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Abstract

Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disorder with a devastating
clinical phenotype including the loss of motor control, muscle atrophy, and paralysis. While
the aetiology of ALS is largely unknown, significant progress has been made in understanding
its underlying mechanisms. The identification of novel mutationsin UBQLN2, responsible for
X-linked dominant ALS, has provided a new avenue of research into the role of UBQLNZ in
ALS pathology as well as sex-specific differences in disease manifestation. X-chromosome
inactivation (XCI) is a form of gene dose compensation in females that has been found to
provide some protection against UBQLN2-linked ALS in females, but mechanisms driving this

protection require further investigation.

To address this research gap, this study presents an analysis of sex-specific methylation
patterns across the CpG island of UBQLN2, and methods to validate these patterns in patient-
derived tissue. Publicly available data revealed elevated methylation in females compared to
males, suggesting that epigenetic modification attributed to XCI is involved in the sex-specific
phenotypic variation of UBQLN2-linked ALS. Patient-derived dermal fibroblast cells were
used to optimise pipelines for DNA methylation analysis, and despite challenges associated
with bisulfite sequencing, successful conversion and Sanger sequencing was achieved for three

UBQLN2-heterozygous female patients.

This study establishes a foundation for investigating female protection in X-linked diseases

such as UBQLNZ2-linked ALS by assessing epigenetic differences associated with XCI.
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1 INTRODUCTION

Motor neuron disease (MND) encompasses a range of debilitating movement disorders that
significantly impacts quality of life. Characterised by the progressive loss of upper and lower
motor neurons originating in the motor cortex, brainstem or anterior horn of the spinal cord,
MND is commonly associated with dampened motor control, cognitive deficits, and
behavioural changes!. Different classifications of MND are based on the differential
involvement of upper and/or lower motor neurons?. Amyotrophic Lateral Sclerosis (ALS) is a
form of MND characterised by progressive neurodegeneration that causes muscle weakness,
atrophy, aphasia and difficulty breathing. Approximately 10% of ALS cases display a family
history, classified as familial ALS (fALS) while the majority (90%) of ALS cases are sporadic

in origin (SALS)3.

Despite significant progress in understanding the underlying mechanisms of ALS pathogenesis
aetiology remains unknown due to its complex nature*. ALS research mainly focuses on
disease causing mutations in ALS-linked genes to elucidate aberrant pathways that cause
disease progression. The discovery of novel mutations in UBQLN2 located on the X-
chromosome, and its contribution to X-linked dominant ALS®, has prompted investigations
into the role of UBQLNZ2 in ALS pathology® and differences in disease manifestation between
males and females®’. Although studies have demonstrated that X-chromosome inactivation
provides some protection against UBQLN2-linked ALS in females®’, further investigation of

the mechanisms driving protection is necessary.

This review will outline the genetic contribution of ALS, specifically focusing on UBQLN2,
the epigenetics of X-chromosome inactivation and the current methodologies and models used

to understand X-chromosome inactivation in disease.



1.1 AMYOTROPHIC LATERAL SCLEROSIS

1.1.1 ALS EPIDEMIOLOGY

Amyotrophic lateral sclerosis (ALS) is the most common form of MND with an incidence of
0.6 to 3.8 per 100,000 people per year worldwide?; this incidence is also reflected in New
Zealand where 2.8 in 100,000 people are diagnosed with ALS per year®. The mean age of ALS
onset can vary from 59-63 years in sporadic ALS cases (SALS) and 40-60 years for familial
ALS (fALS), with peak incidence in patients between 70-79 years of age'®. The burden of
disease is expected to increase with improved diagnostic criteria and reporting of the disease
in addition to growth of the aging population*-23. Sporadic ALS is relatively more common
than fALS, making up 90-95% of all ALS cases', early observations of familial motor
pathologies in the Farr family by Sir William Osler in 1880*° and subsequent cases of fALS
have aided in the identification of more than 35 ALS causing genes present in both sALS and
fALS'. While ALS is rare in patients under the age of 40, the risk of ALS can increase with
the presence of genetic risk factors and exposure to certain lifestyle and environmental

elements!?.

Geographical variability in ALS incidence is evidenced by population-based studies. A study
conducted was Retchman et al'’ assessing racial and ethnic differences in ALS cases within
the United States. In this study, of the 5,883 ALS cases identified 74.8% were white while
African-American and Asian populations made up 9.3% and 3.6%, respectively, leading to the
interpretation of a lower ALS incidence in non-white individuals!’. When compared to Asian
population-based studies, the reported incidence of ALS in European populations is higher,
ranging from 2.1 to 3.8 people per 100,000 per year®'8-20 relative to an incidence of 1.2 per
100,000 people per year in a South Korean study?! and approximately 0.3-0.8 per 100,000

people per year in Beijing??, Hong Kong?*?* and Taiwan?®. However, ascertainment bias,



differing study designs, and data collection methods may confound comparisons between
studies®. A meta-analysis of 44 different population-based ALS studies supported these trends
in the geographical incidence of ALS, with a standardised incidence of 1.89 per 100,000 people
per year in North European populations, 0.83 per 100,000 people per year in East Asia and

0.73 per 100,000 people per year in South Asian populations?®,

Within the aforementioned population-based studies, researchers also reported an elevated
male to female ratio of ALS incidence, with males from various racial backgrounds
consistently making up more than 50% of cases'’~2°. Anelevated risk of ALS in males is widely
reported in the literature with a male to female ratio of 1.2-1.5, suggesting that males may

harbour an elevated risk of developing ALS™?.

1.1.2 CLINICAL PHENOTYPE AND AETIOLOGY

Clinically, ALS manifests as progressive muscle weakness with muscular atrophy, stiffness
and fasciculations. Degeneration of motor neurons in the motor cortex in combination with
spinal segments innervating the upper or lower limbs is characterised as spinal ALS while
degeneration of motor neurons and midbrain segments innervating the bulbar muscles is
characterised as bulbar ALS'°. The narrow mean survival window of 2-5 years following
disease onset is often caused by degeneration of motor neurons innervating the respiratory
muscles!®. However, the clinical presentation and course of ALS is highly heterogeneous,
including whether and to what extent motor deficits are accompanied by cognitive defects like

those observed in frontotemporal dementia (FTD)™°.

FTD refersto a group of dementia-causing disorders thataccompany ALS through genetic and
pathological overlap®. Patients presenting with FTD experience personality changes, difficulty

in memory retrieval and processing, lack of abstract thinking, language difficulty, and loss of



executive function and cognition as a result of deterioration of the frontal and temporal lobes?.
Approximately 15% of patients diagnosed with ALS will develop symptoms analogous to
FTD?82%, While having their distinct clinical features, ALS and FTD are recognised as part of
a spectrum of neurological disease due to significant overlap between neuropathological and

genetic features®°.

The aetiology of ALS has been attributed to complex interactions between genetic risk factors,
environmental exposures and epigenetics; a widely accepted model suggests that ALS
manifestation is preceded by a multistep process involving exposure to multiple ALS-related
risk factors throughout an individual’s life3132, The contribution to the risk of developing ALS
of genetic mutations can be substantial; however even mutations in highly penetrant genes such
as superoxide dismutase 1 (SOD1), trans-activation response (TAR) DNA-binding protein 43
(TARDBP), chromosome 9 open reading frame 72 (C9orf72), fused in sarcoma (FUS) or
ubiquilin 2 (UBQLN2) only cause disease in adulthood suggesting that additional exposures
are required for disease to manifest®!. The widely accepted multistep model suggests the
requirement of six genetic and environmental exposures throughout an individual’s lifetime to

trigger sALS or fALS®!,

In support of multiple ‘insults’ being required to initiate disease, no single biological pathway
is considered responsible for the pathogenesis of ALS. Instead, various pathways are proposed
to be involved, including impaired RNA processing, dysregulated proteostasis, and prion-like

protein aggregation4.

1.1.3 GENETICS AND PROTEINOPATHY

Although most ALS is sporadic, genetics is a significant contributor to overall disease with

approximately 68% of fALS and 11% of SALS cases attributable to a known genetic



component (Figure 1.1)33. While over 50 variants of ALS-linked genes have been identified
through extensive research, the most frequent ALS-causing genes are C9orf72, SOD1,
TARDBP, and FUS**; these four genes have demonstrated the importance of protein
aggregation as a mechanism for disease in ALS, however defining the cause as a gain- or loss-

of-function, or a combination of both, has proven difficult®®.

1.1.3.1 Superoxidase dismutase 1 (SOD1)

The SODL1 gene located on chromosome 21 encodes an enzyme that binds copper and zinc to
protect against accumulation of reactive oxygen species (ROS),) such as superoxide®.
Inherited in an autosomal dominant fashion®’, approximately 12% of fALS is caused by

mutations in SOD1, while 1% of sALS originates from SOD1 mutations (Figure 1.1)%3.

C90RF72

C90RF72 TARDBP
S0D1
TARDBP OPTN, VCP, 5QSTM1,
‘ f PFN1, UBQLN2

‘ 50D1

Familial Sporadic
68% 11%

OPTN, VCP, SQSTM1,
PFN1, UBQLN2

UNKNOWN
UNKNOWN

Figure 1.1: Proportionof fALS and SALS caused by variantsin ALS-linked genes. Each segmentrepresents the proportion
of total fALS and sALS (68% and 11% respectively) attributable to mutations in ALS-linked genes?9. Genetic overlap is
apparent between fALS and sALS, however both the classifications of ALS have a considerable portion of genetic-linked
cases that are of unknown aetiology. Proportions of cases in each category was obtained from European populations. Graph
was reproduced using Excel (Version 2208) from Renton et al. (2014)33 for examination purposes only.

Mutated SOD1 was the first gene to be implicated as a cause of fALS, with mutant SOD1
displaying an elevated propensity for aggregation, causing a gain-in-toxic-function as opposed

to a loss of antioxidant function3®-4°. Indeed, mouse models and human post-mortem tissues



consistently demonstrate that neuronal SOD1 aggregate formation is the main pathological
feature of SOD1-linked ALS3%4!, Mutant SOD1 has a toxic effect on a range of cell types in
the central nervous system, regardless of whether aggregates are detectable in that cell type,
including neurons, astrocytes, and microglia*?. There is limited evidence supporting a clear
association between SOD1 mutations and cognitive decline analogous to FTD*344, with most
patients exhibiting severe phenotypes marked by the progressive loss of motor function®>. A
case report suggests that the 1114T SOD1 variant may couple ALS disease with symptoms of
FTD such as notable changes in personality and behaviour, and severe aphasia** however most

patients with SOD1 mutations do not exhibit FTD characteristics*:.

1.1.3.2 Trans-activation response (TAR) DNA-binding protein 43 (TARDBP)

The TARDBP gene found on chromosome 1 encodes the DNA- and RNA-binding protein TDP-
43447 Mutations in the TARDBP gene exhibit an autosomal dominant mode of inheritance®
and account for approximately 4% of fALS and 2% of SALS cases (Figure 1.1)334°. While
contribution of TARDBP mutationsto FTD is relatively low, TDP-43 accumulationis a major
histopathological contributor to FTD, with up to 50% of FTD patients with and without ALS

presenting with TDP-43-positive inclusions®%®t,

Wildtype TDP-43 protein is localised in the nucleus where it carries out functions critical for
RNA metabolism®2 and can readily shuttle into the cytoplasm where it aids in the stress granule
response — a protective mechanism adopted by the cell in retaliation to cellular stress®,
Mutations in the TARDBP gene cause cytoplasmic mis-localisation of the TDP-43 protein,
resulting in nuclear depletion of functional TDP-43 and formation of hyperphosphorylated,
ubiquitinated aggregates (“proteinopathy”)%°3, TDP-43 proteinopathy can also be used to
identify the stage of ALS progression due to its sequential spread from spinal alpha-motor

neurons and the motor cortex (stage 1), to the prefrontal neocortex and brainstem reticular



formation in stage 2, to the pre- and postcentral neocortex and striatum (stage 3), and finally
the temporal lobe and hippocampus (stage 4)°4. The development of TDP-43 positive
aggregates in motor neurons as well as their spread between cells has been shown to correlate
to patterns of neurodegeneration seen in post-mortem brain tissue of ALS patients®. In
alignment with mutant SOD1 pathophysiology, experimental efforts are still trying to establish
whether TDP-43 proteinopathy promotes ALS progression through a loss or gain-in-toxic

function, or a combination of both mechanisms®®.

1.1.3.3 Chromosome 9 open reading frame 72 (C9orf72)

The C9orf72 gene, located on chromosome 9, is highly conserved across different model
species due to its fundamental contribution to cellular function®®, with its key duties being
vesicle trafficking, autophagy, and lysosomal stability®’. An autosomal dominant GGGGCC
(G4C2) hexanucleotide repeat expansion (HRE) mutation in C9orf72 was found to be
pathogenic in ~40% of fALS®*%® and 5-10% of SALS cases (Figure 1.1)°8. Furthermore,
mutations in C9orf72 are represented in ~25% of familial FTD cases3%*° and 80% of ALS-
FTD presenting cases, providing further avenues of genetic overlap between the two

disorders33:56,

Healthy individuals harbour two to eight G4C, repeats. Expansions accommodating more than
30 repeats are considered pathological, with most ALS patients possessing thousands of
repeats®®. The expansion mutation is inherited in an autosomal dominant manner. Interestingly,
patients with a pathogenic number of repeats often have a heterozygous C9orf72-mutant parent
that does not present with clinical symptoms due to reduced penetrance, age-dependent onset,
and variability in repeats®®5°, The mechanism of pathogenicity is theorised to be one or a
combination of the following: loss of function of the C9orf72 protein, a gain-in-toxic-function

of the expanded C9orf72 RNA, or toxicity of the dipeptide repeat proteins (DRPs) translated



from the intronic repeat®!. Neuronal cytoplasmic clusters of TDP-43-negative DRPs are often
seen in the frontal neocortex, cerebellum, and hippocampus of ALS patients harbouring
C9orf72 HRE mutations®?. Interestingly, TDP-43 aggregates have been observed in C9orf72
HRE-positive patient brains correlating to the pattern of neuronal loss. This led to the proposal
of an amyloid-like cascade hypothesis in which the HRE of C9orf72 and subsequent DRP
formation provokes TDP-43 mis-localisation and accumulation, and subsequent neuronal
degeneration®2®3, Studies have shown that DRPs, predominantly polyGR (glycine-argining),
cause damage to the nuclear membrane and nucleocytoplasmic transport proteins, leading to
mis-localisation of TDP-43 into the cytoplasm®2%4 demonstrating the converging mechanisms

of ALS-causing mutations.

