and the degree to which any
given gene is imprinted can fall anywhere along the spectrum from entirely uniparental to equal
biallelic expression (Wang et al, 2008). Without methylation and expression data for adult
human neurons, the completeness of the maternal imprinting of SGCE remains elusive, as
imprinting patterns differ between species, tissue type, and developmental age (Carbon et al,

2013).

1.4 Functional characteristics of the SGCE protein

At the time of discovery, the EST for e-sarcoglycan was originally assumed to be a
homologue of a-sarcoglycan (Ettinger et al., 1997). This was based on the observation that the

coding regions of a- and g-sarcoglycan are 47% homologous in nucleotide sequence and 62%



homologous in amino acid sequence (Ozawa et al., 2005). Epsilon-sarcoglycan is now known to
be a distinct member of the N-glycosylated transmembrane sarcoglycan protein family, alongside

five other members: a-, B-, y-, 8-, and -sarcoglycan.

The canonical role of the sarcoglycans occurs within muscle, where they act as an essential
component of the dystrophin-associated protein complex (DAP). The DAP complex links the
extracellular matrix to the intercellular cytoskeletal actin through the association of syntrophins,
dystrobrevins, dystroglycans, and sarcospan with dystrophin (Nishiyama et al, 2004). This
complex assists in protecting striated muscle fibres from contraction-induced mechanical stress
(Nishiyama et al, 2004). Within the DAP complex exists the sarcoglycan subcomplex, which
consists of a functional core formed by B-sarcoglycan and 4-sarcoglycan. This core unit recruits
a- and y-sarcoglycan to complete the subcomplex in skeletal muscle, but in smooth muscle &-
and {-sarcoglycan are incorporated instead (Tarakci and Berger, 2016). The gpdy tetramer has
also been seen in Schwann cells and adipose tissue (Waite et al, 2016). Formed in the ER, the
sarcoglycan subcomplex functions to strengthen the interaction between dystrophin and
dystroglycan (Tarakci and Berger, 2016). Limb-girdle muscular dystrophies result from
mutations in a-, B-, y-, or 8-sarcoglycan (Nishiyama et al., 2004). To date, no human diseases

have been linked to mutations in {-sarcoglycan (Waite et al, 2016).

Within the brain, ubiquitous e-sarcoglycan has only been observed in brain-derived capillary
endothelial cells and astrocytes, while the brain specific e-sarcoglycan is believed to be the
primary isoform in neurons (Waite et al, 2016). Previous in vitro studies have shown that the -
sarcoglycan core is necessary for the assembly and trafficking of the entire sarcoglycan
subcomplex, however later studies discovered that while -sarcoglycan mutations did disrupt the

assembly and trafficking of the core unit, €- and (-sarcoglycan were not affected in transfected



human embryonic kidney (HEK293) cells (Waite et al, 2016). Therefore, - and {-sarcoglycan
are able to traffic independently of the sarcoglycan subcomplex. This suggests that where
mutations in other sarcoglycans would prevent them from associating as a complex and being
trafficked out of the ER, in the brain &- and {-sarcoglycan are able to bypass this. This could be
the reason that MD does not display limb-girdle muscular dystrophy pathologies (Waite et al,
2016). A recent study using induced pluripotent stem cell (iPSC)-derived cortical neurons
generated from MD patient fibroblasts was able to retain the methylated promoter region that
results in maternal imprinting of SGCE. Interestingly, they found that mutated g-sarcoglycan
underwent retrotranslation from the ER to the proteasome for subsequent degradation (Grutz et
al, 2017). Due to the widespread expression of g-sarcoglycan, it is clear that the protein has the
potential to perform a variety of different roles depending on cell type, isoform, and

developmental stage.

Structural analysis of the C-terminal cytoplasmic region of g-sarcoglycan revealed that the
brain specific isoform had a consensus sequence indicating a phosphorylation site of cCAMP- and
cGMP-dependent protein kinase, while modelling of the N-terminal extracellular region in the
mouse homologue revealed a cadherin-like domain and a PDZ-binding domain (Nishiyama et al.,
2004; Yokoi et al, 2012). An enrichment of g-sarcoglycan occurs in the pre- and post-synaptic
membranes of murine neuronal cells, suggesting a potential synaptic function within the central
nervous system (Nishiyama et al., 2004). Indeed, PDZ-containing proteins are known to assist in
the assembly of supramolecular complexes involved in localised signalling, leading some to
hypothesise that e-sarcoglycan may be involved in the formation of such a complex within the

synapses (Yokoi et al, 2012).



One particular family with MD was reported to have a point mutation in the dopamine D2
receptor gene, DRD2, which, along with the observation of high expression of g-sarcoglycan
within mouse dopaminergic neurons, indicates the possibility of e-sarcoglycan playing a role in
dopamine transmission and signalling (Nishiyama et al., 2004). In addition, a mouse model
generated to possess a paternally-inherited heterozygous knockout of e-sarcoglycan exhibited
high serotonin turnover and a hyperdopaminergic striatum (Yokoi et al., 2006). Similarly, a
homozygous knockout mouse model presented with reduced levels of D2 receptors in both the
pre-synaptic dopaminergic terminals and the post-synaptic medium spiny neurons, as well as an
increase in striatal dopamine discharge upon amphetamine injection (Zhang et al, 2012).
Conditional mouse models were also made to look at the effects of a lack of e-sarcoglycan
specifically in either the cerebellar Purkinje cells or the striatal medium spiny neurons in two
studies conducted by Yokoi et al (Yokoi et al, 2012a; Yokoi et al, 2012b). When g-sarcoglycan
was knocked out in either of these cell types alone, no abnormalities were noted in the nuclear
envelopes. However, when g-sarcoglycan was knocked out globally, nuclear blebbing and other
abnormalities were observed in both Purkinje cells and medium spiny neurons. Furthermore,
these abnormalities presented well in advance of MD phenotypical motor deficits within the
mice, indicating that this could be an early symptom and potential biomarker (Yokoi et al, 2012a,
Yokoi et al, 2012b). These data suggest that DYT11 MD is most likely caused by g-sarcoglycan-
related dysfunction in multiple cell types within the brain, however more studies will need to be

done to truly understand the complete role of this protein within the human body.

1.5 Discovery of the DYT15 locus

In 2001, a 5-generation, French-Canadian family was described as having inherited

myoclonus dystonia (IMD) presenting with an autosomal dominant mode of inheritance with
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incomplete penetrance (Grimes et al, 2001). Using two-point and multipoint genome-wide
linkage analysis, mutations within DRD2 and SGCE were eliminated as the cause of the disease;
however, a novel IMD-associated locus was identified: DYT15. (Grimes et al, 2001, Grimes et
al, 2002). DYT15 originally encompassed a 17 cM region on chromosome 18p11, though further
refinement of the locus was executed utilising SNPs for fine-mapping, resulting in a smaller 3.18

Mb critical region (Grimes et al, 2001, Han et al, 2007).

In an attempt to determine what the causative mutation was for this family’s IMD, the exons
and exon-intron boundaries of all of the known REFSEQ genes within that region were
sequenced and screened for mutations (Vanstone, 2012). While many novel SNPS and indels
were detected, there were no variants that segregated within the family and were also absent in
healthy control samples (Vanstone, 2012). Additionally, a genome-wide gene dosage analysis
was performed using a 500K SNP array in order to search for potential large deletions or
duplications, revealing no significant dosage alterations (Vanstone, 2012). Subsequently, two
meiotically distant affected patients were chosen from the pedigree to undergo targeted capture
of the disease-linked region, followed by Roche 454 sequencing. Results identified 2292 shared
novel variants within the critical region, and further analysis and validation of these results

revealed a 3 bp duplication within the IncRNA CD108131 (Vanstone, 2012).

1.6 Characterization of the gene CD108131

There are no published papers discussing the function, structure, or properties of CD108131;
however, much can be gathered from the UCSC genome browser data base as well as from
preliminary data. CD108131 is located on chromosome 18p11, and is 863bp in length. The
transcript contains three regions containing repetitive elements, each distinct from one another.

In addition, there is at least partial conservation of this sequence in several species, with high
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levels of conservation seen amongst primates. There is also a region identified by DNase |
hypersensitivity that indicates a possible site of protein binding. Preliminary data were able to
show that CD108131 is expressed in 20 human tissues, with the highest expression being in the
cerebellum (Fig. 1.1). Additionally, CD108131 does not appear to have an open reading frame

that produces a functional protein, solidifying its status as a long non-coding RNA (IncRNA).

1.7 Functional characteristics of IncRNAs

It is estimated that two-thirds of the human genome is transcribed, 80% of which is non-
coding (Novikova et al, 2013). LncRNAs are defined by a lack of coding potential and a length
of 200 nucleotides or longer (Novikova et al, 2013). Within the human genome, there are 15,778
InNcRNA genes which in turn produce 27,908 IncRNA transcripts (Morlando and Fatica, 2018).
Most IncRNAs have a cellular localization within the nucleus, different from mRNAs which
localize in the cytoplasm (Derrien et al, 2012). LncRNA genes can be intronic, intergenic,
bidirectional, or antisense to protein-coding genes (Novikova et al, 2013). Interestingly, some
transcripts have been found to function as both coding and non-coding, though none yet have
been found in mammalian lineages (Ulitsky and Bartel, 2013). Enhancer RNAs and small
nucleolar RNA hosts are also considered to be IncRNAs (Batista and Chang, 2013). Although
IncRNASs do not get translated into proteins, many transcripts do undergo post-translational
modifications. In fact, up to 30% of non-coding RNASs have at least one alternative transcript,
and many undergo polyadenylation (Ponting, Oliver, and Reik, 2009). LncRNAs can form
secondary and higher structures with a stability that allows for active roles in organization and
regulation. These roles include DNA replication, RNA transcription, protein translation,
signalling, development, differentiation, disease, epigenetics, and pluripotency (Novikova et al,

2013, Wang et al, 2017). Their regulatory effects can be seen on both cis and trans genes
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(Ponting, Oliver, and Reik, 2009). While IncRNAs are observed in almost all tissues, 40% of

known transcripts are specific to the brain (Derrien et al, 2012). Furthermore, INCRNA

am nme

Figure 1.1. CD108131 expression analysis in 20 human tissues. Gel photos of the PCR
products from (A) CD108131 and (B) GAPDH amplification of 20 different cDNA templates.
The -RT controls are the total RNA samples prior to cDNA synthesis to ensure a lack of genomic
DNA contamination. GAPDH serves as a positive control for successful cDNA synthesis. Total
RNA was extracted from the following 20 tissues: 1 = cerebellum; 2 = whole brain; 3 = fetal
brain; 4 = fetal liver; 5 = heart; 6 = kidney; 7 = adrenal gland; 8 = lung; 9 = placenta; 10 =
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prostate; 11 = salivary gland; 12 = skeletal muscle; 13 = spleen; 14 = testis; 15 = thymus; 16 =
thyroid gland; 17 = trachea; 18 = uterus; 19 = stomach; 20 = small intestine.

M. Vanstone, Thesis (2012)

transcript expression is more cell-type specific than that seen in protein-coding genes (Batista

and Chang, 2013).

Sequence conservation is low between species, originally lending to the hypothesis that non-
coding transcripts did not serve integral functions (Ponting, Oliver, and Reik, 2009). However, it
has been found that many IncRNAs do show significant, although weak, signatures of natural
selection when conservation is examined using whole genome alignments (Ulitsky and Bartel,
2013). For IncRNAs in which the promoter region has been identified, it has been noted that
these promoter regions are under selective pressure similar to that of protein-coding gene
promoters (Batista and Chang, 2013). Some studies of intergenic IncRNA families have even
shown there to be lineage separations between IncRNA conservation, with 30% of transcripts

being specific to primates, and 0.7% being specific to humans (Derrien et al, 2012).

LncRNAs can work through several mechanisms to regulate their targets, and the mechanism
by which a single IncRNA functions can differ depending on tissue type and localisation
(Morlando and Fatica, 2018). Four main models include acting as a decoy, scaffold, guide, or
enhancer (Rinn and Chang, 2012). When acting as a decoy, the INcRNA will bind to DNA-
binding factors, therefore impairing them from binding to the DNA itself. LncRNAs can also
bind several proteins, bringing them into close proximity with one another, by means of forming
a scaffold. Similarly, some transcripts will bind proteins as well as DNA, acting to guide proteins
to their destination. Finally, it is also possible for IncRNAs to induce chromosome looping, much
like enhancers do, to bring DNA and proteins into spatial proximity (Rinn and Chang, 2012).
Through these mechanisms, INCRNAs have been shown to bind with DNA, transcription factors,
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accessory proteins, and enzymes (Ponting, Oliver, and Reik, 2009). Furthermore, INCRNAs have
been shown to play an important role in epigenetics through the recruitment and inhibition of

chromatin modifying and remodelling complexes (Morlando and Fatica, 2018).