1.1.3.4 Fused in sarcoma (FUS)

The implications of mutant TARDBP on ALS disease progression prompted the discovery of
ALS-causing FUS mutations, a protein that interestingly shares functional homology with
TDP-433%355, Akin to TDP-43, FUS is located within the nucleus®® where it is largely involved
in RNA metabolism as well as DNA repair, but is able to undertake nucleocytoplasmic
transport to carry out cytoplasmic roles in RNA transport and translation and the stress
response’-5°, Dominant mutations in FUS are responsible for chromosome 16-linked ALS337°
which accounts for approximately 4% of fALS and less than 2% of SALS cases (Figure 1.1)33,
FUS mutations exhibit a weak association with FTD, which when present is often co-diagnosed
with ALS, making the significance of mutant FUS in FTD pathogenesis ambiguous®8, FTD
and ALS patients harbouring mutations in FUS demonstrate the characteristic presence of
immunoreactive FUS aggregates within the cytoplasm of neurons, inducing neurodegeneration
through a gain-in-toxic-function and stress granule recruitment®®. Mutant FUS exhibits an

increased affinity for stress granule formation alongside TDP-43 when exposed to oxidative



stress¢71-73 'which in turn sequesters wildtype FUS into the cytoplasmic inclusions thereby

reducing RNA metabolism and initiates motor neuron degeneration’,

1.2 UBQLN2-LINKED AMYTROPHIC LATERAL SCLEROSIS

The focus of this thesis is ALS caused by mutations in UBQLN2. Located on the X-
chromosome, the intron-less gene UBQLN2 encodes the ubiquitin-like protein ubiquilin 2 — a
shuttle protein primarily involved in the ubiquitin-proteasome system (UPS)®. While the
proportion of fALS and SALS cases caused by UBQLN2 mutations is not documented, sex-
specific differences in age of onset and disease progression has been reported®. A family
consisting of 19 individuals presenting with ALS, despite a lack of mutations in known ALS-
linked genes, triggered the discovery of UBQLN2 as an ALS-linked gene in 2011°. Withinthis
family, disease inheritance followed a dominant pattern, with later onset in females and no
male-to-male transmission. The causative gene, UBQLN2, was found to contain a unique
mutation encoding an amino acid change from proline to histidine at codon 497 (P497H).
Further analysis of other families with ALS and ALS-FTD without mutations in TARDBP,
SOD1, or FUS found an array of previously unidentified mutations in the UBQLN2 gene at
highly conserved residues®. ALS-causing mutations in UBQLN2 were deemed to be inherited
in an X-linked dominant fashion, with X-inactivation in females underpinning sex-specific

differences®’.



1.2.1 Ubiquilin 2 protein structure

Five different ubiquilin proteins are presentin the human body: 1, 2, 3, 4, and L, of which 1, 2
and 4 are ubiquitously expressed’®. Ubiquilin proteins are critical components of the ubiquitin-
proteasome system (UPS) which interacts with ubiquitinated proteins to regulate proteostasis,
cellular stress, signal transduction and cell death?®. Ubiquilin 2 interacts with polyubiquitin
chains on proteins marked for degradation through its C-terminal ubiquitin-associated domain
(UBA), targeting these proteins to the proteasome through interactions with its ubiquitin-like
domain (UBL) at the N-terminus (Figure 1.2)°®, Between the UBL and UBA domains are four
stress-induced protein 1-like (STI-1) domains that interact with heat shock proteins, followed
by a PXX domain consisting of 12 tandem PXX repeats (proline followed by any two amino
acids) unique to ubiquilin 2 (Figure 1.2). While the exact significance of the PXX domain is
largely unknown, most ALS-linked mutations in UBQLN2 can be mapped to this region

suggesting that it plays a vital structural and/or functional role® 7>,

N-terminus |

C-terminus
m={ UBL frmmmme{ STI1 | STI 1 ] STI 1 [ STI L ol PXX UBA
. | \

Interaction with
heat shock protein

265 proteasome

Figure 1.2: Functional domains of Ubiquilin 2. The functional domains of ubiquilin 2 are translated from a single exon.
Interactions between the domains and their respective targets are imperative for UPS- targeting activity. Misfolded substrate
proteins are marked for degradation through the addition of ubiquitin (Ub) proteins which are recognised by the ubiquitin-
associated domain (UBA) of ubiquilin 2. The polyubiquitinated substrates are also recognised by heat shock protein 70
(Hsp70), a target for the stress-induced protein 1 (STI1) domain of ubiquilin 2. The ubiquitin-like domain (UBL) of ubiquilin
2 then aids trafficking of the misfolded protein to the 26S proteasome complex for degradation. Schematic adapted from
Renaud et al. (2019) and created with BioRender.com.
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1.2.2 Ubiquilin 2 Physiology and Pathophysiology

1.2.2.1 Ubiquitin proteasome system

Maintaining a cohesive and functional proteome through proteostasis is a requisite for cell
viability. Newly synthesised proteins are often misfolded under physiological conditions,
which is compensated for by proteolytic and protein refolding systems?’. Proteostasis can be
challenged by stressors which influence the accumulation of aberrant proteins or impair
proteostatic machinery’®. The ubiquitin-proteasome system is an essential part of the
proteasome network responsible for degrading proteins tagged with polyubiquitin via an
enzymatic cascade. As mentioned, polyubiquitinylated proteins are recognised by the UBL
domain of ubiquilin 2 and trafficked to the proteasome for degradation via recognitionsitesin
the UBA domain. Additionally, interactions between heat-shock protein 70 (Hsp70), the
polyubiquitinated tails of aberrant proteins and the ubiquilin 2 STI1-like domains further
facilitates the removal of proteins marked for degradation through other proteostatic
mechanisms such as the endoplasmic reticulum-associated protein degradation (ERAD) system
and autophagy®7°. Interestingly, ubiquilin 2 is reported to remain in an inactive state under
physiological conditions with its propensity for binding Hsp70 increasing in the presence of
Hsp70 substrates such as misfolded proteins. Ubiquilin 2 confers its shuttle activity when
bound to a heat shock protein-substrate complex for removal via the proteasome (Figure 1.2)°.
However, mutations of highly conserved proline residues in the PXX domain prevent ubiquilin
2 from interacting with Hsp70 bound to its misfolded substrate’®. As a result, ubiquilin 2
remains in an inactive state which is shown to facilitate aggregate formation of misfolded
proteins, and promote neurodegeneration and cognitive decline in animal models of ALS"®#0,
Supporting this, several in vitro studies have demonstrated a reduction in UPS efficiency due

to the introduction of a ALS-causing mutations in UBQLN2%8182 Furthermore, an increase in
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polyubiquitinated protein aggregation was observed, suggesting that disruption to the UPS

facilitates aggregate formation, contributing to the observed disease phenotype?®?

1.2.2.2 Autophagy

Autophagy is a tightly regulated system that complements the UPS by facilitating bulk or
selective degradation of proteinsand organelles through fusion with lysosomes’>. Mammalian
cells use three primary methods of autophagy: microautophagy in which protrusions of the
lysosome capture cargo for degradation, chaperone-mediated autophagy involving the triage
of substrates to a lysosome through chaperone recognition, and macroautophagy , a process

that requires the de novo formation of an autophagosome destined to fuse with a lysosome?®384,

Ubiquilin 2 plays several key roles in macroautophagy. In the initial steps of macroautop hagy,
a double-membraned phagophore — a transient organelle formed to house substrates for
degradation - expands and closes to form an autophagosome®®. Expansion of the
autophagosome is mediated by the maturation of microtubule-associated protein light chain 3
(LC3) from LC3-I to LC3-1I. Ubiquilin 2, alongside 1 and 4, facilitatesthe maturation of LC3-
I, with ALS-linked mutant UBQLN2P47H] rats exhibiting lower LC3-II to LC3-I ratios as a
reflection of impaired autophagy?®. Additionally, reduced LC3-11:LC3-I ratio in a knockdown
model of ubiquilin 2 from HeLa cells correlated with a reduction in autophagosome number?’.
While the process of sequestering cellular debris can be non-selective, substrates marked with
ubiquitin chains linked at lysine residues K48 and K63 are specifically targeted by ubiquilin
proteins for triage to the autophagosome?®’. Recent studies have shown that ubiquilin 2 mediates
the acidification of lysosomes by stabilising the V-ATPase proton pump, a critical component
of lysosomal acidification®-°. Wu et al (2020)% demonstrated a downregulation of the
ATP6v1gl subunit of the V-ATPase in P497S mutant UBQLN2 mice, aligned with reduced

autophagosome acidification and increased accumulation of autophagic markers such as K63-
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and K48-linked ubiquitin and p62, deducing that mutant UBQLN2 is interfering with

proteostasis through disruptions in autophagy?®

1.2.2.3 Stress granules

Comprehensive stress responses are imperative to reduce damage and promote cell survival
when exposed to oxidative stress, hypoxia, toxins, and temperature changes®. A highly
conserved stress response is the formation of membrane-less messenger ribonucleoprotein
particles called stress granules formed through liquid-liquid phase separation of RNA-binding
proteins and protein translation factors. Stress granules are utilised as transient ‘storage
facilities’ for non-translating mRNA, as cells will suspend non-essential protein synthesis when

exposed to stressors®192,

The membrane-less nature of stress granules gives them ‘liquid-like’ properties such as the
ability to fuse, change in size, and change phase from dilute to condensed; this phenomenon is
termed ‘liquid-liquid phase separation’ (LLPS)®. Persistence of stressorsand disrupted LLPS
can perpetuate stress granules and insoluble aggregate formation, causing the disruption of
proteinand RNA stasis®91:92.94-97 Al S-linked UBQLN2 mutations in the PXX domain cause a
disruption of LLPS by promoting the transition from liquid to solid formations and inducing
ubiquilin 2 aggregates®”-°8. Ubiquilin 2 engages with stress granules through its STI1-like
domains to drive stress granule formation in the early stages of phase separation®® The
involvement and recruitment of ubiquilin 2 to stress granules signifiesitsrole in stress-granule
re-modelling. Various studies investigating the components of stress granules in ALS/FTD
have identified the presence of TDP-43, FUS, ubiquitin, and ubiquilin 2, suggesting that
ubiquilin 2 functions at the interface between protein and RNA processing, two key disease

pathomechanisms®.
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1.2.3 Neuropathology of ubiquilin 2 in ALS

Histological characterisation of neurodegenerative diseases such as Alzheimer’s disease,
Parkinson’s disease, ALS, and FTD documents persistent aggregation of disease-specific
proteins in the central nervous system, Skein-like inclusions are frequently observed in
motor neurons of ALS patients with or without FTD, and are comprised of ALS-associated
proteins including TDP-43, FUS, SOD1, p62, ubiquilin 2 and optineurin®%1%2 Ubiquilin 2
inclusions are a consistent neuropathological feature of ALS observed in patients harbouring
mutant or wildtype UBQLNZ2; interestingly, ubiquilin 2-positive aggregates are prone to
colocalization with other ALS- and FTD-linked proteins®1931%4 While ubiquilin 2 inclusions
are observed, unsurprisingly, in patients with UBQLN2 mutations, they also occur occasionally

in SALS and are abundant in C9orf72-linked ALS cases®105,

1.2.3.1 Ubiquilin 2 neuropathology in UBQLN2-linked ALS

Immunohistochemical analysis of skein-like aggregates in spinal cord sections from patients
harbouring the P497H and P506T UBQLN2 mutations revealed that not only were these
inclusions positive for ubiquilin 2 but also p62, TDP-43, FUS, and OPTN®. Wildtype and
mutant ubiquilin 2 directly interact with the C-terminal fragment of TDP-43 and have
repeatedly demonstrated colocalisation in TDP-43 and/or FUS positive aggregates in
ALS%106-108 " Indeed, more cytoplasmic mis-localisation and aggregate formation was
observed in cells expressing mutant UBQLN2 as opposed to wildtype, however this
demonstrates that wildtype ubiquilin 2 is also recruited into aggregates and therefore plays an

important role in its formation®®:109:110,
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1.2.3.2 Ubiquilin 2 neuropathology in C9orf72-linked ALS/FTD

Ubiquilin 2 neuropathology demonstrates a distinct pattern of expression in ALS patients with
hexanucleotide repeat expansion of C9orf72 than in those without'%. Specifically, abundant
irregular ubiquilin 2-positive inclusions were observed in the molecular layer of the
hippocampus and regions CALl through CA4, and in the granular layer of the cerebellum, that
were not present in non-expansion cases'®. In fact, the unique pattern of ubiquilin 2 pathology
in C9orf72-linked ALS cases successfully predicted the presence of a C9orf72 HRE mutation
in cases later confirmed to harbour the mutation through genetic testing°®. These ubiquilin 2-
positive inclusions were later discovered to be dipeptide repeat proteins encoded by the
C9orf72 expanded repeat, indicating that in C9orf72 cases, ubiquilin 2 tags other aggregating

proteins while in UBQLN2-linked disease it aggregates on its own accord®,

1.2.4 Epigenetics of UBQLN2-linked ALS and FTD

Contributions from both genetics and the environment modify ALS risk and phenotype.
Epigenetics, or the pattern of gene expression, plays a crucial role in biological processes and
is often of interest in complex diseases where it may bridge the gap between genetic and
environmental factors!!. Epigenetics is of relevance to UBQLN2-linked ALS/ FTD because

the X chromosome is subject to an epigenetic modification in females called X-inactivation.

15



1.2.4.1 Epigenetic modification

Epigenetic modifications are heritable alterations to the structure and accessibility of DNA that
can modify gene expression!!?, Epigenetic modifications can be inherited by daughter cells
derived from the same germline cell!'! and trans-generationally from an organism to their

offspring**3,

There are two main types of epigenetic modifications that can influence the expression of
DNA: histone modifications and DNA methylation. Histones can undergo a variety of
alterations including methylation, acetylation and phosphorylation that influence changes in
the chromatin structure, making the DNA more or less accessible to transcription!. Histone
acetylation is a highly established modification in which the addition of an acetyl group by
acetyl transferases, on the N-terminal lysine residues of histone 3 and 4, neutralises their
positive charge thus reducing their affinity for negatively charged DNA and promoting
transcription!411> Conversely, DNA methylation represses transcription through the addition
of a methyl group to the fifth carbon of a cytosine residue in the promoter of a gene by a methyl
transferase enzyme. The methyl group forms a physical barrier against transcription factors
(Figure 1.3) and can also promote binding of transcriptional repressors such as histone
deacetylases that remove histone acetyl groups***. Interestingly, DNA methylation of cytosine
residues often occurs when followed by a guanine, forminga “CpG” site usually located in the
promoter region of a gene (Figure 1.3)%6. A short, interspersed region of CG-rich bases located
in and around the transcriptional start site of a gene is termed the CpG island. The CpG island
of a gene is approximately 200 bp long and flanked by a north shore and north shelf 2 kb and
4 kb upstream, respectively and a south shore and south shelf 2 kb and 4 kb downstream,

respectively!'’-120 (Figure 1.3).
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Figure 1.3: Addition of methyl groups to histones promotes a condensed chromatin structure and represses gene
translation. The addition of methyl groups to cytosine bases followed by a guanosine is reflected by a condensed chromatin
structure, making the gene inaccessible to polymerase machinery for transcription. The lack of methylation at CpG sites forms
an open chromatin structure that is accessible for transcription. Created with BioRender.com.

1.2.4.2 X-chromosome inactivation (XCI)

All mammals follow an XY system of sex determination, with females harbouring two X-
chromosomes (XX) and males harbouring one (XY)*2!; this heteromorphic evolution of the sex
chromosomes has rendered the Y-chromosome gene poor with respect to the X-
chromosome?!?2, A gene-dose imbalance would be expected between males and females as a
result, however, this is not observed. Instead one X-chromosome in females undergoes X-

chromosome inactivation (XCI) as a form of gene dosage compensation*!2122,

XCl is established in the cells of the embryo proper during development*23 with some studies
demonstrating the presence of XCI during the 8-cell stage of developmentin a preimplantation

embryo'?4. The process of XCI is driven by interaction of the long non-coding RNA Xist with
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the inactive X-chromosome!?*125 Xist forms a cloud-like structure around the chromosome,
triggering chromosome-wide gene silencing through the recruitment of proteins that introduce
epigenetic modifications to form a heterochromatin or Barr body!'21?2, The classification of
condensed heterochromatic regions in chromosomes was conceived by Emil Heitz in 1928,
who observed that regions of chromosomes retained dark staining during mitosis and proposed
that the heterochromatic state corresponded to gene silencing?®?’, The finding of large
heterochromatic regions in sex chromosomes lead to the discovery of gene silencing in one of
the two X-chromosomes in females, producing a Barr body 2812°. Principal mechanisms that
permit chromosome-wide gene silencing include histone modification, CpG island methylation

and recruitment of repressive proteins'?.

The single X-chromosome in males is always maternal in origin, while females inherit maternal
and paternal X-chromosomes, creating a mosaic of active X-chromosomes of maternal or
paternal origin across different tissue types®. Female mosaicism means that X-chromosome
gene variants may be expressed in ‘patches’ of cells originating from the same stem cell or in
different tissue types by virtue of random inactivation of the mutant allele. Consequently,
approximately 50% of the cellsin females will express the mutantallele and 50% will express
the wildtype, mitigating the loss- or gain-in-function caused by the mutation3. In most
females, the maternal and paternal X-chromosomes have an equal chance of undergoing
random inactivation®3!, however, in cases of XCI skewing, more than 75% of cells can express
a bias in XCI. Skewed XCI can occur by chance or through genetic, epigenetic, or
environmental influences than may preferentially inactive one X-chromosome over the
other3!, XCI, especially skewed-XCl, can influence the severity of X-linked diseases in

heterozygous females?3?,

Carrying a disease-linked gene mutation on one X-chromosome contributes to reduced disease

severity in females compared to males, particularly in disease onset, clinical manifestation, and
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pathophysiology*3°. The dichotomy in disease severity is especially clear with X-linked
recessive diseases such as Duchenne muscular dystrophy (DMD)*32 and haemophilia A, where
female carriers are often spared'34. Recessive disease requires the expression of the mutant
allele on both chromosomes for disease progression; because males harbour a one X-
chromosome, the expression of a single mutant allele is sufficient to manifest disease, as
opposed to females that may express the mutant allele on the maternal or paternal X-
chromosome but due to random XCI do not experience disease symptoms to the same severity
as males'3. Approximately 1 in 5,000 males are affected by DMD, in stark contrastto 1 in 1
million females, highlighting the divide in disease severity in X-linked recessive disorders*®.
For X-linked dominant mutations, the expression of the mutant allele on a single X-
chromosome is sufficient to cause disease in males and females, often with differing
severity®*%137 The presence of a second X-chromosome harbouring the wildtype allele can
mitigate pathogenicity generated by expression of the mutant allele on the alternative X-
chromosome due to XCI and female mosaicism*3. Fragile X syndrome, caused by a
trinucleotide CGG repeat in the fragile X messenger ribonucleoprotein 1 (FMR1) gene
demonstrates clear differing clinical presentations between males and females through a pattern
of X-linked dominant inheritance!®®. Males expressing the full mutation exhibit severe
intellectual disability, attention disorders and symptoms of autism spectrum disorder.
Similarly, the phenotypic profile of females encompasses intellectual disability and
behavioural alterations however, inactivation of one X-chromosome ensures that some cells
expressing the wildtype gene produces fragile X messenger ribonucleoprotein (FMRP),

although not restorative, females exhibit milder symptoms as a result3140,

UBQLN2-linked ALS is inherited inan X-linked dominant fashion®’. Investigation towards an
X-linked mode of disease inheritance, initiated by the absence of male-to-male transmission of

ALS reported in families with generational ALS, identified mutations in the PXX domain of
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UBQLN?2 as the main driver®>’. Males with UBQLN2-linked ALS have been reported to exhibit
more severe bulbar and respiratory symptoms of ALS, females are not completely
unaffected®’. Although studies have noted a difference in the age of disease onset of 33.9 years
in males and 47.3 years in females®, females harbouring UBLNQ2 mutations may develop ALS
at a younger age than those without a mutation and are still affected by ALS disease!!. The
mechanisms supporting sex-specific differences in UBQLN2-linked ALS is not fully
understood and has prompted the requirement for appropriate methods to understand XCI and

how it may affect disease progression and severity.

1.2.4.3 Methods for understanding X-inactivation in disease

The ratio of mutant and wildtype transcript or protein expression is used as an index to
understand XCI and skewed-XCI**, A combination of techniques, including the human
androgen receptor (HUMARA) assay*42143, allele-specific quantitative PCR (qQPCR)4414° and
RNA-sequencing (RNA-seq) have been implemented in the understanding of XCI in disease.
The HUMARA assay is a PCR based technique that takes advantage of the differing number
of polymorphic CAG repeats between the active and inactive X-chromosome and susceptibility
of the unmethylated allele to be digested by the Hpall enzyme. As a result, the PCR products
can be visualised through gel electrophoresis to determine the pattern of XCI1'43. Alternatively,
allele-specific gPCR allows the differentiation between alleles with a single mutation using
allele-specific forward primers#41%, RNA-seq analyses the quantity and sequence of extracted
RNA from a population of cells using next generation sequencing!4¢14’; male to female

expression levels of X-linked genes can be analysed using RNA-seq to reflect XCI patterns#.

To understand the influence of skewed-XCI on mutant allele expression, indicators such as
CpG island methylation is often assessed to reflect architectural changes in chromatin structure

that regulates gene expressiont*8, Sodium bisulfite conversion is the gold-standard technique
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for detecting 5-methylation of cytosine residues of CpG sites in mammalian genomic
DNA9150 - Sodium bisulfite selectively deaminates unmethylated cytosines to uracil,
presenting an efficient means for encoding DNA methylation into the primary sequence of
bases'®?151, Subsequent PCR amplification of the converted DNA produces thymine residues
in place of unmethylated cytosines due to uracil and thymine base pairing, while methylated
cytosine bases remain unchanged*®°. Since its discovery, bisulfite conversion has formed the
basis of different sequencing methods, including bisulfite-sequencing PCR (amplifies both
methylated and unmethylated DNA) and methylation-specific PCR (only amplifies methylated

templates, using primers against the bisulfite-encoded methylation)*°2.

In the context of X-linked disease like ALS and ALS-FTD, bisulfite sequencing can be used to
identify differentially methylated regions of the X-chromosome that may drive or protect
against disease progression®®3, Specifically, bisulfite sequencing can be used to identify
differential methylation patterns in UBQLN2-linked ALS between males and females
pertainingto XCI. Females with UBQLN2-linked ALS demonstrate protection against disease
progression and symptom manifestation which may be driven by unique methylation patterns
in the CpG island of UBQLN2 because of XCI®’. Identifying this pattern may enable a basis
for prediction of protection against UBQLN2-linked ALS. Bisulfite conversion combined with

DNA sequencing can provide single nucleotide resolution to reveal DNA methylation patterns.
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1.3 MODELS FOR UNDERSTANDING UBQLN2-LINKED ALS AND FTD

Model systems are fundamental for capturing a unique understanding of disease mechanisms,
pathophysiology and systemic repercussions of disease interventions®*. In vitro and in vivo
methods of disease modelling are particularly important for rare diseases suchas ALS and FTD
to predict the impact of genetic, epigenetics and environmental factors on disease
progression®®®, Transgenic animal models have been abundantly employed to study the effects
and therapeutic targets of ALS/FTD-linked genes. Mice and rats are common animal models
due to their similarities to human anatomy, physiology and genetics!®®157 however other
models such as Caenorhabditis elegans (C. elegans), Zebrafish, and drosophila melanogaster

are also routinely used*®.

The firsttransgenic UBQLN2-mutant mouse model was developed to express hUBQLN2P+™H
that developed ubiquilin-positive inclusions in the hippocampus and cognitive deficits similar
to that in humans®®®. However, sex-specific differences were not incorporated into the study
design as the hUBQLN2P4"H transgene had integrated into the Y-chromosome, making all the
mice malest®®. Studies that do include male and female mice often don’t explore gender
differences as the mutations are not integrated into the X-chromosome, for example, a study
including an equal number of hUBQLN2P*%T transgenic and non-transgenic (wildtype) male
and female mice only reported on behavioural differences based on transgenic or non-
transgenic status of the mice, mitigating any potential gender effects or evidence of UBQLN2
redundancy in the mutant female mice!®®. Furthermore, a study conducted by Hjerpe et al.
(2016) introduced a UBQLN2"52°T knock in mutation on the X-chromosome yet only assessed

functional changes in male mice®°,

As mentioned previously, UBQLN2-linked ALS tends to impact males at an earlier age and

with more severe symptoms than females® however this is not always captured in animal
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models. Often the main objective in studies of this nature is to predict the main
pathophysiological interactions and behavioural effects of mutant UBQLN2 which can be
achieved without incorporating elements of X-inactivation®®!6!, While overexpression and
knockout models can recapitulate UBQLNZ2 pathology, ignoring epigenetics when trying to

understand an X-linked form of ALS shuts down an entire avenue for potential therapies.

Further, itis necessary to recognise the limiting nature of animal models and their replicability
of a phenotypically variable disease like ALS/FTD; this is especially true when considering
that therapies that show remarkable results in animal trials seldom show as much therapeutic

benefit in humans®8.

The use of human patient-derived cells for research is one of the approaches geared towards
personalised medicine and is especially useful when analysing epigenetic modifications that
can be difficult to replicate in animal models. Differential DNA methylation patterns between
males and females have been explored using human pancreatic islet cells to determine the
impact on gene expression and subsequent insulin expression; concluding that epigenetic
modifications can significantly affect metabolic phenotypes in a sex-specific manner*!’. For
this thesis, human fibroblasts were available from three heterozygous female UBQLN2T#8"!

carriers to determine patterns of methylation of the wildtype and mutant UBQLNZ2 alleles.
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1.4 RESEARCH OBJECTIVES

Since the discovery of UBQLN2 as a causative gene for X-linked ALS and ALS/FTD?®,
investigations into the pathological contribution of ubiquilin 2 in ALS have increased.
However, the redundancy exhibited in females heterozygous for mutant UBQLN2 through XClI
remains unexplored. Although XCI is a well-established principle, determining the differential
pattern of CpG island methylation in the promoter region of UBQLN2 between males and
affected females may highlight the molecular basis of female protection against UBQLN2-
linked ALS. Publicly available methylome data will be used to investigate methylation of CpG
sitesacross the CpG island of UBQLN?2 in different tissue types between males and females to
investigate patterns of differential methylation. Human fibroblast samples will then be used to
optimise sodium bisulfite conversion of genomic DNA (gDNA) to capture methylation of CpG
sites for each sample. This research will provide insight to the extent of sex-specific
methylation differences of CpG sites across the CpG island of UBQLN2 as a potential
mechanism for female protection against UBQLN2-linked ALS. The methylation data and
methods optimised for deriving patient-specific methylome information can be used in
conjunction with RNA sequencing of UBQLNZ2, allele-specific quantitative PCR (qPCR)
between mutant and wildtype variants, as well as functional analyses of patient-derived cells
to determine whether XCI methylation patterns can help predict female protection against X-

linked MND.
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2 MATERIALS AND METHODS

2.1 IDENTIFYING SEX-SPECIFIC SITES OF UBQLN2 CPG ISLAND
METHYLATION

Publicly available databases were used to identify the location and extent of methylation within
the CpG island of the UBQLN2 gene. Further, multiple tissue types were compared to identify
any tissue-specific methylation patterns of CpG sites in the UBQLN2 CpG island. Epigenome-
Wide Association database (EWAS) and MethBank were the databases used to extract the

methylome information.

2.1.1 Identifying the region of interest for X-inactivation-linked methylation of
human UBQLN2

The chromosomal coordinates of the CpG island for human UBQLN2, chrX:56589945-
56590514, were determined using the University of California, Santa Cruz (UCSC) human
genome browser in Genome Reference Consortium Human Build 37 (GRCh37)%2, The
sequence was downloaded from the National Centre for Biotechnology Information (NCBI)
[UBQLN2 gene NCBI reference: NC_000023.10]%¢3. The north and south shores and shelves
of the UBQLN2 CpG island, located from 0-2 kb and 2-4 kb from the 5’ most end of the CpG
island proper!l’-119164 \was not included in the sequence obtained. The additional flanking
sequences were obtained from NCBI through manual selection of 4 kb upstream from position
chrX:56589945 in GRCh37. The sequence was aligned and the CpG sites along the CpG island

were annotated in Geneious Prime (version 2020.0.5)
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2.1.2 Obtaining methylome data from publicly available databases

2.1.2.1 Epigenome-Wide Association Studies (EWAS) Open Platform Database

DNA methylation is a widely characterised form of epigenetic modification that can report on
genome-wide gene expression and, of most relevance to this study, can report on X-
inactivation. Epigenome-Wide Association studies are an effective tool to investigate the
correlation between phenotypes and epigenetics through DNA methylation of CpG islands.
EWAS employs a host of methylation analysis methods, the most common being the Infinium
Human Methylation 450K bead chip-analysis'®. The EWAS open platform database, curated
by the National Genomics Data Centre in China, provides integrated data from 910 publications
for 617,018 EWAS associations, with normalised methylation array information across more
than 700 tissues and 218 cell lines*®. EWAS employs a standardised method of normalising
methylation data from the Gene Expression Omnibus (GEO)!®’ repository and The Cancer
Genome Atlas (TCGA), providing ease of comparison between different samples, tissue types

and CpG probes'®®.

Methylation array data from the Infinium Human Methylation 450K bead chip was
downloaded as a ‘manifest’ file (version 2.1) from the EWAS open platform database, which
consisted of Infinium probe IDs associated with each CpG island analysed across the genome
and their respective gene and chromosomal location. Infinium Human Methylation 450K
technology assesses methylation status of more than 45,000 CpGs across the genome through
bisulfite conversion and probe based Infinium I/l chemical assays to distinguish between
methylated and unmethylated CpG sites!®®. Infinium probes targeting the human UBQLN2

gene were isolated by filtering the manifestdata for ‘UBQLNZ2’ inthe ‘UCSC_RefGene Name’
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column of the file and for the chromosomal coordinates of the CpG island, chrX:56589945-

56590514, as determined in section 2.1.1.

R-studio (version 4.1) was used to extract raw methylation data for each probe in the CpG
island of the human UBQLN2 gene, by using a script (written by Scotter Lab PhD candidate
Maize Cao) to produce a .csv file with a subset of the data having column titles "sample_id",
"sex", and "tissue", and the following probe IDs; "cg01780361", '"cg02492740",
"'cg02587153", "cg04270663", "cg09013091", "cg09666011", *cg10009003", "cgl10950413",
"'cg14824933", "c16161440", "cg20979765", "cg21862542", "cg25697726", "cg23993375",

"cg25697726" (Table 1).

The metadata extracted enabled analysis of individual samples by sex (male/female) and -
value (methylation) of each CpG site probed for in the human UBQLN2 gene (identified by an

Infinium probe ID) across seven different tissue types in males and females.

2.1.2.2 Methbank 3.0

Similar to the EWAS open platform database, the Methbank 3.0 database®’® provides collated
methylome data across different species obtained from bisulfite-converted whole genome
sequences from the Genome Sequence Archive!’* and Sequence Read Archive!’?. Consensus
reference methylome data for chromosome X only for 13 different tissue types was extracted
as ‘. wig’ files and converted to ‘.bed’ files using BEDOP software (version 2.4.30-gimkl-

2017a) on the NeSl platform using code written by Scotter Lab PhD candidate Maize Cao.

X-chromosome methylome information from MethBank 3.0 was extracted as multiple .bed
files separated by tissue type and sex. Within the files, the average B -value for a single CpG
site was reported alongside the genomic location according to Genome Reference Consortium

Human Build 38 (GRCh38). To ensure the same CpG sites were analysed between the EWAS
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and MethBank 3.0 datasets, the genomic location of the Infinium probes reported in the EWAS
data was converted from GRCh37 to GRCh38. The Ensembl genome browser!’® reports the
coordinates of the UBQLN2 gene as chrX: 56,590,026 - 56,593,443 in GRCh37, following
conversionto GRCh38 using the Ensembl assembly converter!’* the coordinates became chrX:
56,563,593 - 56,567,010 representing a -26,433 base shift. Subsequently, the genomic location
column of the EWAS data was adjusted by -26,433 bases to determine the genomic location of
each Infinium probe in GRCh38. Using the genomic location of each Infinium probe within
the CpG island of the UBQLN2 gene in GRCh38 from the EWAS data, the same probes were

then isolated from the Methbank data (Table 1).