Genome-wide association studies have demonstrated that 43% of disease or trait-associated
SNPs are found outside of protein coding genes, emphasizing the degree to which INCRNAs
could be involved in human disease (Batista and Chang, 2013). There are cases in which
IncRNAs are involved with disease through epigenetic silencing, as seen with ANRIL and
HOTAIR which form scaffolds for chromatin modification complexes. The overexpression of
either of these IncRNAs changes the chromatin landscape, enabling the initiation and progression
of cancer (Wapinski and Chang, 2011). Alternatively, MALAT-1 is a IncRNA that plays an
important role in synaptogenesis by regulating neuronal serine/arginine-rich splicing factors.
However, increased expression of MALAT-1 is a marker for non-small-cell lung cancer, and is
correlated with poor survival (Wapinski and Chang, 2011). Elevated levels of the IncCRNA
BACE1-AS have been linked to the pathogenesis of Alzheimer’s disease (AD), where it seems
that AD-related cell stress leads to the upregulation of BACE1-AS. BACE1-AS regulates the
translation of BACEI, an enzyme that cleaves B-site amyloid precursor proteins (APP), therefore
its upregulation results in higher APP processivity and toxic accumulation of Ap plaques
(Wapinski and Chang, 2011). Additionally, some IncRNAs, such as Gas5, can contribute to

cellular health by regulating mechanisms of apoptosis (Wapinksi and Chang, 2011).

LncRNAs have also been associated with human myopathies and myogenesis. One such
example is facioscapulohumeral muscular dystrophy (FSHD), which is caused by a contraction
in the number of D4Z4 repeats within the 4935 region, resulting in a loss of chromatin

repression. The IncRNA DBE-T functions as a locus control element within this region that
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promotes an active chromatin state. FSHD occurs when mutations to the DBE-T promoter region
disrupt its regulation (Batista and Chang, 2013). Within Prader-Willi syndrome, which affects
muscle development, the associated 15q11-q13 region contains a multitude of intronic INCRNASs
with small nucleolar RNA tails (so called sno-IncRNAS). It has been implicated that these
nuclear sno-IncCRNAs create a domain whereby the splicing factor Fox2 is bound and enriched.
Through this mechanism, the sno-IncRNAs are suggested to play a role in regulating splicing
within this region (Batista and Chang, 2013). It has also been shown that IncCRNAs located in the
enhancer and distal regulatory regions of MyoD aid in recruiting transcription machinery to the
nearby promoter regions to assist with chromatin reorganization and myogenin activation,
respectively (Ballarino et al, 2016). With respect to myogenesis, two other IncRNAs have been
shown to participate in human myoblast differentiation: linc-MD1 and IncMyoD. Linc-MD1
improves myogenesis by binding to miR-133 and miR-135 and preventing them from repressing
their targets: mastermind-like transcriptional coavtivator-1, and myocyte enhancer factor 2C
(Ballarino et al, 2016). Overexpression of linc-MD1 benefits myoblast differentiation, silencing
causes a delay, and downregulation has been noted in patients with Duchene muscular dystrophy
(Ballarino et al, 2016). LncMyoD is controlled by MyoD, and is necessary for myoblast
differentiation. Through binding with IGF2 mRNA-binding protein 2 (IMP2), it disrupts IMP2’s
translational control and thus enables cell-cycle exit and terminal differentiation (Ballarino et al,

2016).

1.8 Suggestion of an interaction between SGCE and CD108131

Preliminary data demonstrated that the variant of CD108131 possessing the 3 bp mutation

did not alter the amount of CD108131 transcript present nor that of the nearest gene, ZBTB14,
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Figure 1.2. Comparing the relative expression of CD108131, ZFP161, and SGCE in patient
and control cell lines. Results from gRT-PCR of patient M1-16 and control lymphoblast cDNA
to quantify the expression of A) the CD108131 transcript; B) ZFP161; and C) SGCE. For the
CD108131 and ZFP161 analysis, the control and patient values represent an average of three
replicates; the patient value is expressed as abundance relative to the control. Expression levels
were normalized to that of B-actin. There were no significant changes. For the SGCE analysis, all
samples in blue are controls external to MF1. The Ctrl 1, Ctrl 2, Ctrl 5, Ctrl 7, and Ctrl 8 values
represent an average of three replicates; the Ctrl 3 and Ctrl 4 values represent and average of 4
replicates, and the M1-16 and Ctrl 6 values represent an average of 7 replicates. The control
patient values are represented as a relative abundance to the MD patient, M1-16. Expression
levels were normalized to a B-actin endogenous control. The significance of the difference in
expression between each control and M1-16 is represented by asterix (*): p-value < 0.05 (*); p-
value < 0.03 (*¥*); p-value < 0.003 (***).

NB: ZFP161 was the previous gene name for ZBTB14
Vanstone, Thesis (2012)
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however it did reduce the levels of SGCE expression (Fig. 1.2). Additionally, when a plasmid
containing the antisense CD108131 transcript was transfected into HEK293 cells, acting as a
CD108131 knockdown condition, SGCE protein levels were nearly completely knocked out.

When the sense transcript was over-expressed, SGCE protein expression increased (Fig. 1.3).

It has since been found via the 1000 Genome Project that the 3 bp duplication found in this
family is a variant that occurs at a frequency of approximately 1 in 10 000. Since MD occurs at a
frequency of 1 in 100 000, this is no longer a likely candidate for causing the disease. Regardless

of this, the apparent regulatory effect of CD108131 on SGCE remains viable.

1.9 Rationale, hypothesis, and aims

1.9.1 Rationale

In December 2013, a new genome build, hg38, became available through the Human
Genome Consortium, resulting in altered alignment in comparison to its predecessor.
Furthermore, every year the UCSC Genome Browser is updated with new transcripts and
annotations. For instance, between 2016 and 2017, the GENCODE gene track alone increased by
2604 transcripts (Tyner et al, 2017). Due to this increase in available information, as well as the
multitude of different ways in which data can be analysed, it would be beneficial to re-examine
the previous sequencing data. Additionally, although at present a clinical link can no longer be
established between CD108131 and MD, the observed regulatory effect of this INCRNA on

SGCE should be explored due to the well-established relationship between SGCE and MD.
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Figure 1.3. Analysis of SGCE protein expression. (Top) Western immunoblot of SGCE in
HEK?293 cells transfected with a pcDNA3.1 plasmid containing the sense transcript of wildtype
CD108131 (lane 1), the antisense transcript of wildtype CD108131 (lane 2), no insert (empty
vector control, lane 3), or the sense transcript of the mutant CD108131 (3 bp duplication, lane 4).
Transfection with the sense wildtype transcript results in an overexpression of CD108131, while
transfection with the antisense wildtype transcript results in knockdown of CD108131.

(Bottom) Ponceau staining of the same membrane, demonstrating even loading across all lanes.

Courtesy of Malcolm MacKenzie
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1.9.2 Hypothesis

| hypothesise that through re-aligning and examining the Roche 454 sequencing
conducted on the two patients within the family, missed genes or areas of low coverage may be
revealed. The remaining potential variants within the critical region should be validated as one
could prove to be disease-linked within this family. Additionally, I hypothesise that CD108131

has a regulatory effect on SGCE at a transcriptional and/or translational level.

1.9.3 AiIms

In order to address my hypotheses, | will achieve the following objectives:

1. Validate the remaining variants of interest, and re-examine the Roche 454 sequencing

against the new Human Genome Consortium build (hg38).

Primers were designed to validate the remaining variants of interest via Sanger sequencing.
Sequencing data was analysed using Geneious to determine whether the variant calls were false
positives, or true variants. Through the use of the bioinformatics software CLC Genomics
Workbench (v9), original Roche 454 sequencing results were realigned to the hg38 Genome

build and analysed for regions with a read depth < 10.

2. Develop a stable CRISPR/Cas9 knockout cell line for CD108131.

To build upon the preliminary data, and further examine potential effects of CD108131 on
SGCE, a double-cut CRISPR/Cas9 experiment was conducted in SH-SY5Y and HEK?293 cells.
Experimental design was such that a successful integration of the repair template would result in
the complete removal of the entire known CD108131 sequence. Potential clones were PCR

genotyped and then confirmed using Sanger sequencing.
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3. Determine the effects of a lack of CD108131 on SGCE transcript expression.
Additionally, determine the effects of a lack of CD108131 on the transcript expression of

select other genes, namely ZBTB14 (the nearest coding gene to CD108131) and RPPH1
(a housekeeping gene).
Upon successful identification of CD108131 knockout (KO) clones, the relationship between

CD108131 and SGCE had to be characterised. After extracting RNA from all cell lines, gPCR

analysis was conducted to compare relative transcript expression levels of SGCE, ZBTB14, and

RPPH1 between KO and control cell lines.
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Chapter 2: Screening of mutation calls from original sequencing results
2.1. Introduction

Two independent linkage analyses were conducted on our 5 generation Canadian
Myoclonus-Dystonia family (MF1), both revealing a 3.18 Mb disease-linked region on
chromosome 18p11 (Fig. 2.1) (Grimes et al., 2002; Han et al., 2007). DNA from two affected
patients, MF1-3 (number on pedigree: 39) and MF1-5 (number on pedigree: 47), were chosen
from the pedigree to undergo targeted capture of the disease-linked region, followed by
sequencing by Roche 454. Meiotically distant patients were selected as they would have fewer
common familial variants (Vanstone, 2012). Roche 454 was the chosen sequencing platform
because, at the time, it produced longer read lengths (~400 bp) when compared to competing
sequencing platforms. To enable comprehensive screening of all potential mutations, the entire

critical region was sequenced, including introns and intergenic regions.

NimbleGen Sequence Capture was used to enrich for DNA from the 3.18 Mb critical
region, plus 50 kb flanking either side, with an array design which allowed for >97% coverage of
the target sequence (Vanstone, 2012). The methodology involved fragmenting the genomic DNA
and ligating linkers to the ends of each fragment, before hybridizing the fragments to a custom
array containing oligonucleotide probes specific to the region of interest. Non-specific fragments
were washed away before the target fragments were eluted and amplified using primers specific
to the linker sequences. Amplified samples could then undergo sequencing. During the Roche
454 protocol, the template DNA is fragmented and universal adaptors are ligated to the ends,
before fragments are individually bound to independent beads and captured in oil droplets
containing all necessary PCR reagents. Each template fragment is then amplified via emulsion

polymerase chain reaction (PCR), before breaking the emulsion and loading beads into the wells
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Figure 2.1. Schematic representation of DYT15, a 3.18 Mb region on chr18pl1. Diagram of
candidate genes, their location, as well as their orientation determined using the UCSC genome
browser (http://genome.ucsc.edu/). Genes listed are those that have been reviewed by SwissProt,
RefSeq, or both (with the exception of CD108131). The genes are categorized based on function:
blue denotes protein-coding genes, purple denotes non-coding RNAs, and red denotes
microRNAs. CD108131, coloured green, is viewed through the Human EST track, and possesses
signature features of a IncRNA. This map is based on the GRC38/hg37 build.
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of a fibreoptic PicoTitre Plate. At this point separate beads containing the sequencing reagents
are added to the wells. Nucleotides are then introduced one at a time, and a successful
incorporation will result in an inorganic phosphate ion being released and initiating an enzyme
cascade that culminates in the emission of light. The intensity and location of emitted light will
be measured, and as such, the template sequence for each fragment can be constructed

(Margulies et al., 2005; Moorthie et al., 2011).

Upon sequencing the disease-linked region in both patients, all sequence reads were
trimmed of the adaptor sequences, the sequencing primers, and the enrichment primers. The
trimmed sequence reads were aligned to the entire human reference sequence Genome Reference
Consortium: Human build 37 using NextGENe™ software from SOFTGENETICS. Separate
alignments for each patient were performed using the following parameters: matching base
percentage > 90.0; mutation percentage < 20.00; allowable mismatched bases = 4; allowable
ambiguous alignments = 1; seed = 17 bases; move step = 7 bases (Vanstone, 2012). A mutation
report was generated for each patient, and all variant calls were filtered for known SNPs, before
being compared between patients. Since MD is an autosomal dominant disorder, all homozygous
variants were removed from the shared variant list, leaving only novel, heterozygous, shared

variants.

In order for a variant to be concluded as disease-causing, it would have to: validate via
Sanger sequencing to determine that the call was not a false-positive, co-segregate with all
affected and obligate carrier patients within the pedigree, be absent in unaffected family
members and control samples (~300 control chromosomes). To streamLine validation, variants

were assigned one of the following priority categories, listed from top priority to lowest priority:
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coding variants, variants within splice sites, intronic variants, structural variants, variants

occurring within expressed sequence tags, and intergenic variants (Vanstone, 2012).

Upon discovering the segregation of the 3 bp duplication within CD108131, the
remainder of the variant calls were not validated. As we now know that the duplication found in
CD108131 is unlikely to be disease-causing, the genetic cause of this family’s MD remains
unknown. In an attempt to further validate the original sequencing results, the remaining variants

of interest have been validated by Sanger sequencing, and a coverage analysis was performed.

2.2. Materials and Methods

2.2.1. Annotation of variant calls

There remained 34 variants of interest to be validated. To assess these variants, |
examined their locations using the updated University of California Santa Cruz (UCSC) genome
table browser (Hg38, Gencode v24) to determine their functional classification, biotype, as well
as any other annotations of interest. All variants were intronic, and were either within protein-
coding genes, or within IncRNAs that were antisense to protein-coding genes. Variants that were
located within ESTs, enhancer regions, promotor regions, or binding sites were prioritised over

those that overlapped with repetitive elements (SINEs, LINES, and homopolymers).