2.1.2.3 Control genes

Using experimental controls is necessary to ensure robust results, provide comparison to a
standard and diminish the effects of bias'’®. The human androgen receptor (AR) is located on
the X-chromosome and is subject to X-inactivation, making this a suitable positive control gene
to assess methylation levels between males and females. Cyclin-dependent kinase 16 (CDK16)
is also located on the X-chromosome but escapes X-inactivation'’8, therefore making this a
suitable negative control. Additionally, TARDBP located on chromosome 1 was included as a
negative control to determine whether there were methylation differences between males and
females in the CpG island of an autosomal gene. Methylome information for the control genes
was extracted from the EWAS manifest file by filtering for “CDK16”, “AR” and “TARDBP”
in the UCSC_RefGene_Name column. To maintain consistency between all datasets, the
genomic location of the control genes, originally expressed in GRCh37, was also converted to

GRCh38.
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2.1.3 Beta-Value

The extent of methylation at a CpG site was expressed as a beta (B) value. Infintum Human
Methylation 450K assay measures the intensity of methylated and unmethylated probes at a
CpG site from a population of cells. The ratio of methylated probe intensity to overall
(methylated and unmethylated probe) intensity is the B-value, which ranges from 0 (no
methylation detected) to 1 (fully methylated CpG site)!’’. The B-value for each probe in the
EWAS and Methbank 3.0 datasets was extracted for males and females for different tissue
types. The tissue types of interest were all brain regions available in the databases and tissues
commonly used to screen for molecular markers of disease; these tend to be readily accessible
like blood, skin, and saliva, all of which were available in both datasets. It should be noted that
while EWAS methylome data provided normalised individual B-values for each study for a
given probe ID or tissue, methylome data from Methbank 3.0 provided the average B -value

across different studies for a given probe ID or tissue type.
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Table 1: Summary of CpG sites analysed from EWAS and Methbank 3.0. Probe ID and the respective genomic location for a single CpG site in
the promoter region of each gene. Probe ID is organised from 5’ to 3’ for each gene. ‘Relation to CpG island’ is listed as de fined in the Infinium
Human methylation 450K v1.2 manifest file.

Genomic Location Relation to CpG

Probe ID

UCSC CpG Island Location

(GRCh38) Island
UBQLN2 €g21862542 56560144 chrX:56589945-56590514 North Shelf
€g02587153 56563335 chrx:56589945-56590514 North Shore
€g10009003 56563359 chrx:56589945-56590514 North Shore
€g25697726 56563485 chrXx:56589945-56590514 North Shore
cg09013091 56563513 chrX:56589945-56590514 Island
€g14824933 56563516 chrX:56589945-56590514 Island
€g23993375 56563518 chrX:56589945-56590514 Island
€g10950413 56563664 chrX:56589945-56590514 Island
cg09666011 56563680 chrX:56589945-56590514 Island
€g16161440 56563754 chrX:56589945-56590514 Island
cg02492740 56563929 chrXx:56589945-56590514 Island
cg01780361 56563953 chrX:56589945-56590514 Island
cg04270663 56564080 chrXx:56589945-56590514 Island
€g20979765 56564104 chrX:56589945-56590514 South Shore
AR €g26003280 66736034 chrX:66763684-66764077 North Shore
€g25686125 66736576 chrX:66763684-66764077 North Shore
€g20878850 66737252 chrX:66763684-66764077 Island
cg08063601 66737509 chrX:66763684-66764077 Island
€g27271368 66737978 chrX:66766037-66766279 Island
cg01086868 66738098 chrX:66766037-66766279 Island
cg03096488 66738856 chrX:66766037-66766279 North Shore
€g21966410 66739449 chrX:66766037-66766279 North Shore
cg05019001 66739901 chrX:66766037-66766279 South Shore
€g26498015 66761656 chrX:66766037-66766279 Undefined
€g15840039 66761665 chrX:66766037-66766279 Undefined
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CDK16 €g18407858 47047850 chrX:47077163-47078637 North Shelf
€g10913852 47050735 chrX:47077163-47078637 Island
cg06691299 47050928 chrX:47077163-47078637 Island
€g05292991 47050970 chrX:47077163-47078637 Island
€g14044580 47051382 chrX:47077163-47078637 Island
cg17334225 47051442 chrX:47077163-47078637 Island
€g11333230 47051444 chrX:47077163-47078637 Island
€g23212388 47051497 chrXx:47077163-47078637 Island
€g22826577 47051553 chrX:47077163-47078637 Island
€g17137203 47052203 chrX:47077163-47078637 Island
€g23061435 47053142 chrX:47077163-47078637 South Shore
€g24655012 47055307 chrX:47077163-47078637 South Shelf

TARDBP cg18163627 11045155 chr1:11072319-11073250 North Shore
€g00692549 11046022 chr1:11072319-11073246 Island
cg10233455 11046189 chr1:11072319-11073247 Island
€g15482690 11046309 chr1:11072319-11073249 Island
€g18380490 11046794 chr1:11072319-11073251 Island
€g15430883 11046800 chr1:11072319-11073248 Island
cg00330490 11047475 chr1:11072319-11073245 South Shore
€g22693994 11058786 chrl:11072319-11073252 Undefined

Abbreviations: AR; Androgen Receptor, CDK16; Cyclin Dependant Kinase 16, TARDBP; TAR DNA binding protein, UCSC; University of

California, Santa Cruz.
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2.1.4 Transformation and analysis of methylome data

To allow comparison of pB-values between sex, tissue type and databases, the individual -
values obtained from EWAS were averaged as a function of tissue type and probe ID
(individually). As described, in section 2.1.3, methylome data from Methbank 3.0 was already
presented as an average p-values for each probe and each tissue type, therefore no
transformation was required of the raw data. GraphPad Prism (version 9.0.2) was used to graph
the average probe B-values + standard deviation between males and females for each tissue
type. The data was also expressed as mean tissue B-values + standard deviation for each CpG
probe between males and females to highlight any tissue-specific methylation differences

within the CpG island of the analysed genes.

2.1.4.1 Statistical Analysis

Multiple analyses were conducted on the publicly available methylome data from EWAS and
MethBank. To determine the significance of methylation differences between males and
females for a given CpG site a paired t-test with an a = 0.05 was conducted. When comparing
average B-value across CpG sites, different tissues or sexes, CpG sites with higher p-values
(those located in shelves) were not included to prevent false inflation of the average p-value in
the CpG island proper. To determine the significant between the average p-value across
different tissues, sexes or CpG sites, an unpaired t-test was conducted, p-values < 0.05

considered significant.

Two-way ANOVA with multiple comparisons were used to determine significance between
different parameters of the combined data across and between tissue types with p-values < 0.05

considered significant.
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2.2 QUANTIFYING METHYLATION OF UBQLNZ2 IN HUMAN SAMPLES
INCLUDING MUTANT UBQLN2 FIBROBLASTS

2.2.1 Cell Culture

Fibroblast punch biopsies were obtained from nine patient donors; three wildtype males: case
numbers MNDO045, MNDO053 and MNDO054, three wildtype females: MNDO055, MNDO56 and
MNDO57 and three mutant females: MN17, MNDO033 and MNDO046. The fibroblasts were
plated at 500,000 per well for a total of 4 wells per sample. Fibroblasts were grown in
Dulbecco's Modified Eagle Medium (DMEM) (Thermo Fisher Scientific) (90%), and
supplemented with fetal bovine serum (FBS) (10%) and Pen-strep (1%) and harvested at the
following passages: MN17 p8, MNDO033 p10, MNDO045 p8, MND046 p8, MNDO053 p8,

MNDO054 p8, MNDO55 p9, MNDO056 p8, MNDO57 p9.

2.2.2 Genomic DNA (gDNA) Extraction

gDNA was extracted from frozen cell pellets using the QIAGEN DNA Mini kit (Catalogue
number: 51304) as per the manufacturer’s protocol with minor modifications. Briefly, the cell
pellet was resuspended in sterile PBS to a final volume of 200 pL to which 20 pL of proteinase
K (QIAGEN protease; 20 mg/mL) and 200 pL of lysis buffer (buffer AL) was added to degrade
nuclease enzymes'’® and promote cell membrane lysis, respectively. Following incubation for
10 minutesat 56 °C, 200 pL of 100% ethanol was added. The mixture was placed in a QIAmp
spin column and centrifuged at 6000 x g (8000 rpm) for 1 minute. To the column, 500 pL of
buffer AW1 was added and centrifuged for 1 minute at 6000 x g, followed by the addition of
500 pL of buffer AW2. The sample was centrifuged at 20,000 x g (14,000 rpm) for 3 minutes.
To the spin column, 30 pL of elution buffer (buffer AE), heated to 75 °C, was added and
incubated for 5 minutes before being centrifuged at 6000 x g for 1 minute. The elution step was

repeated to give a final elution volume of 60 uL. The concentrationand purity of the extracted
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gDNA was measured using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific)

and stored at -20 °C.

2.2.3 Bisulfite conversion

2.2.3.1 EZ DNA Methylation Gold Kit (#D5005) — Zymo Research

Genomic DNA was bisulfite converted using the EZ DNA methylation gold kit (Catalogue
number: D5005) from Zymo research. Briefly, 500-2000 ng of gDNA was bisulfite converted
with CT conversion reagent at 98 °C for 10 minutes followed by 64 °C for 2.5 hours. The
converted DNA was then desulphonated and washed in a Zymo-spin™ IC column and eluted
into 10 uL of elution buffer. DNA recovery was measured using a Nanodrop 2000

spectrophotometer.

2.2.3.2 QIAGEN EpiTect bisulfite kit

Sodium bisulfite conversion of gDNA using the QIAGEN EpiTect bisulfite kit was prepared
according to the ‘Sodium bisulfite conversion of unmethylated cytosines in DNA’ protocol
provided in the EpiTect Bisulfite Handbook 20207°, with minor modifications. 1 ng — 2 ug of
gDNA was bisulfite converted using ‘Bisulfite mix” and DNA protect buffer - a green to blue
colour change following the addition of the DNA protect buffer ensured that sufficient mixing
and pH of the solution has been achieved for bisulfite conversion to occur. The bisulfite
conversion reaction was performed with the following conditions: denaturation for 5 minutes
at 95 °C, incubation for 25 minutes at 60 °C, denaturation for 5 minutes at 95 °C, incubation
for 1 hour and 25 minutes at 60 °C, denaturation for 5 minutes at 95 °C and incubation for 2
hours and 55 minutes at 60 °C. The converted gDNA underwent desulphonation and several

washes through a column and eluted into two 20 uL elutions with warm buffer EB (70 °C).
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DNA recovery was then measured using a Qubit 2.0 fluorometer (Invitrogen; Life

Technologies).

2.2.4 Primer design

Bisulfite conversion alters the sequence and integrity of the template DNA, making accurate
primer design an integral component of the workflow?!49159.152 Initially, primer pairs were
designed against the native UBQLN2 sequence using Primer3 (Table 2) adhering to general
guidelines for primer design to amplify DNA, such as a 40 — 60% GC content, length between
18-24 bases and a melting temperature between 50 — 60 °C®. However, following
unsuccessful amplification of the UBQLN2 CpG island, the MethPrimer program for designing
primers against bisulfite-converted DNA! was used to design primers flanking the UBQLN2
promoter. The native UBQLN2 CpG island sequence was input into MethPrimer to obtain
potential primer sequences. The MethPrimer program is designed to convert the native
sequence to reflect bisulfite conversion when designing primers. Because assumptions cannot
be made about the methylation status of cytosines at CpG sites, they were avoided when
designing the primers. If CpG sites cannot be avoided, a mixed base, Y or R is used in place of
the cytosine in the forward or guanine in the reverse primer, respectively82, Additionally, it
was important to consider the length of the amplicon produced by primer sets. The highly
fragmented nature of bisulfite-converted DNA may prevent amplification of longer amplicons,
therefore limiting amplicon size to around 400 bp*82, Table 2 illustrates the five sets of primers
that were designed to tile across the CpG island of UBQLN2 to capture most of the CpG sites
represented in the EWAS and MethBank 3.0 databases (the CpG site at chrX:56560144
(GRCh38) (probe ID: c¢g21862542) was not included due to its extreme 5’ location in the north
shelf) (Table 1 and Figure 3.8). To align these primers to the UBQLN2 CpG island, the CpG

island sequence was converted in silico to reflect the potential sequence proceeding bisulfite

35



conversion using Geneious Prime software (2020.0.5) — this was achieved by manually

converting all non-CpG cytosines to thymine.

Table 2: Primer pairs developed for amplifying the CpG island of UBQLN2. Primer name is listed in a 5> — 3’ direction
relative to the CpG island sequence of UBQLN2. Primers designed in MethPrimer are suffixed with MP.

Primer Name Primer Sequence (5° —3’)

hUBQLN?2 bisulf f1 5’ —TCGATTCAGGCTTTCACCCT -3

hUBQLNZ2 bisulf rl 5> — CGCCAGGCCTAGATTGATAGA -3
hUBQLNZ2 bisulf f2d 5> — GACCGAGCCAAATCTATCAATCT -3
hUBQLNZ2 bisulf r2d 5° — GAAAGAGAGAGCGCGAGGG -3

hUBQLN?2 bisulf f3 5* — CAGGGAACCGCAGTCTTCAT -3’

hUBQLNZ2 bisulf r3 5> — CACCGCGAACTCCTCTTTCT -3

hUBQLN?2 bisulf 4 5> — TCATCAAAGTCACGGTGAAGA -3
hUBQLNZ2 bisulf r4 5° — TGAACAGTCAGCCCATCATG -3’

hUBQLNZ2 bisulf f1 MP 5- TATTGTTTTATAGATTGTTAATATATATTT-3’
hUBQLN?2 bisulf r1.2 MP 5’-TTA AAA ACT TCT ACA CTA AAA AAA A-3°
hUBQLNZ2 bisulf f2 MP 5’-GAG TTAAAT TTATTA ATT TAG GTT TGG-3”
hUBQLNZ2 bisulf r2.2 MP 5’-ACTCCCAACAACTCTAAC-3’

hUBQLNZ2 bisulf 3.2 MP 5’-GGT TGT TAG AGT TGT TGG-3’

hUBQLNZ2 bisulf r3.2 MP 5’- ATACCT CTA TAATAA AAA CTA-3’
hUBQLN2 bisulf f4.2 MP S-GTGTTTTTITTTITTITTITTIT TTT T-3°
hUBQLN?2 bisulf r4.2 MP 5’-CCT CTT TCT CTT TAA AAA TCT-3’

hUBQLN?2 bisulf f5 MP 5’-GGT GAA GAT TTT TAA AGA GAA AGA GG-3’
hUBQLN2 bisulf r5.2 MP 5’-CAA TCA ACC CAT CAT AAAT-3’

Abbreviations: hUBQLNZ2; Human UBQLNZ2, bisulf; bisulfite, f; forward, r; reverse, MP: MethPrimer

2.2.5 Methylated and non-methylated DNA controls

The Zymo Research Human Methylated & Non-methylated DNA set (catalogue number:
D5014) was used to amplify the death associated protein kinase 1 (DAPK1). Bisulfite-specific
DAPK1 primers provided in the kit were used for PCR amplification: DAPK1 Forward primer:
5" —TAG AAT TTA GTT AGA GGG TAG TTT AGT A -3’ and DAPK1 Reverse primer: 5’
— AAA CRA CCA ATA AAA ACC CTA CAA A —3’. PCR amplification was conducted in

the Nexus gradient Mastercycler v3.8.0.0 (Eppendorf) with the following conditions 95 °C for
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10 minutes for initial denaturation, 35 cycles at 95 °C for 30 seconds, 59 °C for 45 seconds
(primer annealing) and 72 °C for 60 seconds (extension) and a final extension period of 7

minutes at 72 °C, as per the manufacturer’s protocol.

2.2.6 Polymerase chain reaction (PCR) amplification and gel electrophoresis

PCR amplification for sequencing was performed in multiples of 10 uL reaction volumes, with
each reaction consisting of 5.4 uL of Ambion Diethyl pyrocarbonate (DEPC)-treated water, 2
uL of 5x GC buffer, 0.2 uL 10 mM dNTPs, 0.3 uL DMSO, 0.1 uL Phusion U Hot start DNA
polymerase, 0.5 uL of the forward and reverse primer and 1 uL of bisulfite converted gDNA
template. The thermal cycler (Nexus gradient Mastercycler v3.8.0.0; Eppendorf) was
programmed to run the initial denaturation at 98 °C for 30 seconds then 40 cycles of
denaturationat 98 °C for 10 seconds followed by a temperature gradient as described in Figure
3.10 for primer annealing and 45 seconds at 72 °C for extension then 7 minutes at 72 °C for
final extension. 10 uL of the PCR reactionwas loaded into a 2% agarose gel in 1x TAE buffer
and examined under UV in the protein simple gel reader v2.2.0.1 (Cell Biosciences) following

gel electrophoresis at 100 V for approximately 1 hour.

For PCR amplification of bisulfite-converted patient-derived fibroblast gDNA, three primer
sets were used: Set 1 hUBQLN2 bisulff1 MP and hUBQLN2 bisulfr2.2 MP; Set 2: hUBQLN2
bisulf 3.2 MP and hUBQLN2 bisulfr4.2 MP; Set 3: hUBQLN2 bisulf f4.2 MP and hUBQLN2

bisulf r5.2 MP.

2.2.6.1 PCR Purification

The Macherey Nagel NucleoSpin Gel and PCR clean-up kit (catalogue number: 740609.50)
was used for PCR purification. Briefly, 100 uL of the PCR reaction was added to 200 uL of
Buffer NTI in a spin-column and centrifuged for 30 seconds at 11,000 x g. The filtrate was

placed in the column and spin again to ensure DNA-binding to the silicamembrane. Two wash
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steps using 700 uL of Buffer NT3 followed by centrifuging for 30 second at 11,000 x g were
conducted. The membrane was dried (centrifuged for 2 minutes at 11,000 x g) and incubated
at 70 °C for 2 minutes and before performing two elution steps with 15 uL of DEPC-treated

water at 70 °C with a 5-minute incubation in between elutions.

2.2.7 Sanger sequencing and quantification analysis

PCR amplified samples were sent for Sanger sequencing at Auckland Genomics at a
concentration of 5 ng/uL — 20 ng/uL (2.5 ng of gDNA per 100 bp because the amplicons were
smaller than 1 kB). Additionally, relevant primer pairs were sent at a concentration of 5
pmol/uL at 5 uL per reaction. Sanger sequencing was run as per Auckland Genomics protocol

and provided as a chromatogram readout.

Sanger sequencing chromatograms are semi-quantitative measures in which peak intensity
indicates the proportion of sequenced DNA molecules that incorporates a particular base at the
same position'®. R-studio (version 4.1) was used to extract and graph relative signal intensities
of each nucleotide as a percentage of the total signal reported at each base, by using a script

written by Scotter Lab PhD candidate Miran Mrkela (Appendix A).
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3 RESULTS

3.1PUBLICLY AVAILABLE METHYLOME DATA PROVIDES
COVERAGE ACROSS THE CPG ISLAND OF THE UBQLN2 GENE

To determine the coverage of CpG sites across the CpG island of UBQLN2 with the lllumina
Infinium methylation assay probes, it was necessary to align the probe sequences to the
UBQLN2 CpG island sequence using Geneious Prime (2020.0.5). Figure 3.1 depicts the
specific CpG site targeted at the start or the end of the Illumina Infinium methylation assay
probes®®*. It is worth noting that methylation status of all CpG sites in the CpG island of
UBQLN2 were not assessed in the Illumina Human Methylation 450K BeadChip, however the
distribution CpG sites examined covers the north shelf to CpG sites beyond the start codon in
the CpG island proper (Table 1 and Figure 3.1). The comprehensive coverage of the UBQLN2
CpG island allows for accurate detection of methylation patterns between sexes, CpG sitesand

tissues.

3.2 COMPARING SEX-SPECIFIC METHYLATION OF INDIVIDUAL CPG
SITES IN THE UBQLN2 CPG ISLAND WITHIN TISSUE TYPES

3.2.1 CpG sitesin the UBQLN2 CpG island are more highly methylated in females
than males within a given tissue type

To determine which CpG sites were differentially methylated in the UBQLN2 gene between
males and females, it was necessary to obtain methylome information from publicly available
databases. Methylome data from EWAS and Methbank 3.0 demonstrated differential
methylation across CpG sites in the promoter region of the UBQLN2 gene, with average 3-
values ranging from 0.06 — 0.09 in males and 0.27 — 0.5 in females within a given tissue type
(excluding the CpG site at 56560144; probe ID: ¢g21862542) (Figure 3.2 and 3.3). For most

CpG sites, the average B-value was higher for females than males within all tissue types; CpG
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sites located at ChrX: 56563335, 56563359, 56563485, 56563513, 56563516, 56563518,
56563664, 56563680, 56563754, 56563929, 56563953, 56564080 and 56564104 bp (probe ID:
€g02587153, cg10009003, cg25697726, cg09013091, cg14824933, cg23993375, cg10950413,
€g09666011, cg16161440, cg02492740, cg01780361, cg04270663 and 920979765,
respectively) displayed a significantly higher average -value in females when compared to
males in the brain dermal fibroblasts, nasal epithelium, saliva, skin, tongue and whole blood of
the EWAS data (paired t-test, p-value <0.001) (Figure 3.2) A statistically significant difference
was also observed at these sites across all brain regions, dermal fibroblasts, peripheral blood
mononuclear cells, saliva and skin of the MethBank data (unpaired t-test, p-value < 0.0001)
(Figure 3.3). Because methylation patterns across different brain regions obtained from
MethBank 3.0 were highly, data from the ‘Brain’ is used to represent these regions. Appendix
B illustrates the relationship between male and female B-value at each CpG site across the

UBQLN2 CpG island.

Differential methylation between males and females is present in the CpG island of the AR
gene, also subjected to X-inactivation. The average -value in males ranged from 0.34 — 0.4
and 0.47 - 0.58 in females, across all tissue types. Removing the average f-value data from
CpG sites located at 66736034, 66736576, 66761656, and 66761665 bp (Probe ID:
€g26003280, 925686125, cg26498015 and cg15840039 respectively) (Table 1) to mitigate the
potential skew from high methylation levels relative to the other sites, gives an average -value
of 0.027 — 0.04 in males and 0.35 — 0.43 in females, values similar to average [3-value for
UBQLNZ2. Like UBQLN2, females displayed significantly higher levels of methylation across
most probes in all tissue types when compared to males (unpaired t-test, p-value < 0.001)
(Figure 3.2 and 3.4). No significant difference in methylation was observed in the CpG site

located at 66761656 bp (probe ID: ¢g26498015) in the brain, 66736576 bp (probe ID:
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Figure 3.1: lllumina Infinium assay probes provides coverage across the CpG island of the human UBQLN2 gene. Each Illumina
Infinium methylation assay probe provides methylome information for a single CpG site located at the 5” or 3” end of its sequence when
aligned to UBQLN2 (GRCh37). The 5 most probe, cg2 1862542 located at chrX:56586577 (GRCh37) and chrX:56560144 (GRCh38) has
been omitted from this diagram. Annotations were aligned to the CpG island sequence of UBQLN2 using Geneious version 2020.0 created
by Biomatters.
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€g25686125) in nasal epithelium as well as 66736034 and 66736576 bp (probe ID: cg26003280

and ¢g25686125) in the tongue samples.

Methylation differences were also observed in the CpG island of the CDK16 gene between
males and females, with the average B-value ranging from 0.085 — 0.06 and 0.07 — 0.169
respectively (B-value of probes located at 47047850 and 47055307 bp in the north and south
shelf of the island were not included) (Table 1). While the average B-value of a given probe in
the CpG island proper of CDK16 in males was similar to the average f-value for males across
the UBQLN2 CpG island across all tissue types, average B-values for females in the CDK16
CpG island were lower than CpG sites in the island of UBQLN2 (excluding the previously
defined highly methylated CpG sites in the shores and shelves). For example, EWAS
methylome data from saliva samples demonstrates a significant difference in average p-value
in the CpG island of UBQLN2 (average = 0.3942) and the CpG island of CDK16 (3 =0.1382)
between females (unpaired t-test; p -value < 0.0001), while there is no significant difference
between the average p-value of the CpG island of UBQLN2 (average p = 0.1059) and CDK16

(average B = 0.0709) between males (unpaired t-test; p-value = 0.3701).

No significant difference in methylation of CpG sites inthe CpG island of TARDBP (autosomal
control) was observed between males and females across a given tissue type indicating that
sex-specific methylation is unlikely to affect expression, with an average B-value of 0.32 - 0.35

in males and 0.33 — 0.35 in females.
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3.2.2 CpG sites in the north shelf of the UBQLN2 CpG island are more highly
methylated than probes in the CpG island proper

Interestingly, the CpG site located on the north shelf of the UBQLN2 CpG island at
chrX:56560144 bp (GRCh38) which corresponds to probe ID ¢g21862542, demonstrated a
higher average B-value than other CpG sites in males and females. The difference was
significant in brain, dermal fibroblasts, saliva, skin, tongue and whole blood methylome data
from EWAS (unpaired t-test, p-value < 0.0001) (Figure 3.2). Furthermore, males were more
likely to have a higher average -value than females, ranging from 0.88 — 0.97 in males and
0.65 — 0.79 in females across a given tissue type. A statistically significant elevation in
methylation was observed in males compared to females in brain, dermal fibroblasts, skin,
tongue and whole blood methylome data from EWAS (unpaired t-test, p-value < 0.01). While
a similar pattern of higher average p-value for cg21862542 was seen in the data collected from
Methbank 3.0, statistical significance could not be determined as the raw data was provided as

an average.

A similar pattern was also observed in the methylome data for the control genes where CpG
sites located approximately 4 kb upstream and downstream of the CpG island (north and south
shelf, respectively), as defined in the Infinium Human Methylation manifest file v1.2, tend to
be more highly methylated in both males and females compared to other CpG sites.
Furthermore, significantly higher levels of methylation were observed in males compared to
females for CpG sites with a chromosomal location of chrX: 66736034, 66736576, 66761656
and 66761665 in the androgen receptor gene, also subject to X-inactivation, across all tissue
types (Figure 3.2 and 3.3). The average p-value for ChrX: 66736034 = 0.976 (male) versus
0.852 (female) (p-value = 0.0489), ChrX: 66736576= 0.962 (male) versus 0.812 (female) (p-
value =0.0004), ChrX: 66761656 = 0.961 (male) versus 0.891 (female) (p-value =0.0174) and

ChrX: 66761665 = 0.814 (male) versus 0.612 (female) (p-value = 0.0003) (Figure 3.2).
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However, this pattern is not limited to genes that undergo XClI as methylome data from CDK16
and TARDBP also demonstrate elevated levels of methylation at CpG sites located at ChrX:
47047850, 47053142 and 47055307 bp (CDK16) and Chrl: 11045155, 11047475 and 1158786
(TARDBP) (Figure 3.2 and 3.3). In contrast to XCI affected genes (UBQLN2 and AR), no
significant difference is present between males and females at these CpG sites in the CpG island
of CDK16 and TARDBP. Average -value, acrossall tissue types, for ChrX: 47047850 = 0.950
(males) and 0.9575 (females) (p-value = 0.7716), ChrX: 47053142 = 0.3776 (males) and
0.4422 (females) (p-value = 0.3046), ChrX: 47055307 = 0.9243 (males) and 0.9053 (females)
(p-value=0.3012), Chrl: 11045155 =0.9428 (males) and 0.9431 (females) (p-value =0.8686),
Chrl: 11047475 = 0.7035 (males) and 0.6916 (females) (p-value = 0.5837) and Chr1: 1158786

= 0.9339 (males) and 0.9301 (females) (p-value = 0.8583).
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Figure 3.2 Methylome data from EWAS demonstrates elevated methylation of CpG sites in the promoter of UBQLNZ2 in
females across different tissue type. Average B -value for different tissue types demonstrates differential methylation between
males and females at CpG sites in the promoter region of the UBQLN2 gene. Methylome data for CpG sites in the CpG island of
the androgen receptor (AR), CDK16 and TARDBP are included as controls for CpG site methylation in X-inactivation, escape from
X-inactivation and autosomal genes, respectively. Genomic location of the CpG sites is organised in a 5’ to 3’ direction. Data is
presented as average 3 -value + SD. Raw data was obtained from EWAS and processed in GraphPad Prism 9.0.2. * p >0.05, ** p
>0.01, ***p>0.001, ****p >0.0001. (Note: methylome data for the UBQLN2 CpG site at chrX:56560144 (GRCh38) probe ID:
€g21862542 was not available in the Illumina Infinium methylation manifest file v1.2 for nasal epithelium and was therefore

omitted).
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Figure 3.3 Methylome data from MethBank 3.0 demonstrates elevated methylation of CpG sites in the promoter of
UBQLN2 in females regardless of tissue type. Average 8 -value for differenttissue types demonstrates differential methylation
between males and females at CpG sites in the promoter region of the UBQLN2 gene. Methylome data for CpG sites in the CpG
island of the androgen receptor (AR), CDK16 and TARDBP are included as controls for CpG site methylation in X-inactivation,
escape from x-inactivation and autosomal genes, respectively. Genomic location of the CpG sites is organised ina 5’ to 3’
direction. Data is presented as average B-value + SD. Raw data was obtained from MethBank 3.0 and processed in GraphPad

Prism 9.0.2.
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3.2.3 Combined data from all tissue types confirms elevated methylation of CpG
sites in the promoter of UBQLNZ2 in females

The pattern of methylation across the CpG island of UBQLN2 remained consistent between
tissue types, therefore, we combined data from all tissue types to conduct statistical analysis of
methylation between individual UBQLN2 CpG sites (Figure 3.4). The overall pattern of
methylation is visually conserved between the individual pattern of methylation across the CpG
island in each tissue and the combined data from all tissue types (Figure 3.2 - 3.4). The
combined data confirms that females tend to exhibit elevated methylation of CpG sites in the
island of UBQLN2, when compared to males, particularly sites located at ChrX: 56563516,
56563953 and 56564104 bp. However, 2-way ANOVA (Multiple comparisons) analysis did
not establish a significant difference between the average B-value of CpG sites at ChrX:
56563516, 56563953 and 56564104 bp and any other CpG site between females (p-value <
0.9999), except ChrX: 56560144 located in the north shelf, in the EWAS and MethBank data.
While these sites appear highly methylated in females compared to other sites in the UBQLN2

CpG island proper, the difference is not statistically significant.