2.2.2. Analysis of low coverage regions

The original sequencing files were re-examined in order to conduct further analysis. All
reads were aligned to the new Genome Reference Consortium: Human build 38, and filtered for
heterozygous mutations. Using the default parameters of CLC Genomics Workbench (v9), with
the exception of changing the default pyro-error homopolymer length from 3 to 6, variant calls

that resulted in amino acid changes were examined. Next, University of California Santa Cruz
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(UCSC) genome table browser (Hg38, Gencode v24) was used to identify all coding exons
within the critical region. A coverage report for each patient was compiled, and custom tracks
were created in UCSC of each patient’s coverage gaps that were at a read depth < 10. These were
further compared to the coding genes annotated by the Consensus Coding Sequence (CCDS)

Project.
2.2.3. Primer design and PCR

For each region of interest, the genomic DNA sequence was obtained from the UCSC
Genome Brower (Hg38). Primers were then designed using NCBI’s Primer-BLAST tool. This
tool incorporates the Primer3 PCR primer design tool, with NCBI’s BLAST global alignment
algorithm to screen primers for non-specific amplification. Primer-BLAST retrieved primers
using the standard parameters, with the following changes: amplicon size was set to a maximum
of 500 nts, maximum primer length was increased to 28 nts, SNP handling was set to not design
primers over known SNPs, and the repeat filter was set to “Human”. In cases where the region to
be sequenced involved significant and unavoidable repetitive sequences, the low complexity

filter was turned off allowing for primers to be designed in areas of biased base compositions.

PCR was performed using recombinant Tag Polymerase, PCR reaction buffer, Mg?, and
dNTPs from Thermo Fischer Scientific. Each primer set was optimized individually using
control DNA, by varying the annealing temperature and/or cycle number. After optimization,
primer sets were used to amplify the desired region in DNA from a subset of affected patients,

asymptomatic carriers, and unaffected married-in controls.
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2.2.4. PCR product verification and sequencing

Following PCR, products were separated by agarose gel electrophoresis in order to
confirm amplicon size and specificity. For all successful amplifications, approximately 10uL of
PCR product then underwent Sanger sequencing in-house using the associated forward and
reverse primers at a concentration of 5mM. Sequencing results were aligned with the human
reference sequence and analysed using the Geneious™ Sequence Analysis Software from
Biomatters Ltd. Each sequencing result was also input into UCSC’s BLAT alignment tool to

ensure specificity to the chromosomal location of the amplified region.

2.3. Results and Discussion

2.3.1. Status of remaining variants of interest

In an attempt to further validate the original sequencing results, the remaining 34 variants
of interest were validated by Sanger sequencing. All of these variants were found in intronic
regions of known coding or non-coding genes, and possessed overlapping genomic annotations,
such as being within: the exon of an EST, a promoter/ enhancer region, a DNase |
hypersensitivity region, a known binding site, a repressor site, a transcription elongation site, or a
conserved region (Table 2.1). While BLAT results confirmed that all sequence results were
specific to each variants’ location on chromosome 18, all validated variants were found to be
false positives. Of these 34 variants, seven were unable to be validated due to an inability to
design primers for that chromosomal location. All seven of these variants overlapped with

repetitive sequences.
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Gene ID

Chr Start hgld End hg13 Ref Alt Classification

Biotype

Overlapping genomic annotations

18 5447474 5447474 - T intronic EFB4IL3 protein coding Within exon of EST= AW023410 and DB3I5E203
8 447491 5447491 Al - intranic EFB4IL3 protein coding Within exon of ESTs AW023410 and DBE3I58203
8 558423 SEEGM23 - | & | neRkA_intronic [RPT-286M3.2]  antizsenzeto EPBE4IL3  |'Within exon of ESTs AW083559 and CW3E1E0
} . ; R ) within exon of mBENa BCO33316, Within BMA protein binding site
18 E031307 B031807 T | ncBMA_intronic | BPT1-79343.2| antisense to L3METLA ELAYL1 PAEPCY, SLEP
Within exon of EST HE7354, within HhM Weak Enhancer, within TF
1] 7h38802 7h98802 - T intronic PTPFik4 protein coding binding =ite MaFK, within Dhaszel HS, within BhA binding protein site
ELAVLA, IGF2BP. PAEPCY, SLEF
18 5452802 H452802 - | TaA introric EFB41L3 protein coding Wwithin Hikd Strong Enhancer, STH, overlaps with re7 4270630
. ) . . . Wwithin Hikd Strong Enhancer, exon of EST BY7356823 | overlaps with
1] h457545 h457549 B intronic EFB41L3 protein coding rS5A3713220 (T AT)
8 E526199 E526139 - | T intranic LIWED387 lincRka ‘Within CEEPE binding site
12 E742185 6742185 - | T intranic ARHGAP28 protein coding Within SINE . within Hrk4 Strong Enhancer
18 E747088 E747088 - T intronic ARHE APZ8 protein coding Within HrdkA Strong Enhancer, *Weak Enhancer, Repressed State
) . . I within HedbA Weak Enhancer, *Weak Promoter, [nsulator, within Bha
1B 7075004 FO7R004 T - intromic LAkA1 protein coding birding protsin site PABPC]
. . . . ) within Hikd Strong Enhancer, within Bha Binding protein sites
18 TEO3541 FE09541 T intronic FTFR protein coding ELAvL1, IGF2EPT. PABRCY, SLEF
} ) . . ) within HedkA Wweak Enhancer, within Fia binding protein sites
e 7EEIE2 7EG3182 G intromic FTFPRk protein coding ELAVLY IGF2EP. PABFCY, SLEP. within SINE
. . . within HrdbA active promoter, weak promoter, weak enhancer, simple
18 E723491 E729491 A | G | ncBAMA_intronic | BPT-918.3 | antizenze to ABHGAPZE repeat [CA)n, some in-viva TF binding, Dhasel HS
B | Er2500 | B729500 | © | G | noRMA intronic | RPTIGIEE | antisense to ARHGAR2S | D7eraps with rs2l1323574 [ACAG: del], within STR [CA]n, Strong
POLZ2BA binding site, =lightly conserved
. . : within Hivik active promater, weak prornoter, weak enhancer, simple
& B729485 B729486 | GT | - | ncBMA_intronic | RPT1-9118.3 | antizensze to ARHGAP28 repeat [CAJn, some in-vivo TF binding, DHAsel HS
18 5EEE37E 5566975 G| T introric EFB41L3 protein coding Within HiAk Weak Enhancer and highly divergent position
18 B038245 BO38248 - | T | neBhA_intronic [ BFT-73343.2] antizense o LIMBETLA | Within BRA protein binding =ite ELAVL, PABPCT, SLEF
] ) . . ) Within LTR. within Hkdbd TN elongation, within BN binding
] B2 B3 T intranic L3rTLES praotein coding protein sits ELAVL 1. PABPCY, SLEP
18 E737681 E797EE1 - T intronic ARHEAPZE protein coding Within SIME , within BhA binding protein site [GFEP2
18 E823107 B823107 T - intronic ARHEAPZE protein coding “Within BhA binding protein site IGFBEP2
% | eessela | eeesawm T|  inroric | ARHEAP2S protein coding | M MM Wesk Enhancer, uithin FitA binding protein sie
18 6893004 6393004 G - intronic ARHG APZ8 protein coding Within SINE . within Fha binding protein site [GF2EP1
L 7041152 704152 - ) intronic LARAT protein coding Within BMA Binding protein site PABPCT
L 7075951 7075951 - A intromic LARAT protein coding “Within BMA bBinding protein site PABPCT
1@ 2092621 2092621 } A intromic LAMAT protein coding \F.".':g;ngINE, HbArA Repressed State, within FRA binding protein site
} . . . ) Slightly congerved, within Bha binding protein =ite ELAVLL IGF2EFT,
2 FEE1E79 VBRI A intranic PTFRM protein coding P4EFC1. SLEP
1@ 7720712 770712 sl intromic FTPAM protein coding Within I_.INE . B4 binding p_rotem zite ELAVLY, IGF2BF1, PABPCT,
SLBP, slightly conserved position
} . . . ) Slightly conzerved position, within BMA binding protein sites ELAVL,
it 7795468 77954EE A introric PTFRR protein coding IGF2EP1. PABPCY, SLEP
] . . ! ' within HrdbA Tranzcription Elongation, within SINE | within B,
8 033453 7033453 B intramic LAkdAT praotein coding binding protein site PABPC
1% | 7ose075 | 7osE07s | - | & — LakAT mden g oo SIS RN el ErlEin sl FHE, men
homopolymer [A]ln
. . . . ' Within SIME , HrM Repressed State, within Bhla binding protein site
it 7108639 7108639 C intraric LAkdAT praotein coding PABPCY, near homopolymer (AJn
18 +108638 +{08E38 : A . LAMAT erieleln cadline Within SIME , HrM Repressed State, within BhA binding protein site

FABPCI, near homopolymer [Aln
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Table 2.1. List of 34 novel, shared, heterozygous variants of interest tested via Sanger
sequencing. Table containing the remaining 34 variants of interest from the previous analysis of
the Roche454 sequencing data of of patients MF1-3 (number on pedigree: 39) and MF1-5
(number on pedigree: 47). All variants were filtered to remove any variants that were not novel,
heterozygous, or shared between the two patients. Classification, Gene ID, and Biotype was
determined using Gencode v24. Rows shaded in grey denote variants for which primers could
not be designed, presumably due to overlapping repetitive sequences. White rows denote variants
that were successfully sequenced through Sanger sequencing. Within the “Overlapping genomic
annotations” column, bolded text relates to repetitive elements, and red text denotes known
SNPs. All sequenced variants were found to be false positives.
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2.3.2. Status of low coverage regions

Upon analysis of each patient’s coverage report, several regions of low coverage were
found, many of which were shared between both sequenced individuals (Table 2.2). Once these
coverage gaps were compared to the CCDS data, it was revealed that both patients lacked
sufficient coverage for the entire coding sequence of TMEMZ200C. To ensure that this had not
resulted in any missed variant calls, over-lapping primers were designed to allow for Sanger
sequencing of the region. Ultimately, it was found that there were no shared, heterozygous

mutations within this gene.

2.4. Conclusion

At this point in time the causative mutation for MD within our family is still unknown.
The remaining candidates have been shown to be false positives, or unable to be sequenced using
our current methods. The most likely obstacle for complete sequencing of the critical region is
the existence of multiple repetitive elements. Repetitive sequences, particularly homopolymer
strings, are prone to causing pyro-errors during sequencing. Not only were many of the validated
variants located within repetitive sequences, all seven of the variants for which primers could not
be designed were as well (as denoted in Table 2.1). For this reason, it can be assumed that these
seven variants were also false positives. Additionally, although the original parameters for
variant calls required they not overlap with known SNPs, when using the updated human
genome build and annotations, three of the validated variants now overlapped with known SNPs.

This also could have impacted variant call accuracy at these locations.
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Number of low coverage blocks

Patient 1 148
Patient 2 152
Shared 146

Table 2.2. Identification of low coverage blocks within sequenced patients. Roche454
sequencing data of the critical region for patients MF1-3 and MF1-5 was reanalysed to create
coverage reports using CLC Genomics Workbench (v9) and UCSC’s Genome Browser (Hg38).
The sequencing files were titled “Patient 1 and “Patient 2, and as such those will be the
identifiers in this table. The coverage report identified low coverage regions within known
coding genes, where low coverage was defined by a read depth of less than 10. Low coverage
data from each patient was compared to identify shared blocks of low coverage.
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Poor read depth was a potential reason for why the causative mutation had yet to be
found within the Roche454 sequencing data of the critical region. However, while it was
discovered that the initial sequencing had insufficiently covered the coding sequence of
TMEMZ200C, this gene is no longer of interest due to a lack of potential disease-causing variants
being identified upon Sanger sequencing. Although the focus has been on exons of coding genes,
the coverage data did reveal some shared intronic regions of low coverage. As non-coding RNAs
can often be located within intronic regions of coding genes, it may be of future interest to

sequence these low coverage introns within the critical region.
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Chapter 3: Generation of a CD108131 knockout using CRISPR-Cas9
3.1. Introduction

For several decades now, researchers have striven to develop efficient and precise
methods for genome editing, that is, the ability to alter the genetic sequence of DNA in a
controlled and predetermined manner. In the 1980s, targeted gene disruption experiments
conducted in yeast and mammalian cells aimed to integrate exogenous sequence into the
genome. These attempts yielded low and variable efficiency, as well as poor specificity
(Rothstein, 1983, Smithies et al, 1985, Thomas et al, 1986). The discovery that double-stranded
breaks (DSB) introduced at the target site resulted in a substantial increase in integration
frequency shifted the focus to meganucleases, which would induce DSBs at specific locations.
However, the chances of a meganuclease cut-site being available for a desired target were low,
and non-homologous end joining (NHEJ) was the predominant repair mechanism — a mechanism
known for its propensity to result in random indels at the cut-site (Rouet et al, 1994, Jeggo,
1998). This is in contrast to the more desirable homology directed repair (HDR), whereby the
DNA repairs using a homologue piece of DNA as the template, whether endogenous or

introduced.

In a continued attempt to improve specificity and accessibility of directed gene editing,
two new techniques emerged: zinc finger nucleases (ZFNs), and transcription activator-like
effector nucleases (TALENS). ZFNs are derived from zinc finger protein motifs which recognize
and bind to sequence-specific 3bp DNA sequences. Multiple zinc finger proteins can be
combined to increase DNA binding specificity to the target region. The distinct DNA cleavage
domain of the Fok | endonuclease, an enzyme that required homodimerization in order to cleave,

was chimerically fused to the zinc finger modules. By designing two separate ZFNs with
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proximal binding sites, Fok 1 is able to homodimerize and induce a DSB at the desired genomic
location (Bibikova et al, 2001). TALENs make use of bacterial transcription activator-like
effector (TALE) proteins, which recognise and bind DNA at single base-pairs, as opposed to the
three needed for ZFNs. Similar to ZFNs, TALENS involve the assembly of multiple TALESs to
create a specific target sequence, and the fusion of the Fok | DNA cleavage domain for

endonuclease activity (Li et al, 2011).