Combined data from control methylome data also reflects the methylation patterns observed

across different tissue types.
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Figure 3.4: Combined data from all tissue types confirms elevated methylation of CpG sites in the promoter of UBQLNZ2 in females,
particularly sites 56560144, 56563516, 56563953 and 56564104 bp (GRCh38). A similar pattern of methylation across the CpG island of
UBQLN?2 is observed between methylome data from EWAS and Methbank. Methylome data, from EWAS, for CpG sites in the CpG island
of the androgen receptor (AR), CDK16 and TARDBP are included as controls for CpG site methylation in X-inactivation, escape from X-
inactivation and autosomal genes, respectively. Genomic location of the CpGsites is organised in a 5’ to 3 direction. * p >0.05, **p >0.01,
***p > 0.001 ****p> 0.0001. Data is presented as average B-value + SD. Raw data was obtained from EWAS and MethBank 3.0 and

processed in GraphPad Prism 9.0.2.
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3.3 COMPARING SEX-SPECIFIC METHYLATION OF THE WHOLE
UBQLN2 CPG ISLAND BETWEEN TISSUE TYPES

Tissue-specific differences in methylation were also assessed for each probe between males
and females to ascertain whether the level of methylation of a particular CpG site was
consistent between tissue types. Appendices C and D demonstrate the average p-value of a
given CpG site from EWAS and MethBank across different tissues. All probes tend to display
a consistent level of sex-specific methylation regardless of tissue type, suggesting that tissue
type does not affect the level of methylation. Interestingly, methylome data from female dermal
fibroblasts shows a higher average B-value across some CpG sites in UBQLN2 based on

methylome data from EWAS (Appendix C).

3.3.1 Combined data from all CpG sites in the promoter of UBQLN2 confirms
elevated methylation in females regardless of tissue type.

To determine if there were any tissue-specific differences in methylation across the CpG island
of the UBQLNZ2 in males and females, statistical analysis of combined p-value of all probed
CpG sitesalong the promoter region of UBQLN2 from EWAS and MethBank was conducted.
The average B-value across the CpG island for a given tissue type ranged from 0.059 — 0.116
in malesand 0.269 — 0.502 in females across EWAS and MethBank; with the average p-value
for dermal fibroblasts equivalent to 0.074 in males and 0.476 in females. When compared to
the combined average B-value of females for a given tissue type, the elevated methylation of
the UBQLN2 promoter in female dermal fibroblasts was not statistically significant (Figure 3.5,

2-way ANOVA: Multiple comparisons p-value < 0.99)
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Figure 3.5: Average methylation across the CpG island is elevated in females regardless of tissue type. Average -value
of all probes across the CpG island of UBQLN2 from EWAS and MethBank 3.0 demonstrates consistently elevated
methylation in females relative to males in all tissue types. Genomic location of the CpG sites is organised in a 5’ to 3’
direction. Data is presented as average B-value + SD. Raw data was obtained from EWAS and MethBank 3.0 and processed

in GraphPad Prism.

3.4 DEVELOPING IN-HOUSE METHODS FOR ANALYSIS OF CPG
ISLAND METHYLATION OF UBQLN2

To determine the methylation pattern in the UBQLN2 CpG island from patient-derived
fibroblast cells, optimising bisulfite conversion and PCR amplification is critical. Bisulfite
conversion of the extracted gDNA is the first step to successfully encode methylation patterns
across the promoter of UBQLN2 and maintain epigenetic integrity (Figure 3.6)*%°. Forward and
reverse primers, designed against the bisulfite-converted CpG island sequence of UBQLN2,
amplify the DNA for Sanger sequencing (Figure 3.6). Sanger sequencing data for heterozygous
UBQLN2 female CpG islands should have a prominent cytosine read-out at methylated
cytosine positions coupled with a smaller thymine signal, indicative of X-inactivation in a

subset of cells.
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Figure 3.6: Schematic of bisulfite conversion workflow. Observing the methylation pattern of gDNA from patient derived
fibroblasts involves three main techniques: (1) Sodium bisulfite conversion; a desulfonation reaction that converts
unmethylated cytosines to uracil through cytosine sulphonate and uracil sulphonate intermediates. Formation of these
intermediates do not occur when cytosine is methylated at the fifth carbon. (2) PCR amplification; forward (f1) and reverse
(r1) primers designed against the converted sequence amplify the region of interest for subsequent sanger sequencing (3).
Created with BioRender.com.



3.4.1 QIAGEN EpiTect bisulfite kit shows higher DNA recovery rate following
bisulfite conversion

First, the efficiency of two commercially available bisulfite conversion kits, EZ DNA
Methylation Gold kit from Zymo research and the QIAGEN EpiTect bisulfite kit was assessed

using gDNA derived from nine patient-derived fibroblast cells, HEK293T cells and HeLa cells.

Subjecting 2000 ng of gDNA from HEK293T cells, HeLa cells and patient fibroblasts from
case MNDO55 to bisulfite conversion using the EZ DNA Methylation Gold kit, resulted in a
recovery of 190, 221 and 32.1 ng of gDNA, respectively (Table 3). Input of 500 ng of gDNA
from MNL17 patient-derived fibroblastscells retained 12 ng of DNA after bisulfite conversion,

with a recovery rate of 2.4%.

For the QIAGEN EpiTect bisulfite kit, Similarly, DNA recovery following conversion of 2000
ng of gDNA from all nine patient-derived fibroblast lines, HEK293T and HeLa cells ranged

from 164 ng — 348.8 ng, with a recovery rate of 8.2% - 17.44% (Table 3).

Both kits caused a dramatic loss in DNA concentration following conversion, however it
should be noted that measurements of DNA concentrations using a Qubit 2.0 fluorometer are
more sensitive and specific for DNA, especially at low concentrations thus providing a more
accurate measure of DNA concentration following bisulfite conversion than Nanodrop
20008518 As a direct comparison, conversion of 2000 ng of gDNA from fibroblasts derived
from MNDO55 vyielded 3.21 ng/uL of DNA following conversion using the EZ DNA

Methylation Gold kit and 5.96 ng/uL, when using the QIAGEN EpiTect bisulfite Kit.
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Table 3: DNA retention following bisulfite conversion. Poor DNA recovery from the EZ DNA methylation gold kit
informed the decision to refrain from converting DNA from all fibroblast lines using this Kkit.

EZ DNA Methylation Gold Kit QIAGEN EpiTect Bisulfite kit
Cell Type/Case Input gDNA (ng) BIS:'SEB : ?:E\;/)irted Rez%ery Input gDNA (ng) Bls;gllt\le : (c:"r;\;e}r ted Re%;\/)ery

HEK293T 2000 190 9.5 2000 220 11
HelLa 2000 221 11.05 2000 263.2 13.16

MN17 500 12 24 2000 164 8.2
MNDO033 - - - 2000 318.4 15.92
MNDO045 - - - 2000 204 10.2
MNDO046 - - - 2000 244 12.2
MNDO053 - - - 2000 192.8 9.64
MNDO054 - - - 2000 348.8 17.44
MNDO055 2000 321 1.605 2000 238.4 11.92
MNDO056 - - - 2000 284.8 14.24
MNDO057 - - - 2000 226.4 11.32

* Measured using Nanodrop 2000
+ Measured using Qubit 2.0 fluorometer
‘-¢ Data not available

3.4.2 Validation methods confirm bisulfite conversion of gDNA

It was important to confirm that bisulfite conversion was occurring before amplifying gDNA
for subsequent sequencing. Bisulfite conversion is a harsh procedure capable of fragmenting
DNA to sizes around 100 — 1500 bp'®’. To validate bisulfite conversion, gel electrophoresis-
based methods were employed such as the visualisation of DNA ‘smears’ (Figure 3.7A and B)
and the use of a bisulfite-converted-template-specific primer (Figure 3.7C). Gel electrophoresis
of untreated (non-bisulfite-converted) gDNA produced DNA fragments ranging from 1000 bp
to larger than 15,000 bp (Figure 3.7A), compared to bisulfite-treated gDNA using the EZ DNA
Methylation Gold Kit that produced fragments around 100 bp to 1500 bp (Figure 3.7B)

suggesting that bisulfite conversion has taken place.

Additionally, fully methylated and fully unmethylated gDNA standards from Zymo Research
were also used to validate bisulfite conversion using the QIAGEN EpiTect bisulfite Kit.
Following bisulfite conversion of the DNA controls, primers designed to only bind when

successful bisulfite conversion has occurred amplified DAPKL1 to produce an amplicon around
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268 bp. Figure 3.7C demonstrates the presence of a strong band around 268 bp, confirming

that successful bisulfite conversion is occurring with the QIAGEN EpiTect kit.
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Figure 3.7: Visual confirmation of bisulfite conversion of gDNA using the (A, B) EZ DNA Methylation Gold kit and
(C) QIAGEN EpiTect bisulfite kit. Native gDNA (untreated) or bisulfite converted gDNA was loaded into each lane (A);
Bisulfite converted gDNA was loaded into lanes one through four (B). 10 uL of PCR products from amplifying DAPK1 using
bisulfite-conversion specific primers in fully unmethylated (UM) and fully methylated (M) gDNA templates was visualised in
2% agarose gel (C). Abbreviations: UM: Unmethylated gDNA, M: Methylated gDNA, NTC: Non-template control.

3.4.3 Bisulfite conversion workflow is highly destructive to and poorly retentive of
DNA

Accuracy and reliability of patient-derived methylome data depends heavily on the quality and
quantity of DNA available for Sanger sequencing. Previous results from Table 3 and Figure
3.7 demonstrate that bisulfite conversion causes notable DNA degradation and loss of DNA
concentration. Following DNA extraction from patient-derived fibroblast cells, bisulfite
conversionis the first step in the workflow defined in Figure 3.6 and defines the starting DNA

concentration for downstream analysis. Table 4 presents the sequential loss of DNA across
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three replicates, as measured by Qubit 2.0 fluorometer, at each step of the workflow from DNA
extraction to PCR purification. Initial DNA concentration following extraction ranged from
19.3 ng/uL to 192 ng/uL, however the addition of 2000 ng of DNA for bisulfite conversion
using the QIAGEN EpiTect bisulfite kit retained less than 10 ng/uL of DNA for every case.
After PCR amplification, retained DNA concentration further decreased to 1.61 — 3.35 ng/uL,
and purificationresultedin a final DNA concentration of 0.184 — 0.365 ng/uL. These findings
indicate that overall DNA recovery rates across the different patient-derived fibroblast cases

and HelLa cells was less than 1%.

Table 4: DNA concentration (ng/uL) is sequentially lost at each step of the workflow.

Extracted gDNA BC-gDNA PCR amplified PCR Purified Recovery (%)

Replicate # 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
HelLa 56.00 - - 6.58 - - 33 - - 0.365 - - 0.652
MN17 51.8 332 544 410 331 324 292 228 222 0.188 - - 0.363
MNDO033 352 193 49 7.96 4.80 191 298 175 276 0.304 - - 0.864
MNDO045 43.4 97.8 104 510 261 2.06 2.08 1.66 1.65 0.184 - - 0.424
MNDO046 175 238 26 6.10 4.11 3.34 3.16 1.74 236 0.250 - - 0.143
MNDO053 924 148 916 482 476 3.42 2.62 248 234 0.274 - - 0.297
MNDO054 155 192 64 8.72 780 3.70 240 161 272 0.242 - - 0.156
MNDO055 97 125 119 596 429 6.20 234 228 219 0.310 - - 0.319
MNDO056 174 171 116 7.12 7.68 7.36 224 238 267 0.294 - - 0.169
MNDO057 57.2 160 73.2 5.66 6.44 8.12 2.88 258 2.23 0.198 - - 0.346

Abbreviations: BC; Bisulfite-converted. ‘-¢ indicates no available data.
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3.5 SEQUENCING OF BISULFITE-CONVERTED gDNA FROM
HETEROZYGOUS FEMALE PATIENTS

An important part of this study was to determine the methylation status of CpG sites in the
UBQLN2 CpG island using bisulfite-converted DNA from patient-derived fibroblasts. Of the
nine patient lines, dermal fibroblasts from the three heterozygous female patients (MN17,
MNDO033 and MNDO046) exhibited successful bisulfite conversion (Figure 3.8). Bisulfite
conversionand amplification of gDNA using the primer sets designed in Primer3 (Table 2) did
not yield successful sanger sequencing results, with the exception of hUBQLN2 bisulf f2d and
hUBQLN2 bisulfr2d primer set, which amplified bisulfite converted DNA. However, it should
be noted that only Sanger sequencing data using the hUBQLN2 bisulfr2d primer, from this set,

produced adequate chromatograms for quantification (Figure 3.8).

The sequenced amplicons produced using hUBQLN2 bisulf r2d primer (Figure 3.8A) were
aligned to the in silico ‘bisulfite-converted’ UBQLN2 CpG island sequence, but did not show
successful alignment, suggesting that the primer pair may have amplified a differentregion in

the genome.

Nevertheless, the chromatograms obtained for MN17, MNDO033 and MNDO046 illustrate
successful bisulfite conversion as only cytosines within CpG sites are present in the final
sequence (Figure 3.8A). As established previously, methylated CpG sites are protected from
deamination reactions during bisulfite conversion, thus retaining the cytosine nucleotide at this
position while all unmethylated cytosines are converted to uracil and subsequently thymine
during PCR. Although, CpG sites corresponding to the Infinium Human Methylation 450K
probes across the CpG island of UBQLN2 were not captured in these chromatograms
preventing direct comparison between UBQLN2 methylation patterns from publicly available

data and patient-derived data.
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3.5.1 Quantification of CpG sites identifies methylated and unmethylated CpG
status

Heterozygous peaks can be identified in Sanger sequencing data as a double peak at the same
position on the chromatogram®@®. That is, cytosine peaks present in the chromatograms of
amplicons derived from MN17, MNDO033 and MNDO046 are often accompanied by a smaller
green peak corresponding to thymine (Figure 3.8A) indicating the presence of two variants at
a single position in the CpG island, the methylated variant (C) likely originating from the
UBQLNZ2 on the inactive X-chromosome and the unmethylated variant (T) likely from the
active X-chromosome. Figure 3.8B quantifies the proportion of the total signal that each
nucleotide contributes at all cytosine residues present in the chromatograms of MN17,
MNDO033 and MNDO046. Across sequencing data for MN17, MNDO033 and MNDO46 cytosine
represented an average of 63.9%, 67.37% and 75.76% of the total signal for each ‘conserved’
cytosine peak, respectively. Meanwhile, thymine made up an average of 32.75%, 27.33% and
22.29% of the total signal, respectively. Interestingly, for all three cases, more than 96% of the
peak signal located at 56563770 bp (within the CpG island proper) was attributed to cytosine,

with thymine making up an average of 1% of the total signal.

62



1bp

-
o A A

MN17 IG-GG-G-GG-GIG(-GI_GC—GGG—G-G_GI(-_GIGIC—G—GG-(___G-_G

mmuuﬁh.\m.b.uum.tuu
0

MNDQO33 [EGTAGGTTIGTTGGTITGAGGTITTEGE

W

VA AAAAL A A Al

MN17 MNDO033 MNDO046
B 100 S 1004 — — — — 100
. T 754 g 75
5 ™7 > 5 ™7 c
w w w
= ® © T
s 2 s
s 50 s 50 = s 50— G
5 S S m A
m m m
€ = ‘g
S 265 I LE 8 25-
@ @ [:1]
o o o
0 1 1 1 1 I I I 0 T T T T T T T T 0 1 I 1 I I 1 I
1 24 26 31 439 55 75 1 24 26 31 38 49 55 75 1 24 26 31 49 55 75
Relative Genomic Location (bp) Relative Genomic Location (bp) Relative Genomic Location (bp)

VA A A A A A

MNDO46 EGTAGGTTGTTGGTTGAGGTTTTCGEGTTTEGGTTTTTIGGGTTTTTTTCGTTGTCGTTTTGTGATTTGATTGTGEGTATTTTTAGTAATTTTGGTAGTTGTTTIGTTTIGTTIGATTTTTG

119 bp

Figure 3.8: Methylation of CpG sites retains cytosines following bisulfite conversion of patient-derived fibroblast gDNA. Chromatograms of bisulfite-converted gDNA from MN17, MNDO33 and
MNDO046 (UBQLN2 heterozygous females) illustrate the presence of methylated and unmethylated cytosine residues (A). Quantification using signal proportions show cytosine and thymine peaks at
relative genomic location corresponding to cytosine in the chromatograms (B). Geneious Prime (version 2020.0.5) was used to align the chromatograms. Sequencing data was provided by Auckland

Genomics and graphed using GraphPad Prism 9.0.2. Genomic location is listed in a 5’ — 3’ direction and corresponds to the 5’ — 3’ order of cytosines in the respective chromatograms.
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3.5.2 Primer design is integral for PCR amplification of bisulfite-converted gDNA

Following unsuccessful amplification of bisulfite converted DNA from patient-derived
fibroblasts using most Primer3 primers, it was necessary to design a new set of primers.
Deamination reactions converting unmethylated cytosines to uracil significantly alters the
DNA sequence following bisulfite conversion'®® (Figure 3.6), as a result, primers should be
designed to match the converted sequence as opposed to the native genomic sequence. The
genomic sequence for the promoter region of UBQLN2 was manually edited in Geneious Prime
software (2020.0.5) to reflect bisulfite conversion of all cytosine residues to thymine while
only retaining cytosines at CpG sites (Figure 3.9). Alignment of the primers designed using
MethPrimer (Table 2) demonstrates sufficient tiling across the ‘bisulfite-converted’ sequence

of the UBQLN2 CpG island (Figure 3.8).

Gradient PCRs for optimising primer annealing temperatures were used to visualise
amplification of amplicons spanning the CpG island of UBQLN2. Figure 3.10 illustratesthe
three primer sets used to achieve amplicons of 327 bp (set 1: hUBQLN2 bisulf f1 and hUBQLN2
bisulf r2.2), 417 bp (set 2: hUBQLN2 bisulff3.2 and hUBQLN2 bisulfr4.2) and 376 bp (set 3:
hUBQLNZ2 bisulf f4.2 and hUBQLN2 bisulf r5.2). Primer set hUBQLN2 bisulf f1 and
hUBQLN?2 bisulf r2.2 set to amplify the first third of the UBQLN2 CpG island, encompassing
CpG sites located at 56563335, 56563359, 56563485, 56563513, 56563516 and 56563518 bp
(Probe ID: ¢g02587153, ¢g10009003, cg25697726, ¢g09013091, c¢gl4824933 and
€g23993375, respectively) did not amplify this portion at any temperature ranging from 45 °C
— 55 °C (Figure 3.10A). Primer set hUBQLN2 bisulf 3.2 and hUBQLN2 bisulf r4.2 set to
amplify the middle of the CpG island, encompassing CpG sites located at 56563664. 56563680,
56563754, 56563929 and 56563953 bp (Probe ID: ¢g10950413, cg09666011, cg16161440,
€g02492740 and cg01780361, respectively) demonstrated an optimal annealing temperature

from 51.9 °C to 54.1 °C (Figure 3.10B). Finally, the primer set encompassing the final portion
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of the UBQLN2 CpG island, hUBQLN2 bisulff4.2and hUBQLN2 bisulfr5.2 covering the CpG
sites located at 56564080 and 56564104 bp (Probe ID: cg04270663 and cg20979765,
respectively) showed optimal annealing at 59.1 °C (Figure 3.10C). Although all primer sets
fulfilled conditions required for successful amplification of bisulfite-converted DNA, as
defined by MethPrimer, considerable variability is observed. A visual difference can be
observed in the amount of DNA amplified at optimal annealing temperature between primer

set 2 and set 3 based on the intensity of the bands present in the gel.

65



hUBQLN2 bisulfr1.2 MP  hUBQLN2 bisulf f2 MP

. UBQLN2 bisulf f1 MP

Sm m. ma =  Em 3 ® ®™W WSS ESI® - ® = m mawm = me & CGISIand
1 11

hUB?LNZ bisulf r2.2

£
. - HUBQLN2 bisulf 3.2 MP A - UBQLN2 bisulf r3.2 MP [ . - hUBQLN2 bisulf f4.2 MP

ey CpG Island
[ 11 it 1l I | | [ [ Pt 1 il | 111
cg10950413 Probe
cg09666011
hUBQ|LN2 bisulf r4.2 MP hUBQLN2 bisulfr5.2 M
. HBQLN2 bisulf f5 MP £ 19
CpG Island
[ i IO T L IO | O O N [ i 111 [

Start Codon cg02492740 cg20979765 Probe

cg04270663 Probe
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Figure 3.10: Primer annealing temperature optimisation across the CpG island of UBQLNZ2. Gradient PCR for three amplicons spanningthe CpG island of UBQLNZ2, amplifiedusingPhusion-
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Biomatters.
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4 DISCUSSION

The underlying mechanism of sexual dimorphism observed in UBQLN2-linked ALS/FTD is
poorly understood but may reveal methods of disease protection that can be used as predictive
measures. Previous studies have defined the X-linked dominant mode of inheritance of
UBQLN2 mutations as a cause of ALS®, attributing the reduced penetrance of ALS/FTD in
females to XCI. However, the potential role of CpG island methylation patterns remains

unexplored and may provide clues as to the protective effects observed in females.

Analysis of publicly available methylome data revealed that females exhibited significantly
higher levels of methylation at sites across the CpG island of UBQLN2 than males.
Furthermore, these methylation patterns are conserved across tissues. These findings suggested
that UBQLN2 methylation patterns are a reliable proxy for understanding sex-specific
differencesin UBQLN2-linked ALS/FTD. While publicly available data is a valuable resource,
limitations exist within its application to patients due to variability in data coll ection methods,
loss of information to normalising procedures, unknown quality of the data or the method of
generating data between studies, all of which can affect confidence in generalising the data to
specific patients®. Alternatively, patient-derived data may provide a more informative and
accurate depiction of methylation patterns across the UBQLN2 CpG island'®81%, To apply
findings from publicly available data to patient-derived fibroblast samples the workflow for
bisulfite conversion was optimised, revealing the highly degradative nature of the conversion
and the subsequent steps for sequencing. Nevertheless, sequencing data from three

heterozygous female cases demonstrated successful bisulfite conversion.

The research presented here demonstrates the importance of XCl-based methylation of
UBQLN2 in conferring protection against UBQLN2-Linked ALS and underscores the potential

value of patient-derived methylation for predicting disease protection and the application of
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these methylation patterns to reduce expression of the mutant UBQLN2 allele as a therapeutic
approach to attenuating the neurodegenerative and paralytic phenotypes associated with

UBQLN2-linked ALS.

4.1 COMPARING SEX-SPECIFIC METHYLATION OF CpG SITES IN THE
CpG ISLAND OF UBQLN?2

4.1.1 CpG sites in the UBQLN2 CpG island are more highly methylated in females
than male within a given tissue type

Statistical analysis of publicly available methylome data conducted in this thesis revealed a
significant increase in the average p-value of CpG sites across in the promoter region of
UBQLNZ2, withinagiven tissue, for females compared to males (Figure 3.2 —3.5). These results
suggest that females exhibit a higher level of methylation across the CpG island of UBQLN2,
reflecting a more condensed chromatin structure and thus repressed UBQLN2 expression. The
elevated methylation observed in females is likely because of X-inactivation. When compared
to XClI positive and negative controls, the average B-value of CpG sites across the CDK16 CpG
island (X-inactivation escapee) are significantly lower than that of UBQLN2 while methylation

levels between CpG islands of AR (known to undergo X-inactivation) and UBQLN2 are similar.

The functional consequence of differential CpG island methylation has been shown to
substantiate sex-specific variance in phenotype!'®1°1 especially in X-linked disorders33139.140,
Previous studies have demonstrated sex-specific differences in methylation across the CpG
island of X-linked genes and its correlationto changes in gene expression between males and
females'”192193 Increased CpG island methylation of genes on the X-chromosome in females
corresponded to decreased microRNA levels and reduced target gene expression compared to

males?’. The use of transcriptomic information in combination with methylome data is often
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employed in studies investigating differential DNA methylation to corroborate methylation

patterns to functional changes®?1%,

RNA-sequencing is a reliable technique that is often employed for such measures to determine
the abundance of wildtype and mutant transcripts®2-1%°, Although it is likely that increased
methylation of the CpG island of UBQLN2 observed here in females translates to repressed
UBQLN2 transcription and therefore expression, interpretations of the publicly available
methylome data is limited to differential methylation patterns as opposed to differential
UBQLNZ2 expression. The incorporation of supplementary RNA-sequencing data may bridge
the relationship between differential epigenetic modifications between males and females
outlined in this research and the sex-specific functional consequences in an allele-specific
manner46:196.197 \While the lack of transcriptomic information may be a limitation of the
present study, the primary focus of this research was to investigate the potential role of
UBQLN2 CpG island methylation patterns in the sexual dimorphism displayed in UBQLN2-
linked ALS/FTD; this information cannot be obtained through RNA sequencing alone as

methylation status of a specific CpG site is not reflected in overall transcriptomic data!®81%,

4.1.2 CpG sites in the north shelf of the UBQLN2 CpG island are more highly
methylated than probes in the CpG island proper

Interestingly, these findings demonstrate that males and females exhibit significantly elevated
levels of methylation at the most 5” probe in situated in the north shelf of the UBQLN2 CpG
island at 56560144 bp (GRCh38; Probe ID: ¢g21862542) (Figure 3.2 —3.4) compared to other
CpG sites. Notably, males displayed elevated methylation at this site across a range of tissue
types when compared to females. These observations are noteworthy as this pattern is also
reflected inthe CpG island of XCI positive and negative controls, AR and CDK16 respectively,

as well as the TARDBP autosomal control. Higher B-values indicate higher levels of methylated
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probe detection over unmethylated probes in the Infinium Human Methylation 450K BeadChip
assay, suggesting that more copies of the cg21862542 CpG site in UBQLN2 were methylated
in the samplel’”. A study looking at sex-specific differences in the genome-wide DNA
methylation pattern also reported a similar pattern of methylation in the CpG island of genes
on the X-chromosome impacting insulin secretion®!’. Similarly, this study reported females
having significantly elevated methylation in the CpG island proper when compared to males
and significantly elevated methylation of CpG sites located in the north and south shelf in both
sexes'!’. Interestingly, males also displayed a higher level of methylation than females at these

sitest!’,

The highly conserved pattern of methylation at CpG sites located approximately 4 kB upstream
and downstream of the CpG island proper across a range of genes alludes to a potential
regulatory or housekeeping function. A meta-analysis seeking to define the purpose of these
stably methylated CpGsites flanking the CpG island, discovered that high levels of methylation
in the shelves were almost always associated with lowly methylated CpG sites within island,
describing this finding as a ‘ravine’ pattern®°’. Furthermore, these stably methylated regions
flanking the CpG island proper are also shown to be associated with high transcriptional

activity due to its interactions with housekeeping genes?%.

The research presented in section 3.2.2 demonstrates a similar patternin which methylationin
males at CpG sites located in the north or south shelf of genes affected by XCI are significantly
elevated than females at the same site. In contrast, autosomal genes and genes that escape XClI
do not show significant sex-specific methylation at these sites. Gene expression analysis to
validate the relationship between sex-specific differential methylation at ‘ultra-methylated’
CpG sites in the shelf of a CpG island could further demonstrate the potential regulatory role
in UBQLN2 expression. However, it is important to note that methylome information of only

one CpG site located in the north shelf of the UBQLN2 CpG island was available from publicly

71



available databases. Therefore, limiting the ability to extend this pattern to sites beyond the

given UBQLN2 sequence using publicly available data.

4.2 COMPARING SEX-SPECIFIC METHYLATION OF THE WHOLE
UBQLN2 CpG ISLAND BETWEEN TISSUE TYPES

4.2.1 Females display elevated methylation across the CpG island of UBQLN2
regardless of tissue type

Tissue specific methylation patterns between males and females were not observed in the CpG
island of UBQLN2 for any CpG site assessed using publicly available methylome data (Figure
3.5 and Appendix C and D). Interestingly, several studies have reported tissue-specific
methylation patterns of CpG islands, not only among somatic tissue2°12%2, but between brain
regions, with further differences between grey and white matter within the same region?932%,
Notably, these studies asses global methylation of thousands of CpG sites across hundreds of
genes as opposed to CpG island methylation patterns for a single gene, or X-linked genes, as

conducted in this study?202203.205,

The FRM1 gene responsible for Fragile X-syndrome (FXS; X-linked dominant disorder) is
shown to exhibit tissue specific methylation between leukocytes, lymphoblasts and fibroblasts
from heterozygous females?%®. Additionally, a study conducted by Esanov et al. (2016)
demonstrated selective enrichment of FRM1 promoter methylation of the FRM1 promoter in
neurons when compared to glial cells in FXS patients??’. Publicly available methylome data
obtained from different brain regions, as well as blood and fibroblasts samples did not illustrate
tissue specific methylation patterns (Figure 3.5 and Appendix B) across the CpG island of
UBQLN?2 in this study. The existence of tissue specific methylation differences between

neuronal cell types inan X-linked neurodegenerative disease, like FXS, underpins the potential
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for further investigation of tissue specific methylation differences of UBQLN2 CpG sites. The
non-neuronal tissues compared in this study were chosen based on their non-invasive nature of
obtainment to ensure that UBQLN2 methylation patterns would not vary between patient-
derived tissue samples. Ensuring that methylation patterns will remain consistent between
distinct tissue types and will reflect methylation patterns in brain tissue is crucial when ensuing

patient-derived methylome data to predict protection against UBQLN2-linked ALS.

CpG island methylation is not always predictive of gene expression2°2, The use of tissue-
specific expression of UBQLN2 in conjunction with tissue-specific methylation patterns are
often employed when assessing variation in DNA methylation?°*-2%, Supplementing the
UBQLN2 methylome data analysed in this research with publicly available UBQLN2 tissue-
specific gene expression information can be undertaken in future research to further validate

tissue-specific methylation patterns in the UBQLN2 CpG island.

4.3 DEVELOPING IN-HOUSE METHODS FOR ANALYSIS OF CpG
ISLAND METHYLATION OF UBQLN2

One of the main aims of this research was to optimise bisulfite conversion for sequencing using
patient-derived fibroblast cells. The ‘gold-standard’ classification of bisulfite sequencing-
based methods for methylation detection in DNA®? formed the basis of the workflow proposed
in Figure 3.6. Bisulfite conversion, PCR amplification and Sanger sequencing are crucial steps
required for DNA methylation analysis?°® (Figure 3.6), but can be limiting when assessing
gene-specific methylation as opposed to genome-wide methylation. For successful retention of
CpG site methylation, gDNA extracted from patient-derived fibroblasts cannot undergo prior
enrichment to amplify the promoter region of UBQLN2 for bisulfite conversion as epigenetic
modifications are not retained?°?21°, Furthermore, assessment of DNA material following

bisulfite conversion reflects whole-genome DNA concentration within the sample, of which
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the UBQLN2 CpG island makes up only a small portion of the starting material (Table 3 and
4) —consequently, the amount of template available for PCR amplification is extremely limited.
Because the starting material cannot be enriched or amplified, optimising other aspects of the
workflow to ensure efficient conversion and DNA retention?!! formed a major part of this
research. Previous studies have demonstrated successful gene-targeted DNA methylation

analysis?'2-214 however, efforts to optimise workflow flow are not always outlined.

4.3.1 QIAGEN EpiTect bisulfite kit shows higher DNA recovery rate following
bisulfite conversion

Bisulfite conversion is known to cause significant DNA loss that can hinder downstream
analysis?'1215 To address this issue, comparative analysis of commercially available bisulfite
conversion Kkits, specifically, the Zymo Research EZ DNA Methylation gold kit and the
QIAGEN EpiTect Bisulfite kit to test performance differences in terms of DNA yield (Table
3). While different techniques were used to measure DNA concentration following bisulfite
conversion, measurements using the Qubit 2.0 fluorometer were favoured as they are more
accurate and reliable than using a Nanodrop 2000%°, which has been shown to significantly
overestimate DNA concentration®5216, The QIAGEN EpiTect Bisulfite kit was selected over
the EZ DNA Methylation gold kit (Table 3) as it had a higher DNA recovery rate and allowed

for successful downstream amplification.