Concurrently, strides were being made to better understand and manipulate a newly
discovered aspect of certain bacterial immune responses: clustered regularly interspaced short
palindrome repeats (CRISPRs). CRISPRs were originally discovered as repetitive sequences of
25-50 nts, separated by spacers of about 30 nts (Bolotin et al, 2005). Although initially thought
to be unique sequences, it was soon revealed that the spacer sequences derived from pre-existing
DNA sequences — specifically, those of bacteriophages and conjugative plasmids (Mojica et al,
2005). Genes encoding for CRISPR-associated (Cas) endonucleases are found in operons
adjacent to CRISPR loci (Bolotin et al, 2005). Ultimately, three different CRISPR/Cas systems
were identified and shown to function as part of the adaptive immunity within bacteria and

archaea (Jinek et al, 2012).

One system in particular, type 11 CRISPR/Cas9, was found to have mechanisms that
could translate to programmable, directed gene editing. Endogenously, this immune mechanism
is executed in three phases: adaptation, expression, and interference. During the adaptation
phase, a Cas1/Cas2 complex will identify a protospacer adjacent motif (PAM), a sequence that
varies depending on the species of origin, within the invading DNA sequence. Upon
identification, it will cleave the foreign DNA and incorporate this fragment into the host CRISPR

loci as a spacer (Rath et al, 2015). The expression phase then commences with the transcription
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of the CRISPR locus containing the spacers, producing the primary CRISPR transcript (pre-
crRNA) (Rath et al, 2015). A complex of trans-activating crRNA (tracrRNA), Cas9, and RNase
I11 is then formed to process the pre-crRNA. The 3’ terminus of the resultant crRNA binds to the
5’ terminus of the tracrRNA, forming a secondary structure that complexes with Cas9. This
effector complex then binds to the PAM sequence and complementary DNA target, and induces
a DSB (Mohanraju et al, 2016). Cas9 is capable of cleaving both strands of foreign DNA as it

possesses domains homologous to both HNH- and RuvC-like endonucleases (Jinek et al, 2012).

Interestingly, chimeric RNAs consisting of the 3’ end of the crRNA fused to the 5’ end of
the tracrRNA were able to bind and direct Cas9 with similar efficiency to wildtype
crRNA:tracrRNA (Jinek et al, 2012). These chimeric RNAs were dubbed small guide RNAs
(sgRNAs) and provided an alternative programmable genome-editing tool. Where ZFNs and
TALENSs worked via protein-guided DNA cleavage, CRISPR/Cas9 allowed for cleavage guided
by small RNAs. Through the use of sgRNAs and CRISPR/Cas9, any sequence can be targeting
so long as a PAM sequence is located directly upstream. The most commonly appropriated
CRISPR/Cas9 system is that of S. pyogenes, in which the PAM sequence is NGG (where “N”
can be any nucleotide) (Jinek et al, 2012). In the absence of a PAM sequence even fully
complementary sequences will not be recognised by Cas9, however these NGG PAM sites are
located approximately every 8 nts, and as such do not pose a major design limitation (Doudna
and Charpentier, 2014, Zhang et al, 2014). The guiding sequence of the sgRNA can then be
engineered to consist of approximately 20 nts complimentary to the target sequence, resulting in
a DSB. One major advantage of CIRSPR/Cas9 is that it is relatively easy to design and produce
multiple sgRNAs, therefore allowing for the simultaneous induction of multiple independent

genomic modifications (Zhang et al, 2014). The biggest challenge facing CRISPR/Cas9 is the
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propensity for off-target mutations to occur. While the sgRNAs with direct cleavage to the target
sequence, large genomes are known to have multiple DNA sequences that match identically or
very closely to that of the target (Zhang et al, 2014). SQRNA design tools have been made to
help minimise the chance of off-target effects. Nonetheless, CRISPR/Cas9 editing efficiency
have been shown to be as high or higher than that of ZFNs or TALENSs (Doudna and

Charpentier, 2014).

3.2. Materials and Methods

3.2.1 CRISPR-Cas9 CD108131 knockout design

In order to determine what effect a lack of CD108131 might have on SGCE, it was first
necessary to develop a CD108131 knockout (CD108131-KO) cell line. The most straight-
forward applications of CRISPR/Cas9 involve disrupting promoter regions, transcription start
sites (TSS), or the known active domains of a gene. The easiest way to do so is by inducing a
DSB, and allowing for a random mutation to occur via NHEJ. Alternatively, a repair template
containing a specific mutation flanked my homologous sequence can be transfected into the cell
along with the CRISPR/Cas9 machinery. When repair occurs via HDR, this known mutation will
be incorporated into the target region. However, since the regulatory and active regions of
IncRNASs remain largely unknown, a small-scale disruption would be unlikely to affect the
function of the transcript. Therefore, to create a CD108131 knockout, CRISPR/Cas9 was used to
delete the entirety of the known CD108131 gene sequence (Fig. 3.1). To facilitate the excision of
the whole gene, two DSBs were induced, one upstream and one downstream of CD108131. The
SsgRNAs were designed using two different design tools, DNA2.0 and CHOPCHOP, using input
sequences consisting of 250bp upstream or downstream of CD108131, depending on the target

site. This assured a long enough stretch of sequence to find the necessary PAM sites, as well as
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863bp

...cm&' ol IEATG...

Editing via HDR

..CTGAATGATG...
I

Figure 3.1. Experimental design for CRISPR/Cas9 knockout of CD108131. CD108131,
denoted as the grey rectangle, is 863bp in length. To excise the entire gene, input sequences of
250bp upstream or downstream of CD108131, shown in red, were input into SgRNA design
software. SQRNA cutsites are represented by the break in the red sequence, and are not to scale.
Through HDR, CD108131 would be removed from the genome, and the gBlock homology
amplicon would be inserted. Successful gBlock insertion would return sequencing results of
“...CTGAATGATG...” at the former location of the CD108131 gene.
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appropriate target, without interfering with other known gene elements. An upstream and
downstream sgRNA were designed using each design tool (Table 3.1). Additionally, to guide
HDR, a template comprised of upstream and downstream homology arms was designed and
ordered through Integrated DNA Technologies (IDT). While originally aiming for approximately
800bp of homology in either direction, this was not supported by IDT due to complexity issues
such as repetitive sequences, hairpin structure formation, or a GC content of over 65%. To
conform to IDT design parameters, the synthetic gBlock amplicon was made of 950bp upstream
of the CD108131 gene directly leading into the 450bp downstream of the gene. The gBlock was

requested to be phosphorylated to facilitate ligation.

3.2.2 sgRNA vector generation

The PX458 plasmid designed by the Zhang lab and acquired through Addgene, was the
backbone used to generate the SJRNA vectors. This ampicillin-resistant, GFP-expressing
plasmid contains both the Cas9 gene as well as a sgRNA scaffold. For each sgRNA, the
digestion-ligation protocol outlined by Ran et al. (2013) was performed using the Bbsl restriction
enzyme and the forward and reverse oligos at a concentration of 33nM. Plasmids were
transformed into DHSa E. coli bacterial cells, and plated onto ampicillin agar plates. After
incubating overnight at 37°C, colonies were picked and grown in liquid Lysogeny broth (LB)
with 1:1000 ampicillin overnight in a 37°C shaker. Each of the picked colonies was also streaked
onto one square of an ampicillin agar grid plate, which was then incubated overnight at 37°C.
DNA was subsequently extracted from the bacterial cultures using the QlAprep Spin Miniprep
Kit (Qiagen) and digested using Bbsl and Psil restriction endonucleases. Following digestion,

DNA was separated by size via agarose gel electrophoresis to determine banding pattern.
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Design tool Cut location sgRNA oligos
Upstream of SgRNA1_a: CACCGGTAATGTAAGAGGAAGGTCA

CHOPCHOP | CD108131 sgRNAL1 b: AAACTGACCTTCCTCTTACATTACC
Downstream of SgRNA3_a: CACCGGGAATGCTCTTTAGGAAGCG
CD108131 SgRNA3 b: AAACCGCTTCCTAAAGTGCATTCCC
Upstream of SgRNA2_a: CACCGCATTGTATTGGCACTGATTG

DNA2.0 CD108131 SgRNA2 b: AAACCAATCAGTGCCAATACAATGCG

Downstream of SgRNA4_a: CACCGCCCCAGCATCGACACTTTTT
CD108131 sgRNA4 b: AAACAAAAAGTGTCGATGCTGGGC

Table 3.1. SQRNA sequences designed using CHOPCHOP and DNA2.0 design software. For
SgRNAs designed to cut upstream of the CD108131 gene, the 250bp immediate upstream of the
CD108131 gene sequence were input into the software. Similarly, for sgRNAs designed to cut
downstream of CD108131, the 250bp immediately downstream from the gene were used.

Default parameters were used for both design tools. Oligo sequences were ordered as listed, from

IDT.
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Insertion of the sgRNA oligo disrupts the Bbsl cutsite, and as such plasmids with an insert
would only be cut by Psil. Therefore, plasmids with an insert would display as a single band,
while those without would display as two bands. All plasmids demonstrating presence of an
insert were sequenced using a U6 primer. Sequencing data were reviewed using Geneious
software to determine correct insertion of the sgRNA oligos. When a plasmid was found to have
the correct insertion, bacteria from the corresponding square of the grid plate was used to grow
up a large liquid culture. DNA was then extracted from this culture using the Plasmid Maxi Kit

(Qiagen) and concentration was determined via nanodrop.

3.2.3 Repair template vector generation

A standard ampicillin-resistant cloning vector, pBluescript 11 SK+, was digested with an
EcoRl restriction enzyme and then ligated with the gBlock amplicon. The ligation reaction was
performed through a short 3-minute incubation at 42°C to denature any looping present that may
interfere, followed by overnight incubation at 16°C. Plasmids were transformed into Stbl3 E. coli
bacterial cells, and plated onto ampicillin agar plates. After incubating for approximately 18
hours at 30°C, colonies were picked and grown in liquid LB with 1:1000 ampicillin for 18 hours
in a 30°C shaker. A grid plate of all picked colonies was created and incubated for 18 hours at
30°C. DNA was subsequently extracted from the bacterial cultures using the QIAprep Spin
Miniprep Kit (Qiagen) and digested using the EcoRI and Hindlll enzymes, before being run on a
DNA electrophoresis agarose gel. Plasmids that displaying both the 3 kb band of the vector, as
well as the 1.4 kb band of the gBlock insert, were sequencing using T7 and T3 primers.
Sequencing data were reviewed using Geneious software to determine correct insertion of the

gBlock amplicon. Large liquid cultures of those plasmids found to have the correct insertion
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were grown from the grid plate streaks, and DNA was extracted using the Plasmid Maxi Kit

(Quagen). DNA concentration was determined via nanodrop.

3.2.4 Cell culture and maintenance

HEK?293 cells were obtained from liquid nitrogen storage and thawed in a 37°C water
bath. Once thawed, cultures were transferred to 15mL conical tube and centrifuged at 1500 rpm
for 2 minutes at 4°C. Freezing media was then aspirated, and the cell pellet was resuspended in
2mL of Dulbecco’s Modified Eagle’s Medium (DMEM), supplemented with 10% fetal bovine
serum (FBS), 1% L-glutamine, 1% non-essential amino acids (NEAA), and 1%
penicillin/streptomycin. The resuspended cell mixture was added to a 10cm culture plate
containing 8mL of DMEM (10% FBS, 1% L-glutamine, 1% NEAA, and 1%
penicillin/streptomycin), and incubated at 37°C and 5% CO>. Cells were monitored every 2 days,
and given 10mL of fresh culture medium when the pH of the current medium dropped (as
indicated by a colour change from pink to orange). Whenever cell confluency reached 80-90%,
culture media was aspirated and the cells were washed with approximately 3mL of phosphate-
buffered saline (PBS) (warmed to 37°C). After aspirating the PBS, 2mL of 37°C trypsin was
applied to the cells and left to incubate at 37°C in a 5% CO2 environment for 5 minutes.
Trypsinization allows for the breakdown of the cell surface proteins that adhere the cells to the
culture dish. Three mL of culture medium were added to the trypsin-cell mixture in the plate, and
pipetted up and down gently to dislodge any cells remaining adhered to the dish. The entire
~5mL mixture was then transferred to a 15mL conical tube and centrifuged at 1500 rpm for 4
minutes at 4°C. The liquid was then aspirated, and the cell pellet was resuspended in 3mL of
culture medium. 0.5mL of the resuspended cells were then added to each well of a 6-well culture

plate, already containing 2.5mL of culture medium.
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Additionally, a human neuroblastoma cell line (SH-SY5Y) was acquired from the
American Type Culture Collection (ATCC) via Cederlane Corporation. The cell culture and
maintenance process for this cell line was identical to that of the HEK293 cells, except that the
DMEM was supplemented with 20% FBS, as well as 1% L-glutamine, 1% NEAA, and 1%

penicillin/streptomycin.

3.2.5 Transfection of constructs into mammalian cells

To execute the CD108131-KO experimental design, cells would need to express a vector
containing the upstream sgRNA machinery, a vector containing the downstream sgRNA
machinery, and the vector containing the gBlock repair template. To test all combinations of
SgRNA, four experimental conditions were needed, as well as a control condition (Table 3.2).
Once a 6-well cell culture plate of each cell type (HEK293 and SH-SY5Y) had reached 85%
confluency, media was aspirated and each well of cells was washed with 1.5mL of 37°C PBS.
One mL of trypsin was added to each well, and cells were incubated at 37°C and 5% CO until
90% of the cells had detached. While cells were being treated with trypsin, the DNA to be
inserted was aliquoted into 5 separate 1.5mL tubes corresponding with each of the 5 conditions.
Each well represented one of the experimental conditions, and cells received 0.5ug of an
upstream sgRNA plasmid, 0.5ug of a downstream sgRNA plasmid, as well as 1ug of the gBlock
plasmid. After the cells had detached from the surface of the plate, the reaction was neutralised
using the culture medium appropriate for the cell type (as described in section 3.2.4). Cells were
centrifuged at 90 x g for 10 minutes at room temperature, and the liquid was aspirated. The cell
pellets were resuspended in 100ul of 4D-Nucleofector solution (Lonza Bioscience), and the
prepared DNA was added. The cell and DNA mixture was transferred to a Nucleocuvette Vessel

(Lonza Bioscience), and tapped gently to ensure contents had mixed. After placing the cuvettes
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Experimental Upstream sgRNA Downstream sgRNA Contains gBlock
condition vector vector vector?
1 sgRNA1 SgRNA3 Yes
2 SgRNA1 SgRNA4 Yes
3 SgRNA2 SgRNA3 Yes
4 SgRNAZ2 SgRNA4 Yes
Control Empty PX458 Empty PX458 Yes

Table 3.2. SQRNA combinations that comprise the 4 experimental conditions used to
generate CRISPR/Cas9 CD108131 knockouts. Each experimental condition consisted of one
vector containing an sgRNA to cut upstream of CD108131, one vector containing an sgRNA to
cut downstream of CD108131, and the gBlock vector. The control had the empty PX458 vector
in pace of the sgRNA-containing vectors.
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inside the 4D-Nucleofector X Unit (Lonza Bioscience), programme CA-137 was run for SH-
SY5Y samples, and programme CA-130 was run for HEK293 samples. When the procedure was
complete, the cuvettes were removed from the machine and incubated for 10 minutes at room
temperature. Cells were mixed with 500ul of the appropriate culture medium, and pipette up and

down gently before being plated into a new 6-well cell culture plate.

3.2.6  Fluorescence activated cell sorting

Two days after the cells underwent electroporation, they were analysed via fluorescence
activated cell sorting (FACS). To prepare the cells for analysis, media was aspirated and the cells
were treated with trypsin for 5 minutes at 37°C and 5% CO,. After neutralising the reaction with
the appropriate culture medium, cells were centrifuged at 1500rpm for 4 minutes at 4°C. Cell
pellets were then resuspended in 300ul of PBS with 0.5% BSA. It is important for cells to be in
single-cell suspension for FACS, so the cells were resuspended using a P1000 pipette and then
filtered through a 40um cell strainer. Resuspended cells were brought to the Flow Cytometry &
Virometry Core Facility at the University of Ottawa to be sorted using the MoFlo Astrios Sorter.
GFP-positive cells were sorted on a single cell basis into individual wells of 96-well cell culture
plates. All wells for all plates, regardless of cell type, were filled with DMEM supplemented
with 20% FBS, 1% L-glutamine, 1% NEAA, and 1% penicillin/streptomycin. The additional
FBS was provided to both cell types to assist with recovery. For experimental conditions 1-4,
two full 96-well plates were sorted per condition. A single 96-well plate was sorted for the
control condition. All plates were briefly centrifuged to facilitate cells binding to the surface of

the plate.
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3.2.7 Monoclonal cell culture and expansion

After cell sorting, it typically takes 7-10 days for the monoclonal cultures to recover and
start proliferating. As individual cultures began to grow, whenever they reached full confluency,
they would be treated with trypsin and passed to larger cell culture plates in the following order:
12-well plate, 6-well plate, 10cm dish. During the expansion process, all cells continued to
receive DMEM supplemented with 20% FBS, 1% L-glutamine, 1% NEAA, and 1%

penicillin/streptomycin.
3.2.8 Genotyping and sequencing

Once a monoclonal cell culture had been expanded to a confluent 12-well plate, cells
were treated with trypsin and the volume of liquid cell culture was divided equally into two
conical tubes. Both tubes were pelleted via centrifugation at 1500 rpm for 4 minutes at 4°C. One
cell pellet was resuspended and plated back into the original 12-well plate to continue expanding,
and the other was used for DNA extraction using the Blood & Cell Culture DNA Mini Kit
(Qiagen). Due to the lack of a known CD10131-negative control, PCR was performed on DNA
from all clonal expansions to test for presence of wildtype CD108131, using the following

primers:

Forward primer: 5 — TTCTTTTCTTGAAAGTTGTTTATTCTG -3’

Reverse primer: 5 — GGTGAAACTCAGGCTGAATGA - 3°

PCR products were separated by agarose gel electrophoresis. A product containing the wildtype
CD108131 gene would have a band of 973bp, while a product with a CD108131 deletion would
have a band of 110bp. Any cultures that amplified wildtype CD108131 were discarded. Since the

110bp band was very small compared to the 973bp, it was prone to running off of the gel or
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having poor resolution. New primers were designed to amplify the crossover region between the

two homology arms:

Forward primer: 5° - TACACGTGTGTTAGGGCACC - 3’

Reverse primer: 5 — AAAGTGTCGATGCTGGGGTT -3’

PCR products were again separated by agarose gel electrophoresis, with sizes of 1438bp
indicating wildtype, and 575bp indicating a deletion. Clones that genotyped as having a deletion

were Sanger sequenced, and the sequencing data was reviewed using Geneious software.
3.3. Results and Discussion
3.3.1. CRISPR-Cas9 constructs contained correct sequences

For each of the 4 sgRNA vectors, a separate vial of DH5a cells with transfected and
plated onto individual ampicillin agar plates. The cells transfected with the sgRNA1 vector grew
21 colonies, 5 of which were set up for liquid culture growth. After DNA extraction and
digestion with restriction enzymes, 2 colonies displayed banding patterns consistent with
sgRNAL oligo insertion. Both samples were Sanger sequence verified. For sgRNAZ2, 12 colonies
grew and again 5 were selected, all of which showed the appropriate banding pattern. Of these 5
samples, 4 were sequence verified. SQRNA3 vector transfection resulted in a growth of 16
colonies, of the 5 selected 4 showed the correct banding pattern. Interestingly, the sequencing
results revealed that 3 of the samples had the same single nucleotide variation, where the A at
position 13 had become a T. The remaining sample had the correct sequence. Finally, sgRNA4
transfection resulted in 25 colonies. Of the 5 colonies picked, 2 demonstrated the banding pattern

for potential insertion, and both sequences were verified.
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After transfecting the Stbl3 cells with the gBlock vector, 86 distinct colonies grew on the
ampicillin agar plate. Of these colonies, 10 were selected and set up for liquid culture growth,
and subsequent DNA extraction and restriction enzyme digestion. 6 colonies displayed a banding
pattern indicative of gBlock insertion. After sequencing, 4 of the samples had the gBlock

inserted in the reverse orientation, and 2 samples had correct insertion.

3.3.2. SH-SY5Y cells did not survive monoclonal cell sorting

The desired cell line for the CD108131 knockout was the human neuroblastoma-derived
cell line, SH-SY5Y. The reason for this being that MD is a neurological disorder, and
preliminary demonstrated a potential link between CD108131 and the known MD-related gene,
SGCE. Both the SH-SY5Y and HEK293 cells were growing at a comparable rate prior to
electroporation, and recovered from electroporation within a similar time frame. As such, by the
time the cells underwent FACS, both cell lines were healthy and proliferating. However, after the
single-cell sorting stage, the SH-SY5Y cells did not proliferate. This had been a concern, as SH-
SY5Y cells are known to grow poorly in the absence of cell-to-cell interaction (Kovalevich and
Langford, 2013). Unfortunately, the monoclonal cultures never grew, and eventually suffered
contamination. The HEK293 cells grew slowly, and it took 3 weeks before any of the clones
were noticeably proliferating. All clones remained healthy throughout the entire expansion
process. Although not of neuronal origin, HEK293 cells have been shown to express neuronal-
specific genes, and as such have been used previously for neuroscientific studies (Shaw et al,
2002). During embryogenesis, the structure that will become the adrenal gland is situated
adjacent to that of the kidney, and gene expression signatures for HEK293 cells more closely

align with those of the adrenal gland than the kidney. For this reason, the reigning hypothesis is
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that HEK293 most likely originate from the adrenal precursor structure (Shaw et al, 2002, Lin et

al, 2014).

3.3.3. Identification of heterozygous and homozygous CD108131 knockouts

Through genotype screening, two clones displayed the correct size of band to suggest a
full CD108131 deletion. Sanger sequencing was able to verify these clones as mutants: one
(HOM) had the full CD108131 deletion, the other (HOM*8) had the full CD108131 deletion as
well as an 8bp deletion 230bp downstream in a region of DNA with no assigned function (Fig.

3.2 and Fig. 3.3).

In an attempt to obtain a third biological replicate, the CRISPR/Cas9 experiment was
replicated, again in HEK293 cells. For this second experiment, only conditions 1 and 3 were
repeated, as they were the ones that had yielded knockout results previously. Genotype screening
did not reveal any potential homozygous CD108131-KO clones, but did identify a clone with
banding that suggested a potential heterozygous clone (1:1 intensity ratio of both the wildtype
and knockout band sizes). Sequencing results confirmed this clone to be a heterozygous
CD108131-KO (HET) (Fig. 3.4). As MD is an autosomal dominant disease, and therefore
patients are heterozygous for any mutations, having a heterozygous clone could provide useful

information and comparison.

The control condition clones were expanded and genotyped. All clones genotyped as

wildtype, as anticipated.

3.3.4. Examining efficiency of experiment

For all 4 experimental conditions, 192 GFP-positive cells were sorted in a monoclonal

fashion. The majority of these never proliferated to the point of expansion, and of those that did
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Figure 3.2. Sequencing results demonstrating the complete knockout of CD108131 in
mutant HOM. Sequencing data from clonal CRISPR-Cas9 CD108131-KO mutant HOM

aligned to template homology sequence. Area outlined by red box, and further demarcated by the
green triangle, is the region of cross over between the up- and downstream homology sequences.
The sequence of this mutant remains an exact match at this region, so we can conclude that it is a

true knockout. Additionally, the single peaks of all the nucleotide calls indicate that this is a
homozygous deletion.
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Figure 3.3. Sequencing results demonstrating the complete knockout of CD108131 in
mutant HOM*8. Sequencing data from clonal CRISPR-Cas9 CD108131-KO mutant HOM*8
aligned to template homology sequence. Area outlined by red box, and further demarcated by the
green triangle, is the region of cross over between the up- and downstream homology sequences.
The sequence of this mutant remains an exact match at this region, so we can conclude that it is a
true knockout. The region outlined by the purple box is an 8bp deletion that was unexpected, but
allows for two distinct mutant clones to be analysed. Additionally, the single peaks of all the
nucleotide calls indicate that this is a homozygous deletion at both sites.
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Figure 3.4. Sequencing results demonstrating the heterozygous knockout of CD108131 in
mutant HET. Sequencing data from clonal CRISPR-Cas9 CD108131-KO mutant HET aligned
to the template homology sequence. Area outlined by red box, and further demarcated by the
green triangle, is the region of cross over between the up- and downstream homology sequences.
The double-peaks demonstrate the heterozygous state of this clone. It can be seen that for one
strand the downstream homology sequence matches exactly, before switching to double-peaks at
the deletion site; while in the other strand the upstream homology sequence matches exactly,
before again switching to double-peaks at the deletion site.
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only 2 generated the intended homozygous deletion (Table 3.3). As HDR efficiencies of less than
20% are considered low, the observed efficiency of generating a complete CD108131 knockout

being 0-5.88% is a poor rate (Guo et al, 2018).

Several methods have been reported to assist in increasing the efficiency of CRISPR/Cas9 gene
editing via HDR. Recently, it has been reported that so called “cold-shocking” cells through a
24-48 hour incubation at 32°C post-transfection can improve the rate of HDR in CRISPR/Cas9
edited cells by up to ten-fold (Guo et al, 2018). A three-fold increase in HDR efficiency was
noted in electroporated cells that were co-transfected with RS-1, a small molecule shown to
stabilise the association between RAD51 and DNA. RAD51 is a nucleofilament-forming protein
that plays a role in the identification of homology and subsequent strand invasion (Pinder,
Salsman and Dellaire, 2015). Additionally, new advances in electroporation technology can also
prove beneficial for HDR efficiency. A new tube designed to replace traditional cuvettes has
been developed, consisting of two small surface electrodes at the top and bottom. The cell
mixture fills the entire tube, therefore eliminating the curved surface meniscus, and minimising
air bubble generation. Using this method, an HDR rate of 42.1% was achieved in induced

pluripotent stem cells (Xu et al, 2018).

3.4. Conclusions

Although efficiency of HDR was low, three CD108131 knockout clones were generated
by inducing two DSB at target sites situated up- and downstream of the target gene. These clones
were created in HEK293 cells, which have been shown to have neuronal gene expression
profiles. Two of the clones sequence verified as homozygous CD108131 deletions, while the
other was found to be a heterozygous deletion. All three clones will be maintained for future

experiments.
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Experimental Number of Number of clones Number of clones % HDR
condition cells sorted genotyped sequenced efficiency
1 192 17 1 5.88
2 192 11 0 0
3 192 21 1 4.76
4 192 19 0 0

Table 3.3. Examination of the efficiency of HDR deletion of CD108131 in CRISPR/Cas9
experimental conditions. FACS was conducted on each experimental condition, resulting in
192 single cell clones per condition. All monoclonal cultures that survived and proliferated were
expanded and genotyped. Any clones that demonstrated a banding pattern indicative of
CD108131 deletion were Sanger sequenced. Condition # and # each resulted in one successful
homozygous CD108131 deletion. Data in the table is from the original experiment only, and
does not include data from the experiment resulting in the identification of the clone with the
heterozygous CD108131 deletion.