The EZ DNA Methylation gold kit demonstrated poor DNA retention following bisulfite
conversion when compared to the QIAGEN EpiTect bisulfite kit. This can be attributed to the
use of DNA protect buffer and carrier-RNA aimed to protect against excessive degradation
during conversion and improve DNA recovery during clean up in the QIAGEN EpiTect
bisulfite protocol?*’-2%, Furthermore, addition of the DNA protect buffer provides visual

confirmation that the pH of the reaction is optimal for bisulfite conversion through a green to
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blue colour change?®, giving the QIAGEN EpiTect Bisulfite kit an advantage over EZ DNA

Methylation Gold.

Comparative studies have established that there tends to be a performance difference between
different bisulfite conversion kits based on DNA yield and conversion efficiency. While a
previous study found that the EZ DNA Methylation gold kit had a significantly higher DNA
yield??%, the findings in this study suggest that QIAGEN EpiTect Bisulfite kit may be more
advantageous. A key aspect for future comparative analysis of DNA concentration following
bisulfite conversion is to ensure the same method of measurement is used to allow for direct
comparison. While the additional features of the QIAGEN EpiTect kit aided in the decisionto
use this kit, direct performative analysis on experimental samples would be more beneficial.
Additionally, exploring gentler methods of DNA methylation analysis such as enzymatic
methyl sequencing???22 may aid in optimising DNA recovery while capturing epigenetic

information.

4.3.2 Validation methods confirm bisulfite conversion of gDNA

Obtaining methylation data from patient-derived fibroblasts is a molecular based process that
relies on changes to the DNA sequence to demonstrate conversion, which is often corroborated
by sequencing- the last step of the workflow!° (Figure 3.6), therefore methods to validate

successful bisulfite conversion before amplification were investigated.

Although bisulfite conversion is a highly degradative process, the characteristicrange of DNA
fragments from 100 bp to 1500 bp*®’ observed on a 2% agarose gel (Figure 3.7) can be taken
advantage of for validating successful conversion. Several studies have remarked on the
presence of a DNA smear proceeding bisulfite conversion'®7218.224 byt it does not necessarily

dictate successful conversion and is more appropriate for visualising DNA fragmentation*87218,
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Alternative methods for validating conversion must therefore be employed, such as the use of
bisulfite-conversion-specific primers like those in the Zymo Research Human Methylated &
Non-methylated DNA set for bisulfite-specific PCR (Figure 3.7C)%?°. While the Zymo
Research Human Methylated & Non-methylated DNA set has been adopted by several studies
analysing DNA methylation patterns??6-228 the DAPK1 primer isn’t usually employed to
validate bisulfite conversion. Nevertheless, bisulfite-specific PCR using self-made bisulfite-
conversion-specific primers followed by gel electrophoresis is a common approach used to
evaluate bisulfite conversion??®. Interestingly, many studies apply methylation-specific
validation methods such as methylation-specific PCR??° or methylation-sensitive high
resolution melting analysis??62% to evaluate successful sample conversion. While these
techniques may prove to be effective, they are only selective for template material that is
methylated as opposed to bisulfite converted??°. In the case of UBQLN2 heterozygous female
carriers, who are likely to express differential methylation patterns at a single CpG site in the
CpG island due to the presence of two alleles (Figure 3.8), using methylation-specific

validation methods would enrich the methylated template strand.

The inability to detect incomplete bisulfite conversion is a potential limitation of non-
sequencing-based validation techniques for bisulfite conversion, however these methods

provide a level of confirmation prior to PCR amplification and Sanger sequencing

4.3.3 Bisulfite conversion workflow is highly destructive to and poorly retentive of
DNA

Bisulfite conversion is considered to be the ‘gold-standard’ technique for DNA methylation
analysis'®, but it is not without limitations. DNA loss and degradation are highly reported
issues associated with bisulfite conversion, this is especially true for gene-specific methylation

analysis as demonstrated in the results of this research using the QIAGEN EpiTect bisulfite kit
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and several other studies?!1231232_ |ncomplete conversion of unmethylated cytosines to uracil
is another shortcoming that can affect downstream methylation analysis, causing an
overestimation of CpG island methylation with bisulfite conversion?!1232.233 although this is
rarely reported in the literature. Despite these limitations, the gold standard status of bisulfite
conversion is reflected through its success with whole genome and gene-specific DNA
methylation analysis in several studies?®12%4, The results of this study also demonstrate that
inefficient PCR amplification and purification can also contribute to poor DNA retention.
Exploring methods that reduce the number of steps in the workflow may enable greater DNA

retention.

Oxford Nanopore is a high-throughput sequencing technology that can detect DNA
methylation at single nucleotide resolution of native DNA without the need for bisulfite
conversion, therefore reducing the number of steps required in the workflow?*°. Due to the
novelty of the technology, most DNA methylation analysis studies using Oxford Nanopore are
conducted across the whole genome, as opposed to gene-specific analysis — making this

technology costly?35-2%8,

4.4 SEQUENCING OF BISULFITE-CONVERTED DNA FROM
HETEROZYGOUS FEMALE PATIENTS

Sanger sequencing of bisulfite-converted DNA from MN17, MNDO033 and MNDO046
demonstrated successful bisulfite conversion due to the retention of cytosines only when
followed by a guanine residue (CpG site). The sequences provided through Sanger sequencing
did not align with the in-silico bisulfite converted sequence for the CpG island of UBQLNZ2,
suggesting that the hUBQLN2 bisulf r2d primer may have amplified a different portion of the
genome. As described previously, the workflow for bisulfite conversion does not allow for

gene-specific enrichment prior to bisulfite conversion, therefore making primer design integral
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for amplifying the CpG island of UBQLN2 prior to Sanger sequencing. Consequently,
UBQLN2 CpG sites analysed in the publicly available data were not sequenced, thus hindering
direct comparisons between CpG methylation patterns between public and patient-derived
data. Nevertheless, these results indicate the underlying potential of bisulfite conversion to
capture the methylation landscape across the CpG island of UBQLN2 from patient-derived

cells, both from females and from males.

Dermal fibroblasts are a desirable cell type for creating patient-derived model systems as they
are readily accessible, fast growing and cost-effective?®®, and are routinely used to model
ALS?%0241 and FTD?%9242, Despite this, limitations of using dermal fibroblasts for researchare
important to consider. Prior studies investigating neurodegenerative disorders utilising patient-
derived dermal fibroblasts have reported on the finite passage number before cellular
senescence®*® - a gradual process that shuts down cell metabolism through CpG
hypermethylation?*, suggesting that dynamic changes to the epigenetic landscape are capable
of occurring while in culture. Patient-derived fibroblasts obtained in this study were cultured
for approximately a month before they were ready for DNA extraction, around a passage of 8.
Ideal cell passage numbers are not clearly reflected in the literature, however passages used in
this study are relatively low?*> and therefore unlikely to be affected by epigenetic changes

linked to cell senescence.

Alternatively, longer culture times can drive the risk of selecting for cells that are healthier and
more suited for the culture environment; particularly in cases of mutantallele expression such
as that in the heterozygous female population of this study. Furthermore some studies have
observed skewing in the allelic expression of the X-chromosome in culture which may alter
the observed DNA methylation pattern in downstream quantification, however it is possible
that this is only consistent for patient-derived fibroblast pluripotent stem-cell populations?4524,

In future studies, the use of brain tissue in tandem with dermal fibroblast samples to observe
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sex-specific differential methylation patterns of UBQLN2 may be more informative as
UBQLN?2 pathology is typically localised to the brain®. This could also help identify any tissue

specific methylation differences in the UBQLN2 CpG island.

The purpose of using patient-derived dermal fibroblasts was to establish patient-specific
methylation patterns between males and females. Due to the highly destructive nature of
bisulfite sequencing and inadequate primer design, DNA methylation analysis of the control
males and females were unsuccessful. Nevertheless, the results of this research demonstrate
the fundamental prospects of mapping methylation patterns ina patient-specific manner which
can be expanded to encompass an allele-specific method to correlate UBQLN2 CpG island

methylation patterns to protection in female carriers of the mutant UBQLNZ2.

4.4.1 Primer design is integral for PCR amplification of bisulfite converted gDNA

Numerous studies have documented the importance of primer design in ensuring the efficacy
of bisulfite sequencing and DNA methylation analysis?*°. Extensive modification of the
template DNA enforces a precise set of primer requirements that determine the accuracy of
downstream methylation analysis!®?. Consequently, various primer design tools, including
MethPrimer'8!, have been developed specifically for designing primers against bisulfite-

converted gDNA9:247,

Although all primer conditions were met using MethPrimer, Figure 3.10 demonstrates the
variability in annealing temperature optimisation and amplification of bisulfite-converted
DNA. MethPrimer is a widely used program that has been employed in methylation array
studies to predict CpG sites in promotersand for primer design in methylation arrays?4-21 |, It
is highly valued for its ability to modify the native sequence to the bisulfite-converted version,

predict CpG sites and provide a graphical sequence alignment of primers. However, a major
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limitation of this program is its overestimation of the melting temperature and AT-rich
primers248252 which can affect their ability to anneal to bisulfite-converted template during
PCR amplification, leading to reduced specificity and PCR efficiency?3. It should be noted
that AT-rich primers may be necessary when amplifying bisulfite-converted DNA as the

unmethylated cytosines are converted to thymine, creating a thymine-rich template!*°.

While amplifying and sequencing patient-derived bisulfite-converted DNA using the
MethPrimer primer sets was unsuccessful due to the degradative workflow, the re-design

provides confidence that future analysis will amplify the CpG island of UBQLNZ2.
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4.5 FUTURE DIRECTIONS

The result of this research demonstrates the underlying potential in analysing differential
UBQLNZ2 methylation patterns between males and females using patient-derived dermal

fibroblast cells.

Publicly available data analysed in this research demonstrates that DNA methylation patterns
across the CpG island of UBQLN2 varies between males and females and is likely due to X-
inactivation. The use of transcriptomic data to align patterns of UBQLN2 methylation with
UBQLN2 expression will be informative in future studies as DNA methylation is not always
an accurate reflection of gene expression?’2, The second part of this research involved
optimising the bisulfite sequencing workflow for DNA methylation analysis in patient-derived
fibroblast cells. Although the bisulfite sequencing workflow is highly degradative to DNA,
analysis demonstrates that the bisulfite sequencing workflow can provide insight to the

methylation landscape of the UBQLN2 CpG island.

The findings of this research provide a promising foundation for the development of allele-
specific methods for detecting DNA methylation patterns. This would enable researchers to
correlate unique methylation patterns observed in the CpG island of UBQLN2 in females to
protection against UBQLN2-linked disease, using parameters such as age of onset, symptoms
or even neuropathology. Furthermore, these patterns of UBQLN2 methylation can potentially
be replicated in men affected by UBQLN2-linked ALS as a form of gene-therapy to replicate
protection seen in females. Similar therapeutic avenues have been proposed in other X-linked
diseases such as Fragile X-syndrome?®’, making this research relevant not only to UBQLN2-

linked ALS, but other X-linked diseases.
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5 CONCLUSIONS

Methylation landscapes across the CpG island of a gene can affect the clinical phenotype of
disease, especially in X-linked disorders. In the case of UBQLN2-linked ALS, sex-specific
phenotypic variation has been reported and attributed to XCI. This thesis presents research that
delineates the sex-specific methylation differences of CpG sites across the CpG island of
UBQLN2 between males and females. Publicly available data analysis confirmed a non-tissue-
specific elevationin CpG island methylation in females compared to males. To validate these
patterns in ALS-patients, bisulfite sequencing methods were optimised using patient-derived
dermal fibroblast cells. Here it was shown that bisulfite sequencing workflows are harsh on
DNA with poor DNA retention for downstream analysis. Despite this, the results of this study
demonstrated successful bisulfite conversion of DNA from three UBQLN2 heterozygous

female patients and subsequent methylation analysis through Sanger sequencing.

To conclude, the research presented in this study establishes the groundwork for investigating
female protection in X-linked diseases like UBQLN2-linked ALS. Ultimately, the methods
developed here can be used in combination with RNA sequencing of UBQLN2, allele-specific
gPCR and functional analyses of patient-derived cells to predict female protection based on the
methylation landscape across the CpG island of UBQLN2 and recapitulate this in affected

males to reduce the burden of disease.
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6 APPENDICES

CODE TO EXTRACT - CPG ISLANDS (SCRIPT - 1)
HHERHH A S A S A R S S R S S R S
library(tidyverse)

HHHEHHEHHEARH A Required chuck of code to load sangerseq as it is not a
standard r package
if (!require("BiocManager", quietly = TRUE))

install.packages("BiocManager")

BiocManager: :install("sangersegR")
HHAH A S

library(sangerseqR)

data.list=1ist.files("./Exp 52 MN17, MND@46 and MND@33 (1A) Sanger Sequence
analysis/", pattern = ".abl", full.names = TRUE)

extract_CpGs = function(file){

savename = paste@("CSV results./",sub(pattern = "(.*)\\..*$", replacement =
"\\1", basename(file))," CpG_Proportions.csv")

#Read the data in
data = read.abif(file)

#Converts the data to a sangerseq o"object" file

data.seq= sangerseq(data)

#visual check for sanity

#This is where you can see where position "x" lies in the trace.matrix
peak.pos = peakPosMatrix(data.seq)

colnames(peak.pos) = c("A sig","C sig","G sig","T sig")

peak.pos = as.data.frame(peak.pos)

#This is where you read the minor allele to major allele ratio

trace.matrix = traceMatrix(data.seq)

colnames(trace.matrix) = c("A_sig","C_sig","G_sig","T _sig")

trace.matrix = as.data.frame(trace.matrix) %>%
mutate(trace ID = row_number())
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trace.matrix.peaks = trace.matrix %>% filter(trace_ID %in% peak.pos$A sig)
%>%
mutate(peak_pos = row_number())

Appendix A: R. script used to extract Sanger sequencing data for MN17, MNDO033 and
MNDO046. Relative peak signals for each nucleotide at CpG sites in the Sanger sequencing
data provided by Auckland Genomics was extracted from MN17, MND033 and MND046
using R-studio (version 4.1).
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Appendix B: Methylome data from MethBank 3.0 demonstrates elevated methylation of CpG sites in the promoter of
UBQLN2 in females across different brain regions. Average B -value for different brain regions demonstrates differential
methylation between males and females at CpG sites in the promoter region of the UBQLN2 gene. Genomic location of the
CpG sites is organised in a 5” to 3’ direction. Data is presented as average 3 -value. Raw data was obtained from MethBank

and processed in GraphPad Prism 9.0.2.
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Appendix C: Average B-value for a given CpG site in CpG island of UBQLN?2 is conserved between tissues.

Methylome data from EWAS demonstrates a similar methylation landscape for males and females across all tissue types.
Elevated methylation of each CpG site across the CpG island of UBQLN2 in females is conserved across all tissue types.
Data is presented as average p-value £ SD. Raw data was obtained from EWAS and processed in GraphPad Prism 9.0.2.
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Appendix B: Average B-value for a given CpG site in CpG island of UBQLNZ2 is conserved between tissues. Methylome
data from MethBank 3.0 demonstrates a similar methylation landscape for malesand females across all tissue types. Elevated
methylation of each CpG site across the CpG island of UBQLN2 in females is conserved across all tissue types. Data is
presented as average P -value. Raw data was obtained from MethBank 3.0 and processed in GraphPad Prism 9.0.2.
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