53




Chapter 4: The effect on SGCE, ZBTB14, ARHGAP28, and RPPH1 expression, due to the
loss of CD108131.

4.1. Introduction

The gene responsible for the majority of MD cases is SGCE (Ritz et al, 2011). Our
preliminary data, using both the CD108131 variant as well as the CD108131 knockdown,
suggested a regulatory effect of CD108131 on SGCE transcription and translation. To further
examine this relationship, I quantified SGCE transcript levels in the context of a CRISPR/Cas9-

derived cellular CD108131 knockout.

The nearest coding gene to CD108131, separated by 725 bp, is the zinc-finger protein,
ZBTB14. Little is known about the role of this gene in humans, however its amino acid sequence
IS 99% identical to that of the mouse homologue, ZF5. Within mice, ZF5 is known to act as a
transcriptional repressor of the regulatory oncogene, c-myc, and thymidine kinase (Sugiura et al,
1997). Preliminary data demonstrated that possession of the 3bp duplication within CD108131
had no effect on ZBTB14 expression, although that variant was shown not to be disease-causing.
Since ZBTB14 is located within the MD critical region, and its proximity to CD108131 would
make it a likely regulatory target, gene expression was worth re-examining with the new

CD108131-KO model.

Another gene within the critical region, 1.6Mb from CD108131, is the Rho GTPase-
activating protein ARHGAP28. While not impossible, the distance between the two genes makes
ARHGAP?28 a less likely regulatory target for CD108131. As one of the farthest genes from
CD108131 while still remaining within the critical region, it is expected to act as a control. For a
traditional housekeeping gene, expression of RPPHL1, the gene encoding for a component H1 of

human RNase P ribonucleic protein, was analysed.
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4.2. Materials and Methods

4.2.1. Cell culture

After the monoclonal expansion detailed in section 3.2.7 of Chapter 3, cells continued to
be maintained using the recovery culture medium (DMEM supplemented with 20% FBS, 1% L-

glutamine, 1% NEAA, and 1% penicillin/streptomycin) and passed at 80-90% confluency.

For each of the four conditions (HOM, HOM*8, HET, and Control), a confluent 20cm
plate was first passed 1:3 to three new 10cm plates. This created three biological replicates for
each condition. Further passages were conducted until each biological replicate had expanded to
18 10cm plates. Of these plates, three were frozen down in a culture medium with 10% dimethyl

sulfoxide (DMSO). The remaining 15 plates were used for RNA extraction.

The HEK?293 cells that had been transfected with pcDNA3.1 containing the antisense
transcript of CD108131, used as a knockdown model in one of the preliminary experiments,
were retrieved from -80°C and thawed in a 37°C water bath. These cells were also expanded in
the manner detailed above for use as a comparison condition. This condition was referred to as

over-expression of reverse strand, or OER.

4.2.2. RNA extraction, clean-up, and cDNA synthesis

RNA was extracted from each confluent 10cm culture dish using TRIzol Reagent
(ThermoFischer). Cells were first rinsed twice with approximately 2mL of cold PBS. Following
this wash, 1mL of TRIzol was added directly to the culture dish, and cells were scraped using a
rubber cell scraper. The lysed cells were pipetted up and down using a P1000 pipette until the
mixture homogenised. As the TRIzol reagent is translucent pink, and the clumps of lysed cells

appear opaque white, pipetting continued until the mixture was uniformly opaque pink. In lieu of
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the traditional chloroform treatment used for phase separation, the Direct-zol Miniprep Plus kit
(Zymo Research) was used. Not only does this kit circumvent the need for chloroform-based
phase separation, but it is also designed to better capture small RNAs. The Direct-zol procedure
was conducted using the protocol provided by the manufacturer. In short, an equal volume of
ethanol was added to the TRIzol lysed cell mixture, before being transferred to a spin column
and centrifuged at 14000 x g for 30 seconds. After a pre-wash and wash step, RNA was eluted
from the column using 50uL of nuclease-free water. The optional in-column DNase | treatment
was skipped in favour of performing a separate treatment post-RNA extraction, using the DNA-
free DNA Removal Kit (ThermoFischer). DNase | and buffer were added to the eluted RNA, and
incubated at 37°C for 30 minutes. The inactivation reagent was then added and mixed for 2
minutes, before being pelleted via centrifugation. The supernatant, containing the DNase I-

treated RNA, was collected and transferred to a fresh RNase-free tube.

At this point, 15 tubes of RNA had been extracted for each biological replicate of each
condition. The 15 tubes were pooled together, generating one tube of extracted and DNase |-
treated RNA per biological replicated. After pooling, general concentration of RNA present was

determined using a Nanodrop spectrophotometer.

The treated RNA then underwent first-strand cDNA synthesis using the iScript cDNA
Synthesis Kit (Bio-Rad). Reverse transcriptase, reaction mix, nuclease-free water, and 1ug of
RNA were added to a 0.5mL tube and placed in the thermocycler using the following conditions:
5 minutes at 25°C, 20 minutes at 46°C, 1 minute at 95°C, hold at 4°C. The resulting cDNA

samples were stored at 4°C. Remaining RNA samples were stored at -80°C.
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4.2.3. Primer design

For each gene of interest, primers were designed to span exon-exon junctions, when
applicable. This ensured that the PCR primers amplify mature RNA transcripts, as both genomic
DNA and preRNA retain intronic sequences. All primers were designed using NCBI’s Primer-
BLAST tool. Primer-BLAST retrieved primers using the standard parameters, with the following
changes: amplicon size was set to a maximum of 200 nts, maximum primer length was increased
to 28 nts, SNP handling was set to not design primers over known SNPs, and the repeat filter was

set to “Human”.

The primers for ZBTB14 amplified a region spanning exon 4 and 5. The designed primer

pair was as follows:

Forward primer: 5° — TGGTTTCAGACATACTGATGAAAAA -3’

Reverse primer: 5 — AAGATTTTGGCGTTCAAGGCA -3’

To amplify ARHGAP28, the following primer pair was designed spanning exons 8 and 9:

Forward primer: 5° — CCGCCATCTCTCTCTGATTGA -3’

Reverse primer: 5" — AGTGGAACTCCAAAAATCCCA -3’

The forward primer for the amplification of SGCE is within exon 3, while the reverse

primer spans the junction of exons 4 and 5:

Forward primer: 5° - TGTGGGGAAGCCAACAATCA -3’

Reverse primer: 5 — TGGCAACGGGAAGTCTTCTG -3’

RPPHL1 is a single exon gene, therefore primers were limited to within this exon, and

could not be designed to span a junction:
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Forward primer: 5 — GCGGACGGAAGCTCATCAG -3’

Reverse primer: 5 — TCAGACCTTCCCAAGGGACAT -3’

Additionally, primers were created to amplify B-actin (ACTB), as a housekeeping gene
for which the genes of interest will be compared. Primers were designed to the junction of exons

3 and 4:

Forward primer: 5° - CATGTACGTTGCTATCCAGGC -3’

Reverse primer: 5 —= CTCCTTAATGTCACGCACGAT -3’

4.2.4. Quantitative Real-Time PCR and

All Quantitative Real-Time PCR (qRT-PCR) experiments were performed using SsoFast
EvaGreen Supermix (Bio-Rad). For each reaction, 10uL of SsoFast EvaGreen supermix was
added, in addition to 1uL of the forward primer, 1uL of the reverse primer, 6uL of nuclease-free
water, and 2uL of the cDNA sample. For every run, reactions were set up in 96-well plates
where each biological replicate was tested in triplicate for both the gene of interest and ACTB.
Plates were centrifuged briefly to ensure that all added components were at the base of the well,
and then placed into the MasterCycler Ep RealPlex (Eppendorf) thermocycler. The gRT-PCR
was run according to the following protocol: 95°C for 2 minutes; 40 cycles of 95°C for 5 seconds
and 58°C for 20 seconds; and then a continuous increase from 65-95°C in 0.5°C increments.
Experiments were replicated two to four times.

4.2.5. Data analysis

Gene expression data was consolidated across all replications of the experiment. Then,
the expression for each gene of interest was compared to each sample’s B-actin expression, using

the AACT method of analysis. Firstly, the CT value of B-actin is subtracted from the CT value of
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the gene of interest, and ACT is calculated by raising 2 to the power of this value. The ACT
expression for each technical replicate is then averaged for each biological replicate. The average
ACT of each replicate is then divided by that of the biological replicate within the control group
that most represents the mean, generating AACT expression values. The AACT expression of
each biological replicate is averaged for each condition. Thus, this method allows for the
detection of changes in expression of the gene of interest relative to f-actin and normalised to the
control group. One-way analysis of variance (ANOVA) tests with Tukey’s post-hoc analysis was
conducted for each gene of interest, providing measures of variance between all conditions in the
form of p-values. Standard deviation was also measured based on the AACT values. For data
visualisation purposes, when the average AACT of the control group was not 1, all AACT values
for all conditions were scaled by an integer that would bring the control group value to 1.

4.3. Results

4.3.1. Lack of CD108131 significantly reduces SGCE expression

The qRT-PCR data for SGCE expression relative to that of ACTB, normalised to the
control, indicate that the lack of CD108131 significantly reduces SGCE transcription levels (Fig.
4.1). Across all knockout and knockdown conditions, SGCE expression was reduced by 47-76%.
Interestingly, while there was no significant difference between the HOM*8, HET, and OER
conditions, the HOM condition differed from the other three. HOM was also the condition that
experienced the most variation between biological replicates, resulting in a standard deviation

equating to just over 10%.
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Figure 4.1. AACT analysis of SGCE in CD108131 knockout and knockdown conditions
compared to control. Results of qRT-PCR analysis quantifying levels of SGCE expression
relative to B-actin, normalised against the control. HOM*8, HOM, and HET represent,
respectively: the homozygous CD108131-KO clone with the additional 8bp deletion, the
additional homozygous CD108131-KO clone, and the heterozygous CD108131-KO clone. OER
(over-expression reverse) represents the knockdown condition cells, which are over-expressing
the antisense transcript of CD108131. Control cells (CTRL) were transfected with empty
CRISPR/Cas9 vectors. All samples are an average of 3 biological replicates. Error bars represent
the standard deviation between biological replicates of each condition. Statistical significance
was determined using a one-way ANOVA between all conditions, with Tukey’s post-hoc
analysis. Asterix denote the following p-values: 0.01-0.05 = *, 0.001-0.01 = **, 0.001-0.0001 =
***’ <00001 = ****.
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4.3.2. Lack of CD108131 potentially reduces ZBTB14 expression

Unlike the observed reduction to SGCE expression, ZBTB14 expression was only
significantly reduced in two of the four conditions: HOM*8 and HET (Fig. 4.2). However, the
general trend for all conditions was towards lowered expression, with ZBTB14 transcript levels
being reduced by 32-71%. Due to the high standard deviation of the control group, the
potentially expression changes noted in the HOM and OER conditions could jeopardise the
detection of a significant difference. Throughout each replication of the experiment, the variation

remained high within the control group.
4.3.3. Lack of CD108131 unlikely to affect ARHGAP28

The expression data for ARHGAP28 garnered unexpected results. While none of the
knockdown or knockout conditions had significantly reduced expression compared to the
control, HOM*8 visually trended towards such a reduction (Fig. 4.3). Additionally, HOM*8 was
significantly reduced compared to both the HET and OER conditions. The HOM and OER
conditions presented with an increase in ARHGAP28 expression. Standard deviation was very
high for both the HOM and HET conditions, making statistical significance difficult to attain.
The general trend seems to suggest that, for the majority of the conditions lacking CD108131, no

major effects on ARHGAP28 expression occurred.
4.3.4. Lack of CD108131 does not significantly alter RPPH1 expression

Since RPPH1 was intended as a housekeeping gene, the anticipated qRT-PCR data would
not be expected to show alterations to its expression amongst the experimental conditions. The

data did not show any significant increase or reduction of RPPH1 expression, nor any obvious
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Figure 4.2. AACT analysis of ZBTB14 in CD108131 knockout and knockdown conditions
compared to control. Results of qRT-PCR analysis quantifying levels of ZBTB14 expression
relative to B-actin, normalised against the control. HOM*8, HOM, HET, OER, and CTRL
represent, respectively: the homozygous CD108131-KO clone with the additional 8bp deletion,
the additional homozygous CD108131-KO clone, the heterozygous CD108131-KO clone, the
cells over-expressing the antisense transcript of CD108131, and the control. All samples are an
average of 3 biological replicates. Error bars represent the standard deviation between biological
replicates of each condition. Statistical significance was determined using a one-way ANOVA
between all conditions, with Tukey’s post-hoc analysis. Asterix denote the following p-values:
0.01-0.05 = *, 0.001-0.01 = **,0.001-0.0001 = *** <0.0001 = ****
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Figure 4.3. AACT analysis of ARHGAP28 in CD108131 knockout and knockdown
conditions compared to control. Results of gRT-PCR analysis quantifying levels of
ARHGAP28 expression relative to -actin, normalised against the control. HOM*8, HOM, HET,
OER, and CTRL represent, respectively: the homozygous CD108131-KO clone with the
additional 8bp deletion, the additional homozygous CD108131-KO clone, the heterozygous
CD108131-KO clone, the cells over-expressing the antisense transcript of CD108131, and the
control. All samples are an average of 3 biological replicates. Error bars represent the standard
deviation between biological replicates of each condition. Statistical significance was determined
using a one-way ANOV A between all conditions, with Tukey’s post-hoc analysis. Asterix denote
the following p-values: 0.01-0.05 = *, 0.001-0.01 = **, 0.001-0.0001 = *** <0.0001 = ****
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trends (Fig. 4.4). However, the results did present with more variation than expected — both by
way of expression level, and standard deviation. Although not the expected results for a

housekeeping gene, a specific effect of CD108131 on RPPH1 expression is not observed.
4.4. Discussion

The reduced expression of SGCE observed in all the knockdown and knockout conditions
was to be expected following the results seen in the preliminary data. However, a potential
mechanism by which the CD108131 transcript, located on chromosome 18, alters the expression
of SGCE transcription on chromosome 7 is unknown. There is no part of the CD108131
sequence that is complimentary to the sequence of SGCE, so any regulatory effect is likely to be
indirect. It is possible that the DNase | hypersensitivity region present within CD108131 could
be the binding location of a transcription factor or other intermediate protein needed for proper
transcription of SGCE. The same reduced expression had previously seen in the patient with the
3bp duplication, which happens to be located only 29bp upstream of the DNase |
hypersensitivity region. Were this to be close enough that it would impact potential binding of
certain proteins, it could explain why the phenotype was present even when the gene was not

knocked out.

With respect to ZBTB14, although the results differ from those seen in the preliminary

data, this is not entirely unexpected. The preliminary data for ZBTB14 expression only looked at
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Figure 4.4. AACT analysis of RPPH1 in CD108131 knockout and knockdown conditions
compared to control. Results of qRT-PCR analysis quantifying levels of RPPH1 expression
relative to B-actin, normalised against the control. HOM*8, HOM, HET, OER, and CTRL
represent, respectively: the homozygous CD108131-KO clone with the additional 8bp deletion,
the additional homozygous CD108131-KO clone, the heterozygous CD108131-KO clone, the
cells over-expressing the antisense transcript of CD108131, and the control. All samples are an
average of 3 biological replicates. Error bars represent the standard deviation between biological
replicates of each condition. Statistical significance was determined using a one-way ANOVA
between all conditions, with Tukey’s post-hoc analysis. Asterix denote the following p-values:
0.01-0.05 = *, 0.001-0.01 = **, 0.001-0.0001 = ***, <0.0001 = ****,
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the variation in expression between healthy control lymphocytes, and patient lymphocytes with
the 3bp duplication. Firstly, expression profiles are known to differ between cell types. Secondly,
as the variant was not disease-causing and occurs in healthy individuals, it is likely that little or
no effect would be seen in comparison to a full gene deletion. While the mode of potential
regulation is also unknown, the proximity of the genes might suggest an enhancer function of
CD108131 on ZBTB14. Although CD108131 is downstream of the start site for ZBTB14
transcription, enhancers can be located both up- or downstream of their targets (Pennacchio et al,
2013). Additionally, IncRNA can regulate transcription through epigenetic modification of

nearby genes in either direction (Yuan et al, 2017).

With the exception of SGCE, all other genes analysed had a great degree of variation.
This variation was reproducible experiment-to-experiment, and as such lies within the biological
replicates themselves. Cell-to-cell variation is a known phenomenon, and one that might explain
the variation seen in these experiments. Cell-to-cell variation occurs on two levels:
environmental and cellular. In a naturally occurring group of cells, the environmental impacts
would involve the access of the cell, or group of cells, to nutrient and chemical gradients. In the
experimental process, many of these things are regulated. To this end, every effort was made to
maintain all cells and process all samples under identical conditions, however it is possible that
small differences might have resulted in detectable variation due to human error. However, it has
been shown with bacteria, that even when it is assumed that the environmental conditions are
homogenous, variation can occur within isogenic cells (Heins and Weuster-Botz, 2018). Cellular
variability can result from a wide range of native and/or engineered pathways, such as:
abundance of exogenous material, genetic variation, abundance of endogenous resources, and

stochastic gene expression (Wang and Dunlop, 2018). While it is plausible that during the
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transfection of the cells with the CRISPR/Cas9 machinery plasmid, some cells received more or
less copies of these exogenous plasmids, since they were sorted monoclonal it is safe to assume
that all the cells that propagated from one particular clone contained the same number of
plasmids. For the same reason, it is also unlikely that genetic variation has occurred within the
monoclonal culture. In terms of accessibility and abundance of endogenous resources, this can
refer to such things as cellular levels of ATP or ribosomal availability (Wang and Dunlop, 2018).
It is possible that cell-to-cell variation of these elements may have occurred. In terms of
stochastic gene expression, it has been noted that even genetically identical cells can experience
detectable fluctuations in individual gene expression, and that often these variations do not
average away (Raj and van Oudenaarden, 2008). The interplay of cell-to-call variation pathways

could help to explain the large standard deviations noted between some biological replicates.

In addition to variation among biological replicates, some gene expression data presented
with unexpected variation among experimental conditions. It had been expected that the HOM*8
and HOM conditions would behave similarly, as they both possessed homozygous deletions of
the CD108131 gene. Interestingly, for every gene analysed, HOM*8 presented with lower gene
expression than HOM. In the case of SGCE expression, this difference was particularly acute. As
previously mentioned, the number of plasmids transfected into the cell can have an effect on
gene transcription. It is possible that variation in this number, between the two transfected cells
from which HOM*8 and HOM were derived, could result in the altered expression profiles
observed. Additionally, some of the observed results could be due to off-target effects from
CRISPR/Cas9 gene editing. It is known that at least one off-target effect, or a second
independent mutation after knocking-out CD108131, did occur, as the sequencing results used to

verify CD108131 deletion revealed the extra 8bp deletion in HOM*8.
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A common strategy for reducing off-target mutations is to utilise the nickase version of
CRISPR/Cas9 (Zhang et al, 2014). Since the Cas9 enzyme has two different domains that each
cleave one strand of the DNA, introducing a mutation into either domain would result in a
mutated variant which is only capable of cleaving one of the strands — these mutated versions are
referred to as nickases, or nCas9. When the RuvC domain is mutated, nCas9 can only cut the
complementary strand, while mutating the HNH domain results in a nCas9 that can only cut the
opposing strand (Doudna and Charpentier, 2014). Using nCas9 with two different SgRNAS set to

target nearby, but offset target sites creates a break in both strands.

CRISPR/nCas9 is often used as a single pair of SgRNAs directed to cleave a single target
location. The target location is generally small, as the optimal distance between the two SgRNA
is 40-70bp, which works well when generating a knockdown or knockout by targeting promoter
regions or transcription start sites (TSS). As with the rationale of the current CD108131-KO
model, since these regions in INCRNAs are mainly unknown, this method is not viable. Indeed,
the lack of information on the active and regulatory regions for INcRNA remains a roadblock
regardless of which variation of Cas9 is used. To generate the complete excision of CD108131,
the double-DSB method I used could have been replaced with a double-nickase pair, whereby
each of the two target sites would be cut by distinct pairs of sgRNA. It is possible that using this
approach may have increased target specificity, and is an avenue that can be explored in the
future. Nevertheless, a BLAT search conducted for this experiment’s target cut sites revealed
that the sequence is specific to only the desired chromosomal location on chr18pl1. This,
however, does not exclude the possibility that near-identical sequences were recognised and cut

by Cas9.
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Furthermore, unavoidable secondary effects could have occurred due to the excision of
the entire CD108131 gene. Genomic excision of a larger sequence carries with it the added
potential of deleting or disrupting regulatory DNA elements, such as: transcription factor binding
sites, splice sites, enhancers, silencers, and promoters. Disruption of these elements can result in
changes to the transcription and processing of other genes, given rise to observed phenotypes
that are not attributable to the gene in question (Goyal et al, 2016). Additionally, since the TSS
of CD108131 is unknown, deleting the gene without deleting the TSS could result in the
formation of a new gene body (Goyal et al, 2016). In fact, in a study aimed at determining the
“CRISPRability” of INCRNA, it was determined that the criteria for editing the sequence of a
IncRNA without potentially affecting neighbouring genes were as follows: IncRNA could not be
transcribed from bidirectional promoters (no opposite direction promoters within 2000bp up- or
downstream of the start of the IncRNA), the start of the INcRNA must be at least 2000bp away
from its neighbouring genes, the start of the INcCRNA could not fall within the gene body of
another transcript (coding or non-coding). This study determined that 59% of examined
IncRNAs proved to be “non-CRISPRable”, demonstrating the difficulty of disrupting INCRNAs

without also disrupting the genes around them (Goyal et al, 2016).
4.5. Conclusion

Strong statistical evidence exists to suggest that a lack of CD108131 results in reduced
expression of SGCE. These results corroborate with those seen in the preliminary data, where the
patient with the 3bp duplication within CD108131 presented with lower levels of SGCE
transcript, and cells with knocked down CD1018131 had reduced SGCE translation. Contrary to
the preliminary data on ZBTB14 expression, there is some statistical evidence, as well as an

observed trend, that CD108131 knockdown and knockout cells have reduced ZBTB14
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transcription. The data does not suggest that a lack of CD108131 has any conclusive effect on

ARHGAP28 or RPPHL.
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Chapter 5: Optimization of SGCE protein quantification analysis
5.1. Introduction

The results of the qRT-PCR revealed a significant decrease in the levels of SGCE
transcript in knockdown and knockout samples normalised to the control. Since the preliminary
data also demonstrated that the knockdown cells had a near-complete knockdown of SGCE
protein, it was of interest to examine changes in SGCE protein expression within our

CRISPR/Cas9 CD108131-KO cell lines.

The original Western blots conducted several years ago utilised a custom-made antibody
generated in rabbits against a human SGCE peptide, however all bleeds of this antibody have
ceased to work, generating no bands. To move forward with protein analysis, a new custom anti-
body was ordered against the same SGCE peptide. Commercially available anti-SGCE

antibodies were also ordered from Abcam and Sigma.

Additionally, Dr. Derek Blake’s lab at Cardiff University published a paper in which they
used their own custom-made anti-SGCE antibody for immunoaffinity purification and
downstream Western blot analysis. This antibody was generated in rabbits which had been
injected with a peptide sequence that corresponded with the C-terminus of the brain specific
isoform of SGCE conjugated to keyhole limpet hemocyanin carrier protein (Waite et al, 2016).

An aliquot of this antibody was provided by Dr. Blake.
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5.2. Materials and Methods

5.2.1. Cell culture

Frozen stocks of the HOM*8, HOM, HET, and control cell lines were thawed and grown
following the methods detailed in section 3.2.4 of Chapter 3. Cells were grown in DMEM

supplemented with 20% FBS, 1% L-glutamine, 1% NEAA, and 1% penicillin/streptomycin.

5.2.2. Protein extraction

Once 10cm culture plates reached 90% confluency, culture media was aspirated and cells
were washed with ~3mL cold PBS. PBS was aspirated, and then plates were left sitting tilted for
1 minute before aspirating a second time to ensure that all PBS has been removed. 1mL of lysis
buffer was then applied directly to the plate. Three different lysis buffers were tested: 10%
sodium dodecyl sulphate (SDS), radioimmunoprecipitation assay (RIPA), and CHAPS. Plates
were incubated for 1 hour at 4°C, before contents was scrapped with a rubber cell scraper and
transferred to a 1.5mL tube. Tubes were centrifuged at maximum speed for 10 minutes, and the
supernatant was transferred to a new tube. A 150uL aliquot of the supernatant was mixed with
50uL of 5x loading buffer containing 3-mercaptoethanol, and heated for 10 minutes at 90°C

before being stored at -80°C.

5.2.3. SDS-PAGE and Western immunoblotting

To separate the protein samples, SDS polyacrylamide gel electrophoresis (PAGE) was
conducted using a 10% acrylamide/bis-acrylamide gel. Samples were again heated for 10
minutes at 90°C, and then loaded into the wells of the gel. Electrophoresis was run at 100V for 1
hour and 20 minutes. Proteins were then transferred to a 0.22pm nitrocellulose membrane using

transfer buffer containing 10% MeOH. This transfer was run for 1 hour and 15 minutes at 100V,
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at 4°C. To block the membranes, two timepoints and three mixtures were tested. Blocking
occurred for either 1 hour at room temperature, or overnight at 4°C with either 5% skim milk in
tris-buffered saline with TWEEN-20 (TBS-T), 5% bovine serum albumin (BSA) in TBS-T, or a
50:50 mixture of the two. After blocking, the membrane was rinsed twice with double-distilled
water, and the primary antibody was applied and incubated on a rocker overnight at 4°C. Various
concentrations of antibody were tested, and the antibody was prepared in either 5% skim milk in
TBS-T or 5% BSA in TBS-T. The membrane was then rinsed twice with double-distilled water,
before undergoing three 5-minute washes with TBS-T on a room temperature rocker. The
secondary anti-rabbit antibody (Sigma) was prepared at a concentration of 1:10000 in either 5%
skim milk in TBS-T or 5% BSA in TBS-T, and incubated with the membrane for 1 hour on a
room temperature rocker. The membrane was rinsed and underwent an additional three TBS-T
washes, before being patted dry and treated with chemiluminescent substrate for 1 minute. Upon
transferring the membrane to a cassette, film sheets were exposed to the chemiluminescence and

developed.

5.2.4. Immuno-precipitation

A basic immuno-precipitation (IP) was conducted using Dynabeads Protein G (Thermo
Fisher) magnetic beads. After protein lysis, protein concentration was determined via Bradford
assay and 500ug of each sample was mixed with PBS (supplemented with 0.04% TWEEN-20
and protease inhibitors) to a total volume of 500uL. Samples were precleared via the addition of
20uL of Dynabeads and 1 hour of end-over-end mixing at 4°C. Using a magnetic rack, transfer
sample to a new tube at add 5uL of anti-SGCE primary antibody (courtesy of Dr. Blake) to each
sample. Samples were incubated overnight at 4°C with end-over-end mixing. 20uL of

Dynabeads were added to each sample and incubated while mixing for 4 hours at 4°C. A
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magnetic rack was used to separate the beads, and the supernatant was discarded. The beads
underwent three 5-minute washes in PBS-T, rotating at 4°C. Protein was then eluted using 30uL
of Laemmli buffer, at heated for 10 minutes at 70°C. Beads were removed, and the supernatant
was boiled for 5 minutes at 95°C before being loaded into an SDS-PAGE gel and analysed via

Western blot as detailed above.

Additionally, a crosslink IP was also attempted using Protein G Mag Sepharose (GE
Healthcare) magnetic beads, following the manufacturer’s protocol exactly. Associated buffer
solutions were also ordered from GE Healthcare. As with the previous IP, each sample contained
500ug of protein, and 5SuL of anti-SGCE primary antibody (courtesy of Dr. Blake) was used. For
crosslinking and target protein binding, two steps with variable incubation times, samples were
incubated for 30 minutes and 1 hour, respectively. Upon protein elution, protein was stored at -
80°C until it was thawed and mixed with loading buffer in preparation for SDS-PAGE and

Western blot analysis as detailed above.

5.2.5. SiRNA knockdown of SGCE

To facilitate the optimisation of the IP/Western blot experiments, siRNA-mediated
SGCE-knockdowns were attempted using constructs ordered from Dharmacon. Scrambled
siRNA constructs were also ordered to act as a control. HEK293 cells were cultured in 6-well
plates, and the siRNA was transfected via Lipofectamine RNAIMAX Transfection Reagent
(Thermo Fisher) following the manufacturer’s protocol. A variety of different conditions were
executed: cells were transfected at 60% or 80% confluency, siRNA concentration was 30pmol or
100pmol, and incubation length was 72 or 96 hours. Protein was then extracted using the method

outlined above, and these protein samples were included in the crosslink IP experiment.
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5.3. Results and Discussion

Prior to the validation of the CD108131-KO cell lines, the newly generated custom anti-
SGCE antibody, as well as the commercially available antibodies, were tested using wildtype
HEK293 protein. With respect to the Abcam and Sigma antibodies, signal was very low
regardless of using a higher concentration of primary antibody, stronger chemiluminescent
substrates, or more sensitive film. Additionally, these antibodies produced multiple non-specific
bands. With the custom antibody, signal was detected, however an extensive amount of
background signal and noise was detected. This resulted in large blotches that obscured the
bands. In an attempt to rectify this, different concentrations of primary and secondary antibodies
were attempted, and the blocking agent (as well as antibody solution agent) and length of
incubation were troubleshooted. Ultimately, the best results occurred when the membrane was
blocked overnight in a 1:1 mixture of 5% BSA in TBS-T and 5% skim milk in TBS-T, primary
antibody was mixed 1:1000 in 5% BSA in TBS-T, and secondary antibody was mixed 1:2000 in
5% BSA in TBS-T. This greatly diminished the amount of background noise appearing on the
blot, however, similarly to the commercially available antibodies, multiple non-specific bands

were apparent.

Upon receiving the anti-SGCE antibody provided by Dr. Blake’s lab, initial optimization
using wildtype HEK?293 involved determining any potential effects that different lysis buffers
may have on the banding pattern observed. All three tested lysis buffers (RIPA, 2% SDS, and
CHAPS) generated the same banding pattern. Since the Western blot was still presenting with
many non-specific bands, an IP was conducted on protein extracted using RIPA buffer from the
CD108131-KO cell lines. The subsequent Western blot involved blocking the membrane for 1

hour in 5% skim milk in TBS-T, mixing the primary antibody 1:500 in 5% BSA in TBS-T, and
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mixing the secondary antibody 1:10000 in 5% skim milk in TBS-T. The IP resulted in a sizeable
decrease in the number of non-specific bands. However, since both SGCE and the heavy chain of
IgG are 50 kDa in size, it was impossible to differentiate which protein was responsible for the

observed band.

To allow for the visualisation of SGCE without IgG, a crosslink IP was conducted using
protein G sepharose beads. Additionally, sSiRNA-mediated SGCE-knockdowns were attempts to
provide a negative control. Unfortunately, this experiment did not provide analysable data, and
has not yet been optimised to a degree that bands are visible and quantifiable. The next steps in
terms of developing a negative control would involve validating the sSiRNA constructs via gRT-
PCR to ensure successful knockdown of SGCE. To improve the IP, various stages of the protocol
can be altered, such as: the amount of magnetic beads used, the amount of primary antibody
used, and the incubation length for antibody binding, crosslinking, blocking and/or target protein
binding. Additionally, buffer solutions can be tested to ensure they remain at the appropriate pH
levels, or alternative buffer solutions can be attempted (several are listed by the manufacturer as

viable alternatives).

5.4. Conclusion

At this point in time, we are not able to assess the effect of a lack of CD108131 on SGCE
translation. Although progress has been made in terms of optimising the anti-SGCE antibodies,
further work needs to be done to be able to confidently quantify changes in protein expression.
The antibodies that achieved the greatest clarity were those obtained from Dr. Blake’s lab,
however the continued presence of multiple non-specific bands make the data difficult to
interpret. Due to the size of SGCE, traditional IP experiments are confounded by the 1gG heavy

chain. Additional optimisation needs to be conducted to troubleshoot the protein G sepharose
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crosslink IP, to allow for the visualisation of SGCE without IgG. Furthermore, a negative control
would be beneficial, and therefore further testing of the siRNA knockdown cells should be

conducted to determine if they were successful.
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Chapter 6: Conclusions and Future Directions
6.1. Conclusions

| have validated the remaining variants of interest from the original Roche 454
sequencing data derived from patients in the MD-affected family. All of these variants were
determined to be false positives. Reanalysis of the data revealed a shared region of low coverage,
however upon Sanger sequencing this region, no shared, heterozygous variants were observed.
The sequencing data has been thoroughly examined by multiple individuals, and as such it can be
concluded that the disease-causing mutation may not be within that data. Repetitive regions were
poorly sequenced, and non-coding regions are under-represented. While the CD108131 variant
is no longer a candidate, IncRNAs have been shown to play important regulatory roles within the
cell, and have been increasingly linked to various diseases and disorders. The LncRNADisease
database was first launched in 2012, containing 480 experimentally supported IncRNA-disease
associations. It now contains 10564 experimentally supported IncRNA-disease associations, and
an additional 195395 computationally predicted associations, spanning 529 different diseases
(Bao et al, 2018). To that end, | created a stable CD108131 knockout cell line, in both
heterozygous and homozygous states. Unfortunately, the heterozygous cell line did not survive
long-term, however the two homozygous cell lines will stay with the lab. These can be used for a
multitude of future experiments to further characterise CD108131 and its interactions. Using
these cell lines, | demonstrated CD108131 has a significant impact on the transcription of the
known disease-associated gene, SGCE. CD108131 is a relatively uncharacterised gene, with no
known function. This data demonstrates that SGCE is a likely regulatory target of CD108131,
providing novel insight into the role of CD108131. A potential interaction was also noted

between CD108131 and ZBTB14, suggesting that CD108131 may be involved in multiple
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pathways, or regulate multiple genes. Given that neurological and myopathic disorders have
been shown to involve dysregulated INcCRNA, these findings could still relate to MD on a

pathological level.

6.2. Future directions

The basis of this research was first formed from a clinical perspective, focusing on
identifying the genetic cause of MD in a large multiplex family. As the research progressed, the
focus became that of a basic science project, focusing to characterise a potential interaction
between two genes: CD108131 and SGCE. Due to this overlap, there are many possible
directions that this project could be taken, which will be elaborated on further throughout this

chapter.

Determining disease-causing variant in MD family

With respect to the family that originally presented to the lab with inherited MD, the
disease-causing variant is still unknown. Since the discovery of the DYT15 in 2001, all logical
regions of this critical region have been examined via Roche 454 and Sanger sequencing. The
remaining unexamined regions tend to be complicated by extensive repetitive sequence elements.
With the current technology available, the next step would be to sequence the critical region
using barcode identifier tags. Sequential adaptor sequences could be introduced prior to
sequencing, used to aligned in the reads in the correct order, and then be removed as part of the
post-processing. Use of this methodology would allow repetitive sequence reads to be

appropriately matched to their true genomic location.
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Determining effects of CD108131 on global gene expression

In the absence of CD108131, SGCE expression levels are significantly decreased. The
data also suggests a potential decrease in ZBTB14 transcript expression in cells lacking
CD108131. CD108131 and SGCE are on different chromosomes, and are not known to interact
with each other. If CD108131 is impacting the expression of two distinct genes, then it may be
involved in multiple regulatory pathways. In order to determine additional regulatory targets, the
next step would be to conduct RNA-seq experiments. This would involve fragmenting the RNA
collected from the CD108131-KO cell lines, generating cDNA, adding adaptor sequences, and
amplifying via PCR. These sequence fragments can then undergo paired-read sequencing, and
the resulting sequence reads can be mapped to the genome and analysed for changes in
expression. For this experiment, it would be useful to consider implementing unique molecular
identifiers (UMIs). These sample-specific tags are added at the same point as adaptors, prior to
enrichment and amplification. During a multiplexed experiment, PCR amplification bias occurs
can occur, whereby one sample is amplified more than the other. When these PCR products are
sequenced and analysed, it can confound the degree to which gene expression is altered. Using
the UMI sequences, to compare sample-to-sample read counts, can help approximate the true
relative abundance of all cellular mMRNAs (Kou et al, 2016). Overall, not only would RNA-seq
data provide valuable information about what genes are up- or down-regulated in CD108131
knockout cells, the data can also be analysed for any determinable patterns of common features
among the genes whose expression may be altered, which might give insight to potential

pathways that are involved.
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Determining effects of CD108131 on SGCE translation
In order to fully describe the functional relationship between CD108131 and SGCE, the

effects of knocking out CD108131 on SGCE translation will have to be characterised. The lack
of specificity demonstrated by the available anti-SGCE antibodies is a major obstacle. Two
avenues exist to attempt to circumvent this issue. Firstly, a negative control for SGCE would be
an asset. Generating a stable SGCE-negative cell line using either sShRNA methods or gene
editing would allow for continued optimization of the Western blot experiments, as well as
provide an additional control when analysing future expression data. However, even with a
negative control, it may not be possible to improve the clarity of the anti-SGCE antibody to an
appropriate level. In the event that the SGCE-antibody cannot be optimized, the CD108131-KO
cell lines could undergo additional gene editing to introduce a His-tag sequence to the SGCE
gene sequence. Strong and specific anti-His antibodies are well described and easy to come by,
allowing for the relative quantification of SGCE protein levels without access to a reliable anti-

SGCE antibody.

Characterising the relationship between CD108131 and SGCE

The current conclusion, based on sequence complementarity and gene location, is that
CD108131 is likely to interact with SGCE through an intermediary protein. In order to explore
this, possible avenues for investigation include localisation of both CD108131 and SGCE
transcripts, and the individual interaction partners of each transcript. To assess localisation, a
simultaneous RNA-DNA fluorescent in situ hybridization (FISH) assay could be performed for
CD108131 and SGCE. This involves culturing cells on cover slips, before performing a
paraformaldehyde fixation and hybridizing with fluorescently labeled oligo probes designed to

detect and bind CD108131 or SGCE. Fluorescent microscopy analysis is conducted to examine
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localisation data. Through this, it could be observed whether CD108131 and SGCE co-localise.
If co-localisation is observed, it may suggest that CD108131 regulates SGCE by acting as a
scaffold and inducing structural changes to chromosome looping. If co-localisation is not
observed, it could suggest that the involvement of CD108131 in regulating SGCE may be in the
form of a pathway or cascade mechanism. To gain further insight, capture hybridization analysis
of RNA (CHART) could be performed to identify proteins and DNA sequences that interact with
CD108131. CHART involves cross-linking chromatin, and using capture oligonucleotides
designed to hybridize and immobilise CD108131-chromatin complexes on to beads. These
complexes can then be eluted, purified, and analysed. By sequencing the enriched DNA garnered
from this experiment, it could be proven whether CD108131 and SGCE interact directly, and
additional regulatory targets or intermediary interactions of CD108131 would be revealed. In the
event that an anti-SGCE antibody has been optimised, or a His-tagged SGCE had been
constructed, chromatin immunoprecipitation (ChIP) could be conducted. Mass spectrometry can
be used to identify novel protein interactions. In a similar mechanism to CHART, ChIP involves
crosslinking protein-DNA interactions. This could be implemented for SGCE, to acquire the
DNA sequences that interact with the protein, which could then be sequenced to see if there is
any crossover between sequences that interact with SGCE, and those that interact with

CD108131.
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